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Foreword

Shock-wave/boundary-layer interactions continue to be ubiquitous phenomena in supersonic and hypersonic aerodynamics,
and their importance is often crucial as, for example, for hypersonic controls and for air intakes in general. This is the reason for
the continuous research efforts in this field, aiming at developing reliable methodologies for future vehicle design. Results from
these programmes have been reported in Délery and Marvin’s 1986 AGARDograph (AG-280) and in the 1989 AGARD FDP/
VKI Special Course on “Three-dimensional supersonic/hypersonic flows including separation”,

The present course reviews the recent progress in this field. In particular, a large part of the course is devoted to swept
interactions, both laminar and turbulent, including a discussion of the following topics:

@ the flowfield structure,

® the scaling and similarity laws,

® the effect of shock strength on flow features,

@ the effect of shock generator geometry for a given shock strength,

® experimental techniques, in particular optical techniques, for the investigation of swept interactions,
® contributions of numerical simulations to the understanding of swept interactions.

A limiting factor in the understanding and ability to predict shock wave/boundary-layer interactions is a good knowledge of
turbulence behaviour. In particular, it is well known that classical turbulence models produce rather poor predictions in strongly
interacting flowfields. Turbulence behaviour in shock-wave/boundary-layer interactions therefore constitutes the second major
subject of this course, including a discussion of

® global flowfield unsteadiness due to turbulence and its impact on turbulence quantities,

® contribution of LDV to the physical description of typical shock-wave/boundary-layer interactions with incidence on
turbulence modelling,

® specific issues in turbulence modelling for shock-wave/boundary-layer interactions with examples of applications.

Finally, a lecture is devoted specifically to hypersonic interactions. Special emphases are given to the following questions:

® heat transfer in hypersonic interactions,
® effect of transition on hypersonic interactions, including the striation phenomenon,
® computation of hypersonic laminar interactions and code validation.
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Avant-Propos

Les interactions onde de choc/couche limite demeurent des phénomeénes omniprésents en aérodynamique supersonique et
hypersonique, et leur importance est souvent cruciale, par exemple pour les surfaces de controle hypersoniques, de méme que
pour les entrées d’air en général. C’est pourquoi des programmes de recherche continuent a étre consacrés a ce sujet, en vue de
développer des méthodes fiables pour la conception de futurs véhicules. Les résultats de certains de ces programmes ont été
exposés dans 'AGARDograph AG-280 de Délery et Marvin publié en 1986, ainsi que dans les notes du Cours AGARD FDP/
VKI de 1989 consacré aux “Ecoulements supersoniques et hypersoniques tridimensionnels, y compris le décollement”.

Ce cours-ci passe en revue les progrés récents dans le domaine. En particulier, une large part du cours est consacrée aux
interactions dérapées, laminaires et turbulentes et comprend une discussion des points suivants:

© la structure de ’écoulement,

® les parametres d’échelle et les lois de similitude,

® I'effet de I'intensité du choc sur les caractéristiques de I'écoulement,

® l'effet de la géométrie du générateur de choc pour une intensité donnée,

® les techniques expérimentales, en particulier optiques pour I'étude des interactions dérapées,
® la contribution des simulations numériques a la compréhension des interactions dérapées.

Un facteur limitant la compréhension et la capacité de prédire les interactions onde de choc/couche limite est la
(mé)connaissance du comportement de la turbulence dans ces écoulements. En particulier, il est bien connu que les modeles
classiques de turbulence fournissent des résultats assez médiocres pour les interactions fortes. C’est pourquoi le comportement
de la turbulence dans les interactions onde de choc/couche limite constitue le second sujet principal du cours. On aborde

® l'instationnarité globale de I'écoulement déclenchée par la turbulence et son impact sur les grandeurs turbulentes,

® la contribution de la vélocimétrie laser (LDV) a la description physique d’interactions onde de choc/couche limite
typiques et I'impact sur la modélisation de la turbulence,

® les problemes spécifiques de modélisation de la turbulence pour les interactions onde de choc/couche limite avec
exemples d’applications.

Enfin, un exposé est consacré plus particulierement aux interactions hypersoniques. L'accent est mis sur les questions suivantes

® le transfert de chaleur dans les interactions hypersoniques,
® Peffet de la transition sur les interactions hypersoniques, y compris le phénomenes de stries longitudinales,
@ la simulation numérique d’interactions hypersoniques laminaires, et la validation de codes.
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Swept Shock/Boundary-Layer Interactions -
Scaling Laws, Flowfield Structure, and Experimental Methods

Gary S. Settles
Gas Dynamics Laboratory
Mechanical Engineering Department

303 Reber Building
Penn State University

University Park, PA 16802 USA

1. SUMMARY

A general review is given of several decades of
research on the scaling laws and flowfield structures
of swept shock wave/turbulent boundary layer
interactions. Attention is further restricted to the
experimental study and physical understanding of the
steady-state aspects of these flows. The interaction
produced by a sharp, upright fin mounted on a flat
plate is taken as an archetype. An overall framework
of quasiconical symmetry describing such interactions
is first developed. Boundary-layer separation, the
interaction footprint, Mach number scaling and
Reynolds number scaling are then considered,
followed by a discussion of the quasiconical similarity
of interactions produced by geometrically-dissimilar
shock generators. The detailed structure of these
interaction flowfields is next reviewed, and is
illustrated by both qualitative visualizations and
quantitative flow images in the quasiconical
framework. Finally, the experimental techniques used
to investigate such flows are reviewed, with emphasis
on modern non-intrusive optical flow diagnostics.

2. LIST OF SYMBOLS

2.1 Main Symbols

A amperes

c incoming boundary-layer skin friction
coefficient

C, incoming boundary-layer heat transfer
coefficient

S specific heat at constant pressure

D,d shock generator leading-edge diameter, mm

D thermal diffusivity

g heat generation rate, W/m?

H,h step height, mm

K constant

k thermal conductivity

I, 1,  orthonormal coordinates based on inviscid
shock wave trace on test surface

L inception length from VCO to conical flow,

mm

L

n

MnM,

Mn,

N)
PAA,
PSS,
P

Poo

P

P2
q”mnv
q”heatr
q”loss

R, r

r
R
Re
Reg

Re,

= (1,/6)Rez'/%, non-dimensional distance
measured normal to inviscid shock trace on
test surface

= (1/6)Res'”, non-dimensional distance
measured along inviscid shock trace on test
surface

= M_,sinf,, Mach number normal to inviscid
shock wave trace on test surface

= Mach number normal to separation line
incoming freestream Mach number

oil refractive index

effective fringe number

primary flow attachment line

primary flow separation line

static pressure, MPa

incoming freestream static pressure, MPa
freestream static pressure before shock, MPa
freestream static pressure after shock, MPa
heat convected to flow, W/m?

heat efflux from heater, W/m?*

heat conducted through insulator board,
W/m?

distance measured from the virtual origin in
spherical polar coordinate frame, mm

oil refraction angle

resistance, {1

freestream unit Reynolds number, m™
Reynolds number based on the incoming,
undisturbed boundary-layer thickness
Reynolds number based on the incoming,
undisturbed  boundary-layer momentum
thickness

separation line

optical phase shift

secondary flow attachment line

secondary flow separation line

time

effective flow time

temperature, °K

stagnation temperature, °K

upstream influence line

velocity, m/s, also volts
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VCO virtual conical origin

xy,z  Cartesian coordinate system

b coordinate normal to plate in heat transfer
analysis

a angle made by fin with respect to the
incoming freestream direction, deg.

B angle made by surface-flow features with
freestream direction in spherical polar
coordinates, deg.

B angle made by inviscid shock-wave trace on
test surface with freestream direction, deg,

AB, = (B, - Bo), reduced inviscid shock angle
parameter

ApB, angular measure of A-foot defined in Fig. 28

AB, angular measure of A-foot defined in Fig. 28

ABy = (By - Bo) reduced upstream influence
angle parameter

v ratio of specific heats

) incoming  undisturbed  boundary-layer
thickness, mm

As oil-film leading-edge distance, m

6 incoming, undisturbed boundary-layer

momentum thickness, mm
P) shock generator leading-edge
back angle, also laser wavelength

sweep-

Poo = sin’(1/M,,), Mach angle of incoming
freestream

v oil viscosity, centistokes

¢ = (p,/p.); incipient separation pressure ratio

p density, kg/m’

Ty wall shear stress, N/m?

¢ azimuthal angle in spherical polar
coordinates, deg.

£l Ohms

2.2 Subscripts

aw adiabatic wall conditions

i incipient separation

is incident shock

m maximum

n normal

p plateau

pa primary attachment

pk peak value

ps primary separation

r, ref  reference value

s shock

s, 31  separation

U,ui  upstream influence

TP triple-point

w wall conditions

0o incoming freestream conditions
0 value at beginning of interaction
*

denotes incipient separation condition

3. INTRODUCTION

The interactions of shock waves and boundary-layers
have long been a fundamental and critical problem
area of fluid dynamics. They represent the imposition
of the strongest adverse pressure gradients on viscous

|
-
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layers which are susceptible to disruption by such
gradients. Unfortunately, the nature of high-speed
flow over practical missiles, aircraft, re-entry vehicles,
and turbomachinery components makes such
interactions unavoidable, with consequences ranging
from tolerable to (occasionally) disastrous.
Furthermore, the scale and performance constraints of
such practical applications almost always dictate that
the interactions in question will be both turbulent and
three-dimensional. This three-dimensionality usually
implies that the interactions are (or have components
which are) moderately to highly swept.

The past 20 years have seen intensive research on the
subject of swept shock wave/turbulent boundary-layer
interactions. This research was conducted and
supported because it was recognized that such flows
are important, fundamental viscous/inviscid
interactions, are key building-blocks in high-speed
internal and external aerodynamic problems, and are
primary test cases for numerical simulations. From
the efforts of a number of investigators worldwide, a
limited understanding of such interactions is now
available whereas, only a few years ago, almost
nothing was known.

Several recent publications have attempted an
overview of this newfound understanding, including
those in 1986 and 1990 by the present author and D.
S. Dolling (Refs. 1,2). The present paper relies heavily
upon Ref. 2 for the interaction scaling laws and part
of the flowfield structure sections, while assembling
material not previously reviewed for the section on
experimental methods.

3.1 Present Scope

Refs. 1 and 2 are each on the order of 25,000 words
long. Ref. 1is a general review of swept interactions,
while Ref. 2 concentrates specifically upon turbulent
interactions produced by sharp fins and interaction
unsteadiness. The present paper may be thought of as
an update and supplement rather than as a
replacement for these documents. Moreover, insofar
as unsteady phenomena, numerical simulations, and
laminar /transitional interactions are covered by other
authors in this report, they are omitted from
consideration  here. Likewise, the present
consideration of experimental methods forgoes any
discussion of Laser Doppler Velocimetry in favor of
the paper by J. Delery given elsewhere in this report.

This discussion is thus restricted to supersonic
interactions with turbulent boundary layers, whence
the main body of available data derives. Even so, a
wide variety of swept interaction types exists. An
effort was made to classify and describe several of
these in Ref. 1, to which the reader is referred. Ref.
2, on the other hand, concentrated on the large body
of available information concerning the sharp-fin-
generated interaction with a turbulent boundary layer.
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As in Ref. 2, the present paper will also concentrate
its attention on the simplest of all swept interactions,
ie that generated by an equilibrium, adiabatic
flat-plate turbulent boundary layer interacting with the
swept, planar oblique shock wave generated by an
upright, sharp-leading-edged fin at angle-of-attack a
(see Fig. 1). Known as a "sharp fin interaction” for
brevity, this flow is a classical case, an archetype, of
swept interactions in general. (The reader should
note that various authors have also referred to this
case as a "glancing-shock” or "swept-normal-shock”
interaction.) Emphasis will be placed on experimental
results which shed light on the physical behavior
and phenomenology of these interactions rather
than on prediction methods or aerothermodynamic
applications per se.

Fig. 1 - Sharp Fin Interaction Test Geometry.

This concentration on sharp fin interactions neglects
several other swept interaction types--the blunt fin,
swept compression corner, etc.--which are certainly
not of negligible importance. However, relatively little
new work has appeared on these topics since they
were reviewed in Ref. 1 and other reviews mentioned
below. The only other interaction type seeing
significant recent activity is the important new area of
crossing-shock interactions. While this area is not
covered due to necessary limitations on the present
scope, it is expected that crossing-shock interactions
will be the subject of a separate review in due time.

3.2 Historical Sketch

The interaction of a shock wave with a boundary-layer
was apparently first observed by Ferri (Ref. 3) in
1939. Following World War II, research on the
subject concentrated on 2-D interactions, which were
thought to be more amenable to study than swept
interactions. The work of Stalker (Ref. 4) in 1960 was
the first detailed attempt to study interaction
sweepback. There followed a 25-year period of steady
increase in the number of papers published annually
on swept interactions, indicating that this subtopic of
fluid dynamics was still a maturing research area
during that time. The publication record reveals
spurts of activity in the late 1960s and mid-70s,
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presumably due to the cold-war "space race" and the
SST and Space Shuttle development efforts. The most
recent spurt of activity may be ascribed in part to the
need for experimental benchmarks for CFD
predictions, and to the NASP program.

It may be that the field of swept interactions is
nearing maturity at the time of this writing. If so, it
is principally the result of several research groups
having concentrated on the problem, especially those
at the NASA-Ames Research Center, Penn State,
Princeton, and Rutgers Universities, and the Institute
for Theoretical and Applied Mechanics in Novosibirsk.

Additional material pertinent to the present topic may
be found in several existing survey papers, notably the
one by Green (Ref. 5). The early work on swept
interactions was surveyed, along with other shock
interference flows, by Korkegi (Ref. 6) and more
recently by Peake and Tobak (Ref. 7). Other
pertinent reviews include those of Delery and Marvin
(Ref. 8) and Stollery (Ref. 9).

3.3 Initial Assumptions

It should be helpful at the outset to identify some
underlying characteristics, assumptions, and
hypotheses concerning swept interactions.  For
example, it is traditionally assumed that these
interactions depend primarily upon the freestream
Mach number, the characteristics of the incoming
boundary layer, and the shock generator geometry
(Ref. 5). However, these dependencies cannot be
determined by any closed-form solution of the
governing equations of motion on account of the flow
complexity. Experiments, similarity and dimensional
reasoning, and (within the last 10 vyears)
computational simulations have thus played a key role
in the study of swept interactions. The computations,
dealt with elsewhere in this report by D. D. Knight,
have recently reached the level at which they can
contribute to the fundamental understanding of swept
interactions in ways not readily amenable to
experiments. The experiments also now serve the role
of providing benchmarks for the validation of the
computations. To this end a shock/boundary-layer
interaction database (Refs. 10 & 11) is available.

In the interaction structure there is a hierarchy of
information that is also present in the existing
experimental data: Swept interactions are rich in
patterns, and the most easily obtained and most
prevalent data are those of interaction "footprint"
patterns on solid surfaces obtained by way of surface
flow visualization methods.. Mean surface pressure
distributions were also taken in most of the past
experiments, and a few experiments also included wall
shear stress and heat transfer data. Dolling et al have
specialized in unsteady surface pressure measurements
in these flows. Off the surface, flowfield visualization
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techniques and probe surveys of mean pitot pressures
and flow angles have helped to map flowfield
structures and to provide a connection with the
footprint data. The highest level of the measurement
hierarchy includes dynamic data via hot-wire, LDV,
and other quantitative methods. Very few of such
measurements have been made in 3-D shock
boundary-layer interactions.

Much of the content of this paper derives from a
parametric exploratory approach to the swept
interaction problem. Since the problem is complex, it
is a necessary first step to explore the range of
possible flows by parametric studies. Only then can
detailed investigations of particular interactions be
interrelated in an overall framework of understanding.
However, insofar as these interactions are only
partially deterministic due to their dependence upon
turbulent transport phenomena, the parametric
exploratory approach is not expected to lead to
complete understanding. Indeed, most of the
knowledge gained thus far is directly related to the
extent to which swept interactions depend upon
inviscid phenomena.

Fig. 2 - Spherical Polar Coordinate System.

An essential first step in understanding swept
interactions is the choice of a proper coordinate
system. Experience dictates that it is easy to go astray
with this problem if a poor choice is made. Many of
the past swept interaction studies have revealed some
degree of either quasiconical or quasicylindrical flow
symmetry. In principle, spherical polar coordinates are
required for the former (see Fig. 2) and
normal-tangential coordinates for the latter, although
experimental data are sometimes available only in a
streamwise-spanwise coordinate frame. In practice it
is often reasonable to make the approximation of an
- orthogonal normal-tangential frame attached to the
interaction sweepline, which is usually the "footprint
trace" or projection of the outer ("inviscid") shock
wave upon the interaction test surface. Following the
tradition of both swept and unswept interaction
studies, this footprint trace of the inviscid shock is
taken as the proper reference line from which to

\
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measure the interaction extent. Due to the limited
scope of the present paper, discussed above, the
spherical polar coordinate frame of Fig. 2 turns out to
be the only one presently required. Its application to
sharp fin interactions will be discussed in detail below.

«Next, a firm connection is assumed between the swept
interaction footprint topography and the features of
the flowfield above the surface. This hypothesis is
supported by recent experimental results to be
described in the section on flowfield structure, and by
the application of topology to the surface flow
patterns (Ref. 12). Moreover, the topological rules
(Ref. 12) governing these flow patterns are recognized
as important aids to the understanding of swept
interactions.

Finally, this paper considers only the mean-flow
behavior of swept interactions. It appears that all
interactions of shock waves with turbulent
boundary-layers involve some degree of unsteadiness,
typically manifested as a "trembling" motion observed
in flowfield visualizations. However, there is po
indication that such unsteadiness is the controlling
phenomenon in any overall sense. A definite,
identifiable mean-flow structure is found in all
interaction cases considered here. It is thus assumed
that the preponderance of mean-flow data on swept
interactions is useful and pertinent despite the
presence of unsteadiness.

3.4 Interaction Classifications

A brief overview of the different types of swept
interactions is called for at the outset. Swept
interactions will be discussed in terms of the
classifications shown in Fig. 3 (from Ref. 1), which
result from elementary dimensional analysis. In all
cases the incoming flow provides a single length scale
associated with the boundary-layer (here taken as the
incoming thickness §, for simplicity). When the
overall dimensions of the shock generator are large
enough that further increases in these dimensions do
not change the interaction propertics, the resulting
interactions are classified as "semi-infinite." Further,
cases within this classification in which the shock
gencrator imposes no length dimension on the
interaction are termed "dimensionless." In such
"dimensionless” interactions it may be expected from
elementary dimensional analysis that the flow will
respond to the imposed incoming boundary-layer
length scale with a single balancing length scale of its
own (later to be identified as the interaction inception
length).

However, if a semi-infinite shock generator does
impose upon the interaction a length dimension
comparable to §, (such as a fin leading-edge thickness
D or a step height H), the resulting interaction is then
termed "dimensional" Here, D/§, or H/§, is
expected to characterize the flow in the immediate
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vicinity of the imposed length dimension. Such
interactions are discussed in Ref. 1 but are beyond the
scope of the present paper.

SEMI-INFINITE INTERACTIONS
DIMENSIONLESS INTERACTIONS
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3
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FACING STEP
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Fig. 3 - Interaction Classifications.

Finally, cases in which the shock generator fails to
produce a semi-infinite interaction as defined above
are termed non-semi-infinite or "protuberance”
interactions. These cases typically involve shock
generators whose overall dimensions are comparable
to §,. Protuberance interactions are also discussed in
Ref. 1 and are also beyond the scope of the present

paper.

3.5 Goals

Taking the sharp fin interaction as an archetype of
swept interactions in general, the present paper has
three goals:

1) Survey the current knowledge of the scaling laws
which govern the shape, size, and behavior of
the"footprint" of a swept interactions in terms of
M, ,Re, , and §,

2) Examine in detail the interaction flow-
field structure which is responsible for
the observed footprint behavior, and

3) Describe the experimental methods, both
modern and time-honored, which have been
applied to learn much of what is now known
about swept interactions.
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4. SCALING LAWS

The unswept sharp fin interaction of Figs. 1-3 is, at
least in the inviscid sense, the simplest of all swept
interactions. This simplicity derives from the fact that
the properties of the shock wave prior to its interac-
tion with the boundary-layer (the "inviscid shock") are
known immediately from classical oblique-shock
theory. As we will see, the swept interaction necessar-
ily leads to fundamental changes of structure in both
the shock wave and the boundary-layer, whereupon
the flow may no longer be regarded as "simple."

As in all flows where direct solutions of the governing
equations are not possible, dimensional and similarity
methods are powerful tools in understanding swept
interactions. For dimensionless sharp-fin interactions
only a single parameter, a, is required to describe the
shock generator. The other parameters of the prob-
lem are entirely concerned with the incoming flow,
and include M, Re, and §,. All are dimensionless
parameters except §,, which is the only length dimen-
sion in the boundary conditions of the problem. Thus,
as mentioned earlier, the interaction is expected to
respond to §, by way of some characteristic length,
but otherwise to be entirely dimensionless.

Thus, despite the nonlinearity of the governing equa-
tions and a host of related complications, there is
nonetheless hope from the outset of achieving some
overall similarity framework for the behavior of swept
interactions. That framework is the subject this
section of the paper, where the mean-flow symmetry
and footprint structure of the interaction are explored
and the influence of M, Re, @, and §, are examined.

4.1 Quasiconical Symmetry

All previous investigators of sharp fin interactions
have found that the extent of the interaction grows
with distance away from the fin leading edge. Many
of these investigators (eg Refs. 13-23) further ob-
served that this growth appeared to be conical, or
nearly 5o, except for an initial region in the immediate
vicinity of the juncture of the fin leading-edge and the
flat plate. This observation is confirmed by recent
parametric studies (Refs. 24-28) of sharp fin interac-
tions over broad ranges of both Mach number and fin
angle. It is now clear that the salient characteristic of
this interaction is its quasiconical nature,

The dimensional description given earlier describes
this class of swept interactions as having no length
dimension except for one characteristic length which
arises in response to the initial condition imposed by
5. Let this length be called L, the inception length
measured outward from the fin leading-edge along the
shock wave direction, which encompasses the observed
initial nonconical region of the interaction (see Fig. 4).
Thus L./, is a natural nondimensional parameter
describing the class of interactions under study.
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The supersonic or hypersonic potential flow outside
the interaction is well-known to exhibit conical behav-
ior (Ref. 29), wherein the velocity vector is constant
along rays emanating from a common origin, the
conical vertex. Further, after Lighthill (Ref. 30) such
a conical field will occur "in any flow where the
boundary conditions define naturally no linear dimen-
sion." The present flow, outside the inception zone, is
very close to satisfying this condition except for the
issue of the non-conical growth of the incoming
boundary-layer with spanwise distance along the
interaction sweep line,

Fig. 4 - Sketch of Sharp Fin Interaction Footprint with
Nomenclature Definitions.

An important contribution by Inger (Ref. 31) largely
resolved this problem through an order-of-magnitude
analysis of the governing equations. Inger found that
a swept interaction can approach a quasiconical state
at a large distance from the fin leading-edge. This
distance, in fact, turns out to be the inception length,
L, and how large it is depends upon §, Inger also
found that L,/6, ~ cotB,, in agreement with experi-
mental data for sharp fin interactions, While some
effect of the spanwise boundary-layer growth is
probably present, it is a second-order effect compared
to the overall quasiconical nature of the flow (Ref.
32).

The quasiconical symmetry of this class of swept
interactions is now regarded as the most powerful
simplification available in a problem of otherwise
daunting complexity. As we will see, it allows a 3-D
flow to be treated, in many respects, as if it were two-
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dimensional. Much is already known about the
behavior of conical 2-D flows, which are thoroughly
reviewed, for example, in Ref. 33. Briefly, the proper
coordinate frame for a conical flow is the spherical
polar coordinate system in r, 8, and ¢, sketched in
Fig. 2. Since r is degenerate in true conical flow, the
interaction outside the inception zone is described
entirely in angular measure by 8 and ¢. Streamlines
and other features of the flow may be seen in two
dimensions by projection from the vertex of the
conical flow onto the surface of the sphere. Since
experience has shown that such projections of swept
interactions normally subtend small solid angles, the
replacement of the appropriate spherical segment with
a plane tangent to the sphere and normal to the
inviscid shock wave is a frequent simplification. The
pertinent Mach number describing the interaction is
the component of M in this plane, namely M,, rather
than M, itself.

This coordinate frame is adopted uniformly in the
following discussion. Other than L; and §,, all "di-
mensions” of swept interactions are discussed only in
angular measure. While it may be tempting to define
length dimensions associated with, say, the upstream
influence of the interaction, experience shows this to
be highly misleading. For example, early investigators
of this flow remarked upon the streamwise length of
the interaction compared to that of a 2-D planar
interaction of similar shock strength. However, in the
present context of quasiconical flow this comparison
is meaningless, since the streamwise length of the
interaction can be as large or small as one wishes,
depending upon the distance, r, which one takes from
the conical vertex.
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Fig. 5 - Surface Pressure Distributions (per Ref. 16).
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As a demonstration of the conical nature of sharp-fin
interactions, surface-pressure data from a Mach 3
interaction by Zubin and Ostapenko (Ref. 16) are
shown in Fig. 5. These data were measured on two
concentric circular arcs on a flat plate at different
radii, r, from the vertex of the flow. Both measure-
ment arcs were outside the inception zone. The data
show excellent agreement when the pressure ratio is
plotted in terms of the conical angle . Such agree-
ment cannot be had, however, if the linear dimension
describing the pressure-tap layout is used as the
abscissa of the plot.

Finally, note that quasiconical interaction symmetry is
an approximate framework of understanding rather
than a precise law. It breaks down near the fin
leading edge in the inception zone, and also along the
intersection of the fin and the flat plate (which cannot
lie on a generating ray of the conical flow). It is
subject to the second-order 3-D influence of the span-
wise growth of §,, mentioned earlier. It is a mean-
flow framework for the description of interactions
which are known to have some time-dependent
characteristics. In extremely weak interactions (Refs.
34 and 35) the conical spreading of the flow may be
so small as to be undetectable. In extremely strong
interactions the approximation may once again break
down, though experimental limitations prevent such a
case from being observed. Between these two limits,
and subject to the qualifications listed, all known
dimensionless fin interactions exhibit quasiconical

symmetry.

4.2 Boundary-Layer Separation

All shock /boundary-layer interactions, whether 2-D or
3-D, involve the separation of the boundary-layer
when the shock wave is of sufficient strength to bring
this about. Despite some controversy over the seman-
tics of the word "separation," the literature cited thus
far leaves no room for doubt that it is a distinct and
recognizable phenomenon in swept interactions. Due
to the nature of such flows, when separation does
occurs it is necessarily three-dimensional and highly
swept with respect to the oncoming flow.

A proper treatment of the topological criteria for 3-D
flow separation is well beyond the present scope. The
reader is directed to Ref. 12 for a thorough coverage
of this topic. Briefly, the present discussion accepts
the Legendre-Lighthill view of 3-D separation as the
convergence of limiting streamlines of the flow upon
a particular (swept) streamline which connects singu-
lar points of separation located, in this case, some-
where on the flat plate. The exact nature of these
singular points is a secondary issue for present pur-
poses. What is important is the observation (eg Ref.
26) that the noticeable effects of separation develop
gradually in sharp fin interactions, and that occurrence
of separation is clearly a function of Mach number
and shock wave strength.
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Fig. 6 - Stages in the Development of the Interaction
Footprint (per Zheltovodov et al.).

Fig. 6, from Ref. 26, shows 8 stages in the develop-
ment of the limiting streamlines of the interaction
footprint on the flat plate as a function of increasing
shock wave strength. Such patterns are obtained by
surface-flow visualization techniques, and will be
discussed further in later sections. For the moment,
one sees in Fig. 6a the case of a weak, unseparated
interaction in which the limiting streamlines veer
underneath the inviscid shock wave but do not form a
convergence line. With increasing shock strength, Fig.
6b, the separation line moves outward and eventually
lies underneath the inviscid shock, with limiting
streamlines on either side running essentially parallel
to it. (Stanbrook (Ref. 36) defined this condition
rather arbitrarily as incipient swept separation of the
boundary layer.) A further increase of shock strength,
Fig. 6¢, leads to asymptotic convergence of the limit-
ing streamlines upon the line of 3-D separation.
Finally, in Fig. 6d, a sufficiently-strong shock produces
an cxplicit convergence line, S,, which lies well out-
board of the inviscid shock position.

This gradual development of the flow points out the
disparity between the strict topological definition of
3-D separation, for which the present flow is always
separated (Ref. 37), and more practical definitions
which find no evidence of lift-off of the boundary-layer
from the flat plate until the condition in Fig, 6d is
reached. Should there be any doubt on this point,
Fig. 7 shows the kerosene-lampblack footprint trace of
a weak fin interaction (Mach 2, a = 6°), in which the
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primary separation line lies well inside the zone
bounded by the fin and the inviscid shock. (This
pattern was obtained by placing surface-tracer materi-
al on the flat plate only upstream of the fin prior to
the experiment.) Since a line of 3-D separation is
clearly present in Fig. 7, Stanbrook’s criterion (Ref.
36) must be strictly incorrect. It serves, nonetheless,
to indicate the approximate condition where sizable or
significant 3-D separation occurs, insofar as effects on
the outer flowfield are concerned. More will be said
about this below.

Fig. 7 - Footprint Trace of a Weak Separated Fin
Interaction.

Based on arguments put forward by McCabe, (Ref.
38) Korkegi (Refs. 39 and 40) proposed a practical
criterion for incipient swept separation in the form:

M., =03 0

for M, > 1.6 and 7 = 1.4, where a; is measured in
radians. Lu (Ref. 41) recently re-derived this result
on somewhat firmer ground. As the most well-known
and popular criterion for incipient swept separation,
Eqn. (1) is illustrated here in Fig. 8. It corresponds
to the flow condition shown in Fig. 6b and determines
the condition in which the limiting streamlines run
parallel to the inviscid shock wave, not true incipient
separation, as was already mentioned in connection
with Fig. 7 (see also Refs. 21, 37, and 42).

It may be seen from Fig. 8 that the practical condition
of incipient swept separation not only occurs for
weaker shocks than does incipient 2-D separation at
the same M, but also happens even more readily as
M, increases. Early on, the lack of a physical expla-
nation for this was the source of some consternation
and disbelief. However, the physical explanation is
not difficult to understand if one accepts that it makes
no sense to compare 2-D and 3-D separation at the
same value of M_. According to the above quasi-
conical symmetry discussion, it is the normal Mach
number, M, which is significant in determining the
properties of a swept interaction, rather than M.
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Fig. 8 - Incipient Separation Criterion for Sharp-Fin
Interactions.

When compared on this basis, 2-D and swept incipient
separation criteria are in close agreement. For
example, in broad terms, incipient turbulent boundary
layer separation is found at normal Mach numbers
between 1.2 and 1.3 in a wide variety of swept and
unswept shock/boundary-layer interactions (Refs. 26,
41, and 43). The corresponding inviscid-shock pres-
sure ratios, (p,/p,), in air are between 1.5 and 1.8.
Thus the seeming anomaly of incipient separation
becoming more likely with increasing Mach number is
explainable in terms of the higher sweepback angle of
the shock wave. No discrepancy between 2-D and
swept separation criteria occurs, so long as one pays
attention to the proper coordinate frame.

The recent work of Zheltovodov et al. (Refs. 26 and
43) has developed this approach considerably. In
re-working the classical free-interaction analysis of
Chapman et al. (Ref. 44), they obtained the following
expression for the "plateau” pressure in a separated
interaction:

P, - P = KMalMnl - NWe? + 1

where v = 1.4 is assumed, K = 5.94 for turbulent
and 1.46 for laminar flows, and Mn, is the Mach
number normal to the separation line. This expres-
sion was verified by comparison with experimental
data for 2-D turbulent interactions. It embodies the
pressure-rise required to produce incipient separation,
if one accepts this to be equal to the plateau pressure
rise of a well-separated interaction. When combined
with the classical expression for oblique-shock pres-
sure ratio in terms of M,, Eqn. 2 can be used to
predict incipient swept separation as well
Zheltovodov et al. found the result to be in good
agreement with the data for what they call incipient
"small-scale" separation, ie the condition represented
by Fig. 6b where surface streamlines run parallel to
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the shock but noticeable lift-off of the boundary-layer
from the flat plate has yet to develop.

These authors then proposed an additional, new
criterion for incipient "large-scale" separation. Plots
of the angle between the upstream-influence and
primary separation lines of the interaction show that
it decreases with increasing interaction strength,
eventually tending toward a constant value. Once this
constancy occurs, it is argued that the interaction has
reached a condition (Fig. 6d) where the swept separa-
tion is fully developed and where its gross effects are
clearly manifested in the interaction flowfield.

Finally, Zheltovodov et al. used the above quasi-2-D
free-interaction analysis to demonstrate that (p,/p,);
tends to decrease from 1.7 to 1.5 as Re, increases
from 10° to 5x10,* as illustrated in Fig. 9. Variations
in the shape parameter of the incoming boundary-
layers in the experimental data points shown (num-
bered symbols 4-9) further required that K in Eqn. 2
be varied over the range 5.9 to 9.4, producing the
band shown in the Figure. This view of incipient
separation is clearly an improvement over Eqn. 1,
Korkegi’s criterion, which embodies the simple
implicit assumption that (p,/p;); = 1.5, and thus
ignores the Reynolds number and shape factor depen-
dence inherent in the characteristics of the incoming
boundary layer. Korkegi’s criterion is also shown in
Fig. 9 for comparison.

2.6 @& 2-D ! .

e-l A_G5 x=8
X -5 e-7 v-9
~ s
& 1.8 7 o
< 15— 5://///
Korkegi’'s Criterion
1.0 1 \
5 3.5 4 4.5

log Re,

Fig. 9 - Incipient Separation Criteria vs. Re, (per
Zheltovodov et al.).

4.3 The Interaction Footprint

43.1 Limiting Streamline Pattern

Returning to Fig. 4, the "footprint" of a sharp-fin-
generated swept interaction, ie its pattern of limiting
streamlines on the flat plate, is illustrated with defini-
tions of nomenclature. Four important features are
identified by their conical angles: the upstream influ-
ence line U, the primary separation line S;, the
primary attachment line A,, and the secondary separa-
tion line S,. The upstream influence line, being the
forwardmost extent of the interaction, has been the
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subject of various attempts to relate the response of
the interaction footprint to changes in Mach number,
Reynolds number, and fin angle (Refs. 1, 15, 17-22,
26, 27, 34, 45, and 46). Similar but more limited
attempts have been made to correlate the positions of
the primary separation and attachment lines. Primary
attachment, which first appears in the shock-strength
progression in Fig, 6d, marks the position where the
flow, having left the surface of the flat plate at the
primary separation line, reattaches to the plate
(though the stream-surface which separates is not the
one which reattaches). Between these two lines lies
a region of reverse flow in the conical projection,
which also has a strong spanwise (r-direction) compo-
nent. This leads to a helical separation vortex. One
may view this vortex as a reorganization of the span-
wise vorticity of the incoming boundary layer. Zhelto-
vodov et al. (Ref. 26) noted an inflection in the
primary separation line which they ascribed to transi-
tion from laminar to turbulent reverse-flow within the
separated region.

The angular difference 8y, - B, between the upstream
influence and primary separation lines is sizable for
weak interactions, but shrinks quickly to a small value
as the interaction grows stronger. The achievement of
this asymptotic value (Refs. 26 and 43) has been used
as an indicator of incipient "large-scale” flow separa-
tion, as noted earlier. In fact, the region between
these two defining lines of the interaction has been
found to be highly unsteady. Since the current
discussion concerns only mean-flow properties, this
unsteadiness is covered elsewhere in this report by D.
S. Dolling.

If the definition of primary separation has caused
some past confusion, as noted earlier, this is doubly
the case for secondary separation. According to
Zheltovodov et al. (Refs. 18, 26), the footprint feature
known as secondary separation first appears once the
interaction has achieved a certain strength (Fig. 6d),
showing up in the conical region of the flow but not
in the inception zone. Its spanwise extent grows with
increasing shock strength (Fig. 6¢) but then diminishes
again (Fig. 6f), eventually appearing only in the
inception zone and then disappearing altogether (Fig.
6g). Secondary separation then reappears in the
strongest interactions observed to date (Fig. 6h), but
in a different position, noticeably closer to the fin than
previously. Zheltovodov et al. were the first to
observe this behavior, and have invested considerable
effort in trying to understand it. Their experiments
with sand-grain roughness applied to the interaction
region appear to demonstrate that the initial behavior
of secondary separation is related to laminar, transi-
tional, and then turbulent reverse-flow in the swept
separation bubble. They also ascribe the re-
appearance of secondary separation (Fig. 6h) to the
development of supersonic reverse flow in the separat-
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ed region with an imbedded normal shock wave. This
was first reported by Zubin and Ostapenko (Ref. 16),
though no clear image of it was shown. Very clear
images confirming this hypothesis have recently been
obtained by Alvi and Settles (Refs. 16 and 47).

Another, even more serious, problem with secondary
separation is that it usually appears without the visible
accompaniment of secondary attachment!  This
topologically-impossible situation is probably due to a
very small angle between secondary separation and
attachment, such that they appear as a single feature.
Zheltovodov (Ref. 48) has obtained evidence of both
secondary separation and attachment in an extremely-
strong fin-induced turbulent boundary-layer interaction
at Mach 4 and @ = 30.6°. The surface flow pattern of
this interaction, shown in Fig. 10, was traced directly
from an enlargement of an oil-flow photograph
provided by Zheltovodov, since the photo itself would
not be likely to reproduce well enough to show the
features described. Nonetheless, distinct secondary
separation and secondary attachment lines are clearly
visible with an angle of 1 or 2 degrees between them.
This evidence confirms, in the opinion of the present
author, that secondary separation actually can occur in
this class of interactions, given the proper circum-
stances. A local maximum appears at this secondary
separation/attachment location in measured skin-
friction distributions (Refs. 49 and 50). A local

flowfield disturbance also appears in the vicinity of
this location in conical shadowgrams and interfero-
grams of the flowfield (Refs. 24, 25, and 47).

Fig. 10 - Tracing of Surface Pattern of Zheltovodov's
Mach 4, a = 30.6° Interaction.

Fig. 4 illustrates how the conical lines of the interac-
tion footprint all emanate from a common vertex, the
virtual conical origin or VCO. This origin, which is
the center of the spherical coordinate frame shown in
Fig. 2, lies somewhat ahead of the actual fin leading-
edge due to the presence of the inception region,
which is also indicated in Fig. 4 by its length, L,

Zheltovodov et al. (Ref. 26) proposed correlations for
the conical angles of upstream influence B, and
primary separation B, in terms of the inviscid shock
angle B,. Incipient "small-scale" separation, as defined
in the previous section (Fig. 9), is used as a basis for
these correlations, and is denoted by an asterisk. The
correlations are:

Bui - Bu* = 1.53(B, - ﬁo‘) 3)

By - Bu* = 215(By - Bo*) - 0.0144(B, - Bo*) (@)

one confusing factor is that two forms of the B,
correlation were given, one for laminar and the
second for turbulent reverse-flow. Since it may not be
easy to determine which form to use, it is suggested
here that supersonic interactions with freestream unit
Reynolds numbers on the order of 10’/m or higher
use only the turbulent form, which is the one given
above as Eqn. 4. The correlations of Eqns. 3 and 4
are based upon many experimental points obtained at
Novosibirsk in the Mach 2-4 range. However, Schmis-
seur (Ref. 51) also compared them with his data,
obtained at Mach 5, and found good agreement.

432 Surface Pressure Distribution

Many investigators have measured the surface pres-
sure beneath the footprint of the interaction. Its
classical shape, measured in the proper crossflow
coordinate frame for a well-separated interaction, was
already shown in Fig. 5. The peak pressure, just
ahead of the fin, is of interest because it overshoots
the maximum pressure, p,, expected behind the
inviscid shock wave. Several attempts have been made
to derive expressions for the peak pressure ratio,
Ppx/Poo- For example, according to Hayes (Ref. 52):

Pulp. = M Q)

Scuderi (Ref. 53), Zheltovodov (Ref. 18), and Lu
(Ref. 27) proposed similar expressions. Most recently,
Lu (Ref. 54) has reexamined this issue in the light of
current knowledge, to be discussed below, about the
detailed structure of the fin interaction flowfield. He
arrived at a physically more meaningful, though less
explicit, approach to predicting p,,/p,,. His summary
graph is reproduced here as Fig. 11, which shows a
comparison of available data and prediction methods
for this quantity.
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Fig. 11 - Interaction Peak Pressure Ratio vs. Normal
Mach Number (per Lu).

Zheltovodov et al. (Ref. 55) also proposed a new
expression for the peak pressure ratio based on their
quasi-2-D free interaction analysis:

ppk/pn = 1-3(lepj) - 0-3(P2/P1)1 ©

They developed a method to predict not only p,,, but
also the entire shape of the interaction-footprint
pressure distribution.

433 Heat Transfer Distribution

The peak heat transfer rate in the interaction footprint
occurs at the same location as py,, and is often linked
to it by simple calculation schemes. For example,
Holden (Ref. 13) correlated the results of several
swept-interaction heat transfer experiments with:

Cy ﬁlch_ = (Ppk/P 085 ‘ )

While such expressions lack a fundameatal basis, they
are of practical importance in predicting high aero-
thermal loading due to interacting flows on high-speed
flight vehicles. One difficulty lies in the fact that the
knowledge of peak heat transfer can be no better than
that of the peak pressure in an expression such as
Eqn. 7. A somewhat more fundamental peak heating
correlation was developed by Neumann and Hayes
(Ref. 56), which gives the peak heating as a function
of both normal Mach number M, and position x/§
downstream of the leading-edge of the fin. The initial
variation of heat transfer near the fin leading edge is
now easy to recognize as a 3-D effect of the growth of
the interaction inside its inception zone. The work of
Neumann and Hayes was done before the quasiconical
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nature of the fin interaction was generally recognized,
so they cannot be faulted for overlooking this.

In light of the present knowledge of quasiconical
interaction symmetry, Lee et al. (Ref. 57) assumed
that c, asymptotes to a constant value along a conical
ray outside the interaction inception zone, as was
shown experimentally by Rodi and Dolling (Ref. 58).
This enabled them to propose a much-simpler data
correlation in terms of ¢, /Cyo0 Vs. M, only. This cor-
relation is demonstrated in the graph of Fig. 12. The
data of Lee (Refs. 57 and 59) are shown by solid
symbols, while other available data (cited by Lee et
al. in Ref. 57) are shown by open symbols. Taken
together, these data approximately describe a linear
relationship within their overall scatter. The equation
of the line shown in Fig. 12 is:

Cy ICy, = 3TM,-27 @®

This relationship was proposed by Lec et al. as a
simple empirical guide for peak heating in sharp-fin-
generated interactions with turbulent boundary layers
outboard of the inception zone near the fin lead-
ing edge. No such simple relationship is possible
inside the inception zone.
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Fig. 12 - Interaction Peak Heating Correlation (per
Lee et al.).

Thé data shown in Fig. 12, from which Eqn. 8 is
derived, were chosen from the available literature
because their accuracy is reasonably documented and
because it can be demonstrated that they were ob-
tained outside the interaction inception zone. Heat
transfer data at hypersonic freestream Mach numbers
are available (eg Refs. 60 and 61), but are not includ-
ed in Fig. 12 because, unfortunately, this latter condi-
tion cannot be satisfied. The reason for this appears
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to be that very high Reynolds numbers, and conse-
quently long distances downstream of a flat-plate
leading edge, are generally required to produce an
equilibrium turbulent boundary-layer in hypersonic
wind tunnel testing. For this reason such a boundary-
layer tends to be comparatively thick at the location of
the swept interaction, which naturally leads to a large
inception zone (see the next section). The dimension-
al limits of the hypersonic test models used so far
have thus precluded the taking of data outside the
inception zone.

43.4 Skin Friction Distribution

Finally, the skin friction distribution in the interaction
footprint is of similar interest. Until recently, no
suitable instrument was available to make such
measurements accurately. The development of the
Laser Interferometer Skin Friction (LISF) meter (eg.
Ref. 49) is discussed later in this paper. For the
present, only the results of this instrument are pre-
sented.

LISF skin friction measurements have thus far been
made in both supersonic (Ref. 50) and hypersonic
(Ref. 61) turbulent fin interactions. The inherent
quasiconical symmetry of these flows has been taken
advantage of in order to limit the number of measure-
ment points and to present the results conveniently in
terms of the angle 8. An example from Ref. 50 is
shown in Fig. 13,
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Fig. 13 - Skin Friction Coefficient vs. 8 for Mach 4,
a = 16° Interaction.

This Figure shows that the skin friction rises
dramatically from its incoming level to a peak at the
rear of the interaction, near the fin, It thus behaves
in much the same way as do the surface pressure and
heat transfer. For the moderately-strong interaction
case shown, the peak skin friction is about six times
the incoming flat-plate value. A small discontinuity in
¢ is also seen near the secondary-separation line.

Results of several computational simulations of this
flow were also presented in Ref. 50. A discussion of
such computations is given elsewhere in this report by

D. D. Knight. It should be noted here, notwithstand-
ing, that no serious discrepancy between measured
and computed peak ¢, values occurs in such
comparisons. In Ref. 50 a stronger interaction case
(Mach 4, « = 20°) was shown, in which the
computations appeared to underpredict the data by
50%. This led the authors to conclude that the com-
putations failed systematically as the interaction
strength increased. This conclusion was an unfortu-
nate one, as it has since been learned (Ref. 62) that it
was the measurements, not the computations, which
were in error in this instance. In fact, reasonable
agreement of skin friction data and CFD prediction
occurs irrespective of interaction strength.

4.4 Reynolds Number Effects

As it happens, the effect of Reynolds number on
swept interactions in general is simpler than was first
imagined. According to the dimensional argument
given earlier, only the inception length to quasiconical
flow will be affected by Reynolds number (provided,
of course that Re is high enough to ensure that the
interaction remains fully turbulent). Early concerns
about the fact that 6 varies along the swept
interaction line were essentially unfounded to first
order, as demonstrated by both the swept-leading-
edge-plate experiments of Dolling et al. (Ref. 63) and
computations by Knight (Ref. 64). Apparently only
the freestream Reynolds number and the incoming
boundary-layer thickness at the fin leading-edge
location are involved in the dimensional interplay
which establishes L, beyond which the interaction
becomes purely conical. Newcomers are cautioned
that normalizing any linear dimension that one may
arbitrarily define in the conical-flow region of the
interaction by the local incoming boundary-layer
thickness is not only incorrect according to present
understanding, but also highly misleading.

The original Reynolds number scaling law (Refs. 17,
45, and 46) for the upstream influence of general
swept interactions at Mach 3 was given in terms of
nondimensional lengths tangential and normal to the
swept shock as:

(/5 Re,"?), IM, = f [ /5 Re,*)] (&)

or

(L)yiM, = f (L)) (10

This general rule is compatible with all quasiconical
sharp fin interactions, though it may appear somewhat
clumsy. However, since the sharp-fin interactions
under present consideration have no other
characteristic length dimension, Eqns. 9 and 10 apply
only to the inception length. Further, since the scaling
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by (1/8)Re,'? is applied uniformly in two orthogonal
directions in the interaction footprint, it amounts to a
simple scale transformation. That is, the dimensional
scale of the footprint expands or shrinks without
geometric distortion due to changes in the values of Re
and 4. Since it is intuitively obvious that conical flows
are invariant to a scale transformation (see, eg, Ref.
65), we sec once again that only the inception length
can be affected by such changes in the values of Re
and é. Thus Eqns. 9 & 10 simplify to:

L/s
M

« Re, P ay

for the special case of sharp fin interactions.

Examining Eqn. 11, we see that small dimensional
inception lengths will result when the Reynolds
number is high and the initial boundary-layer is thin.
Similarly, flows with thick boundary-layers at
comparatively-low Reynolds numbers can require
rather large dimensional distances outboard of the fin
leading-edge to achieve conical symmetry. This
simple distinction has been widely misunderstood,
resulting in confusion over whether or not a particular
expertment or computation extended far enough
outboard to reach beyond the inception zone into the
region of conical flow symmetry. So, for purposes of
illustration, a classic example adapted from Oskam et
al. (Ref. 66) is reproduced here in Fig. 14. The
experiment by Token (Ref. 67), though performed
with an enormous 1-meter-long fin, remains firmly
imbedded in the inception zone near the fin leading
edge! The experiments of Oskam and Zheltovodov

“(Refs. 66 and 26), while carried out in much smaller

test facilities with smaller physical models, nonetheless
covered a far broader region of the interaction
footprint in nondimensional terms.
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Fig. 14 - Plot of Dimensionless Interaction Footprint
Showing Measurement Zones of Various Studies.
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The same Reynolds-number scaling philosophy has
been shown to be effective for the flowfield features
of sharp fin interactions (Ref. 68) and other swept
interactions, as well as for their footprints. Eqns. 9-11
were even applied successfully to a laminar interaction
(Ref. 20), though with a different (negative) value of
the scaling exponent. Recent work (Ref. 69) further
reveals that the empirical 1/3 exponent for turbulent

-interactions in Eqns. 9-11 is essentially constant within

the Mach number range of 2.5 to 4.0, so long as
equilibrium flat-plate boundary layers are solely
considered. Inger (Ref. 70) has noted that this
exponent is expected to vary if significant variations in
the wake-strength parameter of the incoming
boundary layer occur.
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Fig. 15 - Inception Length Scaling in Terms of Inviscid
Shock Angle.

Finally, the detailed behavior of the inception length
in sharp fin interactions in the Mach number range
25 < M, < 4.0 was examined by Lu and Settles
(Ref. 71), and was found to be primarily a
function of the shock angle, §, when Re; ~
constant.  (This is compatible with Eqn. 11,
since M,, M, and B, are intimately rclated.) As
illustrated in Fig. 15, for strong interactions (large B,)
the inception length almost vanishes, producing an
interaction with nearly complete conical flow
everywhere. Since L; describes an asymptotic change
from a curved to a straight line of upstream influence,
major differences in its level have been reported due
to differences in the philosophy of data analysis of
various investigators (or even co-authors of a single
work). Ref. 71 also gives data on the location, relative
to the fin leading-edge, of the virtual conical origin
(see Fig. 4). Note that Fig. 15 should not be expected
to hold outside its Mach number range of validity.

4.5 Mach Number Effects and Interaction Strength

Per the discussion of conical symmetry, M, is the first-
order strength parameter of swept interactions which
combines the effects of both M, and . Either an

.increase of M, at fixed a or of o at fixed M,
.. produces a stronger shock and thus a stronger

interaction, since M, grows larger in both cases.
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Fig. 16 - Scaling of Reduced Upstream Influence with
Inviscid Shock Angle (per Lu ef al.)

Unfortunately, few systematic interaction experiments
have been performed with variable Mach number, due
primarily to wind-tunnel nozzle limitations. Prior to
the last decade or so, most of the available data were
at Mach 3 only. However, two significant variable
Mach number supersonic datasets have recently
become available, one from ITPM- Novosibirsk (Refs.
15, 18, 26, 43, and 55) and the other from the Penn
State Gas Dynamics Lab (Refs. 21, 27, 34 and 47).

Lu, Settles, and Horstman (Ref. 34) examined the
relative behavior of the inviscid shock wave and the
upstream influence line over the range 2.5 <
M, < 40, and found that the Mach number
effect could be most simply accounted for by
referencing both B, and B, to the freestream
Mach angle, s, , and then observing their behavior
with respect to the fin angle-of-attack.  This
demonstrated clearly that upstream influence cannot
vary linearly with shock angle, though such a linear
relationship had been assumed in previous studies due
to insufficient data.

Fig. 16 shows the accumulated data of Ref. 34 in

terms of a reduced upstream influence parameter,
ABy = (Bu - Heo), plotted vs. the reduced shock
strength parameter ABy = (B, - fho,). A least-squares
curvefit through the data yields the following relation-
ship

AB, = 2.2AB, - 0.027AB2 (12)

Though based on data in the Mach 2.5 to 4.0 range,
this relationship has been compared with Mach 5
sharp-fin data by Schmisseur (Ref. 51). He found that
it underpredicted his data somewhat, while the
upstream-influence correlation of Zheltovodov et al.
(Eqn. 3) did a better job. The latter correlation
covers a similar Mach and Reynolds-number range as
in Ref. 34, but extends to significantly higher values of
« (ie stronger interactions).
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Once a nonlinear growth rate of upstream influence
with inviscid-shock angle is accepted, the paradox of
very weak interactions with large upstream influence
angles (Ref. 17) is immediately removed. Instead, the
upstream influence angle is seen to grow regularly,
though nonlinearly, from a value of zero at zero shock
strength in Fig. 16. In this immediate vicinity, howev-
er, there now exists the possibility of a linearized
solution for weak interactions, where experimental
data are sparse. This initial linear growth rate of the
interaction is indicated in Fig. 16.

Ref. 34 also confirmed Morkovin’s hypothesis (Refs.
72 and 73) over the Mach number range investigated:
The effects observed were entirely due to inviscid
constraints imposed by the outer stream, with no
noticeable effect of compressibility on the turbulent
nature of the interaction up to at least Mach 4.

4.6 Conical Similarity Law

A parametric study of 24 different swept- and un-
swept-leading-edge fin interactions at Mach 3 was
carried out by Settles and Lu (Ref. 21). The analysis
of these results showed that the conical footprint
angles of the entire set of interactions depended only
on the angle, B, of the inviscid shock wave irrespec-
tive of either a or the leading-edge sweepback angle.
This simple similarity of interactions due to
geometrically-dissimilar shock generators was unique
at the time, and was dubbed "conical similarity." It
has since been extended to other geometries, including
semicones and swept compression corners (Ref. 1).
The principle of conical similarity allows the scaling
laws discussed in this paper for the archetypical sharp-
fin interaction to be applied to a broader context of
quasiconical swept interactions.

Zheltovodov et al. (Refs. 26 and 55) and Stollery et
al. (Ref. 74) have recently done extensive experiments
with swept-leading-edge fins, achieving similar results.
All such investigations require knowledge of the angle
at which the inviscid shock intersects the flat plate,
since this is the reference line for the entire
interaction. These shock angles are not known a
priori for swept-leading-edge fins, and were measured
in each of the above studies by way of delta-wing
models mounted in the freestream flow.

5.0 FLOWFIELD STRUCTURE

Early models of the off-the-surface flowfield structure
of sharp fin interactions, eg Refs. 15 and 66, identified
some salient features such as the bifurcation of the
inviscid shock into a "A-foot" and the development of
a helical separation vortex. However, the lack of
optical flowfield visualization in such highly-swept
flows was sorely missed, and the flowfield models
were crude and incomplete. Zubin and Ostapenko
carried out the first conical shadowgraphy experiments
in fin interactions, but their results were only briefly
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reported in the open literature (Ref. 16), and only
became available in the West in complete form (Ref.
75) within the last 3 years. Recently, extensive optical
studies have been carried out at Penn State (Refs. 24,
25, 47, 76, and 77) using conical shadowgraphy,
conical holographic interferometry, and planar laser
scattering (PLS) techniques. These studies have
produced a very clear view of the detailed flowfield
structure.
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Fig. 17 - Projection of Quasiconical Interaction
Flowfield onto Spherical Polar Coordinate Surface.

To avoid confusion, a 3-D sketch of the conical
flowfield projection onto the spherical coordinate
surface is shown in Fig. 17. This view, of course, is
normal to the conical rays of the interaction, and may
be seen as a closeup view of the interaction in the
coordinate frame shown earlier in Fig. 2. If the
conical projection is peeled from the sphere and
pressed flat, one obtains the current model of the
flowfield structure. In such a case the Mach number
normal to the inviscid shock, for example, will be the
normal component M, which is tangent to the sphere.
Although the direction of M, is left-to-right in Fig. 17,
all succeeding pictures of the interaction structure will
be rendered with the flow in a right-to-left orientation.

Figs. 18-20 show a conical shadowgram, a conical
holographic interferogram and a PLS image,
respectively, of the detailed flowfield structure typical
of a separated sharp-fin interaction (from Refs. 24, 25,
and 47). Fig. 18 depicts the Mach 3, @ = 20°
interaction while Figs. 19 and 20 depict the Mach 3,
a = 16° case. The techniques used to obtain these
images are described in later sections of this paper.
For comparison purposes, Fig. 21 presents the Mach
3, a = 16° physical flowfield model in (B,9)
coordinates from Ref. 47.

The inviscid shock is seen to bifurcate into a "A-foot”
in Figs. 18-21. The forward leg of the A, known as the
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Fig. 18 - Conical Shadowgram of Mach 3, o = 20°
Interaction Structure.

Fig. 19 - Conical Holographic Interferogram of Mach
3, @ = 16° Interaction Structure.

Fig. 20 - Planar Laser Scattering (PLS) Image of
Mach 3, @ = 16° Interaction Structure.

separation shock, cavses the separation of the
incoming turbulent boundary layer at the primary
separation line, S, (indicated in Fig. 21). The
separated free shear layer is deflected away from the
flat plate by the separation shock, then back toward it
by the rear leg of the A-shock. The separated free
shear layer then rolls up into a tight vortex, the core
of which is clearly seen in Fig. 19 and indicated in Fig.
21. Note that the entire incoming boundary-layer is
separated from the flat plate and rolled up in this
vortex, a fact which has strong implications for the
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performance of high-speed inlets with such
interactions occurring on their sidewalls.
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Fig. 21 - Mach 3, a = 16° Flowfield Map and Surface
Distributions (per Alvi & Settles).

Aft of the separation bubble in Figs. 18-21, the flow is
observed to impinge upon the flat plate, forming the
line of attachment A,, where some flow is directed
back upstream in the normal plane. This reverse-flow
then encounters secondary separation at S, as
indicated in Fig. 21.

Beneath the flowfield map of Fig. 21, the
corresponding surface distributions of static pressure
and skin friction are plotted to the same g-
scale. These distributions show a gradual rise from the
freestream values of ¢, and p/p_, in the forward part
of the interaction, followed by a rapid climb to peak
values to the rear. For even stronger interactions
(Fig. 13 and Ref. 47), the surface properties display
a long, gentle rise leading up to a rapid climb to a
strong peak near primary flow attachment. These
features become even more exaggerated at hypersonic
freestream Mach numbers (Refs. 60 and 61).

What is really new in the flowfield images and model
of Figs. 18-21 is the fate of the streamtube of outer,
inviscid flow subtended by the separation shock below
its triple-point intersection with the main shock wave.
This streamtube is also deflected upward by the
separation shock, then downward by the rear
lambda-foot shock. Having no place else to go, the
streamtube curves downward and impinges directly
upon the flat plate, as seen unequivocally in Fig. 20.
This is accomplished, since the nature of the flow is
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hyperbolic, by reflected Prandtl-Meyer expansion and
compression fans. The appearance of this impinging
streamtube is strongly reminiscent of a curved high-
speed jet, and is henceforth referred to as the
"impinging-jet" phenomenon. Given the reduction in
Mach number through the two oblique shocks of the
lambda-foot, starting from an initial value of M,, the
local Mach number in this jet is transonic in the
normal plane for the supersonic-freestream inter-
actions under scrutiny.

The structure of this jet impingement is highly
reminiscent of that produced by an Edney (Ref. 78)
type-IV leading-edge shock impingement. Upon
comparison, the shock bifurcation and jet
impingement of the two interactions are observed to
be closely similar (Ref. 79). The reason for the peak
heating, pressure, and skin friction in the rear part of
the fin interaction is now clear: Edney-type jet
impingement is known to produce peak heating rates
which can be at least an order of magnitude above
normal. The swept-interaction surface-pressure peak
discussed earlier (see Figs. 5 and 21) is therefore
actually imposed upon the flat-plate surface by the
outer flow structure. High peak fluctuating-pressure
loads up to 160 dB have also been measured near the
attachment-line of these interactions (Ref. 80).

In the reverse-flow direction, the strong favorable
pressure gradient ahead of the wall-pressure peak
beneath the impinging jet accelerates the reverse-flow
forward. For sufficient interaction strengths, this
reverse flow goes locally supersonic and then "shocks
down," generating a small internal normal-shock (see
Ref. 24 for illustration) and producing the aft-located
secondary-separation first described by Zheltovodov
(Ref. 18). Also, for sufficient interaction strengths, the
impinging-jet itself becomes sufficiently supersonic
that an internal normal shock wave is seen before the
jet impinges on the plate (Refs. 24 and 47).

Using M, and p,/p, as interaction strength
parameters, as described earlier, the test matrix of the
optical flowfield investigations of Alvi and Settles
(Refs. 24 and 47) is shown in Fig. 22. The curve
shown is simply that of the pressure ratio across an
oblique shock, but the points indicate the relative
strengths of the six distinct interactions studied, which
span the range from weak (ie barely separated) to
very strong. Four flow-regime boundaries are also
indicated in Fig. 22, corresponding to incipient
primary and secondary separation, the appearance of
a normal shock in the impinging jet, and the onset of
a supersonic region in the reversed-flow bubble.

The flowfield features of Figs. 18 and 19 line up so
well under properly-aligned conical optical probing (a
technique to be described later in this paper) that
there can be little doubt about the almost-perfect
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conicity of strong sharp-fin interactions outside the
inception zone. In support of this assertion, Fig. 23
shows excellent agreement in spherical polar
coordinates between the Mach 4, a = 20° flow-
field structure derived from two Planar Laser
Scattering "cuts" separated by 33 mm of conical ray
length. Both cuts were taken outside the inception
zone and the VCO location was 21 mm ahead of the
fin leading edge in this example.
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Fig. 22 - Interaction Test Matrix of Alvi and Settles.
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Fig. 23 - Overlay of PLS Cuts at Different Locations.

A significant conclusion of the Penn State optical
studies of sharp-fin interactions reviewed here (Refs.
24, 25, 47, 76, and 77) is that the interaction structure
(ie lambda-foot, vortical separation, and impinging
jet) develops very rapidly once the shock strength for
incipient boundary-layer separation has been
exceeded. On the other hand, once these features are
present, further increases in shock strength cause only
second-order structural changes in the flowfield, such
as those discussed in relation to Fig. 22. Strong
interactions tend to have very long regions of
comparatively gradual flow changes from the
separation line up to the inviscid shock. The rear
shock and impinging jet, being "cramped" into tight
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quarters near the fin-plate intersection in high-Mach-
number interactions, then lead to a spectacular peak
in pressure, wall shear, and heat transfer at the rear
of the interaction. Such an example is shown in Fig.
24 (from Ref. 60), though it should be noted that this
hypersonic interaction is atypical of those shown thus
far, since the entire lambda-foot structure is
embedded within the boundary layer.

Main
shock ax18% xe174dem; PipPly_

Fig. 24 - Pitot-Pressure Contours for Mach
8.2, a = 15° Interaction (per Kussoy et al.)

Fig. 25 - Conical Holographic Interferogram of Mach
2.35, @ = 7° Interaction Structure.

Conical holographic-ititerferometry  visualizations
(Refs. 25 and 76) have also revealed the flowfield
structure in weak interaction cases, as illustrated here
in Figs. 25 and 26. Fig. 25 shows a case below the
incipient separation lirit whose flowfield structure is
almost featureless. there is some gradual compression
prior to the inviscid shock meeting the boundary layer,
but the overall effect upon the latter seems minimal.
Slightly beyond incipient separation, Fig. 26, the
lambda-foot is cleatly seen but the core of the
separation vortex, curiously, is located well aft of the
rear lambda-foot shock. In such a case the impinging
jet structure is quite long and approaches the flat
plate at a shallow angle. For somewhat stronger
interactions, Figs. 18-21, the archetypical separated-
interaction structure, discussed earlier, is observed.
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Fig. 26 - Conical Holographic Interferogram of Mach
3, @ = 10° Interaction Structure.
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Fig. 27 - Flowfield Density Map of Mach 3, a = 16°
Interaction.

Quantitative flowfield density maps were extracted
(Ref. 76) from conical holographic interferograms
such as those just shown. An example is reproduced
here as Fig. 27, corresponding to the interferogram
shown previously in Fig. 19 for the Mach 3, 16 degree
interaction. These results are believed to be the first
quantitative, non-intrusive flowfield data ever obtained
in a swept shock/boundary-layer interaction. The
highest density level in the flowfield occurs at the jet-
impingement location in Fig. 27. In contrast, the core
of the separation vortex, consisting of "warm" air
originally from the boundary layer, is a zone of
comparatively low density.

Comparisons of these flowfield data with compu-
tational Navier-Stokes solutions have been made, eg,
in Refs. 28 and 81. The details of such comparisons
are discussed by D.D. Knight elsewhere in this report.

Finally, Alvi (Ref. 82) examined the quantitative
growth of the flowfield structure with shock strength
for turbulent interactions at Mach 3 and 4. He found

that the separation shock wave angle for all
interactions studied at Mach 3 and 4 corresponds to
a flow-deflection angle between 8 and 12 degrees, as
predicted by "free interaction” theory (Refs. 26, 83,
and 84). This fact contributes to the rapid lateral
spread of the interaction structure with increasing
Mach number, since the separation-shock angle grows
smaller. The angular height of the lambda-foot triple-
shock intersection point, ¢,p, was then found by Alvi
to be related to M, and the freestream Mach angle
by:

O/t = -0.17 + 0.30M, (13)

However, the lateral angular extent of the interaction
failed to correlate simply in terms of M,. This is
because, Alvi found, the aft section of the interaction,
between the triple-point and the fin, is quite sensitive
to the fin proximity. By dividing the lateral spread of
the interaction into two segments (AB, and AfS, ,
shown in Fig. 28), he was able to show that this aft
segment, characterized by ApB, , scales according to:

AB,/(By-a) = -0.6 + 0.63M, - 0.12M2 (14)

2
Fig. 28 - Flowfield Diagram Defining AS, and AB, .

In contrast, the forward segment of the interaction
structure, characterized by Ap, , scales purely with M,
according to:

AB, = -23.1 + 26.0M, - 4.4M? (15)

When thus considered in a "piecemeal" or zonal
fashion, the scaling of the interaction structure with
Mach number and fin angle becomes clear. The
reader should note that M, has been taken as a first-
order indicator of interaction strength in this paper,
and is the principal independent variable in Eqns. 13-
15 as well. However, Eqn. 14 clearly shows that the
interaction has a residual dependence upon o as well
as upon M, , so that the use of M, alone as a scaling
parameter for interaction strength is an over-
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simplification. The reader should also note that Egns.
13-15 are not necessarily expected to apply outside the
range of Alvi’s (Ref. 82) experiments, upon which they
are based.

6.0 EXPERIMENTAL METHODS

6.1 Wall Pressure Measurements

Of all measurements in shock/boundary-layer inter-
actions, mean wall static pressure measurements are
the most straightforward. Traditionally, miniature
pressure taps consisting of holes drilled normal to the
test surface are used to sense the mean wall static
pressure. According to Prandtl’s boundary-layer ap-
proximation of the y-momentum equation, static
pressure is propagated without change across a thin
viscous layer at a wall. The technique is used in
practice even when the boundary-layer is separated, in
which case it is the near-wall static pressure of the
separation bubble which is being sensed. Examples of
such surface pressure distributions in swept inter-
actions have already been shown in Figs. 5 and 21.

The pressure taps in the test surface are connected by
tubing to individual pressure transducers or, more
often, to a single transducer by way of a rotating
pressure scanner such as the Scanivalve.™ A typical
Scanivalve installation can sense 48 pressure taps in a
few seconds, making it suitable for intermittent as well
as continuous wind tunnel testing. Electronic pressure
scanners have also become available recently.
Pressure measurements are both time-honored and
central to high-speed wind tunnel technique. They are
only mentioned here, the reader being referred to a
text such as Pope and Goin (Ref. 85) for more detail.

The measurement of time-dependent wall pressures by
way of miniature piezoelectric transducers is outside
the scope of the present paper, and is covered
elsewhere in this report in the paper by Dolling. One
should also bear in mind that the mean-pressure
measuring method just described produces an ill-
defined response when the pressure tap lies beneath
a bimodal phenomenon such as an intermittent
separation region. Excellent examples of this are
given in the paper by Dolling.

6.2 Surface Flow Visualization

One of the simplest but most useful of all flow
visualization methods is that of surface streakline
tracing using liquid indicators (Refs. 86 and 87). At
one time a mixture of fluorescent dye and machine oil
was so commonly used for this purpose that the entire
class of surface-flow visualization techniques came to
be referred to by the term "oil flow." Today, however,
this class of techniques comprises a wide variety of
carrier fluids and pigments.

While generally effective, the oil-flow technique
nonetheless suffers drawbacks under certain testing
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conditions. For example, an oil film often remains
wet throughout a wind tunnel test and then smears
upon tunnel shutdown. One must consequently
photograph the oil-flow pattern during the test
through available tunnel windows, which often
introduces optical distortion and resolution loss.
Further, a buildup of oil occurs at flow separation
lines which can produce anomalous patterns due to
competing wall shear and pressure-gradient-induced
buoyancy forces (Ref. 83, Appendix).

Thus a particular dry-transfer technique has evolved
for the visualization and measurement of surface
streaklines beneath swept shock interactions and
similar flows (Refs. 88 to 90). This technique
produces a streakline pattern which dries during a
brief wind tunnel test and is subsequently preserved
without photography.

A thick mixture (between 1:4 and 1:1, depending on
test conditions) of a dry pigment and a volatile carrier
fluid is applied to wind tunnel surfaces upstream of
the region to be visualized. The flow spreads this
mixture over the test surfaces, forming streaks which
dry before the airflow is stopped. The very thin
coating of pigment remaining on the surface is then
lifted off and preserved using ordinary transparent
matte-acetate adhesive tape. Because the pattern is
extremely thin, problems with buoyancy forces on
liquid accumulations on the test surfaces are avoided.
Surface-flow visualization of nominally steady
boundary-layer flows using an evaporating carrier fluid
can therefore be considered to be nonintrusive.

The most suitable carrier fluid for supersonic testing
in cold tunnels is found to be ordinary kerosene (Refs.
88 to 90). Kerosene is quite volatile at the near-
ambient surface temperatures and sub-ambient static
pressures typical of such facilities, so that it typically
evaporates within 5-20 seconds of the beginning of a
wind tunnel run, this time being determined by
observing the pattern formation. (Gasoline was also
tried, but was observed to boil away immediately upon
the static-pressure drop which accompanies tunnel
startup.) Other wind tunnel facilities with different
operating conditions may require more or less volatile
carrier fluids, for which purpose a wide variety of
hydrocarbon distillates is readily available. For
example, the heated hypersonic flow of Ref. 61
resulted in a model temperature well above ambient,
which required the use of a less-volatile carrier fluid
(vacuum-pump oil).

The pigment material may be, in principle, almost any
finely-divided powder. However, experience (Refs. 88
to 90) has shown that ultra-fine particle diameters in
the range of a few g#m and smaller do not produce the
best patterns. Similarly, large particles on the order
of 100 pm diameter or larger disturb the boundary
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layer excessively. There is thus a range of particle
sizes where this method is most successful. The
extremely-fine particles of oil-paint pigments or food
dyes do not streak properly, resulting instead in a
featureless smear. Ground carbon-black or powdered,
colored chalk seem to produce the best results.

For complex flows, combinations of different color
mixtures are helpful in following the surface streakline
pattern development (Ref. 91). This reference
includes a printed comparison of a color and a
monochrome image of the same shock /boundary-layer
interaction footprint for comparison. Contrasting
colors are used, for example, to highlight the primary
flow separation line. Color offers several advantages
in pattern visibility and interpretation which,
unfortunately, must be weighed against the expense of
reproducing color images.

Once a pattern is formed, it is conveniently preserved
using a large rectangle of matte-acetate adhesive tape,
which is commercially available in widths up to at
least 20 cm. Such a square of tape is placed carefully
upon the dry pattern, rubbed vigorously with a soft
cloth, peeled off, and preserved by pressing on white
paper. The result is an undistorted, full-scale pattern
of the surface streaks, from which quantitative
measurements may be made.

Fig. 29 - Kerosene-Lampblack Footprint Trace of
Mach 3, a = 15° Interaction.

An example of such a pattern, formed by a swept
shock/boundary layer interaction, was shown previ-
ously in Fig. 7. Another example is given in Fig,. 29.
In this separated sharp-fin interaction footprint, fine
streaking of the indicator material gives an excellent
rendition of surface limiting-streamline features and
directions. In order to produce this pattern, the
kerosene-lampblack mixture was applied both
upstream of the interaction and near the fin-plate
. junction, since the primary separation line is a line of
exclusion preventing upstream material from reaching
downstream locations. The primary separation,
secondary separation, and primary attachment lines of
the flow are clearly visible in the example of Fig. 29.
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While the fine detail of this pattern is beyond the
resolution of the printing process, measurements with
200 pm or 0.1 deg accuracy can be made from the
full-sized original.  Such patterns have been
instrumental in the swept-interaction research which
was reviewed earlier in this paper. They constitute
the single most important source of data from which
the Reynolds number and Mach number scaling laws
and the conical similarity principle for swept
interactions were first derived (Refs. 21, 26, 27, 34, 46,
69, and 71). Topological rules are applied to interpret
such surface patterns (eg Refs. 7 and 12).

6.3 Conical Shadowgraphy .

Optical shadowgraphy (sece eg Ref. 87) is a well-
known and widely-used tool for the visualization of
high-speed flows. The technique is usually straight-
forward and inexpensive, and is notable for its ability
to reveal strong refractive index gradients produced by
such flow phenomena as shock waves or turbulent
eddies. Ordinary shadowgraphy is usually done with
a collimated light beam originating from a "point"
source (ie a source of high spatial coherence). The
information in the shadowgram results from an
integration across the flow through which this beam
passes. Thus the shadowgram interpretation can be
straightforward only for those flow disturbances which
lie parallel to the light-beam axis, namely, planar two-
dimensional flows. However, it is well-known that
disturbances in a uniform, inviscid supersonic flow
exhibit conical rather than planar symmetry. The
uscfulness of parallel-light shadowgraphy to investigate
such conical flowfields is thus quite limited.

For some time it has been known that the optical
diagnosis of conical flows depends critically upon
placing the illumination in the proper conical
framework, without which little or nothing is likely to
be seen. Love and Grigsby (Ref. 92) first
accomplished this by arranging for their conical delta-
wing flow and a conical light beam to have common
vertices. Subsequent work (Refs. 93 and 94) similarly
dealt with flows over conical wing planforms. The use
of conical shadowgraphy for the optical diagnosis of
swept shock/boundary layer interactions was first
reported by Zubin and Ostapenko (Refs. 16 and 75).
It was subsequently used by Settles and Teng (Ref.
88). None of this early work, however, was able to
simultaneously achieve accurate alignment and high
resolution, nor was a broad range of interaction
strengths investigated. :

The key difficulty with the early attempts at conical
shadowgraphy for the imaging of swept
shock/boundary layer interactions had to do with
alignment. Since the interactions were known to be,
at best, quasiconical, it was unclear exactly how the

light beam should be matched up with the actual flow.
Some insight on this issue was gained in Ref. 95,
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where benchtop simulation experiments showed both
axial and transverse misalignment to be significant
problems, though axial misalignment was found to be
comparatively less serious. Fortunately, the quasi-
conical nature of the flow (ie the presence of a
nonconical inception zone) was not discovered to be
an overriding issue. Apparently the conical nature of
the majority of the flowfield predominates over its
non-conical inception zone, insofar as conical
shadowgraphy is concerned.

These results were put to practice by Alvi and Settles
(Ref. 24), who produced the first clear images of the
sharp-fin-generated swept-interaction structure by
conical shadowgraphy. This was accomplished by
focusing a light beam at the interaction VCO and
aiming it such that the resulting conical beam
coincided with the rays of the swept interaction under
study. A special optical setup with its axis in the
plane of the flat plate was assembled for this purpose.
As shown in top view in Fig. 30, a xenon arc lamp
(GenRad 1431AB Strobotac) is used as a white-light
source. The output of this lamp is focused on a pin-
hole or an adjustable aperture (set to approximately
0.5x0.5 mm) to generate an effective "point” light
source. An achromatic lens, L,, collimates this beam,
which is then focused near the fin leading edge using
a second achromatic lens L,. The axis of the resulting
conical light beam is aimed along the interaction
sweep line, which corresponds to the trace of the

inviscid shock wave.
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Fig. 30 - Schematic Diagram of Conical Shadowgraphy
Setup (Top View).

For proper alignment, the axis of the light beam must
lie on the surface of the flat plate. In practice this
requires that the beam actually reflect off the highly-
polished flat plate. When the alignment is correct,
this reflected beam is conical with rays aligned with
the conical rays of the interaction itself. This conical
light beam exits through a special 3.75 cm-thick acrylic
tunnel sidewall and is focused by a third lens, L,, into
the zoom-lens of a CCD video camera.
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The resulting video image, recorded by Alvi and
Settles in the S-VHS format, is displayed on a high-
resolution television monitor.  Automatic line-
synchronization occurs between the individual flashes
of the arc-lamp light source and the video frames,
such that each frame receives 2-3 us of exposure.
However, the framing rate of the video equipment
used here is only 30 Hz. Single-image still
photography could have been used in place of the
video equipment just described, with either the xenon
flashlamp source already described or a small
continuous-light source in use.

The conical shadowgram shown earlier in this paper
(Fig. 18) was taken from the original video record
using a microcomputer-based frame grabber which
has a 512x464x8-bit pixel resolution. This image was
then halftoned and printed directly on a laser printer
using desktop-publishing software, thus avoiding
photographic processing. Many other examples of the
results thus obtained can be found in Refs. 24 and 82.
In addition, the Penn State Gas Dynamics Laboratory
has produced a videotaped compilation of these
results (Ref. 96).

As previously shown by Lu and Settles (Ref. 71), the
inception length to conical symmetry in swept interac-
tions decreases as the interaction strength increases,
such that, for moderate to strong interactions, the
VCO is essentially coincident with the junction of the
fin leading edge and the flat plate. Consequently, the
conical light beam is roughly focused near the fin
leading edge along the inviscid shock sweep line
before a wind tunnel test. Fine alignment of the light
beam with the interaction is then done during one or
more test runs. The criterion for "perfect” conical
shadowgraphy beam alignment is the collapse of the
shock wave image into its characteristic lambda-foot
shape with as little spreading of the structure as
possible. This often requires multiple alignment runs
to achieve. In all cases the fact that the fin-plate
junction does not lie along a ray of the quasiconical
interaction prevents the imaging of the extreme rear
segments of the interactions under study.

Some limitations of this approach include the standard
caution that a shadowgram is a picture of a shadow,
not a focused image. Geometric distortions are
possible. Another difficulty encountered in the work
of Refs. 24 and 82 was that a suitable lens of
sufficiently-large aperture, high quality, and short focal
length was not available for L,, so that the larger
interactions had to be imaged piecemeal. Finally, due
to the effect of reflecting the entire test beam from
the polished flat plate surface, optical aberrations
were produced which thwarted attempts to convert the
conical shadowgraph apparatus to conical schlieren by
the addition of a knife-edge cutoff.
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6.4 Conical Holographic Interferometry

While conical shadowgraphy provided extremely
valuable flow visualizations in the above-cited studies,
it nonetheless suffered the traditional limitations of
shadowgraphy, which is a purely-qualitative tool. No
published record has been found of any attempt prior
to 1989 to apply a more sophisticated optical
diagnostic, such as interferometry, to such swept
conical flows. This was first attempted in the
experiments of Hsu and Settles (Ref. 76), which were
preliminary, but pointed the way for their later
quantitative pulsed-laser holographic interferometry
measurements of swept sharp-fin-generated shock-
boundary layer interactions (Ref 25).
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Fig. 31 - Schematic Diagram of Conical Holographic
Interferometry Setup (Top View).

The advantages of holographic interferometry for this
purpose are well known (Refs. 87 and 97), and include
the capture of several different types of flow
information on a single holographic plate. Quan-
titative density measurements are possible, as is a
systematic study of flow unsteadiness (by varying the
interval between laser pulses, though this has not been
done in the cited work of Hsu and Settles). Further,
holographic interferograms do not require schlieren-
quality glass windows, allowing the use of the acrylic
wind tunnel test section sidewall window, mentioned
earlier, for purposes of broad optical access.

In Ref. 25 a conical holographic object beam, focused
at the virtual origin of the interaction and aimed along
the swept shock wave, was used to produce double-
pulsed holographic interferograms of a range of
swept-interaction flowfields, examples of which were
already given in Figs. 19, 25, and 26. As in the conical
shadowgraphy discussed earlier, the optical rays
diverging from the VCO integrate the properties of
the flow conically through the whole interaction. (Of
course, the inception zone is non-conical, but its
deviation from conicity typically produces only a
second-order effect.) The resulting interferograms
were then analyzed to yield conical flowfield density
maps, an example of which was already given in Fig.
27. Here, the experimental technique and data
reduction procedure will next be described.

6.4.1 Optical Apparatus

A pulsed ruby laser (693.4 nm wavelength) was used
as the light source for holographic interferometry.
The maximum energy output of this laser was 300
mJ/pulse and the pulse width was 20 ns. Though the
laser has a double-pulse capability, it was used only in
single-pulse mode in this study. Because of its
excellent coherence, the ruby laser has been respected
as the best available source for holographic imaging
despite its rather poor reputation in terms of ease of
operation and upkeep. (An alternative laser source
for this purpose is a pulsed, frequency-doubled
Nd:YAG laser.)

The layout of the optical apparatus with respect to the
wind tunnel test section and fin shock generator is
depicted schematically in Fig. 31. M1-MS5 are beam-
folding mirrors and BS1 is a beamsplitter in this
figure. A 1.2 x 2.4 meter optical table was positioned
beneath the wind tunnel test section in order to
support both the laser and its associated optical
components. A 15 mW helium-neon laser, aimed
through the ruby-laser cavity, was used for optical
setup and alignment. AGFA 8E75 holographic plates
of 10x12.5 cm size were used as the recording
medium.
Object Beam
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Fig. 32 - Diagram of Object-Beam Alignment with Fin
(Top View).

The manner in which the holographic object beam is
aligned with the quasiconical flow structure is crucial
to this experimental technique. When perfectly
aligned as shown in Fig. 32, the conical object beam
is partially blocked by the leading edge of the fin
itself, so that no features of the interaction
downstream of the shock wave may be observed.
Thus a slight deviation of the focus of the object beam
from the true VCO becomes necessary, as was the
case in the conical shadowgraphy described previously.
In Ref. 76 a horizontal misalignment was used, but
this was later found to be a wrong approach. Instead,
positioning the object-beam focus closer to the fin
leading edge than the VCO, so as to avoid beam
blockage by the fin, was found more effective in Ref.
25. This approach works according to the rule
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discovered by Schmidt and Settles (Ref. 95), that
axial misalignment is relatively innocuous compared to
transverse (horizontal or vertical) displacement in
conical shadowgraphy. In any case, other results (Ref.
71) show that the fin leading edge and the VCO
become practically coincident for sufficient-high
interaction strengths.

As in conical shadowgraphy, in order to achieve
proper vertical alignment it is necessary to reflect the
object beam focus from the surface of the flat plate.
Accordingly, a high polish on the flat plate in the
vicinity of the fin leading edge was produced for
specular reflection.

The reference beam remains outside the wind tunnel
and is directed to interfere with the object beam on
the holographic plate. This plate is positioned normal
to the object beam to minimize the distortion of the
conical projection, and is located immediately outside
the wind tunnel window, as shown in Fig. 32. A sharp
shadow of the interaction structure is thus cast on the
plate by the object beam, making this optical
arrangement the logical equivalent of image-plane
holography. During the experiment, each holographic
plate is exposed twice; once immediately before the
wind tunnel test and then a second time after the flow
is established. Interference thus occurs between the
two exposures, since the object beam wavefront, which
creates the second exposure, is distorted by its passage
through the flow.

Following the development of the plate an optical
reconstruction of the holographic interferogram is
performed. While this is usually done with coherent
light, it proved more convenient to use a white-light
reconstruction technique. This technique was simple
to implement, produced bright interferogram images,
and eliminated any coherent artifact noise associated
with the reconstruction process. Since the optical
arrangement described above produces what amounts
to an image-plane interferogram (where the fringe
pattern is "locked into" the emulsion), any means of
reconstruction will yield the same fringe pattern.

Comera

Diffuser P72
Fig. 33 - White-Light Hologram Reconstruction Setup.

Fig. 33 illustrates the setup for white-light reconstruc-
tion. The light source is an incandescent bulb with a
4800 K color temperature. This bulb is positioned so
that the angle of the incident beam is the same as the
angle of the reference beam in the hologram exposure
process. The light reaches the holographic plate
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through a diffusing screen and a rectangular mask. A
camera placed at the proper diffraction angle to the
plate records the holographic interferogram. Either
monochrome or color images may be recorded,
though the colors are purely artifacts of the white-light
reconstruction method.

Fig. 34 - Conical Laser Shadowgram of Mach 2.43,
15° Interaction.

o

Fig. 35 - Conical Holographic Interferogram of Mach
2.43, @ = 15° Interaction.

Since the conical object beam projects a direct shadow
of the interaction onto the holographic plate, a laser
shadowgram may be obtained simply by contact-
printing the plate on photographic paper. Such an
example is shown in Fig. 34 for a Mach 243, a = 15°
interaction from Ref. 76. It is followed by the
corresponding  holographic interferogram recon-
struction from the same plate, shown in Fig. 35.
(Note that the flow direction in these images is left-to-
right.) The alignment of the object beam with the
interaction is obviously not so good as in the previous
examples shown here (note the lateral spreading and
"ghost" images of the A-foot in Fig. 34). Nonetheless,
these figures show an interesting contrast between two
different visualizations obtained from the same plate.
Fig. 34 is similar to the white-light conical
shadowgram shown earlier in Fig. 18, but is less clear
due to exposure variations across the plate and
coherent artifact noise. It reveals the turbulence in
the separated region, the slip line emanating from the
triple-shock intersection, and "shocklets" in the jet
region aft of the A-foot. The interferogram, Fig. 35,
is generally less revealing in terms of qualitative
flowfield phenomenology. It does show clearly, how-
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ever, the core of the separation vortex (located at
bottom mid-frame in Fig. 35).

6.42 Data Reduction Procedure

The data reduction process used to obtain flowfield
density data from the present holographic inter-
ferograms assumes that both the flow and the object
beam are conical (ie two-dimensional in spherical
polar coordinates). Thus, end effects being assumed
negligible, the data reduction may thus proceed
according to the classical procedure for 2-D
interferograms (Ref. 97). This involves the following
five major steps:

1) Select a series of closely-spaced vertical "cuts"
through the interferograms along which fringes
will be evaluated. The number of cuts is chosen
to yield adequate data resolution, and is a direct
function of the angular extent in S of the
particular interaction being evaluated.

2) Digitize the fringe centers. For this process, a
digitizing pad is used to manually locate the fringe
centers as they cross each vertical cut on an
enlarged interferogram image. A relative fringe
order number is then assigned to each fringe.

3) Calculate the optical path length. The integrated
optical path length is not a constant because the
swepl interaction structure intersects the flat
tunnel sidewall at an oblique angle (see Fig. 32).
Hence, the optical path length of each ray
through the VCO varies from position to position
throughout the entire interferogram. Using the
VCO, the fin leading edge, and fiducial marks on
the downstream tunnel window as reference
points, the optical path length at the position of
each registered fringe center is calculated trigono-
metrically.

4) Cancel the superimposed constant phase shift.
(Although the present results should be infinite-
fringe interferograms in principle, a minute shift
in the flat plate, upon which the object beam
reflects, due to wind tunnel loads between
exposures superimposes a regular finite-fringe
background on the results.) The constant fringe
spacing observed in the undisturbed freestream
flow region characterizes this fixed phase shift
over the entire interferogram. The phase shift is
removed by a calculated correction at this point.
Absolute phase shifts S, ; are then reassigned to
every registered fringe location.

5) Calculate the density distribution of the flowfield.
Based on the farfield conical structure, the
refractive index along each ray emanating from
the VCO is constant if the end effects are small.
Eqn. 16 below, using the known freestream
conditions as an initial reference point, calculates
the density of each digitized point. (Note that
fringe discontinuities across shock waves were
resolved, where necessary, using the ideal-gas
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shock wave theory evaluated at the local normal
Mach number.)

Sl,“l =K [(plll-P,l,) “9,4(11";)] (16)

Where S,; = corrected fringe shift between a
point selected for evaluation and a known local
reference point, A = laser wavelength, K =
Gladstone-Dale Constant, p,, = constant free-
stream reference density, /, = optical path length
through the local reference point, p, = density at
the local reference point, /, = optical path length
through the point selected, and p, = density at the
point selected.

The solution of Eqn. 16 yields the value of the local
density (kg/m’) at each of typically several hundred
points within each interferograms which is evaluated.
In view of the quasiconical nature of the flow, the
positions of these points may only be given properly
in angular coordinates measured from the VCO
location. Both the azimuth angle 8 and the elevation
angle ¢ are referenced to the freestream direction and
are given in degrees. A typical example of a conical
interaction flowfield density map, obtained from the
interferogram of Fig. 19, was shown earlier in Fig. 27.

6.5 Planar Laser Scattering

The planar laser scattering technique, also known as
light-screen, light-sheet, or vapor-screen imaging, is
a standard experimental technique which originated in
the early 1960’s (Ref. 98). Though early difficulties
were experienced in collimating non-coherent light,
the availability of powerful lasers now enables
high-quality images to be obtained without undue
difficulty. Usually the flow is seeded with water
vapor, either naturally or deliberately by injecting
water into the airstream (Ref. 99), though other
seeding materials have been tried as well. Light is
scattered by the aerosol particles as the flow passes
through the light-screen. Since it is unclear in general
that this scattering is either of the Mie type (produced
only by comparatively-large spherical particles) or of
the Rayleigh type (denoting scattering from
molecules), it was decided by the present author to
call it simply "planar laser scattering," or PLS.

Different scattering intensities in PLS imaging
indicate, in principle, different flow densities, assuming
that the aerosol was initially evenly-distributed in the
flow. However, at least two difficulties arise which
prevent a quantitative density measurement. Boun-
dary-layers, which form upon relatively-hot solid
surfaces in the flow, tend to re-evaporate any
condensing moisture. Further, a high-speed boun-
dary-layer, being less dense than the freestream,
contains a smaller particle number-density than the
freestream. Finally, the static-temperature rise across
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a shock wave can be sufficient to re-evaporate
condensed moisture particles as well. It is thus
observed that such boundary-layers and post-shock
regions appear unnaturally dark in PLS images.
Boundary-layer fluid which leaves the surface during
flow separation appears dark as well (Refs. 98 and
99). Though quantitative use has certainly been made
of the PLS technique (eg Ref. 100), it will here be
treated purely as a means of qualitative flow
visualization.

One drawback of the PLS technique arises from
condensing moisture in a supersonic wind tunnel
nozzle, which can adversely affect the flow (Ref. 101).
Some previous studies have used moist air with a
frostpoint as high as -4° C, which jeopardizes the
results due to the possibility of condensation shock
formation (Ref. 101). The procedure followed by Lu
and Settles (Ref. 77) to prevent this is as follows. The
dewpoint (or, more correctly, the frost point) of the
air in the blowdown wind tunnel storage tank was kept
below -22° C, measured at atmospheric pressure.
This dewpoint results in an error due to moisture
condensation of less than one percent of the
freestream static pressure, or the freestream Mach
number, for Mach numbers in the 2.5-4 range (Refs.
101, 102, and 27, Appendix A). This amount of water
vapor was also sufficient to yield good PLS images. In
order to achieve this moisture level, the air, after
being compressed, is sent directly to the storage tank
without passing through the drying equipment (which,
under normal operating conditions, dries the air to a
dewpoint of -37° C or lower by passing it through a
silica-gel bed).
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Fig. 36 - Diagram of Laser Sheet Generator (per J. T.
Kegelman).

6.5.1 Optical Apparatus and Procedure

The specific PLS technique used to obtain the image
shown previously in Fig. 20, as well as the other PLS
images shown in Refs. 47 and 82, will now be
discussed. Fig. 36 shows the optics used to generate
a thin planar light sheet. A 10-Watt pulsed Copper-
vapor laser (MVL-2000, CJ Laser Corp.) was used as
a light source. More recently, a 5-Watt Argon-Ion
laser has also been used successfully for this purpose.
The laser beam is first focused in the center of the
wind tunnel test section using the two spherical lenses
S1 and S2. These lenses have typical focal lengths of
100 and 75 mm, respectively, and are both 50 mm in
diameter. The output of S2 is then expanded into a
sheet using a combination of two cylindrical lenses C1
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and C2, both of which have 50 mm focal lengths and
are 50 mm in width. The two spherical lenses allow
the focus of the laser beam to be changed by varying
the spacing, t, between them. Similarly the sheet
height, h, can be controlled by adjusting the spacing,
L, between C1 and C2. In the resulting optical setup
the light-sheet thickness is less than 2 mm throughout
the region of interest.
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Fig. 37 - Diagram of PLS Setup and Test Geometry
(per Alvi and Settles).

Any flow imaging technique used to examine fin
interactions must take the quasiconical symmetry of
the flow into account. Consequently several cuts,
normal to the undisturbed inviscid shock, were made
at various distances from the interaction VCO as
illustrated in Fig. 37. The PLS images were recorded
on S-VHS videotape (standard 30 Hz framing rate
and approximately a 1/30 sec exposure) using a high-
resolution color CCD camera. Some 20 ns images
were also obtained with a Xybion ISG-250
electronically intensified and gated video camera to
"freeze” the turbulent motion in the flow. The angular
coordinates of flow features observed in the PLS
imagery were obtained by way of "tare" images of a
precise grid placed in the plane of the laser screen.
By overlaying the flowfield and tare images in proper
registration, an accurate scaling of the former was
accomplished.

When aerosols such as the present ice crystals are
used to seed the flow, care must be taken to ensure
that: a) the seeding is uniform so as not to bias the
image brightness, and b) the seed particles are small
enough not to disturb the flow. It was confirmed that
the flow was well-mixed in the wind tunnel stilling
chamber by capturing uniform PLS images of the
supersonic freestream without a model in place.

6.52 Particle Size Measurements

Two independent techniques were used to measure
the size of ice crystals entrained in this flowfield. The
first method, known as a two-wavelength trans-
missometer technique, has been used extensively in
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the past (Refs. 103 to 105) to determine the size of
seeding particles in high speed flows. It involves the
transmittance measurement of laser light through the
seeded flow at two different wavelengths. The ratio of
the transmittances at the two wavelengths is then used
to calculate the mean particle size. Refs. 103-105
discuss the application of the technique in detail.

In the second particle sizing technique, the seeded
flow is illuminated by unpolarized light and the degree
of polarization of light scattered at 90° is measured.
The degree of polarization in this case is inversely
proportional to particle size and thus gives an estimate
of the size of the ice crystals (Refs. 106 to 108).

The results of both these measurements indicate that
the mean radius of the ice crystals used for seeding
the flow was 0.04 microns. Further, the measure-
ments indicated that the largest ice crystals were 0.25
microns in diameter. Numerical simulations per-
formed using modified Stokes drag show that particles
of this size follow the mean flow satisfactorily in that
they accurately reveal the shock structure in the
present flowfield. For a detailed description of the
particle size measurements and particle trajectory
analysis, the reader should consult Appendix B of Ref.
82.

6.6 Skin Friction Measurements

Until recently, no instrument existed with which to
measure with confidence the skin friction distribution
beneath a shock/boundary-layer interaction of the sort
described here (see Refs. 109 and 110). Other than
the direct measurement of wall shear stress, 7,, by a
balance, the available techniques infer skin friction
from some other measured quantity, such as heat
transfer or pitot pressure. The validity of such
inferential methods is doubtful in complex interacting
flows. Further, floating-element balances themselves
have serious problems in such flows, especially due to
pressure gradients and poor spatial resolution.

A recent development, the Laser Interferometer Skin
Friction (LISF) meter, promises to resolve this
problem. The LISF meter was invented by Tanner
and Blows (Ref. 111), and was subsequently refined by
Tanner (Ref. 112), Monson and Higuchi (Ref. 113),
Monson, Driver and Szodruch (Ref. 114), Monson
(Refs. 115 and 116), Westphal, Bachalo, and Houser
(Ref. 117), and Kim and Settles (Refs. 49 and 118).
The LISF meter was used to measure skin friction in
supersonic sharp-fin-generated swept interactions by
Kim et al.(Refs. 49 and 50) and in hypersonic
interactions by Kussoy, Kim, and Horstman (Ref. 61).
An Example of the results of such measurements was
given earlier in Fig. 13. The most recent work on this
topic has been published by Bandyopadhyay and
Weinstein (Ref. 119), Kornilov et al. (Ref. 120), and
Seto and Hornung (Ref. 121).

The LISF meter interferometrically senses the time
rate of thinning of an oil film on a polished surface
subjected to aerodynamic shear. In two-dimensional
(2-D) flows without pressure gradients, oil lubrication
theory then gives 7, directly without any reference to
the properties of the overlying boundary layer. While
some corrections are required in pressure-gradient
and shear-gradient flows, the instrument nonetheless
delivers essentially a direct measurement of 7.

6.6.1 The LISF Meter in High-Speed 3-D Flows
The underlying theory of the LISF technique and
examples of its application, mainly in incompressible
flows, are thoroughly documented in Refs. 111 to 117.
Other than in a supersonic delta-wing demonstration
experiment by Monson, et al. (Ref. 114), the LISF
meter had not been used in compressible 3-D flows
prior to the work of Kim and Settles (Refs. 49 and
118). They found that the major limitation of the
technique in compressible flows was due to
surface-wave phenomena on the oil film in cases of
high 7., about which more will be said below.

Kim and Settles (Ref. 118) performed an experimental
calibration over a range of Mach numbers using
zero-pressure-gradient supersonic turbulent boundary
layers. This calibration showed that the typical error
of the technique (compared to such standards as
Preston-tube data and eddy-viscosity computations)
ranged from -3% to -8% with Mach number. A
recent repeat of this calibration using improved
equipment and procedures (Ref. 122) over the range
25 < M, < 4 showed that the LISF meter
readings were within 1-2% of the mean of the
calibration standards except at Mach 4.

It is generally necessary in 3-D laser skin
friction measurements to know the direction
of the wall shear stress vector a priori, since
an accurate knowledge of the distance, As, from the
oil-film leading edge to the laser-beam measuring spot
is required. Alternatively, when the dual-beam LISF
adaptation is used, Refs. 113-117, As need not be
measured. However, in that case, either the dual
beam spots must still be aligned with the local 7,
direction, or else two components of 7, must be
measured with considerable extra effort. Recent
trends have been in favor of single- rather than dual-
beam skin friction interferometry on grounds of
reduced complexity.

Local 1, directions may be determined directly from
surface-flow visualization results, assuming that these
are obtained in a quantitatively-usable manner. Also,
it is known that small-amplitude, broadband
fluctuations occur in shock wave/turbulent boundary
layer interactions, though the overall flow structure
has been observed to be nominally stationary (see the
paper by D. S. Dolling elsewhere in this report).
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Since surface-flow visualization methods have little or
no frequency response, they clearly perform some sort
of averaging process. In the absence of evidence to
the contrary, it is assumed that such patterns generally
yield a true representation of the local mean direction
of the wall 7, vector.

The kerosene-lampblack-adhesive tape technique
described earlier in this paper is particularly suitable
for determining 7, directions, in that it yields
undistorted full-scale surface-streak patterns. Angular
measurements of local 7, directions are possible with
+ 0.5° routine accuracy. During LISF tests, full-scale
transparent overlays of these surface-flow patterns
were used to identify the surface-flow direction
corresponding to a given position of the laser-beam
measuring spot.

After applying the oil film to the flat plate, an optical
cathetometer (least count: 0.025 mm) aligned normal
to the surface-flow direction was used by Kim and
Settles to measure As with a repeatability of + 0.6%.
The leading edge of the oil film was highlighted for
this purpose by reflected light from a spotlight
positioned outside the wind tunnel. Still, uncertainty of
the exact oil-film leading-edge position was the major
contributor to uncertainty in As. Checks were made
to insure that As did not shift due to wind tunnel
startup. With practice, As was measured with an
overall accuracy of * 2% using the optical cathe-
tometer.

Recognizing that the As measurement error is likely
to be the single most important issue in the accuracy
of the instrument, Kim et al. (Ref. 50) recommended
and Garrison and Settles (Ref. 122) implemented the
use of a Questar DR1 telemicroscope to obtain a
more accurate As measurement. The latter authors
succeeded in achieving a As measurement error of
only + 0.5% by this means. Accurate As measure-
ments along the local surface-flow direction enable, at
least in the present circumstances, the use the
relatively-simple single-beam LISF meter arrangement
shown in Fig. 38 rather than the dual-beam method of
Monson et al. (Refs. 113-116).
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Fig. 38 - Diagram of LISF Meter
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6.6.2 Apparatus and Data Acquisition

Fig. 38 illustrates the components of the single-beam
LISF meter as used by Kim et al. (Refs. 49, 50, and
118). The beam from a 5-milliwatt linearly-polarized
helium-neon laser (1) first passes through a 50%
neutral-density filter (2) and an iris diaphragm (3).
The beam is then directed downward by a folding
mirror (4), and focused by a lens (5), passing through
the clear acrylic ceiling window (6) of the wind tunnel
to form a spot of about 450 um diameter at an
appropriate point (7) on the flat plate. During
experiments, a thin film of v = 500 centistokes
Dow-Corning "200" silicone oil applied to a local
region (7) of the flat plate is sheared by the 1,
distribution of the shock/boundary-layer interaction
due to the fin (8). The incident laser beam is
reflected by both the surface of the oil film and the
polished plate beneath it. This produces a reflected,
two-component, interfering laser beam directed out of
the wind tunnel through the ceiling window. (The
beam angles of incidence and reflection are kept to
about 1°.) The reflected beam is intercepted by two
first-surface aiming mirrors, (9) and (10), whence it is
directed through a ground-glass diffuser (11) and a
6328 A filter onto a photodiode (12).

The photodiode senses a time-dependent light
intensity due to the interference of light reflected from
the oil film and test surface. The photodiode output
(13) is raised to a level of 8 volts by an internal
operational amplifier, low-pass filtered with a 10 Hz
cutoff to remove high-frequency, vibration-induced
optical noise above the oil-film response range, and
recorded. Several other channels of data are recorded
simultaneously, including wind tunnel stagnation
properties and wall pressures and temperatures.
These analog data channels are then digitized by a
microcomputer-controlled A/D converter, and stored
in the computer memory. (Current practice employs
a multi-channel 12-bit LeCroy waveform recorder for
this purpose.)

Kim et al. (Refs. 49, 50, and 118) used a 20Hz data
rate, later upgraded to 50Hz. Garrison and Settles
(Ref. 122) later found that a significantly-higher data
rate (200 Hz) helps to distinguish the initial fringe
pattern from random noise, thus improving the signal.
They also achieved a better focus of the incident laser
beam on the flat plate by attaching a beam expander
(composed of a microscope objective and an output
lens) to the laser, as done by Westphal et al. (Ref.
117).

A photograph of the physical implementation of the
LISF instrument is given in Fig. 39. The instrument
is mounted on a platform supported by pedestal legs
whose lower ends are attached to an optical table.
The test section sidewall has been removed to reveal
the flat plate and white-painted fin. Shown adjusting
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the instrument in Fig. 39 is the late Dr. Kwang-Soo
Kim, who developed this version of it at Penn State
University. The details of this development may be
found in his Ph.D. Thesis, Ref. 123.

Fig. 39 - Photo of LISF Meter Installed Above Wind
Tunnel Test Section.

6.6.3 Data Reduction

The occurrence of surface waves on the oil film under
conditions of high shear limits the number of useful
interference fringes which can be obtained (Refs. 118
and 124). This calls for a somewhat-different data
reduction scheme than that reported by the cited
earlier investigators for incompressible flows. Given
only a few good fringes, it becomes necessary to
determine 7, based on the entire signal within the
usable fringe record. Merely determining the time
interval corresponding to 3 arbitrary fringe peaks
(minima and maxima), as was often done in incom-
pressible flow, does not yield sufficient accuracy here.

Thus, as described in Ref. 118, it is necessary to
define that part of the fringe record which is usable.
The last fringe in the record is often a partial one,
obtained when the oil-film has become extremely thin.
It is usually discarded. The initial fringes "emerge"
from noise induced by the surface capillary waves,
which migrate downstream as the oil-film begins to
thin. In high-shear flows where each additional fringe
is valuable, it is very important to make use of as
many of these initial fringes as is practical.
Unfortunately, no explicit rules can be stated other
than the fact that experience is required to make this
choice properly. The approach given in Refs. 49, 118,
and 123 has, to some extent, been superseded.
Interested readers are referred to Ref. 122 (still in
preparation at the time of this writing) for more
information on this issue.

Occasionally, distorted or corrupted fringe records
occur with this instrument for no obvious reason.

This is suspected to be due to dust particles on the oil
film, etc. Corrupted fringe records are usually easy to
identify by visual inspection, and should be discarded.
Even the best fringe records, however, are subject to
random electronic noise, vibration-induced noise, etc.
It is fortunate that most of this noise is well above the
comparatively-low frequency of the fringes, so filtering
is effective. Digitized fringe records are thus routinely
smoothed by repeated application of an adjacent-point
averaging algorithm until a "clean” signal remains.

The LISF data reduction equation (Ref. 113), derived
from the Navier-Stokes equation and assuming
constant wall shear stress, is:

L= —-u—z"""fs(’) [As/N't"] 17

where N’ = effective fringe number, t’' = effective oil
flow time, n = oil refractive index, p = oil density, A
= laser wavelength, v = oil viscosity, and r = oil
refraction angle.

Eqn. 17 requires a correction for the effect of variable
wall temperature on v, such as that described in Ref.
118. This correction is critical to LISF measurements
in high-speed flows, since a 1° C change in T,, causes
about a 2% change in v. It is likewise important to
know your oil, whence Kim et al. had - the
viscosity-temperature characteristics of a sample of
500-centistoke silicone oil determined by a
professional testing laboratory to an accuracy of better
than 1% over their wall-temperature range.

In Ref. 118, Kim and Settles found that the wall
temperature in the interaction region of interest was,
to first order, dependent only upon time from the
beginning of the wind tunnel run. It was thus possible
to fit an expression to the temperature-time data and
use this to form an expression for v(t). This was next
used to "correct” the time base of the LISF fringe
record in order to produce a distorted fringe record
with constant effective T,, conditions. That approach
was workable, but not as straightforward as it might
be. A more direct approach is to rederive from first
principles an expression similar to Eqn. 17, but in
which it is assumed a priori that v = v(t). This was
done by Monson (Ref. 125), with the result:

~ 2npv, cos(r)

n (Y0
5, : [AslN]{v—rdt (18)

where v, is a known reference viscosity at a certain
temperature. Eqn. 18 can be integrated numerically
when p(t) is known, thus effecting a more direct
solution to the issue of the variable T,, effect than that
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of Ref. 118. (For more information on this approach,
see Ref. 122.)
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Fig. 40 - Fringe Number vs. Time, Comparing Data
and Curvefit.

The experimental data of fringe number vs. time are
next compared with oil lubrication theory, as shown in
the example of Fig. 40 for a high-shear case where 7,,
= 577 N/m.> A least-squares curvefit of the data to
the lubrication theory (N o 1/t) is performed,
followed by a computation of the "goodness-of-fit" of
the curve to the data. The inclusion of additional,
possibly-questionable fringes at the beginning or end
of the fringe record may by judged by their effect on
the overall goodness-of-fit. Finally, the essence of the
data as represented by the curvefit of fringe number
vs. time (or related quantities), is used in Eqn. 18 to
calculate 7. The 4 fringes represented in Fig. 40 are
the smallest number required for acceptable 7, accur-
acy according to Ref. 122, despite the earlier claim of
Ref. 49 that 2 fringes could be made to suffice.

Before 7, is found, however, two further corrections
(Refs. 113 and 114) are required in principle, since
the oil film in swept interaction experiments is subject
to both pressure- and shear-gradients. The pressure-
gradient correction, per Ref. 113, was evaluated in the
work of Kim et al. through interpolation of p,
measured at pressure taps near the constant-radius
LISF measurement arc on their flat plate. It was
found that the pressure-gradient correction for the
experiments of Kim et al. amounted at most to *
0.1%, which is negligible. This fact is significant in
that pressure-gradient errors are controlling factors in
most other methods of skin friction measurement
(Refs. 109 and 110). However, it cannot be stated
categorically that the LISF pressure-gradient
correction will always be negligible in all experiments.
Two-dimensional interactions, for example, could
produce pressure gradients large enough to make this
correction significant.

Per Monson, Driver, and Szodruch (Ref. 114), the
shear-gradient correction is quite simple for the
single-beam LISF technique. The correction is
required if there is a significant change in 7, from the
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oil-film leading-edge to the laser-beam measurement
spot. This correction has a form (see Refs. 114 and
118) such that it is accomplished by an effective shift
of the measurement point along the surface streamline
direction. However, for the experiments of Kim et al.
wherein As ~ 2 mm, the required shift is only 0.5 mm,
which is negligible. In general, a shear-gradient
correction may always be avoided in single-beam LISF
measurements if As is kept small, which it should be
anyhow for purposes of surface-wave avoidance in
most cases.

6.6.4 Preston-Tube Comparison

Simple experimental techniques like the Preston-tube
(Refs. 109 and 110) were decried at the beginning of
this section for purposes of skin friction measurement
beneath swept interactions. This was because the
Preston-tube, actually a surface-pitot tube, depends
upon the logarithmic law-of-the-wall for the
calibration which relates its output to ¢, One may not
necessarily expect the log-law to hold in the complex
swept-interaction flows described in this paper.

Nonetheless, M. Rubesin of NASA-Ames Research
Center suggested that it would be enlightening to
determine, by comparison with LISF data, whether or
not the Preston-tube  has any validity in a
shock/boundary-layer interaction. This challenge was
accepted by Kim, Lee, and Settles (Ref. 126), who
applied the Preston tube to estimate ¢, in a sharp-fin-
generated swept interaction at Mach 4 and o = 16°.
The LISF skin friction data for this case had already
been obtained as described previously and shown in
Fig. 13.

For the Preston tube, a stainless steel hypodermic
tube having a circular, squared-off end was used. The
inner diameter was 0.457 mm and the outer diameter
was 0.813 mm, yielding a diameter ratio of about 0.6.
The ratio of the Preston tube outer diameter to the
incoming boundary layer thickness was about 0.27.
The Preston-tube impact pressure and the corres-
ponding wall pressure were measured at each of
eleven locations within the interaction.

.009

008F —e—  LISF with repeatability bar
g\ -0~ Preston tube (Bradshaw, et al.)

.007 \‘\ -o-  Preston tube (Keener, et al.,

006 | k Rayleigh-pitot formula)

-.O= Preston tube (Keener, et al.,
Isentropic relation)

.004 +
.003 -l
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Fig. 41 - Comparison of LISF and Preston Tube c,.
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A comparison of Preston-tube skin friction results,
obtained using the Bradshaw-Unsworth (Ref. 127) and
Keener-Hopkins (Ref. 128) calibrations, with the LISF
data is shown in Fig. 41. Both Preston-tube methods
are in reasonable agreement with the LISF data, so
long as isentropic flow rather than the Rayleigh pitot
formula is used in calculating the Preston-tube Mach
number in the case of the Hopkins-Keener calibration.
This is surprising, since the validity of these
calibrations in separated flows is highly questionable.

Unfortunately, this comparison of techniques is thus
rendered somewhat anticlimacticc. The evidence
shown in Fig. 41 is not strong enough to warrant a
general recommendation that the Preston tube may be
usable in compressible separated flows, even with
restrictions on the choice of calibration. More
experiments of this sort in a wider range of
interactions would be required to decide the general
applicability of Preston tube in such flows.

6.7 Heat Transfer Measurements

Experimental heat transfer is a very broad field.
Many techniques have been developed by previous
investigators to measure aerodynamic heat transfer, no
single approach having clearly gained the upper hand.
General references (Refs. 129-132) are available on
these conventional heat transfer measurement tech-
niques and instruments. The present scope only
allows a discussion of certain techniques of interest in
cold-flow facilitics, where the heat transfer signal
being measured may sometimes be quite weak, and in
blowdown facilities where the testing time is limited.

6.7.1 Thin-Film Gages

The development of evaporated metallic-film coating
technology in other fields has spawned thin-film gages
which are becoming widely used in aerodynamic
testing. Because of its high sensitivity and fast
response, the thin-film gage is applied in a variety of
ways. It can measure highly-transient surface tem-
peratures, it can be used as a calorimeter gage, or it
can constitute the sensing element in a multilayer
"sandwich" gage. Epstein ef al. (Ref. 133) used such
gages to measure the heat flux to a transonic turbine,
while Hayashi et al. (Ref. 134) first used them to
measure heat flux in a shock/boundary layer inter-
action. Thin-film gages have also been used in
transition detection studies (eg Johnson et al., Ref.
135). Although the thin-film technique has versatility,
accuracy, and fast response, its fabrication by
microlithographic techniques is expensive. The
resulting thin-film sensors further need care in
handling, annealing to prevent drift, and highly-
accurate calibration procedures.

6.7.2 Resistance Heater Methods
For heat transfer measurements in unheated, cold-
flow facilities it is apparent that external heating or
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cooling is needed, since a sufficient difference between
the surface temperature and the adiabatic wall
temperature is critical to the signal-to-noise ratio of
the measurement. (Such was the case in the
experiments of Lee et al., Refs. 57 and 59, discussed
earlier.) Though cooling by way of a circulated
refrigerant has been attempted in the past, Lee et al.
chose heating by an embedded resistance heater as
the simplest means to vary the surface temperature.

The resistance heater method is the most widely-used
technique to apply external heating for steady-state
heat flux measurements. A heating clement inside the
surface of a test model generates enough heat to raise
the surface temperature significantly. During a test
the electrical power input to the heater equals the
convective heat transfer from the model surface at
steady-state. By measuring the local surface tempera-
ture and applying the heat convection equation
(Newton’s law of cooling), the heat transfer coefficient
can thus be calculated.

For example, Simonich and Moffat (Ref. 136) used a
thin gold-film resistance heater to generate a uniform
heat flux, and cholesteric liquid crystals to sense the
resulting surface temperature distribution.
Hippensteele et al. (Ref. 137) evaluated commer-
cially-available elements for use in the resistance
heater technique. Abuaf et al. (Ref. 138) used a
resistance heater/liquid crystal combination to
measure the heat transfer distribution in a jet
impingement experiment. Eibeck and Eaton (Ref.
139) used thermocouple measurements beneath a foil
heater element to investigate the heat transfer effect
of a longitudinal vortex in a turbulent boundary layer.

However, these methods had been used only for
relatively-low-speed flows until recently. Higher heat
generation rates and accurate multipoint surface
temperature measurements are needed for high-speed
flow experiments. In the work of Lee et al. (Refs. 57
and 59), it was attempted to combine the above heat
transfer measurement technologies to obtain a high-
resolution, steady-state measurement technique for
high-speed flow in a near-adiabatic wind tunnel
facility. Further, in order to obtain high-spatial-
resolution data with a modest number of discrete
gages, the inherent quasiconical symmetry of sharp-
fin-generated interactions was exploited as well.

6.73 Flat Plate for Heat Transfer Measurements
The Penn State flat plate for heat transfer
measurements, discussed in Refs. 57 and 59 and dia-
grammed in Fig. 42, is a "sandwich" consisting of a top
sheet of RTD (Resistance Temperature Detector)
sensors, a foil heater, an insulation board, and a
stainless steel supporting plate. A few thermocouples
are also distributed inside the insulation board. Heat
is generated by the foil heater and the surface
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temperature distribution is measured by the RTD
sensors. The heat convected to the flow at steady-
state equals the total heat generated by the heater
(V?/R) minus the heat loss through the insulation
board. However, the adiabatic wall temperature is
also needed in the calculation of a heat transfer
coefficient, and is indirectly measured as described in
a later section.
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Fig. 42 - Diagram of Multilayer Construction of Flat
Plate for Heat Transfer.
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Fig. 43 - Magnified Image of RTD Sensor Geometry.

6.7.4 RTD Surface Temperature Sensors
Custom-made thin-film RTD sensors were vacuum-
deposited on a plastic substrate by NASA-Langley
Research Center staff using microlithographic
fabrication techniques. These thin-film sensors can
measure accurate surface temperatures without
disruption of the flowfield and have a high frequency
response. However, only steady-state measurements
were carried out by Lee et al.

Each of the 37 RTD sensors consists of a Nickel-film
resistance thermometer of about 1000A thickness
deposited on the 50 pm thick Kapton polyimide
substrate sheet. The sheet itself is then attached to
the flat surface of the foil heater using laminating
epoxy cement. Nickel is chosen as the sensing
element because of its relatively-high sensitivity and its
excellent adhesion characteristics in thin-film applica-
tions. The sensor geometry is the square 1x1 mm
serpentine pattern shown in Fig. 43. This pattern
maximizes the sensor length in a small surface area,
thus producing a high room-temperature resistance
(65 1), a high signal-to-noise ratio, and effectively a
“point" surface temperature measurement. Low-
resistance 6 pm-thick copper-film leads are also
deposited from each sensor to the edge of the
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polyimide sheet. These leads are individually soldered
to a 37-conductor coaxial cable, which is then
connected to a specially-designed 37-channel signal-
conditioner outside the wind tunnel test section.

To utilize the quasiconical nature of the fin
interaction, a double-circular-arc distribution of the 37
temperature sensors (at radii of 86.4 mm and 91.4 mm
from the fin leading edge) is chosen, as shown in Fig,
44. In terms of the azimuthal angle S, these gages are
spaced at a 2° angular separation from g = 6° to 78°,
allowing high spatial-resolution data to be obtained.

sensors e
8 leadwires

Fig. 44 - Image of 37-RTD Sensor Arc on Flat Plate.

6.7.5 Heater

Two types of heating methods are commercially
available: the surface resistance heater method and
the radiation method. The radiation method utilizes
external quartz lamps placed outside the test section
and focused upon the model. In general it is a costly
and difficult technique. Surface resistance heaters, on
the other hand, are widely used because of their
relatively-low cost and easy application. With this
approach the model is heated by a resistance foil
imbedded in the model surface.

There were four major requirements for the heater in
the experiments of Lee et al.: (1) High heat flux
should be generated because of the large convective
heat transfer expected in high-speed flows. (2) The
heat efflux should be uniform over the surface of
interest. (3) For quick heating during a typical wind
tunnel run of about 30 seconds, the thermal mass of
the heater should be as small as possible. (4) The
surface of the heater should be flat and smooth, since
the RTD sheet is mounted upon it and is exposed to
the flow.

Commercially-manufactured"unetched-foil" heaters,as
used in a variety of experiments (Refs. 136-139),
showed quite satisfactory results in terms of uniform
heat flux and easy application. However, all these
heaters were thought to be unsuitable for present
purposes because their resistances were too low to
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generate sufficient heat flux without requiring an
unreasonable electrical current flow. Instead, Lee et
al. (Refs. 57 and 59) used an Inconel "etched-foil"
heater. This heater is thin and flexible, consisting of
an etched-foil resistive element laminated between
layers of flexible insulation. It also has a thin
aluminum foil over the top surface of the heating ele-
ment to enhance uniform heating. Custom-made by
Minco Products Inc., it is 0.25 mm thick and its room
temperature resistance is 21.6 {1. Using a laminating
epoxy cement, it is "sandwiched" between the RTD
sheet and the insulation board (see Fig. 42). In
retrospect, the choice of this etched-foil heater may
have been ill-advised, since later results indicated that
its uniformity of heat efflux was poor.

The foil heater is powered through leadwires
connected to an AC variable transformer which is
capable of an output voltage up to 280 V and a
current up to 15 A. The voltage applied to the heater
is recorded during testing.

6.7.6 Insulation Board

The heat generated by the heater can be transferred
to the surroundings by conduction, convection and
radiation. However, in the experiment of Lee et al.
radiation was negligible because the temperature is
ncar-ambient. Thus a portion of the heat energy at
steady-state is assumed to be convected to the flow
over the plate while the remainder is conducted
through the insulation board underlying the heater.
(1-D heat flow with no lateral conduction is
presumed.) A good insulator is thus needed to
minimize the conduction loss. The insulator should
further be rigid enough to support the heater during
exposure to high-shear flows, and should be machined
for surface flatness.

"Rexolite" plastic was chosen for this purpose. It has
a low thermal conductivity (0.00035 cal/sec/cm/°C)
and also satisfies the stated mechanical requirements.
A 4.76 mm-thick "Rexolite 1422" sheet was purchased
from Almac Plastic Corp. and was machined to size.
After attaching the heater and RTD sheet to the
insulation board using the "vacuum bagging" technique
(see Ref. 59), the entire assembly was installed on the
stainless-steel flat plate. Also, to measure the tem-
perature change of the insulation board, three quick-
response thermocouples were installed on its top face
and two more on its bottom face.

6.7.7 Signal Conditioning

The RTD sensors, which are at the heart of this
experiment, measure temperature by the change of
resistance of a sensing element according to a prior
calibration. To measure the resistance, it is necessary
to provide a constant current flow to the RTD during
an experiment. A signal-conditioning instrument was
designed and fabricated for this purpose, consisting of
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37 sets of constant-current sources (LS5 mA),
amplifiers, and low-pass-filters for each of the 37
RTD channels. For the calibration of the RTDs, the
internal heater of the plate and a precision
thermocouple are used. The heater elevates the
temperature of the RTDs and this temperature is
measured by the thermocouple. To maintain a
uniform temperature over all sensors, a large
aluminum block in which the thermocouple is installed
is placed on top of the plate and the entire assembly
is allowed to reach thermal equilibrium before
calibration data are read.

6.7.8 Data Acquisition

A LeCroy digital waveform recorder controlled by a
386-class microcomputer is used for data acquisition.
This system has 12 channels of high-speed sampling
capability at rates up to 5 Mhz and 32 channels of
relatively-low-speed data sampling at rates up to 5
Khz. All these channels utilize 12-bit digitization. The
"ASYST" software package is employed for data
handling. During experiments, signals from the RTD
sensors and thermocouples of the heat transfer model,
as well as signals from the wind tunnel stilling
chamber, are all simultaneously recorded on the
LeCroy system.

6.7.9 Data Reduction

The present heat transfer measurement technique
requires an accurate determination of all the terms in
the definition of the Stanton number, c, :

"
_ h = q conv ( 1 9)

PV PV T)

Ch

where h is the convective heat transfer coefficient, T,
is the surface temperature of the flat plate, T, is the
adiabatic wall temperature, p ., V., ¢, are the density,
velocity and specific heat of the freestream, respective-
ly, and q",,, (W/m?) is the heat convected to the flow.
Except for T,, which is directly measured by the RTD
sensors, all terms in Eqn. 19 must be determined
indirectly from measured values. In particular, the
accurate determination of both q",, and T,, is
essential, since these parameters principally determine
the accuracy of the Stanton number. They are,
however, not easy to measure. T, is usually never
reached during the brief tests characteristic of a
blowdown wind tunnel facility, even on an insulating
model. Further, the variation of temperature within
the insulation board is quite complex during a test due
to changing stagnation temperature and heater
voltage, requiring that a special calculation be
performed.

6.7.10 Conduction Loss Calculation
From the measured voltage applied to the foil heater
and its resistance, its heat efflux is easily calculated.
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However, it was already noted that not all of this heat
efflux is convected to the flow. There is also a
conduction loss through the insulation board which
must be determined. ¢, is then calculated by
subtracting this conduction loss from the heat efflux
produced by the heater. The conduction loss is calcu-
lated using the measured RTD temperature and the
bottom temperature of the insulation board by solving
the time-dependent 1-D heat diffusion equation with
an imbedded heat-source layer:

T _ 8, aT
o . 9% 20
% ax( ax) + pc,8 (20)

where t is time, x is depth into the plate measured
normal to the top surface of the RTD sheet (see Fig.
45), and D, p, and c, are the thermal diffusivity,
density, and specific heat of the multi-layered
components of the plate, respectively. Also g (W/m?)
is the rate at which heat is generated per unit volume
of the foil heater. The measured time-dependent
RTD and insulator-bottom temperatures serve as
boundary conditions, and a constant-temperature
initial condition throughout the plate is both assumed
in the solution and forced in the actual experiment by
allowing adequate time for thermal equilibration
between tests.

< flow

L 2 RTD
: } x
AAMHIMIMIMININ

heatin .
elemengt (g)

® nodes

. insulation
board
bottom

/ //}/// // thermocouple
é steel plate
Fig. 45 - Diagram for Computation of Conduction
Loss into Flat Plate.

The numerical solution of Eqn. (20) yields
temperature vs. time for 49 nodes within the plate,
from which the time-dependent conduction loss to the
insulation board, q"., (W/m?), is obtained from
Fourier’s law:

Y 21
9 s dx (1)

using the first two node temperatures at the top of the
insulation board to form the gradient. (k is the
thermal conductivity of the insulation board.) Of
course, this procedure accounts only for conduction
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normal to the plate surface. Lateral conduction
effects were estimated in Ref. 59 and found to be, at
worst, 20% to 30% of the normal conduction, which
is itself on the order of 10% of the total heat
produced by the heater. Accordingly, no correction
has been carried out for lateral conduction.

6.7.11 Adiabatic Wall Temperature

In the experiments of Lee et al. an accurate
evaluation of T,, was a most critical step, since T, -
T,, was relatively small at the location of peak heat
transfer in the swept shock/boundary-layer
interactions under study. Although most previous
experimental studies have assumed that T, is constant
beneath such interactions, it was necessary to check
that assumption in order to maintain the accuracy of .
the heat transfer results.

There are two methods generally used to measure T,
the "direct” method and the "indirect"” or extrapolation
method. The direct method measures T,, directly
upon an insulated model after thermal equilibrium is
reached (Refs. 140-142). However, in most of these
cited cases the required tunnel run time was quite
long, which is not possible for tests in a blowdown
wind tunnel.
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Twall / To

Fig. 46 - Example of the Determination of Adiabatic
Wall Temperature.

Neumann and Hayes (Ref. 56) discuss the general
problem of recovery temperature measurement and
present a classical way to solve it. This method
involves making several heat flux measurements at
different wall temperatures. Since the heat flux is
lincar with T, so long as the heat convection
coefficient is constant, a linear fit to the data can be
extrapolated to the temperature at which zero heat is
convected to the flow, which is identically T,,. Lee et
al. (Refs. 57 and 59) employed this "indirect” method,
obtaining results which are typified by Fig. 46 for the
case of a sensor located in the flat plate boundary-
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layer at M, = 4.0. Six different heating rates show
the expected linear variation with wall temperature
which, upon extrapolation, yields a flat-plate recovery
factor of 0.90. This is sufficiently close to the classical
value of 0.89 which is expected for supersonic
turbulent boundary-layers. A 95% confidence interval
is also shown on the data in Fig. 46, which is used for
the error analysis of the measurements.

6.7.12 Data Reduction Program

A heat transfer data reduction program was written by -

Lee (Ref. 59) to implement the procedures described
above. The program was written in the FORTRAN
language, and runs on a 386-class microcomputer. It
accepts as input 42 data channels and processes data
for 6 .different heating rates of the imbedded foil
heater, thus producing a total of 252 data files. The
program then calculates the distribution of c, at 35
different locations of the RTD sensors in the swept
interaction under study. For each RTD location the
calculation procedure is executed in time, with 0.05
sec time steps beginning at the start of the wind
tunnel run. The calculation procedure is as follows:

1) The heat efflux generated by the heater, g, is
calculated.

2) Eqn. 20is solved for 49 nodal temperatures in the
flat plate.

3) The heat loss to the insulation board is obtained
by solving Eqn. 21.

4) From g, q"y. is determined by multiplying by
the surface area of the heater. The heat
convected to the flow is then calculated by
subtracting the calculated conduction loss from
q"heater .

5) T, is calculated by the indirect method described
above.

6) The wind tunnel freestream properties are
calculated.

7) Finally, mean c, values are calculated at each
sensor A-location by averaging the data
over a 5 sec period near the end of the
wind tunnel run, where it is assumed that
a steady-state condition exists.

6.7.13 Error Analysis

The uncertainty of each variable in the above process
contributes to the total uncertainty of the final result.
As Coleman and Steele (Ref. 143) suggest, the total
uncertainty of the present measurements is deter-
mined by calculating and combining the "root-sum-
squares” of the uncertainties of each variable in the
data reduction equation. This calculation indicates a
maximum total uncertainty in ¢, of about +10% for
the 5 different swept interaction cases which were
measured by Lee et al. The error bars which were
shown on Lee’s data points in Fig. 12 reflect this
uncertainty estimate.
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Fig. 47 - Temperature Variations Without Heating for
Mach 4, a = 16° Interaction.
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Fig. 48 - Temperature Variations With Heating for
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6.7.14 Results

Fig. 47 shows the time variations of wall temperature
at two representative RTD sensor locations (8 = 64°,
located outside the interaction, and 20.8°, located at
the point of peak heat transfer) in the Mach
4, « = 16° fin interaction without heating. Fig. 48
shows the corresponding case with heating, where the
two wall temperatures are elevated well above the
adiabatic wall temperature. The "knees” in the
variation of the wall temperatures in Fig. 48 (at 12.5
sec) are due to a deliberately-abrupt change of the
heating rate during the run, which was required to
raise the plate temperature rapidly at the beginning of
the run in order to save testing time. The tunnel stag-
nation and adiabatic wall temperature variations
(calculated under the assumption that the recovery
factor equals 0.89 based on many measurements of
high-speed turbulent boundary-layers) are also shown.
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Fig. 49 shows a comparison of the computed
conduction loss through the insulation board at the
same two semsor locations (8 = 64.0 and 20.8)
for the same interaction. Similar "knees" at 12.5 sec
are also seen here. At the location of peak heat
transfer (8 = 20.8) the conduction loss is actually
negative at the end of the tunnel run because heat is
so strongly convected to the flow there.

Fig. 50 shows the measured heat transfer distribution
in the Mach 4, 16° fin interaction as a function of the
azimuthal interaction angle. The computation by
Horstman (Ref. 57) is shown for comparison. Four
other interactions were similarly measured in the work
of Lee et al. The indicated error bars reflect the
error analysis described above. Peak heat transfer
rates from this set of data were discussed earlier in
this paper and shown in Fig. 12.
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Swept shock wave/laminar boundary layer interactions,
experimental and numerical results

G. DEGREZ’
von Karman Institute for Fluid Dynamics, Aerospace Department,
Chaussée de Waterloo 72, B-1640 Rhode St-Genese, Belgium

1 SUMMARY

Experimental and numerical investigations of swept
shock wave / laminar boundary layer interactions are
reviewed. Experimental investigations show that the
flowfield is characterized by an extensive primary sep-
aration of the boundary layer upstream of the inviscid
shock wave, which then rolls up into a very elongated
vortex. This is often accompanied by secondary and
sometimes higher order separations. Similar to turbu-
lent interactions, the flowfield is essentially conical as far
as the surface flow data are concerned (surface pressures,
heat transfer and skin friction patterns). Also, the free-
interaction concept introduced for turbulent interactions
is shown to apply to laminar interactions as well.

Recent LDV flowfield data for a supersonic interaction
are presented. They nicely confirm the vortical structure
of the interaction deduced from the surface data as well
as the important thickening of the viscous layer due to
separation. They also show that the vertical dimension
of the interaction does not obey a conical similarity rule
but rather follows the classical boundary layer scaling.

Numerical investigations confirm these experimental
findings. None of these has however been carried out
with sufficient grid resolution so as to demonstrate grid
convergence and code validity, in particular concerning
the location of separation lines.

2 INTRODUCTION

The interaction of shock waves with boundary layers is
one of the basic problems of supersonic and hypersonic
aerodynamics, and has both fundamental and practical
importance. From a practical standpoint, it is really
ubiquitous and strongly influences the drag of airfoils
and airframes in general, the efficiency of controls, the
efficiency of air intakes, and the wall heat transfer to
hypersonic vehicles, to name just a few. From the fun-
damental point of view, it represents one of the simplest
occurrences of a strong viscous/inviscid interaction in-
volving separation, and therefore an ideal test case for
Navier-Stokes solvers.

For all these reasons, this problem has attracted consider-
able attention over the last fifty years. Initially, the focus
has been on two-dimensional flow, which can now be con-
sidered to be relatively well understood, although some
difficulties remain in their numerical prediction especially
at hypersonic speeds {1] and also in the understanding of

® Associate Professor

the unsteadiness (see companion paper by D. Dolling)
and of the turbulence behaviour (see companion papers
by J. Délery and by D. Vandromme). Subsequently, in-
terest has shifted towards three-dimensional interactions,
in particular swept interactions, the simplest of those be-
ing produced by a wedge mounted normal to a flat plate
(Fig. 1). The research in this area has been presented

Fig. 1: Simplest swept shock wave/boundary layer

interaction configuration :
normal to a flat plate

wedge mounted

in two major reviews by Settles and Dolling [2, 3]. Now,
despite extensive research in this field, these interactions
are still only partially understood and important contri-
butions are still coming out {4, 5]. In two companion
lectures, Profs G. Settles and D. Knight present the ma-
jor results concerning interactions between swept shock
wave and turbulent boundary layers from the experimen-
tal and numerical points of view, while the present paper
will deal with their laminar counterpart.

Now, contrary to 2D interactions where laminar inter-
actions are extensively documented in the supersonic as
well as in the hypersonic régimes, there exist very little
data about supersonic laminar interactions and only little
more in the hypersonic régime. In addition, most of the
hypersonic results concern symmetric corner flow config-
urations which have a somewhat different character. As
a matter of fact, the scarcity of the data for laminar in-
teractions was pointed out by Settles and Dodson [6] in
their review of hypersonic shock wave/boundary layer in-
teractions data sets.

In the present paper, we shall thus review the existing
work on swept shock wave/laminar boundary layer inter-
actions, including flow along axial corners, as well as some
recent unpublished VKI work. From the limited amount
of experimental and numerical data, the flow structure
will be discussed and compared to the turbulent flow
counterpart and finally areas where additional work is
needed will be identified.
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3 FLOWFIELD CONFIGURATIONS

Swept shock wave/boundary layer interactions may ex-
ist in various flow configurations. As mentioned pre-
viously, the most simple is probably the case of the
wedge mounted normal to a flat plate parallel to the flow
(Fig. 1). This may be generalized by substituting the
wedge by any conical shock generator, as shown in Fig. 2.
Particular cases, in addition to the normal wedge, are the

FLOW DIRECTION

Fig. 2:

Arbitrary conical shock generator

symmetric dihedron (Fig. 3a), the asymmetric dihedron
(Fig. 3b) and the half circular cone (Fig. 4). For all

A FLOW DIRECTION

‘I
(a) Symmetric dihedron
FLOW DIRECTION

(b) Asymmetric dihedron

Fig. 3: Dihedron shock generators

FLOW DIRECTION

Half circular cone shock generator

Fig. 4:

these configurations, there is only one inviscid shock wave

LIBRARY

produced by the shock generator which impacts on the
boundary layer developing on the flat plate, which, being
parallel to the flow, does not produce a shock wave except
the (weak) shock due to leading edge viscous/inviscid
interaction. This class of configurations can further be
subdivided into two subclasses depending on whether the
shock generator apex lies at the flat plate leading edge’
or downstream of it. The former case will be called an
intake-type configuation, while the latter will be called
a fin-type configuration. This problem is characterized
by an extra parameter, i.e. the flat plate boundary layer
thickness at the location of the shock generator apex or,
more appropriately, the Reynolds number based on this
thickness.

Another class of configurations is obtained from the
intake-type configuration by setting the flat plate at in-
cidence with or without leading edge sweepback. Such
configurations have been studied exclusively with planar
conical shock generators and are known in the literature
as corner flows. Because the flat plate is now at inci-
dence, it also produces an inviscid shock wave, so that
the flow produced by such configurations is character-
ized by a shock/shock interaction in addition to shock
wave/boundary layer interactions on both planar sur-
faces. These configurations have been mostly studied for
symmetric cases, i.e. when both planar surfaces have the
same incidence with respect to the flow and leading edge
sweepback angle. It is clear from the previous discussion
that the intake-type configuration is a particular case of
an asymnetric corner flow configuration.

The characteristics of the three classes of configurations is
summarized in Table 1. Although all three types of con-

Configuration Fin-type | Intake-type | Corner
# of shock 1 1 2
generator surfaces

Nature of shock any any planar
generator surfaces

Incoming Yes No No
boundary layer

Table 1: Summary of swept shock wave/boundary

layer interaction configurations

figurations will be discussed, the present paper will em-
phasize the fin-type and intake-type configurations. Full
details about the corner configurations may be found in
the excellent review paper by Hummel [7].

4 EXPERIMENTAL RESEARCH

4.1 Literature survey

Initial investigations of swept shock wave/laminar bound-
ary layer interactions were carried out by Stainback [8, 9]
in the early sixties at about the same time turbulent in-
teractions were first studied (10, 11]. Stainback consid-
ered corner configurations where both surfaces were set

1such configurations are those of Fig. 1-4 where the flat plate
leading edge is moved downstream as Indicated by the hatched
lines
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at zero incidence with respect to the flow and performed
surface pressure and heat transfer measurements at Mach
5 and 8. He observed strong increases of both parameters
in the corner region with respect to flat plate data.

Charwat and Redekeopp [12] in the late sixties performed
extensive measurements in a few symmetrical and asym-
metrical corner configurations at Mach numbers rang-
ing from 2.5 to 4. Experimental results included sur-
face flow visualizations, surface pressure measurements
and pitot pressure surveys. The emphasis of the research
was mainly to characterize the outer inviscid flow struc-
ture. Despite the presence of strong viscous effects due
to shock wave/boundary layer interactions, Charwat and
Redekeopp found the flow structure to be conical — this
behaviour should be expected for pure inviscid flow —
except close to the leading edge, where the hypersonic
interaction parameter was large. Upon analysis of their
experimental data, they proposed the following flowfield
model (Fig. 5). The individual wedge shocks interfere to

Unperturbed wedge shock

“Outer" compression

\
\\
~~

| — "lnner* shock

Entropy wave
//_ (slip line)

\—Zor\e |

Zone 11

Zone IIT

Oil-occumulation line

Fig. 5: Corner flow structure according to Charwat

and Redekeopp [12]

create a corner shock. This corner shock interacts with
each unperturbed wedge shock at a so-called triple point,
producing an embedded transmitted shock impinging on
the wedge and a slip line running into the intersection of
wedges. On each wedge, an oil-accumulation (separation)
line was identified. Charwat and Redekeopp include in
their model an additional (separation) shock emanating
from this accumulation line and running into the triple
point, although it does not clearly appear in their experi-
mental data. After discussing this feature, they conclude
that it must be an essentially inviscid phenomenon.

Corresponding investigations were carried out at hyper-
sonic speeds by Cresci et al. [13] (M = 11.2) and by
Watson and Weinstein [14] (M = 20) on symmetrical
corner configurations. The same patterns as in the su-
personic investigation of Charwat and Redekeopp were
observed, except that, because hypersonic boundary lay-
ers are much thicker and shock waves lie much closer to
the corner, there is a much larger viscous influence on the
shock system location. Also, because of increased shock
intensities, more extensive separations were observed.

In his 1971 survey paper, Korkegi [15] reexamined the
Charwat and Redekeopp results and suggested that
the interference flow between the embedded transmitted
shock and the oil accumulation line was due to boundary
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layer separation rather than to an inviscid interaction as
proposed by the original investigators.

To clarify this issue and also to find out the purely invis-
cid flow structure, West and Korkegi [16] studied corner
flows at Mach 3 over a wide range of Reynolds numbers
(from 0.4 to 60 10°). They observed that for turbulent
interactions corresponding to Reynolds numbers larger
than 3 10°, the wave structure determined from pitot
pressure surveys was virtually independent of Reynolds
number, from which they concluded that it represents
the purely inviscid flow structure. The correctness of this
conclusion was later confirmed by the numerical studies
of Kutler [17] and Marconi [18], whose inviscid results are
in close agreement with the experimental data of West
and Korkegi as will be shown in section 5.1. On the
contrary, for a lower Reynolds number corresponding to
laminar flow, displacement effects due to the extensive
separation were shown to result in an outward displace-
ment of the wave structure.

Another major finding of their study was the confirma-
tion of Korkegi's [15] earlier suggestion that the interfer-
ence flow region outboard of the embedded shock resulted
from flow separation due to the interaction of the embed-
ded shock with the boundary layer rather than from an
inviscid phenomenon. This is demonstrated by the much
greater extent of this region for laminar flow, which is
typical of the much greater spread of separated laminar
flow. It is worthwhile noting that, notwithstanding this
viscous nature, the flow pattern in this region was essen-
tially conical, whether the boundary layer was laminar or
turbulent.

All previous investigations concerned corner flow configu-
rations and most of them were symmetrical. The first in-
vestigation of an intake-type configuration (if one excepts
the plate/plate configurations studied by Stainback (8, 9])
was performed by Cooper and Hankey [19] under hyper-
sonic (M = 12.5) flow conditions. The shock genera-
tor was an unswept 15 degree wedge. The objective of
their investigation was to determine the flow structure
for a case in which the dominant phenomenon is the
shock wave/boundary layer interaction rather than the
shock/shock interaction for corner configurations, and to
identify regions of local intense heating, a very signifi-
cant issue for hypersonic flows. Measurements included
oil flow visualizations, surface pressure distributions and
pitot pressure surveys. The results of the pitot pressure
surveys revealed that the interaction of the weak shock
generated by the viscous interaction at the flat plate lead-
ing edge with the strong wedge shock did not result in
a wave pattern involving a corner shock with two triple
points as observed earlier for symmetric corners ([12, 16]
— see also Fig. 5) but rather in a pattern involving a single
triple point (Fig. 6). Such a pattern was later to be ob-
served as well by Rao in a fin-type configuration at Mach
6 (unpublished results shown in [20] — see Fig. 7). The
pattern proposed by Cooper and Hankey (Fig. 6) also in-
cludes two weak (£ = pressure ratio = 1.3) compression
waves due to the separation of the plate boundary layer
which rolls up into an elongated vortex. Rao's vapour
screen visualization (Fig. 7) also shows the elongated
vortical structure due to the separation of the incom-
ing boundary layer but no separation compression wave
is visible. Just as for the previous studies of symmetri-
cal corners, oil flow visualizations revealed an essentially
conical flow pattern for Cooper and Hankey’s intake-type
configuration, including a primary and, clearly identified
for the first time, a secondary separation line. Actually,
a close look at Charwat and Redekeopp’s results allows
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(from [20])

to identify a secondary separation in their case as well.
The interpretation of the separation pattern as in Fig. 6
was however later shown to be incorrect by Korkegi [21],
the correct pattern being shown in Fig 8. The high heat
transfer rates encountered in such interactions [22] is then
explained by the attachment process of fresh outer fluid
along the reattachment line Al.

A systematic study of hypersonic corner flow con-
figurations was then performed at the Institut fiir
Stromungsmechanik of the Technical University of
Braunschweig [23, 24, 25, 26, 7]. Experimental results in-
cluded surface pressure and heat transfer measurements,
ail flow visualizations and, most importantly, detailed
pitot pressure surveys. The studies, mostly carried out at
Mach 12.3, examined the effect of several parameters in-
cluding wedge deflection, leading edge sweepback and ax-
ial corner angle (also called dihedron in [12]). The results
of the flow surveys were analyzed in detail and compared
with the flow structure reconstructed from a few key data
and the shock wave relations. A typical example of such
a comparison is shown in Fig. 9. The agreement is seen
to be excellent. The identified flow pattern confirms and
refines the earlier results of Charwat and Redekeopp [12]
and West and Korkegi [16], clearly exhibiting clearly the
embedded shock (which for this hypersonic flow is oblique
rather than essentially normal in the former supersonic
experiments), the slip line from the triple points as well as
the primary and secondary vortices due to shock-induced
boundary layer separation. Worth noticing are the reflec-
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Fig. 8: Flow structure in intake-type configuration

(from [20])

tion of the embedded shock on the separated shear layer
as an expansion fan and also the absence of a compres-
sion shock due to separatjon but rather the existence of
a smooth compression fan. The very high heat trans-
fer rates around reattachment are then explained by the
impact of the cross flow through the embedded shock
accelerated by the refiected expansion, much like in the
Edney Type IV interaction [27]. With respect to the con-
ical character of the flow, the measurements confirm that
the flow is fairly conical for values of the hypersonic pa-

M3 T
rameter x = jﬁ

ing leading edge sweepback and axial corner angles were
found to reduce the shock strengths of respectively the
primary or interference shocks, thereby reducing pressure
and heat transfer peaks.

greater than around 3 or 4. Increas-

Although the fin-type configuration had been extensively
studied in the turbulent régime for many years (see for
instance the review papers of Settles and Dolling |2,
3]) — actually it is the most studied swept shock
wave/boundary layer interaction in the turbulent régime
— this configuration had not been studied in the laminar
régime before the experimental and numerical investiga-
tions by Degrez (28, 29, 30]. The shock generator was a
wedge mounted normal to a flat plate (Fig. 1). Exper-
imental results included surface flow visualizations and
surface pressure distributions for a relatively limited test
matrix of wedge incidence angles (4° < a < 8°) and
Res at the shock generator apex. Flow visualizations re-
vealed the presence of an extended separation even for
the smallest wedge incidence (and therefore the weakest
shock), in contrast with turbulent flow, for which the in-
cipient separation wedge incidence would be around 10°
for the current value of Mach number (2.25), according
to a criterion due to Korkegi [31]. The separation line de-
termined by the oil flow visualizations was straight near
the shock generator apex, indicating a conical pattern
but bent downstream. Whether this was a genuine phe-
nomenon , an edge effect or an artefact of the exper-
imental technique was not determined. Also, because
only the flow upstream of the primary separation line
was visualized, nothing could be said about the existence
of a secondary separation. Pressure distributions exhib-
ited a characteristic mild pressure rise upstream of the
inviscid shock followed by a steep increase slightly down-
stream of the shock, a peak near reattachment and a
smooth relaxation towards the inviscid post-shock level,
very much like the distributions obtained by Charwat and
Redekeopp [12] for their corner configuration. The pres-
sure rise upstream of the inviscid shock wave was found
to be essentially independent of shock wave strength and
the pressure distributions agreed reasonably well with a
conical scaling.
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4.2 Recent experimental investigations
at the von Karman Institute

The investigations reviewed in the previous sections con-
tributed significantly to the understanding of swept shock
wave/laminar boundary layer interactions. In particular,
the inviscid shock structure of corner flow configurations
has been extensively documented and is now fairly well
understood, although the realm of possible flow struc-
tures is far from being completely explored as revealed
by some recent numerical investigations of this flow con-
figuration [32, 33]. On the contrary, there are still many
unanswered questions about the viscous/inviscid interac-
tion between a swept shock wave and a laminar bounadry
layer as it occurs in intake or fin-type configurations.
Some of these questions have been addressed in recent
investigations at the von Karman Institute [34, 35, 36]
which have not been reported in the open literature so
far and which will now be described.

4.2.1 Facilities and experimental configurations

Wind tunnel facilities

The experiments were carried out in two different facil-
ities at supersonic (M = 2) and moderately hypersonic
(M = 6) Mach numbers. The supersonic facility (51)
is a continuous closed circuit facility of the Ackeret type
with a 40 cm by 40 cm test section. The range of stagna-
tion pressure is from 0.1 to 0.3 bar. The Mach 2.0 nozzle
was selected to perform the experiments. This gives unit
Reynolds numbers in the range 10° to 3 10°m™'. The
models were at near adiabatic conditions for all tests.

Hypersonic experiments were carried out in the H3 blow-
down facility. This tunnel is equipped with an axisym-
metric nozzle providing a Mach 6 free jet of approxi-
mately 150 mm diameter. Stagnation pressures can be
varied between 6 to 30 bar while a pebble-bed heater
is used to vary the total temperature between 450° and
600°K. The corresponding unit Reynolds number range
is from 7 to 30 10° ms~'. All models were tested under
cold conditions, i.e. their initial temperature was ambi-

Pitot pressure contours and wave pattern in corner flow (from [25])

ent, well below the recovery temperature.

Experimental configurations

All experiments concerned intake-type configurations.
The supersonic shock generators included unswept
wedges (Fig. 1) with incidence angles a = 6,9,12 and
15°, an asymmetric dihedron (Fig. 3b) with an incidence
angle o = 15° and a leading edge sweepback A = 27°, and
a half circular cone of 24° half opening angle. The two
latter configurations, which are displayed in Figs. 10-11,
were chosen in such a way that the inviscid shock wave

Fig. 10:

Asymmetric dihedron model

footprint on the plate was the same as the one produced
by the unswept wedge with a 12° incidence angle, for rea-
sons which will be discussed in section 4.2.4. The shock
wave generated by the half cone was calculated by a nu-
merical solution of the Taylor-McColl equation while that
generated by the asymmetric dihedron was calculated us-
ing a conical Euler solver developed at the VKI [37]. The
pressure contours in a cross flow plane perpendicular to
the plate and to the shock generator surface is shown in
Fig. 12. The shock wave is seen to be particularly well
resolved near the plate surface, due to a local mesh clus-
tering.
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pressure contours in crossflow plane

The hypersonic shock generators were unswept wedges
with incidence angles & = 3,6,9,12 and 15°, as well as
an asymmetric dihedron with a = 15°, A = 80.5°. Just
as for the supersonic experiment, the leading edge sweep-
back was chosen in such a way that the resulting shock
wave impacts the flat plate at the same location as that
produced by the 12° unswept wedge.

4.2.2 Surface flow visualization (skin friction
patterns)

Supersonic flow

Surface flow visualizations were carried out only for
the unswept wedge shock generators and for only one
Reynolds number, since this parameter did not prove to
have a significant effect in previous studies. In all cases, a
primary separation line (oil convergence line) clearly ap-
peared as well as a herringbone pattern associated with
primary attachment. Fig. 13 shows for instance the flow
visualization obtained for the 9° wedge. To demonstrate
without ambiguity that the oil convergence line is indeed
a separation line, a second visualization in which only
the fore part of the model was covered with oil was per-
formed. One observes that the oil runs only up to the
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Fig. 13:

Surface flow visualization, M = 2, unswept
shock generator, oo = 9°

separation line, with the aft part of the model remaining
clean, inaccessible by the oil flow from upstream. An-
other interesting observation from Figs. 13-14 is that the
primary separation line is essentially straight, suggesting
a conical behaviour as observed in former studies [19)].
Coming back to Fig. 13, one observes also a region of
sluggish oil flow immediately downstream of the primary
separation line. The extent of such a region of sluggish
fluid is seen to increase as the wedge incidence is increased
(see Fig. 15). This suggests that this region may be asso-
ciated with the existence of a secondary separation. To
provide some support to this hypothesis, the same kind
of technique used in Fig. 14 was applied. Specifically, oil
was introduced only near the flat plate leading edge and
near the primary attachment line. The resulting pattern
(Fig. 16) shows the existence of a clean region between
the two regions covered with oil, which nicely confirms
the existence of secondary separation. Secondary separa-
tion was observed for &« = 9,12 and 15°.

As the flow visualization features appeared mostly con-
ical, their angle was determined. Because of the qual-
itative character of the visualization technique and of
the photographic recording, the uncertainty on the an-
gle values was estimated to be + 2 degrees. Angles of
the upstream influence line, defined as the line where the
skin friction lines first deviate from the free stream direc-
tion, and of the primary and secondary separation lines
with respect to the free stream Mach line are displayed in
Fig. 17 as a function of the shock wave intensity as rep-
resented by the normal Mach number M, = My sin 5.
It is seen that the upstream influence line angle increases
slowly with shock strength whereas the separation line
angle first increases rapidly, until it gets close to the up-
stream influence line angle, after which it follows the evo-
lution of the upstream influence line angle.

Hypersonic flow

Surface flow visualizations exhibited the same qualitative
features as for supersonic flow : the patterns were coni-
cal and an extensive primary separation was observed in
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Fig. 14:  Surface flow visualization, M = 2, evidence
of primary separation

all cases. Because of the higher Mach number, angles of
all characteristic lines (upstream influence, separations,
attachments) are of course considerably smaller than for
their supersonic counterparts. Secondary separation is
observed already for the weakest shock, as demonstrated
in Fig. 18 which shows the existence of a clean region
downstream of the primary separation line. As the wedge
angle is increased, additional features are observed. For
a = 6° (Fig. 19), one distinguishes three dark lines orig-
inating from the wedge apex. The most upstream one is
the primary separation line, the most downstream one is
the secondary separation line, but the nature of the third
line is not clear from the oil flow visualization. A mixed
oil flow/oil dot visualization (Fig. 20) allows to identify
it as a tertiary separation line. Although this may not
appear obvious from the figure, it becomes much clearer
for stronger interactions such as that produced by the
unswept 12° wedge as shown in Fig. 21 which compares
oil flow and oil dot flow visualizations for this case. It is
believed that this is the first time a tertiary separation
has been observed in a swept shock wave/boundary layer
interaction, although tertiary separations have been ob-
served in other circumstances as for instance flows over
cones at angle of attack [20]. Actually, looking atten-
tively at Fig. 21a, one can identify a fourth dark line
between the tertiary and secondary separation lines sug-
gesting the presence of a quaternary separation, although
it is not clearly distinguishable from Fig. 21b. Additional
support to this hypothesis is given by heat transfer mea-
surements performed by Papuccuoglu [38] in the same
configuration for & = 9°. Fig. 22 shows the heat transfer
coefficient (Stanton number) distribution on a line per-
pendicular to the freestream at 7.5 em from the wedge
apex. One observes four peaks which can be attributed
to 4 attachment lines. As a matter of fact, their loca-
tion is seen to correspond fairly well with the location
of attachment lines as determined from surface flow vi-
sualizations (Table 2). It should be mentioned however
that the innermost heat transfer peak can also be ex-
plained by the presence of a corner vortex, as proposed

Fig. 15: Surface flow visualization, M = 2, unswept
shock generator, a = 15°

Attachment lines | Peak heat transfer
Order angle angle

Al 13.5° 11.3°

A3 17.5° 14.9°

Ad 19.9° 19.5°

A2 25.1° 23.1°

Table 2: Comparison of attachment line angles and
peak heat transfer angles

by Hummel [7]. In summary, primary and secondary sep-
aration lines were observed for all wedges, tertiary sep-
aration appeared for @ = 6° and quaternary separation
for @ = 9°. The evolution of upstream influence, primary
and secondary separation line angles with shock strength
is shown in Fig. 23. It is seen to exhibit the same trends
as observed in Fig. 17 for supersonic flow. Finally, the
surface flow visualizations performed for the asymmetric
dihedron shock generator are displayed in Fig. 24. The
upstream influence, primary and secondary separation,
as well as primary reattachment line angles are observed
to be very close to those observed for the unswept 12°
wedge. This point will be further discussed in section
4.2.4.

4.2.3 Surface pressure measurements

Supersonic flow

Surface pressure measurements were obtained for the
unswept shock generator at 6, 9 and 12 degrees, for the
swept asymmetric dihedron and for the half circular cone
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Fig. 16:

Surface flow visualization, M = 2, evidence
of secondary separation

configurations. Tunnel blockage problems prevented to
make the pressure measurements with the unswept shock
generator at 15 degrees incidence. The model was instru-
mented with three rows of pressure taps perpendicular to
the free stream direction at respectively 5 cm, 10 em and
15 em from the flat plate leading edge.

Fig. 25 shows the pressure distributions on the three rows
for the unswept wedge at 9° incidence. The pressures
non-dimensionalized by the freestream static pressure are
plotted as a function of the reduced coordinate y/z where
y is the transverse coordinate and z the distance of the
row from the leading edge. Although all three distribu-
tions are relatively close in this conical coordinate system,
the differences are too large to be attributed solely to ex-
perimental scatter. As a matter of fact, a general trend
is observed, especially for the part of the interaction out-
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Fig. 17:  Separation line angles as a function of shock

strength (Mach 2)

Surface flow visualization, M = 6, unswept
shock generator, a = 3°

Fig. 19:

Oil flow visualization, M = 6, unswept shock
generator, a = 6°

board of the inviscid shock wave location (y/z > 0.8) :
the pressure is seen to decrease as the axial distance from
the leading edge is increased. This is due to the flat plate
leading edge viscous interaction effect and suggests that it
might be better to non-dimensionalize the pressure by the
flat plate pressure at the same axial location? to remove
the leading edge interaction effect. Unfortunately, the
pressure taps did not extend far enough laterally to reach
the fully undisturbed flow region, so that this alternative
scaling could not be attempted. Fig. 25 also displays
the locations of the upstream influence, primary and sec-
ondary separation, and primary reattachement lines as
determined from the surface flow visualizations, as well
as the inviscid pressure distribution. The location of the
usptream influence line is seen to coincide with the initial
pressure rise while the primary reattachment coincides
with the pressure peak.

The effect of shock strength is shown in Fig. 26 which dis-
plays the pressure distributions on the second row for the
three unswept shock generator configurations. Whereas
for the & = 6° case the pressure increase appears mono-
tonic, for the @ = 9 and 12° cases, there is an initial
modest pressure rise followed by a plateau, a small dip
and then an abrupt pressure rise leading to a peak before
the pressure relaxes to the inviscid value. It is interesting
to note that the existence of a local pressure minimum
coincides with the observation of secondary separation in
the flow visualizations. However, the resolution of the
pressure measurements should be increased to provide
more details around the local minimum before a definite

2This is actually what has been done by some previous authors,
e.g. Hummel [7].
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Fig. 20 Mixed surface flow visualization, M = 6,
unswept shock generator, o = 6°

statement can be made about the relation of the pressure
minimum with secondary separation. Another interest-
ing observation is the fact that the amplitude of the ini-
tial pressure rise appears to depend very little on shock
strength, as was already observed by Degrez [28] for his
fin-type configurations, with a maximum pressure level
upstream of the shock around 1.2.

Pressure distributions measured with the asymmetric di-
hedron and half circular cone shock generators will be
presented and discussed in section 4.2.4.

Hypersonic flow

Surface pressure measurements were obtained for all
unswept wedges (3° < a < 15°). The flat plate was
instrumented with 44 pressure taps distributed on three
rows perpendicular to the free stream direction at respec-
tively 4.5, 6.5 and 8.5 cm from the flat plate leading edge.

The general shape of pressure distributions was the same
as observed for supersonic flow, i.e. an initial smooth and
modest pressure rise outboard of the inviscid shock wave
is followed by an abrupt increase near the inviscid shock
wave location, a peak near primary reattachment and a
relaxation towards the inviscid post-shock level. This is
illustrated in Fig. 27 which shows the pressure distribu-
tions measured with the 15° wedge. As for the supersonic
case, the surface pressure is normalized by the freestream
static pressure but the coordinate in abscissa is the argu-
ment 3 in a polar coordinate system centred at the wedge
apex and whose reference direction is the freestream di-
rection. This is related to the reduced coordinate y/z
used for supersonic flow (Fig. 25) by y/z = tan3. The
pressure distributions on the three rows are seen to be
in much better agreement than for supersonic flow. This
confirms the quasi-conical behaviour of the interaction.
Unfortunately, because of the limited resolution of the
pressure tapping, the details of the pressure distributions,
in particular near the inviscid shock wave could not be
determined.

The effect of shock strength on the pressure distributions
is shown in Fig. 28 which shows pressure distributions
at x=8.5 cm for different wedge incidences. Again, one
observes the weak dependance of the initial pressure rise
with shock strength, with a maximum value of normal-
ized pressure upstream of the inviscid shock wave around
1.5 (against 1.2 for the supersonic experiments). Pressure
undershoots near the inviscid shock wave, which were as-
sociated with the existence of secondary separation in
supersonic flow are also observed in most instances, e.g.
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(b) Oil dot technique

Fig. 21: Surface flow visualization, M = 6, unswept
shock generator, a = 12°

the curve corresponding to & = 12 and 15° in Fig. 28. In
other cases, no undershoot is visible but one may have
been missed due to the lack of resolution of the pressure

tapping.

4.2.4 Effect of shock generator geometry — Free
interaction

As mentioned in section 4.2.1, the asymmetric dihedron
and half circular cone shock generators studied in the
recent experimental investigations at the VKI were de-
signed in such a way that they produce inviscid shock
waves whose strength at their impact on the plate was
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Fig. 22: Spanwise Stanton number distribution at z =
7.5 cm, M = 6, unswept shock generator, a =
90
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Fig. 24:  Surface flow visualization, M = 6, asymmet-

ric dihedron, o = 15°, A = 80.5°

identical to that of the shock generated by a 12° unswept
wedge. The motivation behind this design was to de-
termine whether the so-called free interaction concept
applies to laminar interactions. This concept first for-
mulated by Settles and Lu [39] for turbulent interactions
and initially dubbed ‘conical similarity’ signifies that the
upstream part of conical interactions does not depend on
the particular shock generator geometry but only on the
incident shock strength. Support for this concept was
given by the study of Settles and Kimmel [40] as well as
by some recent experiments [41] and computations [42],
also in the turbulent régime.

In section 4.2.2, it was shown (Fig. 21 & 24) that surface
flow visualizations obtained at Mach 6 for the unswept
wedge and the equivalent asymmetric dihedron were
nearly identical and in particular, the separation and
reattachment line angles were found to match closely. In
Fig. 29, spanwise pressure distributions at x=5 cm in su-
personic flow are compared for the three equivalent shock
generators. The agreement of the curves outboard of the
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Fig. 26: Effect of shock strength on spanwise pressure

distributions (Mach 2)

inviscid shock wave is seen to be excellent. Both results
give evidence that the conical free interaction concept
applies to the present class of laminar interactions.

4.2.5 Velocity measurements

Longitudinal velocity measurements were performed in
the interaction produced by a 6° unswept wedge at Mach
2 using single component Laser Doppler Velocimetry
(LDV). The LDV system is a dual beam fringe mode
system with forward scatter light collection. Special care
has been taken to optimize the seeding material and de-
livery system for the extremely severe circumstances en-
countered in the present test conditions (extremely high
velocity gradients — up to 600ms™' per mm -, high ve-
locities and low densities), which make particle lag prob-
lems particularly serious. The optimization process, as
well as the validation of the set up is discussed in detail
in [36, 43]. Traverses were performed along two rows par-
allel to the flat plate leading edge at respectively = = 100
mm and z = 250 mm. In total, 11 traverses were ob-
tained at 10 different locations. Because of this very lim-
ited number of traverses, and also because a malfunction
of the tunnel drying system resulted in variations in the
test conditions between runs, the results give only quali-
tative information about the flow and are of limited use-
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Fig. 27: Spanwise pressure distributions, M = 6,
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Fig. 28: Effect of shock strength on spanwise pressure
distributions (Mach 6)

fulness for quantitative analysis, e.g. for code validation
purposes.

Surface flow visualizations and pressure measurements
having demonstrated the quasi-conical symmetry of the
interaction, the velocity profiles are displayed and ana-
lyzed as a function of the reduced coordinate y/z. They
are plotted together with the flat plate velocity profiles
under the same flow conditions as calculated from the
Chapman-Rubesin theory [44]. This allows to observe
the effect of the interaction with respect to the undis-
turbed flow case.

The most outboard velocity profile (Fig. 30) was mea-
sured at y/z = 1.4 or equivalently at 8 = tan™}(y/z) =
54.5°, This is slightly downstream of the upstream influ-
ence line as determined from surface flow visualizations
(Bu = 58.5°). One observes that the velocity profile is
indeed perturbed, although quite moderately, by the in-
teraction. With respect to the undisturbed flat plate pro-
file, the essential differences are a 50 % increase in the
boundary layer thickness and the appearance of a small
inflection in the profile. Getting deeper in the interac-
tion region (for a smaller value of y/z), the boundary
layer thickens and develops a typical S-shape, as illus-
trated in Fig. 31 which shows a velocity profile measured
at y/z = 0.8, i.e. near the inviscid shock wave location.
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Fig. 29: Effect of shock generator geometry on span-
wise pressure distributions (Mach 6)
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Fig. 30:  Velocity profile at y/z = 1.4

The S-shape of the velocity profile is associated with the
presence of the vortical structure produced by the bound-
ary layer separation, and was also observed in turbulent
interactions [45, 46, 47]. The thickening of the boundary
layer and the amplification of the S-shape of the velocity
profile continues as one progresses to the next exploration
station at y/z = 0.65 (Fig. 32). At this point, the vis-
cous layer has become three times thicker than the corre-
sponding flat plate boundary layer. One can also observe
that the velocity profile does not reach the free stream
velocity value. This should be expected as the present
value of y/z corresponds to a station downstream of the
inviscid shock wave. The measured asymptotic velocity
indeed corresponds quite closely to the post-shock value
computed from oblique shock relations (uz = 480ms™1).
This close agreement indicates that, at this location,
there is no noticeable particle lag due to the oblique shock
wave. At the next station corresponding to y/z = 0.5
(Fig. 33), one observes a drastic change : the viscous
layer has become considerably thinner than the undis-
turbed flat plate boundary layer and has completely lost
its S-shape, resembling rather an accelerated boundary
layer profile. Both of these features are indicative of an
attachment phenomenon, which agrees with the surface
flow visualization results since primary reattachment was
observed around an angle of 26°, close to the present sta-
tion. Finally, at y/z = 0.38, the boundary layer is seen
to be relaxing towards a flat plate boundary layer corre-
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sponding to post-shock conditions (Fig. 34).

To check whether the quasi-conical symmetry of the in-
teraction applies to the velocity profiles, for two values of
y/z (0.8 and 0.5), traverses were measured at the two lon-
gitudinal locations and compared. The comparison was
performed by non-dimensionalizing the vertical coordi-
2veeCoz

nate by the flat plate similarity parameter ( =
where C¢ is Chapman’s viscosity constant, Voo and ueo
are respectively the freestream kinematic viscosity and
velocity) and the velocity u by the local outer flow ve-
locity. Fig. 35 shows the results of the comparison for
y/z = 0.5. The agreement is seen to be quite good. This
gives additional support to the validity of the conical scal-
ing in the z — y plane, while in the vertical direction, the
correct scaling seems to be the classical laminar bound-
ary layer scaling. Additional measurements are however
needed to confirm this observation.

5 NUMERICAL RESEARCH

5.1 Inviscid flow

As mentioned in section 2, corner flow configurations dif-
fer essentially from intake or fin-type configurations by
the fact that they involve two shock generators. The in-

z (mm)

Fig. 33:  Velocity profile at y/z = 0.5
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Fig. 34: Velocity profile at y/z = 0.38

viscid flowfield is therefore complicated by the interaction
of these two shocks and this interaction has been shown
in section 4.1 to play an essential role also for real viscous
flows. Inviscid analyses therefore present a real interest
for corner flows and were performed initially.

Kutler [17] solved the conical Euler equations using a
shock capturing technique for the configuration studied
by West and Korkegi [16]. The resulting shock pattern
was in very good agreement with the experimental re-
sults when the boundary layer was turbulent as shown
in Fig. 36 which compares the experimental results of
West and Korkegi with numerical results of Kutler and
of Marconi [18], to be discussed below. The same nu-
merical approach was subsequently used by Shankar et
al. [48] and by Anderson and Nangia [49] to study a va-
riety of corner flow configurations, including swept and
asymmetric configurations.

Shankar et al. compared their results with the experi-
mental data of Charwat and Redekeopp [12]. Although
the shock patterns qualitatively agreed, the actual po-
sition of shock waves did not agree, lying further out-
board in the experimental results. This is due to the out-
ward displacement of the shock structure due to laminar
boundary layer separation as shown by the experimen-
tal study of West and Korkegi [16]. Anderson and Nan-
gia compared their results with their own experimental
data obtained for turbulent flow at Mach 2. Despite the
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Fig. 36: Wave pattern in corner flow configuration :
comparison of experimental results of West
and Korkegi [16] and computational results

of Kutler [17] and of Marconi [18]

coarseness of the computational mesh, good agreement
was found between computed and experimental wave pat-
terns.

Marconi [18] used a shock fitting approach to solve the
conical Euler equations for unswept symmetric corner
flow configurations. He studied the effect of Mach num-
ber and wedge deflection and found the existence of two
flow régimes. For small wedge deflections, the wedge
shocks intersect and no slip line is present whereas for
larger deflections, the structure described above with a
corner shock, two triple points and two slip lines is ob-
served. An example of such a case is West and Korkegi’s
configuration for which Marconi’s results are seen to be
in good agreement with both the experimental data and
Kutler’s computation (Fig. 36).

Some experimental [14, 7] and theoretical [50] studies
suggest that in some instances the slip lines originating
from the triple point do not run into the intersection of
wedges but terminate somewhere in the flow. Such pat-
terns were recently shown to exist in numerical solutions
of the Euler equations by Marsilio [32] and Degrez et
al. [33]. Both analyses used a shock capturing finite vol-
ume approach but the former used a 3D space marching

2-13

method whereas the latter compared this method with
the the conical time-dependent method developed at the
VKI (37, 51]. It was found that when the slip lines ter-
minated inside the flow, this was associated with the ex-
istence of vortices within the inviscid flow and moreover
that this vortical pattern could be asymmetric even for
symmetric configurations. This is illustrated in Fig. 37
which displays crossflow streamlines in a symmetric cor-
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-

Fig. 370 Crossflow strearmlines in asymmetric vortical

flow in a corner, M = 10, § = 8°
ner at Mach 10 with a wedge deflection § = 8°.

Fin and intake-type configurations exhibit a much sim-
pler inviscid flow pattern. For unswept wedge and half
circular cone shock generators, the inviscid flow even
has an analytical or semi-analytical solution. However,
for more general shock generators such as symmetric or
asymmetric dihedrons, the inviscid flow and in particu-
lar the shock shape can only be determined by numerical
solutions of the Euler equations. Such solutions were ob-
tained by Salas [52] and by Bewley [53] for symmetric
dihedrons, and by the present author for asymmetric di-
hedrons (unpublished results ~ see Fig. 12).

5.2 Viscous flow

The first numerical computation of a swept shock
wave/laminar boundary layer interaction was performed
by Shang and Hankey [54]. They implemented the ex-
plicit predictor-corrector scheme of MacCormack [55] to
solve the 3D time-dependent Navier-Stokes equations for
the intake-type configuration studied experimentally by
Cooper and Hankey {19]. They used a series of rather
coarse meshes with the finest being made of 8x32x36
points. The mesh was conically expanding in the ax-
ial direction to reflect the quasiconical nature of the flow
observed experimentally. Despite the coarseness of the
grid, the essential flow features were correctly captured
as seen in Fig. 38 which shows a comparison of measured
and computed pitot pressure contours. The effect of grid
coarseness however shows up clearly in the smearing of
the wedge shock and of most of the flowfield details. Simi-
lar to the experimental results, the computed skin friction
pattern (Fig. 39) shows the presence of a primary and a
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Fig. 39: Computed [54] flat plate skin friction pattern

in intake configuration (6, = 15°, M, =
12.5) ‘

secondary separation. The extent of the secondary sepa-
ration is however not captured properly because of the ex-
cessive numerical dissipation due to the coarseness of the
grid. One also observes the nearly conical nature of the
computed flowfield. It should be kept in mind however
that the conical nature and the coarseness of the mesh
would prevent to capture properly moderate departures
from conicity as for example in the strong interaction re-
gion near the flat plate leading edge. Finally, Fig. 40
shows that the computed surface pressure distribution is
in excellent agreement with the experimental results, the
pressure peak at reattachment being perfectly captured
by the computation. Notice also the close resemblance of
this pressure distribution with the distribution measured
in recent VKI experiments (Fig. 27).

Later, Shang et al. [56] introduced a mixing length eddy
viscosity model and a transition model in their code and
computed West and Korkegi’s [16] corner flow configura-
tion with Re;, = 1.1105%. This corresponds to a transi-
tional flow case with the upstream region Re, < 0.510°
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Fig. 40: Comparison of measured {19] and com-

puted [54] pressure distribution on flat plate
in intake configuration (6, = 15°, Mo =
12.5)

being laminar and the downstream region turbulent. As
in the previous study, the mesh was conically expanding
in the axial direction with 17x33x33 points. The nu-
merical results nicely reproduced the experimental ob-
servations including the S-bend of the primary separa-
tion line due to the transition from laminar to turbulent
flow(Fig. 41). The outward displacement of the wave pat-
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Fig. 41: Computed [56] skin friction pattern in sym-

metric corner configuration (6 = 9.5°, Moo =
3.0), together with experimental [16] separa-
tion line

tern due to the extensive boundary layer separation in the
laminar flow region was also correctly simulated as seen
in Fig. 42 which compares the computed and measured
wave patterns in the laminar and turbulent flow regions.
The slip lines emanating from the triple points are also
seen to be well captured by the numerical solution.

At about the same period, Hung and MacCormack [57)
solved the 3D time-dependent Navier-Stokes equations
using the hybrid explicit/implicit scheme of MacCor-
mack [58] for a three-dimensional compression corner
configuration. The configuration was made out of a 2D
compression corner mounted normal to a flat plate. This
configuration is considerably more complex than the ones
considered in this paper as it involves both a 2D interac-
tion at the compression corner a.nd/ a.3D swept interaction
on the flat plate. No experimental data were available
for comparison. The same flow solver was later extended
to turbulent flows and used to study turbulent interac-
tions {59, 47]. These will be described in the companion
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Fig. 42: Cc;mparison of computed [56] and mea-
sured [16] wave patterns in symmetric corner
configuration (8§ = 9.5°, M = 3.0); (a) lam-

inar flow, (b) turbulent flow

paper by D. D. Knight which concerns the computation
of turbulent interactions.

Degrez [29, 30] solved the 3D time-dependent Navier-
Stokes equations using the implicit scheme of Beam and
Warming [60] for a fin-type configuration previously stud-
ied experimentally by the same author [28]. The Mach
number was 2.25, the shock generator was an unswept 6°
wedge and the Reynolds number based on the distance
between the wedge apex and the flat plate leading edge
was 1.0810°. A coarse (35x36x20) and a finer (65x49x25)
mesh were succesively used. Contrary to the calculations
of Shang et al. [54, 56], the meshes were not conically
expanding from the wedge apex but were rather gen-
erated by conformal mapping in the z — y plane. The
pressure contours on the plate surface (Fig. 43 - fine
mesh) confirm the quasiconical symmetry of the inter-
action, although some departures from conicity are ob-
served, namely a curving in of the outermost pressure
isolines and the development of a pressure trough when
progressing away from the wedge apex. This latter phe-
nomenon was also recently observed in the numerical
computation of a turbulent interaction by Panaras and
Stanewsky [5]. A quantitative comparison of computed
and measured pressure distributions on a line parallel to
the free stream at 5 cm from the wedge apex is shown
in Fig. 44. The fine mesh result is seen to be in quite
good agreement with the experimental data except for
the downstream pressure level, which is due to a differ-
ence in free stream Mach numbers between theory and
experiment, and for the presence of the pressure trough
around z = 15 cm. The computed skin friction patterns
are shown in Fig. 45-46 for respectively the coarse and
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Fig. 43: Computed [30] pressure contours on flat plate
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Fig. 44: Comparison of computed [30] and mea-

sured [28] pressure distribution on flat plate
(y = 5 cm) in fin-type configuration (§ = 6°,
Moo = 2.25, Re;, = 1.0810°)

fine meshes. Again, the pattern is nearly conical. Both
include a primary separation but the fine mesh results
also include a secondary separation. This is consistent
with the observation of a trough in the computed pressure
distribution (Fig. 44). Whether this is actually a physi-
cal phenomenon is not clear as a recent computation by
Hung [61] of the same flow configuration did not show the
presence of a secondary separation nor of a trough in the
wall pressure distribution (Fig. 47). Also, no secondary
separation was observed for & = 6° in the recent exper-
imental investigation of an intake-type configuration at
Mach 2 by Piepsz [34] described in section 4.

The quasiconical nature of swept shock wave/laminar
boundary layer interactions suggests that they may be
amenable to analysis using the conical Navier-Stokes
equations. Although supersonic inviscid flows over coni-
cal geometries are rigorously conical, this is not true for
viscous flows. For high Reynolds number flows though, it
was shown theoretically [62] and numerically [63] that the
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Rez = 1.08105), coarse mesh

conical Navier-Stokes equations represent a good approx-
imation of the real 3D equations. Such conical Navier-
Stokes computations were performed by Scriba [64] for
the corner flow configuration studied by Mdéllenstadt [25).
Although the overall flow patterns were in excellent
agreement (Fig. 48), there existed important quantita-
tive differences in the surface pressure and heat transfer
distributions. It is worth mentjoning that conical Navier-
Stokes computations were also performed for turbulent
interactions [65].

6 FINAL COMMENTS ABOUT THE
STRUCTURE OF SWEPT
SHOCK WAVE/LAMINAR BOUND-
ARY LAYER INTERACTIONS

It appears from the previous discussions that an essential
difference exists between corner flow configurations on
the one hand and intake and fin-type configurations on
the other. The former are dominated by the shock/shock
interaction which produces slip lines emanating from the
triple points (Fig. 9) whereas the latter are dominated
by the viscous/inviscid interaction produced at the im-
pingement of the shock wave with the boundary layer.
Details of the flow structure in this case are not com-
pletely known. For intake-type configurations, the plate
leading edge shock still intersects the wedge shock wave
at a triple point, producing a slip line as illustrated in
Figs. 6 and 8. but this cannot be a dominant feature
since the leading edge shock can be made as weak as de-
sired by reducing the hypersonic parameter or by moving
the flat plate leading edge upstream (for fin-type config-
urations).

The structure of turbulent interactions is far better
known [4] and might be used as a model for the structure
of laminar interactions. Let us thus examine briefly the
turbulent interaction flow structure. As shown by Alvi
and Settles [4], it is basically conical and can therefore be
represented in the spherical coordinate system centred at
the virtual conical origin as shown in Fig. 49 The turbu-
lent boundary layer separation is seen to induce a sepa-
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Fig. 46: Computed [30] flat plate skin friction pattern
in fin-type configuration (6§ = 6°, Moo = 2.25,
Rez, = 1.0810°), fine mesh
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Fig. 47  Comparison of computed [61, 30} and mea-
sured [28] pressure distribution on flat plate
(y = 5cm) in fin-type configuration (6 = 6°,
Moo = 2.25, Re,,, = 1.0810°)

ration shock which intersects the outer inviscid shock at
a triple point, producing a slip line. The pattern is seen
to be very similar to the corner flow pattern except that
the triple point is now produced by the separation shock
rather than by the wedge shock.

It is believed by the present author that this pattern does
not apply to laminar interactions for the following rea-
son : the thickening and separation of laminar boundary
layers is a much smoother phenomenon than for turbulent
boundary layers. The compression outboard of the invis-
cid shock wave is therefore much more likely to be spread
in a compression fan than concentrated in a separation
shock, as suggested in Fig. 9 taken from [7]. Such a wave
pattern at separation would in fact correspond to the be-
haviour at separation in 2D interactions as sketched in
Fig. 50. The interaction of a compression fan with the
outer inviscid shock wave would then produce a region of
varying entropy rather than a slip line. The remaining
of the flow structure, i.e. the vortical structure beneath
the shock leg exists also in laminar interactions but it has
been shown to be much more elongated than for turbu-
lent interactions because of the much greater extent of
laminar separation.
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Fig. 49: Swept shock wave/turbulent boundary layer
structure (after [4])

7 CONCLUSIONS

The experimental and numerical studies on swept shock
wave/laminar boundary layer interactions have been re-
viewed. Three classes of flow configurations were iden-
tified, named respectively fin-type, intake-type and cor-
ner configurations. Although the amount of experimen-
tal and computational results is much more limited than
for turbulent interactions, they nevertheless allow one to
draw the following conclusions :

o For all three types of configurations, the flow is of
quasiconical nature,

e For corner flows, the outer wave structure is essen-
tially the same as for turbulent flows but is displaced
outboard due to the extensive boundary layer sepa-
rations,

o All cases under review exhibited an extensive sepa-
ration of the upstream boundary layer which then
rolls up into an elongated vortex,

e This primary separation is accompanied most of the
time by a secondary separation and it has been shown
that in some instances higher order separations may
even be present,
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Fig. 50:  Structure of 2D incident shock wave/laminar
boundary layer interaction

e The free interaction concept which applies to turbu-
lent interactions has been shown to apply to laminar
interactions as well,

o Numerical results are in good agreement with the
experimental results but no numerical computation
so far has demonstrated a sufficient mesh resolution
to capture all flowfield details.

Some unanswered questions still remain, which indicate
the need for additional research.

o The outer wave structure of fin and intake-type con-
figurations is not yet fully understood. Additional
experimental/numerical investigations should clar-
ify this point,

o The existence of multiple separations should be con-
firmed and the circumstances in which they occur
should be identified,

e Departures from conicity should be further investi-
gated and analyzed,

e The effect of wall temperature, which is known to
be important for 2D interactions is completely un-
known for swept interactions,

e A comprehensive flowfield survey in a swept shock
wave/laminar boundary layer -interaction is badly
needed to serve as a benchmark for the validation of
3D Navier-Stokes solvers,

e New numerical computations should be carried out
with a demonstrated sufficient grid resolution in or-
der to capture the flowfield details, in particular sec-
ondary and possibly higher order separations.
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Numerical Simulation of
3-D Shock Wave Turbulent Boundary Layer Interactions

Doyle D. Knight
Department of Mechanical and Aerospace Engineering
Rutgers University - The State University of New Jersey

PO Box 909

Abstract

The paper assesses the capability for numerical
simulation of 3-D shock wave turbulent boun-
dary layer interactions. Specific configurations
examined include the sharp fin, blunt fin, cylin-
der/flare, swept compression corner and cros-
sing shock. Future needs in improved com-
putational methods, collaborative experimen-
tal/computational efforts and incorporation of
knowledge of flowfield structure into more effec-
tive designs are discussed.

1 Nomenclature

cy skin friction coefficient

Ch heat transfer coefficient

cp specific heat at constant pressure
k turbulence kinetic energy

k— e Jones-Launder turbulence model
M Mach number

P static pressure

Pp pitot pressure

Qw heat transfer at wall

RANS Reynolds-averaged Navier-Stokes
Re&,o PooUco 600/}‘00

Taw adiabatic wall temperature

Ty wall temperature

Uso freestream velocity

w separation between fins (crossing shock)
a fin angle (sharp fin)

cone angle of attack (cylinder-flare)
B conical angle (Appendix B)
) boundary layer thickness
¢ spherical angle (Appendix B)
P density
0 shock angle
00 evaluated in freestream

Piscataway NJ 08855-0909

2 Introduction

The interaction of shock waves and turbulent
boundary layers is a common phenomenon in
aerodynamics and aeropropulsion, and signifi-
cantly impacts the performance of aeronautical
systems. Shock wave turbulent boundary layer
interactions occur at wing- and tail-fuselage
junctures, deflection of control surfaces, high
speed inlets, transonic compressors, rotorcraft
and many other applications.

The objective of the paper is to review the sta-
tus of numerical simulation of 3-D shock wave-
turbulent boundary layer interactions (also de-
noted as “3-D turbulent interactions”). The pa-
per considers five fundamental 3-D turbulent in-
teractions, assesses the capability for prediction
of the flowfield through comparison with experi-
ment, and briefly describes the principal features
of the mean flowfield structure.

The focus of the paper is necessarily restricted
due to practical limitations. Several decisions,
admittedly a matter of personal taste, are re-
flected in the paper. First, the paper has been
deliberately restricted to 3-D flows. Certainly,
3-D turbulent interactions are far more common
in application than 2-D/axisymmetric turbulent
interactions. However, knowledge of 2-D tur-
bulent interactions is important to the under-
standing of 3-D turbulent interactions?, and re-
search in 2-D/axisymmetric turbulent interac-
tions bears some importance. Second, a lim-
ited number of 3-D configurations were selected
based on the availability of both experimental
and numerical results. To be sure, the selection

1E.g., the quasi-conical model of the sharp fin [1]is a
two dimensional model of an ostensibly three dimensional
flow.
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is not exhaustive, and other 3-D configurations
could be chosen with equal regard. In particular,
the selected configurations are all in the Mach
2 to 8 regime. There is a substantial body of
experimental and computational results on 3-D
transonic shock wave turbulent boundary layer
interactions, and their omission from this paper
is due simply to practical limitations. Third,
substantial effort has been made to provide an
appropriate representation of computed results
for the configurations chosen including extensive
use of the ATAA Aerospace Database and con-
sultation with colleagues. Any errors or other
inaccuracies are inadvertent and, of course, the
sole responsibility of this author. Fourth, since
the paper focuses on assessing the capability for
numerical simulation, it does not present a re-
view of all experiments for those configurations
selected. References [2], [3], [4] and [5] may be
consulted for further information. Finally, nu-
merical algorithms are not discussed. A rea-
soned consideration of numerical methods for 3-
D turbulent interactions alone would constitute
a separate paper. However, some discussion is
focused on the need for further research in nu-
merical methods for 3-D turbulent interactions.

3 Governing Equations

3.1 Reynolds-Averaged Equations

The Reynolds-averaged equations for conserva-
tion of mass, momentum and energy are (see
Appendix A),

0p Opiu
at + Oz =0
8pu;  Opugiy, _
at Oz, -
3p 8 T
_52_‘ e ( pu.-uk+‘r.k)

t Oz,
52—1@ (—CpPT"uZ - Qk) +
éi_k ( pu; ug it + il,-r,k)

where the Einstein summation convention is em-
ployed, and the overbar represents ensemble av-
eraging, i.e.,

_hm

Jim_ ~ Z f(V)

where f(*) are the individual realizations of the
variable f(z,y,2,t). The mass-averaged vari-
able f is defined as the density-weighted ensem-
ble average,

and the fluctuating variable f’ in the mass-
averaged expansion is

f'=f-f

Alternately, the fluctuating variable f in the
unweighted expansion is

(] -
f=Ff-f
In the above, § is the mean density, #; is the
mass-averaged velocity, p is the mean pressure,
and é is the mass-averaged total energy per unit
mass,

~=cuf‘+ Uit + k

[ S

where k is the mass-averaged turbulence kinetic
energy '

II II

1
pk = Zpy;

The equation of state is

P=PRT

The mean molecular viscous stress 7;; is

2 3uk6 St (3u,+6u,)

Ti; =

3% 5as 8z;  Oz;

where & = p(T). Similarly, the molecular heat
flux is

et 0T
Pr Oz,

where Pr is the molecular Prandtl number.
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3.2 Turbulence Models

Closure of the Reynolds-averaged Navier-Stokes
equations requires additional equations for the

"

turbulent stresses —pu;u, and turbulent heat

flux —cppT" uy, collectively denoted as the “tur-
bulent correlations”. Following Reynolds [6], a
taxonomy of turbulence closure models can be
described:

Zero Equation

The turbulent correlations are expressed in
terms of an eddy viscosity which is obtained
from the mean field (i.e., the velocity @, density
p and temperature T) and a prescribed physical
length scale which depends on the specific ge-
ometry of the problem. No additional partial
differential equations are employed (hence the
name “zero-equation”).

One Equation

One additional partial differential equation is
specified for a turbulence quantity (e.g., k). An
eddy viscosity is typically employed for the tur-
bulent correlations. A length scale is also pre-
scribed which is geometry dependent.

Two Equation

Two additional partial differential equations are
specified for two turbulence quantities (e.g., k
and the rate of dissipation of k). An eddy viscos-
ity is typically employed for the turbulent cor-
relations. No additional length scale is needed.

Reynolds Stress Equation
Partial differential equations are specified for the
components of the Reynolds stress —pu; u; . The

" on

turbulent heat flux —c,pT" u;, may be similarly
modeled using a partial differential equation, or
modeled using an turbulent eddy viscosity. No
additional length scale is needed.

Large Eddy Simulation

These simulations involve a time-dependent,
three-dimensional computation of the large-
eddy structure and a model for the small-scale
turbulent motions.

Direct Numerical Simulation

The direct numerical simulation involves the
computation of all scales in a turbulent flow.
These calculations are currently infeasible ex-
cept for low Reynolds numbers and relatively
simple geometries due to limitations on com-
puter resources.

3-3

Numerical simulations of 3-D shock wave-
turbulent boundary layer interaction have em-
ployed zero-, one- and two-equation turbulence
closure models. The principal reasons for this
trend have been simplicity and cost. It is reason-
able to assess first the capability of simple tur-
bulence models for the prediction of 3-D turbu-
lent interactions. Also, the more sophisticated
turbulence models (e.g., Reynolds Stress Equa-
tion) require substantially greater computer re-
sources than simpler models. As our knowl-
edge of the capabilities and limitations of var-
ious turbulence closure models improves, and
cost of computation decreases, the trend is to-
wards more sophisticated models of turbulence.

The development of turbulence models for mod-
erately compressible flows has been based on a
straightforward extension of their incompress-
ible counterparts, i.e., allowing the density to
be variable. The justification for this action is
Morkovin’s hypothesis [7]. For turbulent boun-
dary layers, Morkovin’s hypothesis states that
the turbulence structure is unaffected by com-
pressibility provided that the Mach number is
less than approximately 5 (i.e., non-hypersonic)
and the wall is adiabatic or near-adiabatic. A
detailed discussion of Morkovin’s hypothesis is
provided by Bradshaw [8].

The recent renewed interest in hypersonic flight
has focused attention on the need to understand
the effects of compressibility for hypersonic tur-
bulent boundary layers and supersonic shear lay-
ers, and the inadequacy of simple extensions of
incompressible turbulence models to these cases.
Perhaps the most widely cited example is the
supersonic free shear layer wherein the rate of
growth is significantly affected by compressibil-
ity [9].

In the following sections, the overscripts “ and ~
are omitted for clarity.

4 Results

A representative group of 3-D turbulent interac-
tions are reviewed in this section. The choices
are intended to be illustrative, and certainly do
not include all configurations studied. Also, the
selection reflects, to some extent, the interests
and research of the author. Nonetheless, the
specific examples manifest the general trends of
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Figure 1: Geometry of sharp fin

numerical simulation of 3-D turbulent interac-
tions.

4.1 Sharp Fin

The sharp fin geometry is a wedge attached
normal to a flat plate (Fig. 1) on which an
equilibrium turbulent boundary layer has devel-
oped. The wedge generates an oblique shock
wave which interacts with the boundary layer
on the flat plate. The flow parameters are the
Mach number M,,, Reynolds number Re;_, fin
angle a and wall temperature ratio T,/ Tg.w.

A representative group of computations of the
sharp fin are listed in Table 1, ordered by the
magnitude of the normal shock Mach number
M, = M, sinf as suggested by Alvi and Set-
tles [1] where M, is the freestream Mach num-
ber and @ is the shock angle. Equivalently, the
cases could be ordered on the basis of the invis-
cid pressure ratio

Py _ 29MZ-(y-1)
n 7T+1

where p; and p; are the static pressure up-
stream and downstream, respectively, of the in-
viscid shock. The computations have employed
a variety of zero-, one- and two-equation tur-
bulence models. While most of the calculations
employed the three-dimensional Reynolds Aver-
aged Navier-Stokes equations, the sharp fin has
also been computed using the conical Reynolds
Averaged Navier-Stokes equations based on the

observed conical behavior? of certain aspects of
the single fin interaction outside of an inception
region at the fin leading edge (see, for example,

refs. [10, 1, 11, 2, 5, 3, 12, 13)).

Table 1 Sharp Fin Computations

M, M, a Model Type Eqgns Ref

113 29 4  Esc 0 3D  [14]

B-L 0 3-D [15]

121 20 8  Esc 0 3-D [14]

1.36 29 10° Esc 0 3-D [14]

BL 0 3D [i5]

138 30 10° JL 2 3D  [16]

144 59 6 Esc 0 3D [17]

1.50 49 8 B-L 0 Con (18]

1.65 3.0 16° J-L 2 3-D [16]

182 29 20° B-L 0 3-D [19]

J-L 2 3-D (19]

B-L 0 3-D [20]

184 3.0 20° J-L 2 3-D (16]

188 40 16 BL 0 3D  [21]
JL 2 3D [21)[16]

199 59 12 Esc 0 3D  [17]

212 49 16° BL 0 Con  [18]

215 4.0 20° B-L 0 3-D (21]
JL 2 3D [21,16]

B-L 0 Con [12]

218 8.2 10° Rodi 2 3-D [22]

k-w 2 3D  [28]

B-L 0 3-D (23]

290 82 15° Rodi 2 3D  [22]

k—w 2 3-D [23]

Legend:
M, normal Mach number (= M, sin6)

My freestream Mach number

o fin angle

Model turbulence model

B-L Baldwin-Lomax model [24]

Esc Escudier model [25]

J-L Jones-Launder model {26)]

Rodi Rodi model [27]

k-—w k- w model [28]

Type type of turbulence model
(0 = Zero Equation, etc)

Eqns equations solved

3-D 3-D RANS equations

Con  conical RANS equations

2See Appendix 2 for definition of conical flow.
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Figure 2: Surface pressure for sharp fin at
M, = 2.9,a = 20°, Res,, = 9x10°

Many of the principal features of the surface
pressure are predicted with reasonable accu-
racy by all of the turbulence models exam-
ined. In Fig. 2, results are shown for M, =
1.82 (Mo = 2.9,a = 20°) for the Baldwin-
Lomax model (“Theory-Knight”) and the Jones-
Launder model (“Theory-Horstman”). The ab-
scissa is the streamwise distance measured from
the inviscid shock location at a spanwise dis-
tance 6.8§,, from the plane of symmetry. The
computed profiles are in close agreement with
the experimental data of Goodwin [29].

In Fig. 3, results are shown for M,, = 2.15
(Mo = 4.0,a = 20°) for the Baldwin-Lomax
model. The abscissa is the conical angle 8
(see Appendix 2). The computed profiles dis-
play general agreement with the experimental
data of Settles et al [10, 1, 11] with regards to
the peak corner pressure and plateau pressure.
However, the angle of the line of upstream influ-
ence, defined as the location of the inception of
the pressure rise, is underestimated by approx-
imately 10%, and the slight decrease in surface
pressure near 8 = 29° (which is associated with
secondary separation) is not predicted. Similar
results have been observed using the Baldwin-
Lomax model for other sharp fin cases (e.g.,

[30)).
In Fig. 4 results are shown for M, = 2.90
(My = 8.2,a = 15°) for the Jones-Launder

3-5

PIP_
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Computed : = 8.9 cm
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5.00 |
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Figure 3: Surface pressure for sharp fin at
M, = 4.0,a = 20°, Res,, = 2.2x10°
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Figure 4: Surface pressure for sharp fin at
M, = 8.2,a = 15°, Res = 1.9x10°

and Rodi models®. The abscissa is the span-
wise distance measured from the fin surface at
z = 4.96,. The agreement between the compu-
tation and experiment [31] is good. Similar close
agreement was obtained for the k—w model [23].

The pitot pressure and yaw angle profiles within
the interaction flowfield are predicted with rea-
sonable accuracy by all of the turbulence models
examined except close to the surface. The yaw
angle is defined as tan—!(w/u) where u and w

3Computations have also been performed for this con-
figuration using the Baldwin-Lomax model and the con-
ical RANS [22]. Recent results [23] suggest, however,
that the assumption of conical flow within the region
of experimental measurements is incorrect for this case,
and therefore the conical RANS computations using the
Baldwin-Lomax model are not presented herein.
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Figure 5: Pitot pressure for sharp fin at
M, = 2.9,a = 20°, Res_, = 9.0x10%
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Figure 6: Yaw angle for sharp fin at
My = 2.9,a = 20°, Res,, = 9.0x10°

are the velocity components in the z and z di-
rections, respectively (Fig. 1). In Fig. 5, com-
puted and experimental pitot pressure profiles
are shown for M,, = 1.82 (M, = 2.9,a = 20°).
Results are shown for the Baldwin-Lomax model
(“Theory-Knight”) and Jones-Launder model
(“Theory-Horstman”). The profile location is
immediately beneath the inviscid shock at a
spanwise location of 5.3 §,,. The agreement be-
tween the computations and experiment is gen-
erally good*. The minimum pitot pressure at
Y/bo = 0.5 is associated with the core of the
vortex generated by the shock boundary layer
interaction [19].

In Fig. 6, computed and experimental yaw angle

‘The differences in computed pitot pressure for
y/60 > 2 are associated with the shock capturing na-
ture of the numerical algorithms, as the profile location
coincides with the inviscid shock.

— ket
k-¢ (laminar on tin)
- Aod
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P | i Lt

X 20 30
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Figure 7: Pitot pressure for sharp fin at
My.= 8.2,a = 15°, Res_, = 1.9x10°

profiles are displayed at the same location as
Fig. 5. Except in the immediate vicinity of the
wall, the comparison between the computed and
experimental profiles is generally good. Near the
surface, typical differences of 10% are observed
between the computation and experiment, and
between the two computations themselvesS.

In Fig. 7, computed and experimental pitot
pressure profiles are shown for M, = 2.90
(M = 8.2,a = 15°) for the Jones-Launder and
Rodi models. The location is within the 3-D tur-
bulent interaction, and upstream of the inviscid
shock wave. The agreement with experiment is
good, and no significant difference is seen be-
tween the computations.

In Fig. 8, computed and experimental yaw angle
profiles are displayed at the same position. Gen-
erally, the computations show reasonable agree-
ment with experiment, except in the immedi-
ate vicinity of the surface where significant dis-
crepancies are evident. In particular, the Rodi
model overestimates the surface yaw angle by
17%, while the Jones-Launder model exceeds the
experimental value by 31%.

The principal features of the heat transfer dis-
tribution on the flat plate are predicted with
reasonable accuracy by the turbulence models
examined, although a detailed comparison dis-
plays significant discrepancies in some cases. In
Fig. 9, the computed and measured heat trans-
fer coeflicient ¢ on the flat plate, normalized by

5In the latter case, the differences are very close to
the surface and not readily visible in the figure.
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Figure 8: Yaw angle for sharp fin at
My = 8.2, = 15°, Res = 1.9x10°

O EXPERIMENTAL DATA
= PRESENT RESULTS ({ = 1.763)
M., = 8.90
R, = 07083 x 107
o =12°

Figure 9: Heat transfer for sharp fin at
M, =5.9,a=12° Res, = 1.3x10%

the upstream value ¢y, , are shown for M,, = 2.0
(My = 5.9,a = 12°). The computations em-
ployed the Escudier model. The abscissa is the
spanwise distance measured from the fin surface
and normalized by the spanwise distance be-
tween the fin and inviscid shock at the measure-
ment location. The computed profile displays
the general trend of the experimental data. The
peak heat transfer, a particularly important pa-
rameter in design, is accurately predicted. How-
ever, the computed cj overpredicts the experi-
ment within the region surrounding the inviscid
shock wave (y/y, = 1).

In Fig. 10, the computed and measured heat
transfer coefficient cj, normalized by the up-
stream value cy,, are displayed for M, = 2.12
(M = 4.92,a = 16°). The computations em-

37
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Figure 10: Heat transfer for sharp fin at
M., =5.0,a=16° Res = 2.4x10°
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Figure 11: Heat transfer for sharp fin at
My = 4.0, = 20°, Res,, = 2.0x10°

ployed the Baldwin-Lomax model and the coni-
cal RANS. The abscissa is the polar angle 3 (see
Appendix 2). The computed profile displays the
general trend of the experimental data, and pre-
dicts the peak c; within 15%; however, the ini-
tial increase in ¢ near the line of upstream in-
fluence at B = 43° is not observed in the com-
putations.

In Fig. 11, the computed and measured cj, nor-
malized by the upstream value cp,, are shown
for M, = 2.15 (M, = 4.0, @ = 20°). Results
are shown for the Jones-Launder model. The
abscissa is the polar angle 8 (see Appendix 2),
and the results are shown at a radial distance
of 316, from the fin leading edge. The com-
puted profile displays the general trend of the
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Figure 12: Heat transfer for sharp fin at
My = 8.2,a = 15°, Res_, = 9x10°

experimental data and accurately estimates the
peak value of cp; however, the location of the
computed peak cp differs from the experiment
by 10% in 8, and the computed ¢, significantly
underestimates the experiment near the corner.
The small drop in cj, in the vicinity of the sec-
ondary separation line at 8 = 40° is not ob-
served in the computation.

In Fig. 12, the computed and measured wall
heat transfer ¢,, normalized by the upstream
wall heat transfer ¢,,_, is displayed for M,, = 2.9
(Mo = 8.2, = 15°). Results are shown for the
Jones-Launder and Rodi models. The abscissa is
the spanwise distance measured from the fin sur-
face at the experimental measurement location
z = 4.56,. The computed profiles display the
general trend of the experiment; however, the
peak heat transfer coefficient is overestimated
by 48%.

In Fig. 13, the computed and measured wall
heat is shown for the same conditions as Fig. 12
for the k — w model. The computed profiles ex-
hibit similar trends as the experiment. The peak
heat transfer is predicted within 10%; however,
differences elsewhere as large as 40% are evident
elsewhere.

The principal features of the skin friction distri-
bution on the flat plate are predicted with a level
of accuracy similar to the surface heat transfer.
In Fig. 14, the computed and measured skin
friction coefficient ¢y on the flat plate are shown
for M, = 1.88 (M, = 4,a = 16°). Results

8 v — v
r * 18 FIN EXP DATA

t ~— 81x41x81. K=w mod
[ —=— 61x41x81, K-~w

——= 31x21x31, K~w mod]
----- 31x21x31, K-w

/e

0.00 0.02 0.04 Q.08 0.08 0.10 9.12
zZ - x tanx (m)

Figure 13: Heat transfer for sharp fin at
M, = 8.2,a = 15°, Res,, = 9x10°
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Figure 14: Skin friction for sharp fin at
My = 4.0,a = 16°, Res,, = 2.0x10°

are shown for the Baldwin-Lomax model. The
abscissa is the polar angle 8 (see Appendix 2),
and the results are shown at a radial distance of
30600 from the fin leading edge. The computed
profile displays the basic trend of the experimen-
tal data; however, the peak ¢y is underestimated
by 22%. The small drop in ¢y associated with
the secondary separation line at 8 = 32.5° is not
observed in the computation.

In Fig. 15, the computed and measured c; are
shown for M,, = 2.18 (M, = 8.2, a = 10°). Re-
sults are presented for the Jones-Launder model.
The abscissa is the spanwise distance measured
from the fin surface at z = 4.26,. The com-
puted profiles display good agreement with ex-
periment; in particular, the peak ¢y is predicted
within the experimental uncertainty.

In Fig. 16, the computed and measured ¢y are
shown for M,, = 2.9 (Mo = 8.2, = 15°). Re-
sults are presented for the Jones-Launder and
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Figure 15: Skin friction for sharp fin at
M, = 8.2,a = 10°, Res, = 1.9x10°
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Figure 16: Skin friction for sharp fin at
M, = 8.2,a = 15°, Res,, = 1.9x10°

Rodi models. The abscissa is the spanwise dis-
tance measured from the fin surface at 2z =
4.26,. The computed profiles again display
good agreement with experiment, and predict
the peak c; within the experimental uncertainty.

In Fig. 17, the computed and measured skin
friction is shown for the same conditions as Fig.
16 for the k — w model. The computed profiles
exhibit similar trends as the experiment. The
skin friction is predicted within the experimental
uncertainty.

The results described above indicate that the
computed pitot pressure and yaw angle are rela-
tively insensitive to the particular choice of tur-
bulence model, except in the immediate vicin-
ity of the surface. Similarly, the computed sur-
face pressure is insensitive to the turbulence
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Figure 18: Turbulent eddy viscosity for sharp
fin at M, = 3.0, Res = 9.0x10°%, a = 20°

model. A detailed comparison of the computed
turbulent eddy viscosity was conducted for M,
= 1.84 (M, = 3,a = 20°). An example is
shown in Fig. 18 at z = 11§, at a span-
wise distance of 68,, from the fin which corre-
sponds to a location within the 3-D interaction.
The computed eddy viscosities for the Baldwin-
Lomax (denoted “Knight”) and Jones-Launder
(denoted “Horstman”) models differ by as much
as a factor of 14, while the computed pitot pres-
sure, yaw angle and pitch angle® profiles agree
to within a few percent except very close to sur-
face (i.e., within approximately the lowest 10%
of the boundary layer) [19].

These results indicate that the flowfield is pre-
dominantly rotational and inviscid, except in a
thin region” adjacent to the flat plate. This
result is conceptually similar to the triple-deck

®The pitch angle is defined as tan™'(v/vu? + w?),
and represents the angle of the mean velocity vector mea-
sured vertically from the flat plate.

"Ie., thin compared to the upstream boundary layer

thickness 6o0.
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Figure 19: Quasi-conical flowfield model for sin-
gle fin [1]

theory developed for interacting boundary lay-
ers (e.g., Stewartson [32]) and extended to non-
separated 3-D shock wave-turbulent boundary
layer interactions by Inger [33, 34, 35]. The
first region (“deck”) is immediately adjacent to
the flat plate. In this region, the flow dynam-
ics are governed by both viscous and inviscid
effects. The turbulent stresses and heat trans-
fer (and hence, the turbulence model) are im-
portant to the flow physics. The second region,
immediately above the first deck, is rotational
and inviscid to a first approximation, i.e., tur-
bulent stresses and heat transfer are higher or-
der effects. This region comprises most of the
boundary layer®. The third region is the two-
dimensijonal inviscid, irrotational wedge flow.

These observations imply that the turbulence
model is important for the prediction of surface
skin friction and heat transfer. The majority of
the computed flowfield, however, is relatively in-
sensitive to the turbulence model provided the
proper upstream boundary layer profile is pre-
scribed.

The mean flowfield has been found in both ex-
periment and computation to be quasi-conical
outside an inception region near the fin leading
edge (see, for example, refs. [10, 1, 11, 2, 5, 3,
12, 13]). This allows a substantial simplifica-
tion in the description of the flowfield structure

81t is difficult to prescribe a precise definition of the
local boundary layer thickness in a 3-D turbulent interac-
tion. Nonetheless, it is possible to envision the boundary
layer region for the 3-D single fin as the domain wherein
the flowfield differs significantly from the 2-D inviscid
wedge flow.
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Figure 20: Entrainment into vortex for sharp fin

for strong interactions as shown in Fig. 19. The
main shock bifurcates into a separation and rear
shock. A portion of the incoming flow is en-
trained into the vortex (Fig. 20). The level of
entrainment depends on M,,. The incoming flow
originating above the entrainment surface flows
over the vortex and attaches obliquely on the flat
plate, causing enhanced skin friction and heat
transfer. The wave structure associated with
the attaching flow includes compression by the
separation and rear shocks, expansion over the
leeside of the vortex, and recompression near the
flat plate.

4.2 Blunt Fin

The blunt fin geometry is a fin of constant thick-
ness with rounded leading edge, and attached
normal to a flat plate (Fig. 21) on which an
equilibrium turbulent boundary layer has devel-
oped. The blunt leading edge generates a shock
wave which interacts with the boundary layer on
the flat plate. The flow parameters are the Mach
number M,,, Reynolds number Res_, ratio of
boundary layer thickness §,, to leading edge di-
ameter D, and wall temperature ratio T,/ Tq,,.

The computations of the blunt fin are listed in
Table 2. Computations have been performed for
M, = 2.95 and 3.71 at Reynolds numbers from
Res,, = 0.8x10°% to 9x10% and approximately
adiabatic wall temperatures. The only turbu-
lence model employed is Baldwin-Lomax.
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Figure 21: Geometry for blunt fin

Table 2 Blunt Fin Computations

My 60/D Res, Model Type Ref
2.95 0.10 0.8x10° B-L 0 [36]
0.26 2.1x10° B-L 0 (36]
1.00 8.0x10° B-L 0 [36]
3.71 1.00 4.3x10° B-L 0 (37]
Legend:
M,  freestream Mach number

800 boundary layer thickness

D diameter of fin leading edge

Model turbulence model

B-L. Baldwin-Lomax model [24]

Type type of turbulence model
(0 = Zero Equation, etc)

The computed surface pressure shows good
agreement with experiment. The computed
pressure on the fin surface for Mo, = 2.95 and
80/D = 1.0 is shown in Fig. 22 at ¢ = 0° and
45°, where ¢ is the polar angle measured from
the leading edge of the blunt fin. The ordinate
is the distance normal to the flat plate, and the
abscissa is the surface static pressure normalized
by the total pressure p;, behind a normal shock
at the freestream Mach number. Overall, there
is close agreement between the computation and
experiment. The peak pressure at 2/D ~ 1.2 is
due to the supersonic jet formed by the Edney
Type IV interference associated with the inter-
section of the separation shock (Fig. 23) and
bow shock [38], although no such supersonic re-
gion was observed in the computation due pos-
sibly to inadequate grid resolution.
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Figure 26: Geometry for cylinder/flare

The surface pressure on the symmetry plane
(Fig. 24) shows similar close agreement between
computation and experiment. It is known, how-
ever, that the separation shock wave is unsteady
with substantial motion on the scale of the fin
diameter D [39, 40], and thus the upstream por-
tion of the mean experimental surface pressure
distribution represents the average signal associ-
ated with a moving shock. Since D may be large
or comparable to 6., the Reynolds-averaged
Navier-Stokes equations may be formally capa-
ble of resolving the unsteady shock motion pro-
vided the effects of turbulence are properly mod-
eled and sufficient grid resolution is employed.
To date, computations of the blunt fin have been
found to be steady. This discrepancy may be at-
tributable to inadequate grid refinement and/or
inaccuracies in the turbulence model. The sur-
face pressure at y/D = 1, 2, 3 and 4, shown in
Fig. 25, show similar close agreement between
computation and experiment.

4.3 Cylinder/Flare

The asymmetric cylinder/flare geometry, shown
in Fig. 26, is a cylinder and a frustum of a
cone (flare) whose centerline is offset relative to
the cylinder axis. The cone generates a three-
dimensional shock wave which interacts with the
boundary layer on the cylinder. The flow pa-
rameters are the Mach number M,,, Reynolds
number Res_ , cone half-angle 3, cone angle of
attack a and wall temperature ratio Ty /Tgy.

The computations of the cylinder/flare are listed
in Table 3. A single study of the asymmetric
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cylinder/flare has been performed [41, 42, 43]
at M, = 2.85, Res, = 1.8x10°% 8 = 30°,
a = 5° and 10°, and approximately adiabatic
wall conditions. The computations employed
the Jones-Launder turbulence model with the
Viegas-Rubesin wall functions [44].

Table 3 Cylinder/Flare Computations

M, a B Model Type Ref
2.8 5° 30° J-L 2 (42, 43]
10° 30° J-L 2 (42, 43)
Legend:
M,  freestream Mach number

a cone angle of attack

B cone half-angle

Model turbulence model

J-L  Jones-Launder model [26]
type of turbulence model
(0 = Zero Equation, etc)

The basic flow structure on the windward plane
of symmetry is shown in Fig. 27. The flare de-
flects the flow by an angle a+ 3 through a shock
system. Within the neighborhood of the boun-
dary layer, a bifurcated shock is formed whose
upstream and downstream segments are denoted
the separation and reattachment shocks. The
adverse pressure gradient associated with the
shock system causes separation of the turbulent
boundary layer and formation of a recirculation
vortex. High speed shadowgraph movies syn-
chronized with wall pressure measurements have
demonstrated that the entire shock system is un-
steady with streamwise excursions on the order
of 6, which increase in amplitude with increas-
ing a. Therefore, the flow structure in Fig. 27
represent an instantaneous image.

The computed and experimental mean surface
pressure on the windward symmetry plane are
displayed in Fig. 28 for a = 5° and 10°. The up-
stream influence point (i.e., the location of the
initial rise in surface pressure) is underpredicted
by 1.16., and 1.26,, for a = 5° and 10°, respec-
tively. The experimental surface pressure distri-
bution represents the time average of a pressure
signal caused by a shock system moving on the
scale of the mean flow (i.e., §c). The computed
flowfield flowfield was found to be steady, in
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Figure 27: Flowfield for cylinder/flare

contrast to the experiment, and therefore close
agreement with the experimental surface pres-
sure in the vicinity of the upstream influence
point is not expected. The computed profile
overestimates the plateau pressure by typically
15% to 20%. The rapid pressure rise down-
stream of the corner (z > 0) is accurately pre-
dicted.

The mean velocity profiles in the z— direction
are not accurately predicted. The computed and
measured mean velocity are displayed in Fig. 29
for a = 10°. In the vicinity of the upstream
limit of the surface pressure plateau region (e.g.,
z = —3.0 and —2.5 cm), significant differences
are evident. These may be attributable to the
lack of unsteadiness in the computed shock sys-
tem. Downstream of the corner (z > 0), the cal-
culated profiles show substantial disagreement
with experiment.

The turbulence kinetic energy k profiles are also
inaccurately predicted. The computed and mea-
sured k are shown in Fig. 30 for a = 10°. The
calculated profiles differ substantially from the
experiment at all locations within the interac-
tion.

In summary, the computed flowfield displays sig-
nificant differences with experiment. The most
important defect in the numerical simulation
may well be the absence of unsteadiness in the
computed shock system. Since the scale of the
unsteadiness (= 18,,) is comparable to overall
size of the interaction (= 86 ), a substantial
fraction of the experimental flowfield may ar-
guably be regarded as strongly influenced by the
shock unsteadiness. Further research is needed
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Figure 28: Surface pressure for cylinder/flare
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Figure 29: Velocity for cylinder/flare
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Figure 30: Turbulence kinetic energy for cy;lin-
der/flare
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Figure 31: Geometry for swept compression cor-
ner

to improve the accuracy of the numerical simu-
lation.

4.4 Swept Compression Corner

The swept compression corner geometry, shown
in Fig. 31, is a compression corner swept down-
stream. The compression corner generates a
shock wave which interacts with the boundary
layer on the flat plate. There is a symmetry
plane at the apex of the swept corner (z = 0).
The flow parameters are the Mach number M,
Reynolds number Res,, compression angle a
measured in the streamwise z—y plane, sweep an-
gle A, and wall temperature ratio Ty, /T,,. The
sharp fin is the limiting case a = 90°.

The computations of the swept compression cor-
ner are listed in Table 4. All computations
known to the author have been performed for
My = 2.95. The Reynolds numbers vary from
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Res,. = 1.4x10° to 9x10%. The wall temperature
is approximately adiabatic.

Table 4 Swept Compression
Corner Computations
M, =2.95

a A Model Type Ref
24° 40° C-S 0 [45, 46]
J-L 2 (45, 46]
(47, 48]
B-L 0 (47, 48]
24° 60° B-L 0 (48, 49)
J-L 2 (48, 49]
30° 60° B-L 0 [50]
5°—> 24° 0—-60° J-L 2 [51]
Legend:
M, freestream Mach number
a compression angle
A sweep angle

Model turbulence model

B-L  Baldwin-Lomax model [24]

C-S  Cebeci-Smith model [52]

J-L.  Jones-Launder model [26]

Type type of turbulence model
(0 = Zero Equation, etc)

There is general agreement between the com-
puted and experimental surface pressure. In
Figs. 32, results are shown for M, = 2.95,
a = 24° and A = 40°. The abscissa is the
streamwise distance measured from the corner
line Zcorner = ztanA. Results are shown at a
spanwise location 2/8,, = 10. The computa-
tions employed the Cebeci-Smith model (Case
3), Jones-Launder model integrated to the wall
(Case 4) and Baldwin-Lomax model (Case 5).
The computed profiles using all three turbu-
lence models are in general agreement with ex-
periment. (No experimental data was available
downstream of the corner line). Except in the
immediate vicinity of the line of upstream in-
fluence (i.e., the location of the initial pres-
sure rise), the calculated pressure for all cases
is within 14% of the experiment. The Baldwin-
Lomax model underestimates the upstream in-
fluence, but predicts the level of pressure plateau
with greater accuracy. The Cebeci-Smith and
Jones-Launder models agree more closely with
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Figure 32: Surface pressure for swept compres-
sion corner for a = 20° and A = 40°
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Figure 33: Surface pressure for swept compres-
sion corner for a = 20° and X = 60°

the experimental upstream influence line, but
overestimate the plateau pressure.

In Fig. 33, results are shown for a = 24°
and A = 60° at a spanwise location z/8, =
7.85. The computations employed the Baldwin-
Lomax model (Case 1) and Jones-Launder
model with the Viegas-Rubesin [44] wall func-
tions (Case 2). The computed profiles using
both turbulence models display good agreement
with experiment. Notwithstanding the underes-
timate of the upstream influence line, the com-
puted surface pressure agrees with experiment
to within 10%.

The pitot pressure is predicted with reasonable
accuracy by all turbulence models examined.
The computed and experimental pitot pressure
for Mo, = 2.95, a = 24°, and X = 40° are
displayed in Figs. 34 to 36 at z = 78, and
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Figure 40: Skin friction lines for swept compres-
sion corner

z — ztan\ = 0.48,,2.60,, and 6.04,,, respec-
tively. The first profile (z — ztan X = 0.48y) is
located approximately at the corner line. The
second profile (z — ztanA = 2.68.,) is located
near the line of divergence (line of attachment)
on the compression surface. The third profile
(z — ztan X = 6.00) is located far downstream
of the corner interaction. The computed pro-
files display general agreement with the exper-
iment, and exhibit minor differences associated
with the specific turbulence model.

The yaw angle is similarly predicted with rea-
sonable accuracy. Computed and experimental
profiles are displayed in Figs. 37 to 39 for the
same flow conditions and locations as the pitot
pressure. At z — ztan )\ = 0.46, the computed
profiles overestimate the yaw angle by as much
as 20°; however, the computed yaw angle near
the surface agrees with the experiment to within
10%. Near the line of divergence (Fig. 38) and
downstream of the corner (Fig. 39), all models
predict the yaw angle within the experimental
uncertainty. Except within the lowest 10% of
the boundary layer where the computed yaw an-
gles differ typically by 10%, the calculated pro-
files are virtually identical.

The computed skin friction lines for My, = 2.95,
a = 24°, and A = 60° using the Baldwin-Lomax
model are displayed in Fig. 40. A line of coales-
cence (line of separation in the sense of Lighthill
(53]) forms upstream of the corner. The angle
of the computed line of coalescence, measured
relative to the spanwise coordinate direction, is
approximately 10% greater than the experimen-
tal surface flow visualization [47], implying that
the computed extent of upstream influence is
smaller than observed in the experiment. This

3-17

Line of coalescence

Figure 41: Streamlines for swept compression
corner

observation is consistent with the results for sur-
face pressure (Figs. 32 and 33). The line of di-
vergence (line of attachment) is located on the
compression surface.

The general agreement between the computa-
tion and experiment permits determination of
the flowfield structure using the calculated flow-
fields. A series of computed mean streamlines
are shown in Fig. 41 for My, = 2.95, a = 24°,
and A = 60°. The two families of streamlines
originate at y/8,, = 0.2 and 0.8 at z — ztan =
~12.26,,. The streamlines originating at y/8.
= 0.2 are entrained into a vortex whose axis is
approximately aligned with the corner line. The
streamlines originating at y/é., = 0.8 move over
the vortex and continue downstream over the
compression ramp. A similar structure is ob-
served at a = 24° and \ = 40°.

The general mean streamline model, deduced
from the computations, is shown in Fig. 42. The
principal feature is a large vortex approximately
coincident with the corner line. A three di-
mensional surface of separation originates from
the line of separation and spirals into the core
of the vortex. The streamlines in this surface
are strongly skewed in the spanwise direction.
Another three dimensional surface, originating
within the upstream boundary layer, intersects
the compression surface at the line of attach-
ment. This surface marks the extent of the flow
entrained into the vortex. Within the upstream
boundary, fluid beneath this surface is entrained
into the vortex, while fluid above this surface
passes over the vortex and up the compression
ramp. The general features of the streamline
structure is similar to the 3-D single fin (Fig.
20).
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sion corner

The nature and extent of the computed entrain-
ment of the incoming boundary layer into the
vortex is dependent on M, a and A. For
My, = 2.95, the height of the computed entrain-
ment surface is shown in Fig. 43 for (a,\) =
(24°,40°) and (24°,60°) at Res,, = 8x10% and
9x10%, respectively. The ordinate is the height
of the entrainment surface measured within the
undisturbed boundary layer, and the abscissa
is the spanwise location. Two lines are shown
for each case representing the lower and upper
estimates of the height of the entrainment sur-
face [48]. For the (24°,40°) case, the height
appears to asymptote y/8. = 0.15, while for
(24°,60°) the height continues to increase in an
approximately linear manner. However, the lim-
ited spanwise extent of the computations does
not permit a definitive statement concerning the
asymptotic behavior at large spanwise distances.

A computational study of the contributions of
inviscid and viscous effects to the evolution of
the mean kinetic energy was performed [54] for
My = 2.95, a = 24°, and A = 40°, The results
suggest that the flow is principally rotational
and inviscid throughout the boundary layer ex-
cept within a thin layer adjacent to the surface
and in an isolated region near the corner.

4.5 Crossing Shock

The crossing shock geometry is two wedges at-
tached normal to a flat plate (Fig. 44) on which
an equilibrium turbulent boundary layer has de-

-
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Figure 44: Geometry of crossing shock

veloped. The two wedges generate intersecting
shock waves which interact with the boundary
layer on the flat plate. The geometry is a nat-
ural extension of the single sharp fin (Fig. 1).
The flow parameters are the Mach number M,
Reynolds number Re;,, fin angles (o, az), fin
leading edge separation ratio W/§.,, and wall
temperature ratio T,/ Tg.-

The computations of the crossing shock are
listed in Table 5, ordered by the magnitude of
the inviscid shock pressure ratio ps/p;, where
p1 and p3 are the static pressure upstream and
downstream of the shock intersection, respec-
tively. All computations are for symmetric
shocks (a1 = az).
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Figure 45: Surface pressure for crossing shock
at Mo, = 3.0,a = 11°, Res, = 2.6x10° for ex-
periment

Table 5 Crossing Shock Computations

p3/;m Msw a Model Type Ref
1.7 1.85 5° B-L 0 [65]
2.6 35 6° B-L 0 (56]
3.0 4.0 6° B-L 0 (56]
34 295 9° B-L 0 (57, 58]
4.2 295 11° B-L 0 [57, 59, 58]
J-L 2 [59]
4.6 35 10° B-L 0 [56]
10.2 40 15° B-L 0 (60]
19.2 83 10° B-L 0 [61)
44.1 83 15° B-L 0 [62]
Rodi 2 (62]
Legend:
p3/m inviscid pressure ratio across
crossing shocks
M. freestream Mach number

a fin angle

Model  turbulence model

B-L Baldwin-Lomax model [24]
J-L Jones-Launder model [26]
Rodi Rodi model [27]

Type type of turbulence model

(0 = Zero Equation, etc)

There is general agreement between the com-
puted and measured surface pressure for all of
the turbulence models examined. In Figs. 45,
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Figure 46: Surface pressure for crossing shock
at Moo = 3.0,a = 11°,Res, = 2.6x10° for
Baldwin-Lomax model

46 and 47 results are shown for M, = 2.95,

= 11°, W/é, = 39 for experiment and com-
putations using the Baldwin-Lomax and Jones-
Launder models. The extent of upstream in-
fluence is moderately underestimated by both
turbulence models, and the computed spanwise
pressure distribution near the outflow boundary
(2 =4764) exhibits differences with the experi-
ment.

The pressure distributions on two streamwise
cuts are shown in Figs. 48 and 49 correspond-
ing to the centerline (z = 0) and off-centerline
(2=3.816 ) locations, respectively. Differences
of typically 15% between the Baldwin-Lomax
and Jones-Launder computations are observed.
The computed surface pressure on the center-
line underestimates the upstream influence, and
overestimates the pressure downstream of the
approximate plateau region.

In Fig. 50, results are displayed for M., = 8.3,
a = 15°, W/é = 4.7 for the Baldwin-Lomax
and Rodi models corresponding to the geometry
shown in Fig. 51. Both computations show close
agreement®. The peak pressure is predicted by
both models within 20%, and is substantially

®Except for /60 > 9. In this region, the difference
may be attributable to the absence of separation, in the
computation using the Rodi model, for the sidewall (fin)
shock-boundary layer interaction. This interaction in-
volves a reflected shock which emanates from the inter-
section of the two incident shock waves.
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Figure 47: Surface pressure for crossing shock at
My, = 3.0,a = 11°, Res,, = 2.6x10% for Jones-
Launder model
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at M, = 3.0,a = 11°, Re;s,, = 2.6x10°
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Figure 49: Surface pressure for crossing shock
at Mo, = 3.0,a = 11°, Res_, = 2.6x105,
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Figure 50: Surface pressure for crossing shock
at Mo, = 8.3,a = 15°, Res_, = 1.7x10°

Outflow duct
(in computation)

TOP VIEW (not to scale)

lee—L: =203 cm —f
L, =40.7cm _!
Le=50.7cm
!‘ L=657cm
Surface ure measurcments,
T/ =56 692 831 L e yaw angle survey
N
i b
TOP VIEW (not 10 scale) Location a; by e}
HE
HEREY
-
HE
HEE
N
(R
Flow

v
e
7.78 Surface heat ransfer measurements

Figure 51: Geometry for crossing shock at Mach
8.3 and location of measurements. The boun-
dary layer thickness §,, = 3.25 cm.
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Figure 52: Surface pressure for crossing shock
at My = 8.3,a = 15°, Res, = 1.7x10°

below the theoretical (inviscid) value due the
combined effects of the shock wave-turbulent
boundary layer interaction and the expansion
fan originating from the change in slope of the
fin surface. In Fig. 52, computed and exper-
imental surface pressure are shown (bottom to
top) at z/6. = 5.6, 6.92 and 8.31 (see Fig. 51
for the relative location of the measurements).
The computed profiles agree generally with the
experiment.

The pitot pressure is predicted with reasonable
accuracy for Mo, = 8.3, a = 15°, W/b =
4.7 using the Baldwin-Lomax and Rodi mod-
els. Figs. 53 and 54 display the experimen-
tal and computed results for p,/p,, using the
Baldwin-Lomax and Rodi models, respectively,
at 2 = 5.66,,. Figs. 55 and 56 show the corre-
sponding results at 2 = 8.38,,. The computa-
tions display general agreement with the experi-
ment. The formation of a large low p, region on
the centerline near the flat plate is evident. This
structure corresponds to a low total pressure jet
comprising two counter-rotating vortices.

The yaw angle is similarly predicted with rea-
sonable accuracy for My, = 8.3, a = 15°, W/é
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Figure 53: Pitot pressure for crossing shock at
M, = 83,a = 15° Res, = 1.7x10%, z =
5.60.,, Baldwin-Lomax model
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Figure 54: Pitot pressure for crossing shock at

M, = 83,a = 15° Res,, = 1.7x10%, z =
5.68,,, Rodi model
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Figure 55: Pitot pressure for crossing shock at
M, = 83,a = 15° Res, = 1.7x10%, = =
8.365,, Baldwin-Lomax model
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Figure 58: Heat transfer for crossing shock at
M, = 8.3,a = 15° Res = 1.7x10°

Figure 56: Pitot pressure for crossing shock at
M, = 83,0 = 15°, Res,, = 1.7x10%, z = = 4.7 using the Baldwin-Lomax and Rodi mod-

8.36o, Rodi model els. In Fig. 57, results are shown for the
Baldwin-Lomax and Rodi models at z/8., = 5.6
for four spanwise locations a) to d) of z/8,, =
-0.65, -0.49, -0.33 and -0.16, respectively, and
at /8, = 6.9 for three spanwise locations a)
to ¢) of z/8,, = -0.48, -0.32, and -0.15, respec-
tively. The computations show close agreement
with each other, and general agreement with the
experiment.

€31

e

The predictions of surface heat transfer show
substantial disagreement with experiment. In
Fig. 58 and 59, results are shown using the
Baldwin-Lomax and Rodi models for M, =
8.3, a = 15°, W/, = 4.7. The centerline
e e Yaw (deg) results display general agreement with experi-
ment, although significantly overestimating the
o heat transfer in the initial stages of the inter-
action (/6. = 3.5 to 5.0). The off-centerline
predictions are substantially in error (Fig. 59)
and overestimate the heat transfer up to 85%.

The results described above indicate that the
computed surface pressure, pitot pressure and
yaw angle are relatively insensitive to the spe-
P I ) o e D Yaw (deg.) cific turbulence model, similar to the observa-
N °E;;:":m _i_‘j_:d:m_;m: mw_:b: o tions for the sharp fin. In contrast, the com-
puted surface heat transfer is affected more sig-

nificantly by the choice of the turbulence model.

A detailed comparison of the computed eddy

Figure 57: Yaw angle for crossing shock at viscosity was performed for .M°° = 8'?’ a= 15
M., =8.3,a = 15° Res_ = 1.7x10%, z = 5.66., W/éoo = 4.7. An example is shown in F::g. (?0.
anjdo 6.96 ’ 700 The computed peak values of the eddy viscosity
e differ by a factor of seven, while at the same lo-
cation the pitot pressure and yaw angle profiles
are in reasonable agreement (e.g., the yaw angle
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Figure 59: Heat transfer for crossing shock at
M, = 83,a = 15°, Res,, = 1.7x10°% z/6, =
5.08,6.4 and 7.8 '
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Figure 60: Eddy viscosity for crossing shock at
My = 83,a = 15°, Res,, = 1.7x10%, 2/65 =
5.6,2/6 = —0.65

profiles agree within 8% as indicated in Fig. 57)
except within a thin region adjacent to the sur-
face (i.e., within approximately the lowest 10%
of the boundary layer).

These results imply that the flowfield is domi-
nantly rotational and inviscid, except within a
thin region adjacent to the flat plate. This result
is similar to the observation for the sharp fin.
Similar implications regarding turbulence mod-
eling follow. Specifically, the turbulence model
has a significant effect on the computed surface
heat transfer'?. The majority of the flowfield is
rotational and inviscid, to a first approximation,
and hence insensitive to the turbulence model
employed.

The computed and experimental results can be
employed to develop a model of the streamline
and wave structure of the crossing shock interac-
tion. The computed shock structure of the cros-
sing shock interaction at My, = 8.3, a = 15°,
W/6s = 4.7 is shown in Fig. 61. Near the lead-
ing edge of the fins, the flowfield is comprised
of two single fin interactions which are charac-
terized by a classic A-shock [1]. The individ-
ual components of the A-shock are the inviscid
shock ’1’, separation shock ’2’ and rear shock
'8’ (Fig. 61a). The separation shocks intersect,
forming a reflected shock with two segments ’4a’
and ’4b’ (Fig. 61b). The “bridging” segment

1014 is anticipated that the computed surface skin fric-
tion would also be sensitive to the particular turbu-
lence model employed, although no comparisons have
been published for the crossing shock. Measurements of
skin friction have recently been obtained for the Mach 4,
a = 15° crossing shock [63] and comparison with previ-
ous computations [60] is in progress.
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Figure 61: Shock structure for crossing shock at ~ Figure 62: Streamline structure for crossing
My, = 8.3, Res,, = 1.7x10%, a = 15° shock at My, = 8.3, Res,, = 1.7x10%, a = 15°
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’4a’ rises with increasing downstream distance.
The remaining segment ’4b’ moves towards the
fins and interacts with the rear segment ’3’ of
the original A shock, forming a localized high
pressure region ’6’. A separate curved shock ’5’
forms on the centerline near the surface, and is
associated with the turning of the flow near the
surface along the plane of symmetry (Fig. 61c).
Downstream of the intersection of the inviscid
shocks ’1’, an expansion region forms ’8’, while
the separate shock ’5’ remains (Fig. 61d). The
reflected shocks ’7’ move towards the fins.

A shock similar structure was observed experi-
mentally and computationally [60] at Mach 4.
However, the experimental visualization indi-
cated a continuation of the reflected shock seg-
ment ’4b’ which was not observed in the com-
putations. The discrepancy may be associated
with insufficient grid resolution within the tra-
jectory of segment ’4b’.

The computed mean streamline structure for
the crossing shock interaction at M, = 8.3,
a = 15°, W/6,, = 4.7 is shown in Fig. 62. The
principal feature is a pair of counter-rotating
vortices, generated by the individual single fin
interactions, which intersect at the plane of sym-
metry and rise above the surface.

The flowfield structure has significant implica-
tions for the use of the crossing shock interaction
as a supersonic diffuser (inlet). Downstream
of the crossing shock interaction, the counter-
rotating vortex pair forms a core of low total
pressure, low Mach number fluid [57, 59, 61, 62].
In effect, the individual vortices generated by
the single fin interactions scavenge the low en-
ergy fluid (originating near the surface in the in-
coming boundary layer) and collide at the sym-
metry plane, forming a counter-rotating vortex
pair with a low total pressure core.

5 Conclusions

Considerable progress has been achieved in the
capability for prediction of 3-D shock wave-
turbulent boundary layer interactions. Five spe-
cific configurations have been examined - sharp
fin, blunt fin, cylinder/flare, swept compression
corner and crossing shock. Numerical simula-
tions of these configurations have been com-
pared with experimental data at Mach num-
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bers from two to eight. With some risk of over
generalization, the following conclusions may be
reached.

¢ The pitot pressure, yaw angle, and surface
pressure are predictable with reasonable ac-
curacy using algebraic or two equation tur-
bulence models, except in certain cases ex-
hibiting significant shock unsteadiness (e.g.,
cylinder/flare). This success is attributable
to the generally asymptotic “triple-deck”
structure of 3-D turbulent interactions. In a
thin layer adjacent to solid boundaries, the
flow is governed by both viscous (molecular
and turbulent) and inviscid effects. The re-
mainder of the boundary layer is effectively
rotational and inviscid to a first approxi-
mation, thereby explaining the relative in-
sensitivity of the pitot pressure, yaw angle
and surface static pressure to the turbu-
lence model employed.

e The mean flowfield structure (i.e., mean
streamlines and wave structure) is therefore
generally predictable. Some details of the
computations, however, may not necessar-
ily be correct (e.g., the absence of a contin-
uation of the reflected shock segment '4b’
in the crossing shock interaction at Mach
4). Such discrepancies may be associated
with insufficient grid resolution and/or the
turbulence model employed.

e The surface heat transfer is not accurately
predicted in strong 3-D shock wave turbu-
lent boundary layer interactions (e.g., cros-
sing shock). Differences as large as 85%
have been noted. Reasonable agreement
has been found, however, for the sharp fin.
Further research in development of turbu-
lence models and additional heat transfer
measurements are needed.

o Experimental data for the turbulence struc-
ture are rare for 3-D shock wave turbulent
boundary layer interactions. Of all con-
figurations considered in the present pa-
per, there has been a comparison of com-
puted and experimental data for only one
case (i.e., cylinder/flare), and the predic-
tions were uniformly poor.
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6 Future Work

Substantial additional research in 3-D shock
wave turbulent boundary layer interactions is
needed to achieve greater understanding of the
fluid physics and to improve the accuracy of
numerical simulations. Among these needs are
improved computational methods, collaborative
experimental/computational efforts and incor-
poration of knowledge of flowfield structure into
more effective design.

Computational Methods

The complex shock structures developing from
ostensibly simple geometries (e.g., crossing
shocks) pose difficulties for numerical algorithms
based on structured grids. Resolution of these
shocks requires refinement in one or more coor-
dinate directions, thereby increasing the density
of grid points both within the region of high
gradients and also outside. This approach be-
comes computationally inefficient as more grid
points are added where unneeded. Recent ef-
forts in the development of algorithms based on
unstructured grids hold promise for improved
resolution in regions of large gradients at reason-
able computational cost (see, for example, refs.
[64, 65, 66, 67]).

Collaborative
Experimental/Computational Efforts

Unsteady Interactions

In a wide range of aerospace systems, 3-D shock
wave turbulent boundary layer interactions are
inherently unsteady on the spatial and temporal
scales of the mean flow. Examples include high
speed inlet unstart [68], inlet buzz (Dailey-type)
[69] and transonic rotorcraft [70]. The knowl-
edge of these unsteady turbulent interactions is
minimal, and further collaborative experimen-
tal and theoretical (computational) research is
needed.

Turbulence Models

Improvement in turbulence models is needed to
remedy inadequacies in at least two critical ar-
eas. First, surface heat transfer is poorly pre-
dicted in strong 3-D shock wave turbulent boun-
dary layer interactions (e.g., the crossing shock
interaction using the algebraic Baldwin-Lomax
and two-equation Rodi turbulence models). Sec-
ond, the unsteady flow behavior of the blunt
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fin and cylinder-flare have not been accurately
modeled by either algebraic or two-equation tur-
bulence models. The large spatial scale and
low frequency shock oscillations can, in prin-
cipal, be represented by the Reynolds-averaged
equations. However, all computations have con-
verged to steady state solutions.

The effort in turbulence model development
needs to be closely coordinated with new ex-
periments. Experience has shown that surface
pressure, pitot pressure and yaw angle measure-
ments provide a relatively weak test of the accu-
racy of turbulence models in 3-D shock wave tur-
bulent boundary layer interactions. The prin-
cipal data needed for evaluation of turbulence
models is surface heat transfer, surface skin fric-
tion and Reynolds stress measurements.

Non-Equilibrium Upstream Conditions

Virtually all fundamental experimental data on
3-D shock wave-turbulent boundary layer inter-
actions have been obtained for configurations
with incoming equilibrium, flat plate boundary
layers. This provides a relatively simple, exper-
imentally reproducible upstream condition, and
isolates the 3-D turbulent interaction from out-
side effects. This approach is essential for under-
standing the fundamental behavior of a specific
3-D turbulent interaction. Once understood,
the next step is to consider non-equilibrium up-
stream boundary layers which are more common
in practice.

Specific Configurations

In addition to the generic needs described above,
many additional areas of research can be iden-
tified. In the interests of brevity, only two will
mentioned herein. First, the understanding of
the sharp fin interaction in the presence of sur-
face bleed is critical to the performance of many
mixed compression inlet designs. The available
experimental data is inadequate. The experi-
mental data of Barnhart et al [71] is a useful first
step; however, the local bleed flow rate was not
measured and consequently the local boundary
conditions for computation are not known accu-
rately. Computed results [55, 72] suggest that
the primary vortex is not significantly affected
by surface suction.

Second, there is little experimental data for the
asymmetric crossing shock. Experimental flow-
field data (e.g., pitot pressure, yaw angle, flow-
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field) for the crossing shock interaction has been
restricted to symmetric configurations. Surface
mean and fluctuating pressure data has been
obtained for three asymmetric configurations at
Mach 3 by Bogdonoff [73]. Further experimental
data for asymmetric configurations is needed.

Impact on Design

It is been shown that existing computational
methods are capable of predicting the mean flow
structure (e.g., surface pressure, pitot pressure,
yaw angle) of 3-D shock wave turbulent boun-
dary layer interactions with a reasonable level
of accuracy. This knowledge can be incorpo-
rated into the design process. For example, the
crossing shock interaction is characterized by a
low total pressure jet comprising two counter-
rotating vortices. The low momentum fluid near
the wall in the incoming boundary layer is effec-
tively scavenged by the two vortices formed by
the single fin interactions and entrained into the
jet. Can this information be employed to design
a more effective scramjet combustor ?
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A Reynolds Averaged
Equations

The exact Reynolds-averaged Navier-Stokes
equations are,

0p , Opur _
ot T Pz 0
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The mean molecular viscous stress 7;; can be
approximated by!?

_— 2.0 L - 0u; Oty
T = _3#32!)@6"1 + A (32,’ + 32,‘)

where i = y(T). By similar argument, the mean
molecular heat flux is

o= k0T
" Pr 0z

where Pr is the molecular Prandtl number.

Honon

The triple velocity correlation (1/2)pu;u;u, is
small compared to pkil, which is one of the
terms in péil, and can therefore be neglected!?.
Also, the velocity-molecular shear correlation
u; i, can be demonstrated to be small'3,

1 The analysis is based on the experimental data of
Owen et al [74] for non-adiabatic hypersonic boundary
layers

12Using the data of Owen et al [74], it can be shown

that [(1/2)pu] ujuy| < 0.1pk| o |
13The analysis is based on the experimental data of
Laderman and Demetriades [75] and the assumption that

the rms molecular fluctuations ‘r,': are no larger than

the mean molecular shear stress 7ix.
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The Reynolds-averaged Navier-Stokes equations
may therefore be assumed, under practical cir-
cumstances, to be

dp . 0Opi
_P+ Puk

5t 1 oz, °

dpi; + Opiiiy
ot 8z,

0p 0 —T =
~ Pz, + éz_k (-Pu,- u, + T;k)

B Conical Flow

A conical flow is a steady flowfield whose ve-
locity, pressure and temperature are invariant
with radial distance from a common vertex [76).
Consider the spherical polar coordinate system
(R, B, ¢) shown in Fig. 63. Thus,

oty
P _
ok = °
orT

EE_O

where R is the spherical polar radius

R= \/(:z:—:n:o)2 + (y—%0)* + (2— 20)

where (20, Yo, 20) is the Virtual Conical Origin.
For the sharp fin, the VCO is close to the inter-
section of the fin with the flat plate. The veloc-
ity, pressure and temperature are functions of
the spherical polar coordinates

B = tan((z-20)/(2~20))
¢ = tan ((5-20) /V(e—20)" + (s—20)*)
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Spherical polar coordinates

Figure 63

Figs. 21-25 reprinted with permission of
the Journal of Fluid Mechanics.
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Unsteady Phenomena in Shock Wave/
Boundary Layer Interaction

D. S. Dolling

Center for Aeromechanics Research
The University of Texas at Austin
Austin, Texas 78712

ABSTRACT

A brief review is given of the unsteadiness of shock
wave/turbulent boundary layer interaction. The
focus is on interactions generated by swept and
unswept compression ramps, by flares, steps and
incident shock waves, by cylinders and blunt fins,
and by glancing shock waves. The effects of Mach
number, Reynolds number, and separated flow
scale are discussed as are the physical causes of
the unsteadiness. The implications that the un-
steadiness has for interpreting time-averaged sur-
face and flowfield data, and for comparisons of
such experimental data with computations, is also
briefly discussed. Finally, some suggestions for fu-
ture work are given. It is clear that there are large
gaps in the data base and that many aspects of
such phenomena are poorly understood. Much
work remains to be done.

1 INTRODUCTION

1.1 Engineering Implications of Flowfield
Unsteadiness

Airbreathing transatmospheric vehicles will be
exposed to severe aeroacoustic loads generated
by the unsteady flowfields associated with air-
breathing engines, by separated turbulent flows,
and by engine-generated acoustic loads (Pozef-
sky et al., 1989; Zorumski, 1987; Holden, 1986).
Whereas conventional hypersonic configurations
such as ballistic missiles are essentially axisym-
metric shells which are efficient structures, several
proposed hypersonic vehicles are much larger and
substantial areas will consist of flat panels. Flat
panels are generally inefficient in reacting pressure
loads, and the low resonant frequencies associated
with their reduced stiffness may fall within the
frequency range of unsteady shock-induced aeroa-
coustic loads.

The ascent phase, during which the engines
will be running continuously and the vehicle will
be exposed to high dynamic pressures, is critical.

At orbital cruise altitude, the engines will be off
and the flow will probably be laminar. Similarly
during descent, engines are off, dynamic pressures
will be lower reducing the windside loading, and
only low levels of laminar heating are expected
on the leeside. Predictions indicate that regions
subjected only to the loading generated by at-
tached turbulent boundary layers will be rela-
tively fatigue-free and have long structural life-
times (Pozefsky, et al., 1989). In contrast, re-
gions subjected to shock wave boundary layer in-
teraction will experience the most intense loading
up to 185 dB or more, and the time to failure
of conventional structures is estimated to be or-
ders of magnitude lower. Some examples of where
shock/shock and shock boundary layer interac-
tions can occur on a generic hypersonic vehicle
are shown in Fig. 1. Engineering methods to pre-
dict loading levels and their fraquency spectra are
clearly needed, as are methods to reduce loading
levels and alter their frequency spectra.

Fig. 1. Possible shock/shock and shock
wave/boundary layer interactions on a hyper-
sonic vehicle (from Jackson et al., 1987).
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1.2 Implications of Unsteadiness for
Flowfield Computation

It is generally accepted that the key element
in CFD validation is comparison with experi-
ment. However, drawing meaningful conclusions
from such comparisons is not a trivial exercise.
The problem is that the bulk of the experimen-
tal data base consists of time-averaged measure-
ments which provides no information about flow-
field steadiness or the lack of it. A discussion,
with some examples of the problem, is given in
Sec. 6.

1.3 Focus

The objective of this paper is to review briefly the
salient features of the unsteadiness generated by
supersonic and hypersonic shock wave/turbulent
boundary layer interaction. On account of their
practical importance, the emphasis is on the fluc-
tuating loads generated by such flows, the phys-
ical causes of the unsteadiness, and the impli-
cations for CFD. There is no discussion of the
fluctuating loads generated by turbulent bound-
ary layers. The latter has received considerable
attention in the past, and the reader is referred
to Laganelli et al. (1976, 1983), Dolling and Dus-
sauge (1989) and Pozefsky et al. (1989) for details.
Dolling and Dussauge discuss the measuring tech-
niques and their problems, the data and their de-
ficiencies, while Laganelli et al. and Pozefsky et
al. focus on engineering correlations for rms pres-
sure levels and power spectral density. Extensive
bibliographies are given in all three references.

The work cited in this paper is largely exper-
imental. To the author’s knowledge, no unsteady
computations of shock-induced turbulent sepa-
ration and reattachment have been made from
which fluctuating load levels and spectra can be
extracted. Further, the majority of the work is in
the supersonic region (M, < 5). Holden (1991)
reported plans to obtain fluctuating wall pressures
in interactions at Mach numbers between 8 and
16 but, to the author’s knowledge, results are not
yet published.

Loading levels in this paper are expressed
both in terms of the rms of the pressure fluctua-
tions ap, (in either absolute or normalized form)
or in terms of sound pressure level (SPL) where
SPL = 20 logjo (op/0.00002) dB. The reference
pressure in the denominator, 20 Nm~2, is the
acute threshold of hearing. Since op in a given
experiment depends on the freestream static pres-
sure, P, meaningful values of SPL for design
purposes can only be generated if op is referenced
to the design P. Similarly, meaningful com-
parisons of SPL from different experiments can
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only be obtained if op is scaled using a common
value of P,. The value of P, at 50,000 feet alti-
tude, namely 1.69 psia (1.165 x 10* Nm~2) is used
throughout this paper.

Interest in shock wave/boundary layer inter-
actions has been sustained for more than forty
years, largely because of their importance in such
a wide variety of internal and external aerother-

modynamics problems. There have consequently

been many studies of such phenomena, with com-
putation playing an increasingly important role
since the mid 1970s. An excellent review of much
of the early work was compiled by Green (1970).
More recent reviews, focusing mainly on work
of the past ten years in swept interactions have
been written by Settles and Dolling (1990, 1992).
Hamed and Shang (1989) present a survey and
assessment of the data base of shock wave bound-
ary layer interactions relevant to supersonic in-
lets. A survey of recent developments in 2-D
shock wave boundary layer interactions and their
control is given by Viswanath (1988). Recommen-
dations for hypersonic building-block experiments
for CFD validation have recently been presented
by Marvin (1992), and some remarks on the im-
plications that flowfield unsteadiness has with re-
spect to CFD are discussed by Dolling (1992).
Most recently, data bases of hypersonic experi-
ments have been compiled by Settles and Dodson
(1991) and by Holden and Moselle (1992). How-
ever, neither contain any details about flow un-
steadiness.

Fluctuating surface and flow field data are far
less common, particularly prior to 1980. Digi-
tal data acquisition systems capable of sampling
at MHz rates and of acquiring millions of highly
resolved data points now render such measure-
ments much easier. Even so, fluctuating wall pres-
sure measurements have not been made in such
a wide variety of flows as have mean measure-
ments, nor over such a broad range of flow condi-
tions. Most of the data are from interactions gen-
erated by unswept or swept compression ramps,
forward facing steps, flares, sharp and blunt fins,
cylinders, and by impinging shocks. Discussion of
what has been learned from these experiments is
the focus of this review.

Only flows which are naturally unsteady are
included. Forced unsteadiness, induced by oscil-
lating boundaries or from time-varying upstream
or downstream boundary conditions, is largely ex-
cluded. The rich field of self-sustaining coherent
oscillations of impinging shear layers is excluded,
as is the sub-class of unstable shock patterns as-
sociated with shock oscillations induced by spiked
blunt bodies. Reviews of these fields are given by
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Rockwell (1983) and Calarese and Hankey (1985),
respectively. Further, since the emphasis is on
supersonic and hypersonic flows, forced and self-
excited oscillations in transonic diffuser flows are
also excluded.

2 DISCUSSION

The discussion is split into several parts. For
organizational reasons more than physical ones,
2-D and 3-D flows are largely discussed in sep-
arate sections. However, since they do have a
great deal in common, they are discussed together
where appropriate. Before focusing on turbulent
flows, some brief remarks are made concerning the
steadiness of laminar flows.

2.1 Shock-Induced Laminar Separation

It cannot be said with absolute certainty that
shock-induced laminar separated flows are always
steady. Nevertheless, the preponderance of evi-
dence suggests that laminar separation induced
by ramps, steps, and glancing and incident shocks
is steady. In most experimental studies, it was im-
plicitly assumed that the flow was steady, and the
question was never addressed directly. However,
there have been some checks. In the early studies
of Chapman et al. (1958) it was reported that
“high speed motion pictures (taken at My, = 2.3
with 2000 to 6000 frames per sec.) indicate the
pure laminar separation over a step to be steady.”
In contrast, in the transitional case (i.e., transi-
tion occurs relatively far downstream of separa-
tion and relatively close to reattachment) Chap-
man et al. report that “high speed motion pictures
indicated the flow to be unsteady in the region be-
tween transition and reattachment on the step.”
They also noted that, as the Reynolds number
increased and transition moved closer to separa-
tion, “the angle of separation appeared unsteady
in the motion pictures as did the flow downstream
of transition.”

Degrez and Ginoux (1983, 1984) examined
the laminar interaction generated by a sharp fin
at angle of attack at M, = 2.2. A Kulite
pressure transducer was installed flush with the
test surface downstream of the fin trailing edge.
Degrez and Ginoux state that “for the high-
est Reynolds number, fluctuating pressures were
recorded, clearly indicating transition. Other
transducer signals were steady.” Although this is
not direct proof of the steadiness of the upstream
flowfield, it is unlikely that a transducer under the
outgoing boundary layer would generate a steady
output if the upstream interaction was unsteady.

In addition, circumstantial evidence supports
the view that laminar interactions are steady. For
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Fig. 2. Typical shadow photograph of a sepa-
rated laminar interaction generated by an inci-
dent shock at Mach 2.2 (from Burgio, 1970).

example, Kaufman and Johnson (1974) report
results from a study of incident shock interac-
tions with a Mach 8 laminar boundary layer.
Schlieren photographs of the interaction are com-
posites from two different tunnel runs. One pho-
tograph includes the leading edges of the plate
and shock generator, their shock waves, and the
separating plate boundary layer; the other shows
the downstream flowfield. The waves on each
photograph are straight and intersect where the
two photographs overlap, attesting to a steady
flow. Indeed, shadow photographs of laminar in-
teractions are typically characterized by smoothly
varying white lines (indicative of the boundary
layer edge) and straight shocks at reattachment
and separation (Fig. 2). If the separated bubble
was undergoing either periodic pulsations or ran-
dom variations, rippled shocks and wavy bound-
ary layer edges might be expected.

The only experimental evidence of unsteadi-
ness of a supersonic laminar separation known
to the author is the work of Ozcan and Holt
(1984). LDV measurements were made on the
plane of symmetry upstream of a circular cylin-
der at My = 2.36. It was reported that sepa-
ration occurred about 6.8 diameters upstream of
the cylinder “where it was difficult to make re-
peatable velocity measurements due to the un-
steadiness of the flow.” At the interface between
the boundary layer edge and reversed flow, the
variation in velocity was “between 80 and 440
m/s” for a data point with an average velocity
of 292 m/s. Whether the separated shear layer
or root vortex was transitional which fed distur-
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bances upstream inducing motion of the separa-
tion point, or whether the unsteadiness was due
to a natural instability, is not clear. The flow-
field generated by a cylinder in a laminar bound-
ary layer is a complex one, with both steady and
unsteady regimes depending on Reynolds num-
ber. Recent numerical work by Visbal (1991;1,2)
discusses many of these issues and presents sim-
ulations of both steady and unsteady flows. The
reader is referred to these references for details.

2.2 Shock-Induced Turbulent Separation
—2-D Flows

A useful departure point is the separated in-
teraction generated by an unswept compression
ramp. Although such flows exhibit an increas-
ing degree of three-dimensionality near the wall
as the bubble grows (variations in wall shear pro-
duce the classic node-saddlepoint pattern seen
in flow visualization), the time-averaged flow-
field is essentially 2-D. Detailed measurements
by Nordyke (1987), Marshall (1989), and Mar-
shall and Dolling (1990, 1992) show that such
pronounced three-dimensionality in the wall shear
stress field has no significant effects on the fluc-
tuating wall pressures near separation; there is
no evidence of any cyclic spanwise variations in
rms levels. Thus this flowfield not only serves
as a useful example for bringing out the salient
features of the unsteadiness of shock-induced tur-
bulent separated flows, but also serves as a useful
reference against which to compare results from
three-dimensional flows.

In separated compression ramp flows (or its
axisymmetric or 3-D analog, the flare), the sepa-
rated flow undergoes a large-scale, low-frequency
motion, which can best be described as an ezxpan-
sion/contraction or breathing motion (Kussoy et
al., 1987; Gramann, 1989; Gramann and Dolling,
1990,1). In this context, low frequency means low
relative to the characteristic frequency, Us /8, Of
the incoming turbulent boundary layer. Typically
the expansion/contraction process occurs at fre-
quencies of a few hundred Hz to several kHz, even
in flows in which U /8, is order tens of kHz or
higher. More is said about this in Sec. 2.2.4.

“Breathing” of the bubble results in large vari-
ations in flowfield scale. Kussoy et al. made wall
pressure fluctuation measurements under the un-
steady separation shock simultaneously with high
speed shadow movies and LDV measurements.
The model consisted of a tilted 30-deg. half-angle
cone attached to a circular cylinder. Tests were
made in a Mach 2.85 flow. Mean streamlines were
deduced from the LDV data for the overall time-
averaged case and for separation shock-forward
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Fig. 3. Ensemble-averaged wall pressure cor-
responding to furthest upstream and furthest
downstream locations in a Mach 5, 28-deg.
compression ramp interaction (from Gramann,

1989).

and shock-back positions. Results on the plane of
symmetry for the cone tilted 5 deg. showed that
the separated bubble “expanded and contracted
like a balloon.” From data presented in Fig. 6
of Kussoy et al., Gramann and Dolling estimated
that the variation in bubble length was from 1.5
to 2.46,. In fact, because of the algorithm used
by Kussoy et al. to determine the shock-back and
shock-forward cases, the variation in bubble-size
is probably underestimated (see Gramann and
Dolling, 1990,1 for details).

Gramann (1989) and Gramann and Dolling
(1990,1) made wall pressure fluctuation measure-
ments in a 28-deg. ramp interaction at Mach 5.
Using a conditional cross-correlation technique,
it was shown that the instantaneous separation
point occurred at the separation shock foot and
the bubble size ranged from about 1.76, to 3.64,.
In a flowfield whose time-averaged streamwise
length is only about 58,, this is clearly a signifi-
cant variation in scale. Gramann (1989) also mea-
sured wall pressures throughout a Mach 5 com-
pression ramp interaction when the separation
shock was at its furthest upstream position (in-
termittency, -y, less than about 0.03) and furthest
downstream position (y about 0.96-1.00). The in-
termittency is simply the fraction of time the sep-
aration shock spends upstream of a given station.
Ensemble-averaged wall pressures (Fig. 3) show
quite clearly the expansion/contraction process.
The solid line is the mean wall pressure measured
using conventional means (i.e., wall pressure taps)
or by averaging the unsteady signals, whereas
the dashed lines correspond to the extremes of
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the separation shock motion. Erengil (1989) and
Erengil & Dolling (1989, 1991,2) have used a sim-
ilar technique to look in detail at the flow struc-
ture upstream of the ramp corner. Some further
remarks, focusing on implications for CFD, are
given in Sec. 6.

Figure 4 shows mean and rms wall pressure
distributions at My, = 3 and 5 measured by Mur-
phy (1983) and Gramann (1989), respectively.
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the bubble. Wall pressure signals show that the
upstream maximum is generated by the unsteady
separation shock foot. The moving shock gener-
ates an intermittent wall pressure signal P,(t),
whose level fluctuates between the range charac-
teristic of the undisturbed boundary layer (time
t; in Fig. 5) and that of the disturbed flow down-
stream of the shock (time ¢2). Kistler (1964) was
probably the first to observe this behavior in his
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Fig. 4. Comparison of surface properties in Mach 5§, 28-deg. and Mach 3, 24-deg. com-
pression ramp interactions a) mean wall pressures, b) rms normalized by local mean
wall pressure (from Gramann & Dolling, 1990).

Both interactions have about the same scale sep-
arated flow. Note, in the mean pressure distri-
butions, that the Mach 5 data are shifted 1 unit
of (Pw/Pwx) vertically. The rms distributions are
shown normalized by the local mean wall pres-
sure, P,,, and “S” and “R"” denote separation and
reattachment, respectively, as indicated by the
kerosene-lampblack surface tracer method. The
reason why a well-defined separation line is ob-
tained under an expanding/contracting bubble,
and where it occurs in the intermittent region,
are discussed in the Appendix. In the rms distri-
butions, there are two local maxima, one just up-
stream of “S” and the other in the vicinity of “R.”
Both are caused by the expansion/contraction of

studies of fluctuating wall pressures in forward-
facing step flows at My, = 3 and 4.5. This
characteristic intermittent signal has since been
measured in interactions generated by unswept
and swept compression ramps, blunt fins, circu-
lar cylinders, sharp fins at angle of attack, and
by incident shock waves. Similarly shaped dis-
tributions of op near separation have also been
reported in studies in which the pressure signal
was not shown or discussed explicitly, and include
circular cylinders at transonic speed and axisym-
metric flares and steps over a wide range of flow
conditions. Intermittent wall pressure signals and
a rapid rise in op upstream of “S” appear to be
universal features of supersonic and hypersonic
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Fig. 5. Intermittent wall pressure signal up-
stream of separation “S” and conversion to
boxcar representation (from McClure, 1992).

shock-induced turbulent separation. Indeed, they
also occur in transonic diffusers and on transonic
airfoils. Downstream of separation, the rms levels
depend on the type and scale of the separated
flow and are defendent on shock wave generator
geometry. More will be said about that later.

As seen in Fig. 3, the streamwise wall pres-
sure near reattachment is a function of separation
shock position. At a fixed point on the ramp face,
the instantaneous pressure therefore undergoes
large variations as the bubble expands and con-
tracts and the instantaneous reattachment point
moves up and down the ramp face. It is this
phenomenon, combined with turbulence amplifi-
cation, which is responsible for the large fluctuat-
ing loads near reattachment. In the Mach 5 ramp
flow, the maximum SPL in the vicinity of reat-
tachment is of order 170 dB.

The intermittency <, which was mentioned
earlier, is a very useful parameter and is simply
the fraction of time that the flow at a point is
upstream of the separation shock wave. Thus v
varies from 0 to 1. Its magnitude can be calcu-
lated by first converting the pressure signal (Fig.
5a) into a boxcar function (Fig. 5b) and then cal-
culating the fraction of the signal with level ‘1°.
The conversion to the boxcar signal is based on
the amplitude of the raw signal relative to some
pre-established thresholds. A complete descrip-
tion of the conversion process, the logic behind
it, the precautions necessary, and the sensitiv-
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ity of the results to the threshold settings can be
found in Dolling et al. (1990). Experimental re-
sults show that distributions of 7 are good fits to

the error function [Erengil and Dolling (1991,1)).

Distributions of v can be used to estimate the
length scale of the separation shock motion, Lg.
In compression ramp flows and on centerline in
blunt fin interactions, Lg spans the region from
the upstream influence line, X,, which is usually
where P,, first rises, to “S.” In a given boundary
layer, it can vary from a fraction of é, to several
6o- Up to this point there is no evidence that Lg
correlates simply with any incoming flow param-
eter. The effects of interaction sweepback on Lg
are discussed later. ‘

An important point relevant to flow physics
and numerical modeling concerns the mechanism
of upstream influence. The gradual increase in
mean wall pressure downstream of X,, seen in
Fig. 4a, is not the result of upstream propaga-
tion of disturbances in a nominally steady flow,
but is a direct result of shock motion. Upstream
influence varies continuously with the maximum
and minimum values corresponding to the fur-
thest upstream and downstream locations of the
shock wave. Conventionally, upstream influence
is measured from X, to the downstream reference
position and has a fixed value. Pressure signals
show that the conventionally defined X, is sim-
ply the furthest upstream station at which an in-
crement in P, is detectable using conventional
instrumentation. Actually, at X,, v is already

‘about 0.03-0.05, and the skewness and flatness

coefficients of the pressure signals already have
very large values. In this sense, this length scale
is somewhat arbitrary and is probably not a good
test of a numerical method.

Having described briefly some of the results
in compression ramp flows, pertinent questions at
this point with respect to the flowfield unsteadi-
ness include:

(i) How are rms levels near separation influ-
enced by Mach number, Reynolds num-
ber, boundary layer properties, separated
flow scale, wall temperature condition, shock
generator geometry, interaction sweepback,
etc.?

(ii) What are the frequencies and streamwise
length scales of the separation shock motion,
and how do they depend on incoming flow
properties and shock generator geometry?

(iii) What is the physical cause of the separa-
tion shock wave unsteadiness, and can it be
controlled (or at least influenced favorably)
through active or passive means?
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(iv) What are the rms levels under the separated
flow and near reattachment, and how are
they influenced by shock generator geome-
try and incoming flow conditions? What is
the frequency content of the fluctuations in
these regions, and on what does it depend?

(v) How rapidly does the loading and spectral
content of the outgoing boundary layer re-
cover to the values characteristic of a zero
pressure gradient flow at the new down-
stream conditions?

The remainder of this paper is largely an at-
tempt to address these issues. It should be em-
phasized that there are few satisfactory answers
to any of these questions. Answers require de-
tailed parametric studies which have not been
performed. Nevertheless, examination of the work
of the late 1960s and early 1970s combined with
the work of the mid 1980s to the present does
provide partial answers to some of the questions
raised. Moreover, it indicates very clearly where
the knowledge base is inadequate and where fu-
ture efforts should be directed.

2.2,.1 RMS Levels Near Separation

Consider the intermittent pressure signal shown
in Fig. 5. A relatively simple expression for the
overall variance of the signal, o2p, in terms of the
contributions of the upstream and downstream
pressure fields'is given by Debi¢ve and LaCharme

(1986):
2

O ()

(AP)3 (AP)3
where (AP)s is the pressure rise across the sepa-
ration shock, and subscripts u and d refer to the
wall pressure fields upstream and downstream of
the shock, respectively. The only inherent as-
sumption is that the upstream and downstream
fields are statistically homogeneous. If op, and
opy are small compared to (AP)g, which, based
on experimental evidence (Fig. 5), is a reasonable

approximation, then the expression can be sim-
plified to:

2
Tapgt - O

2
apE =) (@)

According to this expression, the maximum
rms, (0P)max, occurs at v = 0.5 (i.e., the mid-
point of the intermittent region) and has a value
of 0.5 (AP)s. Although this is obviously a very
simple formulation, its use as a prediction tool is
limited since (AP)g is usually not known a pri-
ori. Of greater concern is whether such a simpli-
fied expression actually provides an accurate pre-
diction of (0p)max- Gonsalez and Dolling (1993)
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attempted to assess the validity of this expression
by calculating the ratio of the measured (op)max
to (AP)s in a variety of flows including those in-
duced by swept and unswept ramps, swept and
unswept blunt fins, and sharp fins at angle of at-
tack. In each case, (AP)s was taken as the dif-
ference between the mean pressure close to the
downstream boundary of the intermittent region
(i.e., ¥ = 0.95) and the undisturbed boundary
layer pressure. Results are shown in Fig. 6. Al-
though the data are plotted versus interaction
sweepback angle, this is for convenience and is not
meant to imply that (6p)max/(AP)s, is & function
of sweepback. In fact, as indicated by Eq. (2),

(0P)max/(AP)g should be a constant. The exper-

imental results show some scatter, but the bulk
of the data fall within the range of about 0.4 to
0.6. In fact, for the blunt fins, the average value is
0.49, with a standard deviation of 0.04. The sharp
fin and swept ramp averages and standard devi-
ations are smaller and larger, respectively, than
the blunt fin results. Overall, the average is 0.46,
and the standard deviation is 0.085.
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Fig. 6. Variation of (op)max/(AP)g for different
interactions (from Gonsalez & Dolling, 1993).

Bearing in mind the difficulties both in locat-
ing and measuring (op)max 8s well as estimating
(AP)s, particularly in highly swept flows where
(AP)s was small, these results provide reasonable
support for Eq. (2). As a first cut, Eq. (2) could
provide an approximate estimate of the separa-
tion shock wave loading level. If the mean wall
pressure and surface flow visualization were avail-
able for a given flow, then (AP)s could be taken
as the mean value at separation minus the undis-
turbed boundary layer pressure. However, as dis-
cussed later, whereas “S” is at the downstream
boundary of the intermittent region in unswept
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flows, it moves upstream within the intermittent
region with increasing sweepback; so it is likely
that (AP)s would be underestimated in highly
swept flows. Alternatively, (APs) could be ob-
tained from computation, although this could lead
to some uncertainty in the estimate of (0p)max,

since the agreement between measurement and -

simulation is very much a function of the flowfield
under study, as well as the turbulence model, etc.

2.2.2 Effects of Mach and Reynolds Number on
RMS Pressure Levels and Intermittent Heating
Near Separation

Since the flow turning angle at separation is typ-
ically of order 5-10 deg., irrespective of ramp an-
gle, the separation shock strength increases with
increasing Mach number. Thus it might be ex-
pected that, although (0p)max would be approxi-
mately constant in terms of (AP)g, the absolute
value of (6p)max would be an increasing fraction
of Py, with increasing Mach number. The Mach 3
and 5 flows of Fig. 4 appear to confirm this; the
values of (0P)max/Poo are 0.25 and 0.52, respec-
tively. In terms of P, loading levels are every-
where higher at Mach 5, particularly on the ramp
face. Table 1 gives values of op/Ps at four dif-

ferent locations in the interaction.
Mach 3 Mach 5
Max. near “S” | 0.25 (163) 0.52 (170)
At Corner 0.14 (158) 0.43 (168)
At “R” 0.23 (162) 0.95 (175)
Max. on Ramp | 0.26 (163) 1.60 (180)

Table 1. Loading levels, op/P,,, at selected
locations in compression ramp flows.

The values in parentheses following each value of
op/ P, are the corresponding values of SPL in dB.
It can be seen that very high loading levels occur
on the ramp face.

Similar effects of Mach number are also seen
in blunt fin and cylinder flows. Table 2 lists mea-
sured values of op/Ps near “S” and at the fin
root at Mach numbers of 3, 4 and 5. The data
are from Dolling and Bogdonoff (1981), Aso et
al. (1991), and Brusniak (1991), respectively. At
the fin root, the peak loading is very difficult to
resolve accurately, due to steep gradients. Never-
theless, there is evidence of a large increase with
Mach number. Again, the values in parenthe-
ses are dB, scaled to 50,000 feet. No values of
SPL can be computed at Mach 4, since values of
freestream static pressure were not provided. The
most intense loads are produced at the root and
exceed 180 dB.
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Mach No. op/Poo

0.23 (160)
052(—)
0.50 (170)
0.60 (170)
307 (—)
2.60 (184)

Location

Near “S”

Fin Root

Y W] QOf O] Wt QO

Table 2. Loading levels, ap/P, at selected
locations in blunt fin/cylinder flows.

Since separation shock strength is largely con-
trolled by Mach number, then it might be an-
ticipated that, in a given flow type, (0P)max/Poo
would only be a weak function of Reynolds num-
ber. This appears to be confirmed by experiment.
Figure 7 shows the 24-deg. compression ramp at
two values of Res at Mach 3; the two rms max-
ima near separation differ by only a few percent.
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Fig. 7. Effect of Reg on op/P,, in a Mach 3, 24-
deg. compression ramp interaction (from Mur-
phy, 1983).

In terms of op/Ps near separation, the increase
in Re; resulted in an increase from 0.24 to 0.25.
Experiments by Dolling and Bogdonoff (1981) in
which wall pressure signals were measured up-
stream of blunt fins also show a similar weak vari-
ation. A sixfold increase in Res with a fixed di-
ameter fin resulted in a decrease in (6p/Puy)max
near separation of about 25 percent. However, in
this case, part of this change can be attributed
to the varying ratio of D/#§ since, even at a fixed
Res, (0p/Pw)max is a function of D. For exam-
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ple, increasing D from 1.27 to 2.54 cm at fixed
Reg increased (0p/Py)max from 0.18 to 0.23. For
large D/$, as explained in Sec. 3.3, (69/Poo)max
should reach a constant value.

Hayashi et al. (1989) measured fluctuating
heat transfer in an incident shock/turbulent
boundary layer interaction at Mach 4. Measure-
ments of the mean (in terms of Stanton number)
and fluctuating heat transfer are shown in Fig. 8.
Similar to the wall pressure, the heating rate is
also intermittent with a large maximum near sep-
aration. In this experiment, the maximum value
of ¢y /Gw is about 0.22. The only other fluctuat-
ing heat transfer data known to the author is that
of Shifen and Qingquan (1992) in interactions in-
duced by circular cylinders at Mach numbers of 5
and 7.8. The maximum value of o¢,/§ near sep-
aration was about 0.5, twice the value at Mach 4,
suggesting that this ratio may also increase with
Mach number.
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Fig. 8. Mean and fluctuating heat transfer in
an incident shock interaction at Mach 4 (from
Hayashi et al., 1989).

Shifen and Qingquan (1990) also made mea-
surements of heat transfer fluctuations upstream
of a step at Mach 7.8. Both wall pressure and
heat transfer were intermittent, with frequencies
in the range of 1-3 kHz. The standard deviation
of the heat transfer rate increased rapidly in the
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intermittent region reaching a maximum where
the mean had increased by a factor of about two.
The maximum was about 10 times the standard
deviation in the incoming flow.

2.2.3 Effects of Separated Flow Scale on RMS
Pressure Levels Near Separation '

Experiments by Dolling and Or (1985) at Mach 3
showed that (0p)max/Peo increased with increas-
ing scale of the separated flow. As the com-
pression ramp angle was increased from 16 deg.
(incipient separation) to 24 deg. (separated bub-
ble with a streamwise scale, Lgep, of about 26,),
(0P)max/Poo increased from about 0.11 to 0.20.
These observations are consistent with the results
of Coe et al. (1973) using a variable height, 45 deg..
compression corner at Mach 2. Although (0p)max
was not well resolved, it is clear that it increased
with increasing separated flow scale.

In the ramp experiment of Dolling and Or,
the separated bubble size increased because the
ramp angle was increased, and hence the over-
all inviscid pressure rise increased. The question
of how the fluctuating load level near separation
depends on overall inviscid pressure rise is not en-
tirely clear. Experiments at Mach 5, using a com-
pression ramp and circular cylinder for which the
inviscid pressure ratios were about 11.5 and 29, re-
spectively, have exactly the same maximum load-
ing levels at separation. Other experiments using
blunt fins (see Gonsalez and Dolling, 1993) result
in the same levels of loading at a given spanwise
station for fin angles of attack of zero and ten de-
grees. On the other hand, in glancing shock inter-
actions, maximum loading at separation increases
by about 75 percent, as the inviscid pressure ra-
tio is increased from 5 to almost 12, whereas, in
swept ramp flows, the loading increases by 100
percent as the inviscid pressure ratio is increased
from about 11 to 12 (Schmisseur, 1992). There
is no consistent pattern from one configuration
to another, suggesting that, in general, inviscid
pressure ratio is not the appropriate parameter
for correlating maximum loading near separation.
As seen earlier, (6p)max actually correlates with
(AP)s.

Recent work at Mach 5 (Erengil 1991,3, Mc-
Clure 1992) suggests that the actual behavior of
(0P)max) may be asymptotic, once Lgep, increases
beyond some large value, (0p)max remains fixed.
First, in experiments using a 28-deg. compression
ramp at Mach 5, it was observed that if distur-
bances such as a shear layer manipulator or a
fishing line (see Fig. 9) were introduced into the
flowfield, the separated flow length scale increased
substantially. Rms distributions (Fig. 9a) show
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shear layer
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Fig. 9. Effects of separated flow length scale in
a Mach 5, 28-deg. compression ramp interac-
tion on a) rms pressure levels, b) intermittency
distributions.

that (0p)max increases only very slightly as Lgep
doubles. Intermittency distributions (Fig. 9b)
show that the region of shock motion shifts pro-
gressively upstream, but the shock motion length
scale is essentially unchanged. Second, the results
of McClure and Dolling (1992) using a boundary-
layer manipulator (BLM), shown opposite, are
also consistent with the idea that decreasing sep-
arated flow scale results in a decrease in load-

ing level for a constant overall inviscid pressure
rise. Rms distributions for the baseline flow and
with two BLM’s (with 15-deg. and 35-deg. lead-
ing edges) are shown in Fig. 10. Flow conditions
and baseline geometry are the same as for Fig. 9.
However, in studies of the effects of suction using
the same ramp model, also at Mach 5, McClure
and Dolling (1991) found contradictory results.
Suction was applied through a 6.8 mm slot span-
ning most of the ramp face and located at the
mean reattachment location. With slot-alone (no
suction), separation shifted about 18, upstream
compared to the baseline case, and (op)max in-
creased about 15 percent. With suction, separa-
tion moved downstream, as expected, but in this
case (0P)max did not decrease but was 10-12 per-
cent above the baseline value.

Boundary Layer

Manipulator

Figure 11 sums up the results from all of these
studies. The value of P, i3 the same in all cases,
and the abscissa, X', is the location of opmax Up-
stream of the corner (normalized by §;, the in-
coming boundary layer mass flux thickness) and
reflects the scale of the separated flow. If the suc-
tion study results are ignored, the general trend
is that (0p)max increases rapidly initially, but be-
yond X' = 1§, reaches an almost constant value.
The reasons for the discrepancy are presently not
clear.

2.2.4 Separation Shock Frequency

None of the optical or other studies provide any
evidence that the shock motion is periodic. High
speed schlieren cinematography by Degrez (1981)
in blunt fin flows at Mach 3 has shown that the
probability density distributions of the shock foot
position are Gaussian. Shock foot histories de-
duced from multi-channel simultaneously sampled
wall pressure signals in both swept and unswept
compression ramp interactions also have a Gaus-
sian distribution (Erengil & Dolling, 1992). Nor-
malized power spectra presented by Dolling and
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tions (about 0.2-2 kHz) and the undisturbed and
separated boundary layer. Within the intermit-
tent region, the power spectrum retains the same
shape with a large fraction of the energy below
2 kHz. In the separated flow, the increased con-
tribution from high frequencies is again evident.
This general trend is typical of all the spectral
results given in the literature.
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Fig. 10. Effects of boundary layer manipulators
(BLM) on a) rms wall pressure, b) intermit-
tency in a Mach 5, 28-deg. compression ramp
interaction (from McClure & Dolling, 1992).

Brusniak (1989) for a variety of flow types are all
broadband, with a large fraction of the energy at
relatively low frequencies, as mentioned earlier.
An example from Erengil and Dolling (1991,1) in
Fig. 12 shows power spectra in the undisturbed
boundary layer and under the translating shock in
a 28 deg., Mach 5 compression ramp interaction.
The ratio Uy /, for this flow is about 50 kHz. At
x/8 = —2.22 and —1.55, the intermittency is low
and the spectrum is bimodal, reflecting the con-
tributions from both the shock-induced fluctua-

I 1 i
. 0.4 - (ap)M Mc:)= -J
A
/’—-.—‘—————.
0.3} o .
//o
// . O Suction
// a Slot-alone
0.2} ," o Baseline
/
™ e SLM, BLM
0.1} -]
[X](IPM/61
] 1 i
0.0 1.0 2.0 3.0 4.0

Fig. 11. Variation of (op)max With separated
flow length in a Mach 5 compression ramp flow.

In cylinder or hemicylindrically blunted fin
interactions, shock frequencies increase with de-
creasing leading edge diameter and decrease with
increasing incoming boundary layer thickness
(Smith, 1987). This result and some comments on
appropriate correlating parameters for the power
spectrum are discussed further in Sec. 3.3. With
compression ramps, Dolling and Or (1985) noted
that the shock frequencies decrease as the ramp
angle and extent of separation increase. In the
light of more recent studies showing how (0p)max
increases with increasing scale of separation, it is
probable that the power spectrum also behaves
asymptotically. ,

Robertson (1971) correlated intermittent re-
gion power spectra from a Mach 2, 45-deg. com-
pression ramp experiment and from upstream of
circular cylinders at M = 1.4 and 1.6 in the form
G(f)Uoo0/q%60 versus f6,/Us. G(f) is the power
spectral density in units of (pressure)?/Hz, and
f is the frequency in Hz. The results of Dolling
and Or (1985) compared poorly with this corre-
lation, particularly for f8,/Usl < 0.1, the domi-
nant range of shock motion. Robertson also scaled
spectra using the separated flow length, Lgep, in-
stead of &, and obtained a marginally superior
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correlation. Use of Leep to correlate the spectra
of Dolling and Or resulted in increased scatter
compared to §,. If relatively simple parameters
describing the model geometry and incoming flow
are to be used for correlations, it is probable that
different parameters will be required in different
interactions. In 3-D interactions, the problem is
particularly complex. For example, in blunt-fin
induced flows, the shock frequencies increase with
increasing spanwise distance (i.e., increasing flow-
field sweep) such that power spectra cannot be
collapsed using simple parameters such as D or
60, but will require parameters which reflect the
local flowfield properties. Further comments on
this 'subject are given in Sec. 3.3. Appropriate
parameters for collapsing spectra is an area im-
portant in practical applications and one requir-
ing substantially more work.
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Fig. 12. Power spectra in the intermittent re-
gion of a Mach 5 compression ramp interaction.

To isolate the shock component of the pres-
sure signal, several authors have employed condi-
tional sampling algorithms [Dolling and Murphy
(1983), Andreopoulos and Muck (1987), Narlo
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(1986), Dolling and Smith (1989), Dolling et al.
(1992)]. Their common feature is the conversion
of the pressure signal into a bozcar of amplitude
unity and varying frequency. The time T; be-
tween consecutive passages of the shock over the
transducer can be determined and statistics per-
formed to obtain the probability distribution of
T; and the mean value Trn(= & N, T;), where
N is the number of periods. It should be noted
the 1/T,, is the shock zero-crossing frequency, fe,
not the mean shock frequency. f¢ is simply the
number of crossings per second of the transducer
by the shock wave, whereas the mean shock fre-
quency is ﬁz,-’il fi where f; = 1/T;. Since the
pressure signal is of a turbulent flow, precautions
must be taken to ensure that high-frequency tur-
bulent fluctuations are not inadvertently counted
as shock-waves. This problem and others are dis-
cussed by Dolling (1990). The utility of f¢ is that
shock motion can be characterized by a single fre-
quency and rapid comparisons can be made be-
tween flows. Caution is required, however, since
Je is sensitive to threshold settings and thus com-
parisons should only be made between results ob-
tained using the same algorithm and threshold
settings. Also, the shock motion is broadband,
and characterization by a single value can be mis-
leading.

The zero-crossing frequency distribution up-
stream of a 28-deg. compression ramp at Mach 5
is shown in Fig. 13. Recall that the power spec-
tra were shown earlier in Fig. 12. The intermit-
tency distribution is also shown. The solid lines
pass through the average values at each station.
The dashed line is the error function fit to the
intermittency data. The good fit shows that sep-
aration shock crossings are distributed in Gaus-
sian fashion within the intermittent region. Thus
the probability of finding a shock passage is at a
maximum near v = 0.5, and it decreases to zero
upstream of UI and downstream of “S.” This
result is also seen in the zero-crossing frequency
distribution that has a maximum value of about
1.0 kHz at v =~ 0.5.

2.2.5 Separated Flow Region

At “S)” or just downstream of it, the highly
skewed pressure signals of the intermittent region
are again essentially Gaussian. If the separation
length is large enough, both op and P, reach
constant plateau levels [Chyu and Hanly (1969),
and Coe et al. (1973)]. Compared to the undis-
turbed flow, op is significantly higher. The mea-
surements of Coe et al. upstream of a forward-
facing step at 5 Mach numbers ranging from 1.7

to 3.5 show only a weak effect of My, on the ratio
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0P/goo- The latter varied from about 0.03 to 0.04
with “a slight increase in intensity with increas-
ing Mach number.” At Mach 5 in an unswept
compression ramp interaction, Gramann (1989)
obtained a value of about 0.02 for o0p/ge. The
same value was measured by Murphy at Mach 3
in a 24-deg. compression ramp flow. However,
in both cases the separation was relatively small
(= 2-34,) and the flow was still undergoing com-
pression.
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Fig. 13. Zero-crossing frequency and intermit-
tency distributions in a Mach 5 compression
ramp flow,

Coe et al. (1973) tried several combinations
of length and velocity for the reduced frequency
parameter and for the abscissa of the power spec-

- trum. These included 6,/Uco, 8/Uso, 6/U, 6* /Uco,
Leep/U, (Leep—Xs)/U, and (Ss—Xg)/U, where §,
6*, and U are local values, Xg is the distance up-
stream of the corner, and Sg is the length of sep-
aration measured upstream of the corner. No sin-
gle reduced frequency or spectral density param-
eter was more effective over the full range of fre-
quencies and for the different models tested (ax-
isymmetric flares and forward facing steps, and
2-D forward facing steps). The best parameters
were f§/U and f(Ss — Xs). Generally, U is not
known; but this is not critical, since the use of
U or Uy produces only minor changes. The same
applies to the use of g or g in the power axis scal-
ing. Overall, a reasonably good correlation was
obtained by plotting G (f) U/q%,6 versus f§/U.
However, the data used were all at My, = 2.

Dolling and Or (1985) scaled their Mach 3
compression ramp data the same way, but using
Us and §, rather than local values. The spec-
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tra fell below the data band of Coe et al., al-
though, as the separated flow length increased,
the Mach 3 data came progressively closer to the
band. Whether these are universal parameters is
not clear, and more work is needed to clarify the
issue.

2.2.6 Outgoing Boundary Layer

There are few data in the outgoing boundary
layer, largely due to tunnel constraints. Compres-
sion ramp models must be long enough to avoid
trailing edge effects on reattachment but short
enough to avoid tunnel blockage. In compression
ramp flows, op continues to increase downstream
of reattachment, although op/P,, (Fig. 4) reaches
a maximum close to reattachment. The slow read-
justment of the boundary layer is evident from the
rms distributions and from the evolution of the
skewness coefficient of the wall pressure fluctua-
tions (Fig. 14). At both Mach 3 and 5, the skew-
ness passes through zero about 36, downstream
of the corner and appears to level off at a value of
4about -0.2.
.00

I 1 1 i I
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Fig. 14. Skewness coefficient distributions in
Mach 6 and Mach 3 compression ramp inter-
actions (from Gramann, 1989).

The effects of expansion/contraction of the
separated flow are felt far downstream on the
ramp face. The low-frequency flapping motion
of the outgoing boundary layer is quite evident
in conditionally sampled pitot surveys made by
McClure & Dolling (1991). By simultaneous ac-
quisition of fluctuating wall pressures under the
unsteady separation shock and fluctuating pitot
pressures above the ramp face, McClure & Dolling
generated frozen pitot pressure profiles. This was
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1991).

done by averaging pitot pressures only when the
separation shock was located between two pre-
selected pressure transducers (i.e., shock brack-
eted in a narrow range of intermittencies). Re-
sults for high and low intermittency ranges are
shown in Fig. 15, together with the conventionally
measured, time-averaged pitot survey. Data are
shown at four streamwise stations on the ramp.
As the separation shock moves downstream (to a
location of higher intermittency), the downstream
extent of the interaction shrinks, and vice-versa.

The low-frequency flapping is also evident in
power spectra measured by Gramann and Dolling
(1990,2) under the outgoing boundary layer in
a Mach 5 compression ramp interaction. Al-
though they are qualitatively similar to spectra of
an undisturbed boundary layer, there is a much
larger contribution to the variance from low fre-
quencies (those in the range of the separation
shock motion) than in an undisturbed boundary
layer. Coherence function measurements between
streamwise separated transducers on the ramp
face show high coherence in the broadband of fre-
quencies characteristic of shock motion. With in-
creasing distance downstream, the coherence at
higher frequencies increases as the outgoing flow
becomes more like an attached turbulent bound-
ary layer. Gramann also shows cross-correlations
between wall pressure signals under the translat-
ing separation shock wave and on the ramp sur-
face. As seen in the conditionally sampled wall
pressure distribution of Fig. 3, as the shock moves
forward (i.e., rising pressure on upstream chan-
nel), pressures on the ramp fall, and vice versa; so

the maximum cross-correlation coefficient is neg-
ative. As would be expected, the effect of the
shock motion decreases with increasing distance
downstream.

Gramann also examined the relative contri-
butions to the overall rms from the low-frequency
pressure fluctuations (due to flapping of the out-
going boundary layer) and high frequency fluctua-
tions (due to turbulence). In Fig. 16, the solid line
shows the rms pressure calculated the usual way
(i.e., based on 100 records of 1024 data points with
a single mean value). The dotted line employs the
same 100 data records, but is calculated using 16-
point data records, each with its own mean. The
effect of using 16-point records is to filter out the
lower frequency component of the signal. All of
the rms values of the 16-point records were then
averaged to give the dotted line. Thus, the differ-
ence between the solid and dashed lines provides
a measure of the influence of the separation shock
motion on the overall rms. Even with the contri-
bution from the low-frequency flapping removed,
the rms values are quite large, showing that pres-
sure fluctuations due to turbulence amplification
are significant.

Gramann also calculated the variation of the
rms with separation shock position, and these re-
sults are shown by the symbols in Fig. 16. For
X/bo < 1.2, rms levels are lower than the dashed
line for the shock upstream (v < 0.5) and equal
to or larger than the dashed line for the shock
downstream (7 > 0.5). These trends are reversed
further downstream. Gramann explains this re-
versal using a flowfield model in which the fluc-
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tuation statistics are fixed and the flowfield slides
up and down the ramp in the opposite direction
to the separation shock wave motion.

3 THREE-DIMENSIONAL FLOWS

Fewer measurements of fluctuating loads have
been made in 3-D flows compared to 2-D flows,
and the data are far more difficult to interpret
since the flowfield above the transducers may be
highly skewed. Much of the work has been done
in the past seven years. The interactions stud-
ied include flows induced by (i) swept planar
shocks from sharp fins at angle of attack [Tran
et al. (1985), Tran (1987), Tan et al. (1987), Gib-
son (1990), Gibson and Dolling (1992), Schmis-
seur (1992), Schmisseur and Dolling (1992), and
Garg and Settles (1993)]; (ii) crossing planar
shocks generated by sharp fins at angle of at-
tack [Batcho et al. (1989)]; (iii) swept com-
pression ramps [Tran (1987), Boitnott (1990),
Dolling et al. (1991), Erengil and Dolling (1992)];
(iv) unswept circular cylinders [Robertson (1969,
1971), Narlo (1986), Dolling and Narlo (1987),
Smith (1987), Dolling and Smith (1988, 1989),
Brusniak (1991), Bibko et al. (1991), Shifen
and Qingquan (1992)]; (v) unswept hemicylindri-
cally blunt fins [Dolling and Bogdonoff (1981),
Dolling and Narlo (1987), Dolling and Brusniak
(1991), Gonsalez and Dolling (1993), and Barn-
hart (1993)]. Barnhart’s work is as yet unpub-
lished. To the author’s knowledge, only Kleifges
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Fig. 16. Rms wall pressures as a function of sep-
aration shock position in a Mach 5 compression
ramp interaction (from Gramann, 1989).
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and Dolling (1993) have examined the effects of
leading edge sweepback on fluctuating loads on
centerline upstream of the fin. This section fo-
cuses primarily on what has been learned about
the unsteadiness from these studies. A review of
the mean surface properties and flowfield struc-
ture in such interactions is given by Settles and
Dolling (1990).

Almost all of the work cited above was car-
ried out at or below Mach 5. The only exception
is the work of Shifen and Qingquan, which was
carried out at Mach numbers of 5 and 7.8. The
latter study also included measurements of fluctu-
ating heat transfer near separation. In the discus-
sion below, the swept ramp results are presented
first, followed by the sharp and blunt fins. For the
reasons mentioned earlier, there are few measure-
ments in the outgoing boundary layer, and thus
little is known about the downstream flowfield.

3.1 Swept Compression Ramps

Boitnott (1990) made fluctuating wall pressure
measurements upstream of the corner line in in-
teractions generated by unswept, 10-deg. and 20-
deg. swept models at Mach 5. Erengil and Dolling
(1992) extended this study to include sweeps of
25, 30, 40, and 50 deg. In both studies the ramp
streamwise angle was fixed at 28 deg. In the ear-
lier work of Tran (1987) at Mach 3, data are pre-
sented for a 60-deg. swept model with streamwise
ramp angles of 24 and 30 deg. Since measure-
ments were made only along a single line perpen-
dicular to the ramp corner line, no information
can be gleaned concerning spanwise variations.
To the author’s knowledge, there are no measure-
ments of fluctuating pressures on the surface of
swept ramps.

Wall pressure rms distributions upstream of
the corner are generally qualitatively similar to
those in the unswept case (Fig. 7). The data are
plotted versus (X+X,)/(Z+Z,), which is the tan-
gent of a conical ray from the virtual conical ori-
gin. There is a local maximum generated by the
unsteady separation shock and a relatively con-
stant value under the separated flow. The cause
of the rapid rise in rms near the corner is unclear.
Quantitatively, rms levels generally decrease with
increasing sweep.

In the experiments of Erengil and Dolling,
the 10-deg. swept ramp interaction converged to
cylindrical symmetry. In this cylindrical case,
the maximum rms generated by the separa-
tion shock was only slightly lower than in the
unswept case and was constant spanwise. How-
ever, the intermittent region was about 20 percent
shorter and the band of shock frequencies higher.
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Fig. 17. Rms wall pressure distributions in coni-
cal coordinates in swept compression corner in-
teractions a) corner sweepback, A, = 30 deg.,
b) A = 40 deg., and c) kerosene-lampblack sur-
face traces for A, = 40 deg. with instrumenta-
tion rows indicated (from Erengil & Dolling,
1992).

The entire measurement region was within the
inception region for the 20-deg. model. The
maximum standard deviation increased spanwise
but did not exceed the unswept maximum value.
Shock frequencies spanned a broader range than
either the unswept or 10-deg. cases. In the highly
swept interactions (corner line sweeps greater
than 25 deg. at Mach 5), the rms distributions
were conically symmetric, as were the mean dis-
tributions.

Figure 18 shows (0p)max in the intermittent
region from several rows at different distances
from the ramp apex plotted versus the local
sweepback angle of the separation line, Ag. The
rms decreases by a factor of about 2 as the sep-
aration line is swept back from 0 to 36.5 deg.
Inspection of the wall pressure signals near sep-
aration highlights the physical effects of sweep-
back. Sample signals at A = 0, 20 and 40 deg.
(with their corresponding amplitude probability
density distributions) are shown in Fig. 19. The
signal from the highly swept flow (A = 40 deg.)
differs from the other two; although it is still in-
termittent, it has lower amplitude fluctuations at
higher frequency, and the secondary peak in the
probability distribution is no longer present. In
general, the amplitude of the wall pressure fluc-
tuations decreases, and the frequencies increase
with increasing sweep. The change is initially
gradual with increasing sweep, but becomes more
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Fig. 18. Maximum rms level near separation in
Mach 5 swept compression ramp interactions as
a function of separation line sweepback (from
Erengil & Dolling, 1992).
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Fig. 19. Sample wall pressure signals and corresponding probability density distribu-
tions in unswept and swept compression ramp interactions (from Erengil & Dolling,

1992).

rapid as sweep increases (> 25 deg.). Power spec-
tra at the location of the maximum rms for all
seven sweep angles (Fig. 20) show this trend very
clearly. The range of separation shock frequen-
cies increases from about 0.3-0.5 kHz for unswept
flow to about 2-7 kHz in highly swept flows. Note
that, for a fixed sweep, the frequency content of
signals in the intermittent region is independent
of position.

Figure 21a shows the normalized length of the
intermittent region, L;/8,, as a horizontal line
for the unswept and the moderately swept in-
teractions (A\¢ < 20 deg.). Since highly swept
interactions (A\¢ > 25 deg.) are quasi-conically
symmetric, it is more appropriate to define the
intermittent region length in terms of an angu-
lar increment rather than in terms of 6,. Figure
21b shows the angular extent of the intermittent
region by a vertical line drawn from )y to A;.
Here, Mo and \; are the sweepback angles of rays
along which the intermittency is about 0.02 and
about 0.98, respectively. In this representation,
each line forms a scale ranging from y =~ 0.98 to
v = 0.02. The relative position of the separa-
tion line from the flow visualization is also indi-
cated on each of these lines by Ag. The decreas-
ing length of the horizontal lines in Fig. 21a (and
the vertical ones in highly swept interactions in
Fig. 21b) shows quite clearly the shrinking of the
intermittent region as the interaction is progres-
sively swept back. Note, however, that in a given
quasi-conical interaction the length of the inter-
mittent region grows spanwise. Furthermore, the

changing position of the marker (i.e.,, \g) indi--

cating the location of the separation line shows

that the separation location from surface flow vi-
sualization moves upstream in the intermittent re-
gion towards lower and lower values of intermit-
tency. A possible explanation of this phenomenon
is given in the Appendix.
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Fig. 20. Power spectra at position of maxi-
mum rms near separation in unswept and swept
compression ramp interactions (from Dolling &
Erengil, 1992).
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Erengil and Dolling (1992) examined the
shock dynamics directly, using shock foot position
and velocity histories deduced from simultane-
ously sampled wall pressure signals. They found
that the separation shock dynamics, defined in
terms of the shock foot history and its statistics,
are essentially the same in all swept ramp interac-
tions. The separation shock foot position is nor-
mally distributed, and the mean shock velocities
are essentially equal. The only difference between
flows is in the length of the region in which the
separation shock moves. Higher shock frequencies
are therefore a direct result of the decrease in the
length scale of the separation shock motion.

3.2 Glancing Shock Interactions

The work of Tran et al. (1985), Tran (1987),
and Tan et al. (1987), was performed at Mach 3

for fin angles of attack of 10, 12, 16, and 20
deg. The Mach number normal to the shock, M,,
which is a measure of interaction strength, var-
ied from about 1.37 to 1.82. Measurements were
made along a single survey line in the undisturbed
freestream direction. Gibson (1990), Gibson and
Dolling (1992), Schmisseur (1992), and Schmis-
seur and Dolling (1992) made measurements at
Mach 5 for fin angles of attack from 16 to 28
deg. M, varied from 2.1 to 3.2. Gibson’s work
was done on a flat plate test surface with a trans-
ducer layout which took advantage of the quasi-
conical structure of sharp fin flowfields. Trans-
ducers were arranged along rays from the virtual
conical origin. Schmisseur’s work was done under
the same freestream conditions but on the tunnel
floor, in order to take advantage of the improved
spatial resolution associated with a thicker bound-
ary layer. The only other experiments known to
the author are those of Garg and Settles (1993)
at Mach numbers of 3 and 4. The angle of at-
tack range was 10-20 deg. at Mach 3 and 16-20
deg. at Mach 4, resulting in values of M,, from 1.4
to 2.16. Again, to take advantage of the conical
symmetry, the transducers were installed along a
circular arc centered at the fin leading edge.

The results of Gibson and Schmisseur show
that, within engineering accuracy, rms wall pres-
sure distributions (like the mean wall pressure)
are consistent with the view that quasi-conicity
is the salient feature of the interaction footprint.
No other topography describes the results as well.
Distribution of the mean (P, /Pc) and normal-
ized rms wall pressures (op/Py) as a function of
conical angle 8 shown in Fig. 22 illustrates the
collapse. The angle 8 and subscripts associated
with separation, etc. are defined in the sketch
above Fig. 22. In this case, the transducer rows
labeled A, B, and C in Fig. 22 were perpendicular
to the inviscid shock wave and located at differ-
ent distances along the shock. The shapes of the
distributions are the same as those obtained by
Garg and Settles at lower Mach numbers.

Garg and Settles attempt to explain the fea-
tures of the mean and rms distributions using de-
tailed flowfield maps developed in earlier work
(Alvi and Settles, 1992). An example of their
measurements and a sketch of the corresponding
flowfield map are shown in Fig. 23. They point
out that the local peak in rms near “S” is almost
certainly generated by the translating separation
shock, as in other interactions. Schmisseur’s work
at Mach 5 confirms this. Aft of separation, op/ Py,
remains almost constant for a considerable angu-
lar distance and corresponds to the plateau region
in the mean pressure distribution. This behavior,
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as noted earlier, also occurs in 2-D flows. They
note next that the second rms peak occurs close
to the dip in the mean pressure distribution. The
dip is more noticeable in the Mach 3 and 4 ex-
periments than at Mach 5 and may be a function
of incoming boundary layer thickness, which was
smaller in In Garg and Settles’ experiment. At
Mach 3 and 4, this second peak is directly un-
derneath the core of the separation vortex. In
the Mach 5 experiments, this peak is upstream of
the inviscid shock (Fig. 22), whereas at Mach 3
and 4 it is downstream. Garg and Settles suggest
that the trend of the vortex core approaching the
inviscid shock location (as evident in their flow-
field maps) may continue as interaction strength
increases. Thus, at Mach 5, the vortex core may
actually lie upstream of the inviscid shock.

The highest absolute fluctuation levels in the
glancing shock interaction are at locations closest
to the fin although, in terms of P,, (Fig. 23), the
normalized levels are only a factor of 2 or 3 larger
than in the undisturbed boundary layer. In Garg
and Settles’ work, the highest rms levels nearest
the fin correspond to a sound pressure level of
160 dB. The Mach 5 experiments give similar lev-
els.

In Schmisseur’s work at angles of attack of 16—
28 deg., the wall pressure signals near separation
were clearly intermittent and qualitatively similar
to those in unswept flows. Thus, as noted above,
the local maximum in the rms near separation is
generated by the translating separation shock, as
in other interactions. In the earlier work of Gib-
son and Dolling, intermittency was not evident in
the pressure signals, and the local flowfield near
separation was described as a shuddering com-
préssion rather than a translating shock. This
conclusion now appears to be incorrect. As ex-
plained independently by Schmisseur and Dolling
(1992) and Garg and Settles (1993), it is probable
that this result can be attributed to inadequate
spatial resolution.

Power spectra near separation show that for
the same incoming flow conditions the frequency
band of the translating shock is significantly
higher than in unswept flow. This is consistent
with the results from swept compression ramp
flows. At 16-deg. angle of attack, with the separa-
tion line swept back 25 deg., Schmisseur observed
that the shock frequencies were in the range 4-
5 kHz and that they did not increase further with
increased sweep. This observation is also con-
sistent with results from swept ramp flows. As
seen in Fig. 20, the increase in shock frequency
occurs rapidly as the flowfield is initially swept
back and does not change much beyond 25-30
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Fig. 23. Mean and rms pressure distributions
in a Mach 4, 20-deg. glancing shock interaction
(from Garg & Settles, 1993).

deg. of sweepback. Appropriate parameters for
scaling power spectra in the intermittent region
are not entirely clear. In the studies of Schmis-
seur and Gibson at Mach 5, separation shock fre-
quencies were of order 5 kHz and 8-10 kHz, re-
spectively, whereas in Tran’s work at Mach 2 they
were around 2 kHz. Schmisseur plotted the power
spectral densities versus Strouhal number, “S,”
defined as f 6 /U (Fig. 24). At Mach 5, the spec-
tra are centered at a Strouhal number of about
0.08-0.10 while, at Mach 3, it is centered around
0.06. Whether this is a Mach number influence or
physically incorrect scaling parameters, or both,
is not clear. More data over a wider range of con-
ditions are needed to resolve this question.
Under the separated flow, spectra are similar
to those of an undisturbed boundary layer with in-
creased frequency content at lower levels. Closer

. to the fin, under the impinging jet (Fig. 23), a shift
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Fig. 24. Power spectra at maximum rms near
separation at Mach 5 and at Mach 3 using §, as
a scale for reduced frequency (from Schmisseur,
1992).

to lower frequencies occurs. In Schmisseur’s work
spectra are centered around 15 kHz, compared to
5 kHz in the intermittent region and 2040 kHz in
the undisturbed boundary layer. Garg and Set-
tles suggest this shift to lower frequencies is due
to the fact that “these locations are relatively iso-
lated from the influence of the turbulent separated
shear layer, which wraps around the vortex core
and becomes a part of the reverse flow upstream
of these locations.” Closest to the fin, where the
highest rms levels occur, Garg and Settles show
a further decrease in frequency—in their case, to
about 5 kHz. They suggest that this may be due
to the flapping of the slip layer, observed previ-
ously in flow visualization studies.

Appropriate correlating parameters for the
rms levels associated with the plateau and the
maximum near the fin are not clear. The same
remark applies to the power spectra. As noted
earlier, (0p) max Near separation is typically about
0.4-0.5 (AP)g, but how (AP)s varies with M,
M,,, or Re is not known in any rigorous fashion.
Garg and Settles plot (0p/ Poo)max near the fin as
a function of normal Mach number; but this sim-
ple scaling would not appear to be universal, since
the Mach 5 data of Schmisseur fall far above it.

Batcho et al. (1989) report fluctuating wall
pressure data in a Mach 3 crossing-shock inter-
action. Both fins were set at angle of attack of
either 7 or 11 deg. Measurements were made only
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along the centerline of the flowfield. For the 7-
deg. case, the rms pressure levels are low (1 to 2
percent of P.,) along the survey line, while, at 11
deg., a peak rms level of about 15-20 percent of
P,, was measured downstream of the shock cross-
ing point. At this stage, the paucity of data in
this type of flowfield make it difficult to draw any
general conclusions.

3.3 Blunt Fins and Cylinders

Interactions induced by hemicylindrically blunted
fins and circular cylinders have much in common.
The boundary layer separates about two to three
diameters upstream of the leading edge and rolls
up in a vortical structure which then develops
spanwise and rearward as a horseshoe vortex sys-
tem. The streamwise scale of the flowfield and
spanwise flow development depend largely on D
and only weakly on 6, (Dolling and Bogdonoff,
1982).

The data base is fairly extensive, spanning the
range from transonic [Robertson, (1969, 1971)] to
Mach 7.8 [Shifen and Qingquan, (1992)]. Other
than Dolling and Bogdonoff (1981) at Mach 3,
Aso et al. (1991) at Mach 4, Gonsalez and Dolling
(1993) at Mach 5, and Barnhart (1993) at Mach
numbers of 2-5, most of the data are on centerline
upstream of the cylinder or fin. As noted earlier,
the work of Barnhart is still in progress and has
not yet been published. Shifen and Qingquan also
made fluctuating heat transfer measurements on
centerline at Mach numbers of 5 and 7.8.

Between the upstream influence line and “S,”
the wall pressure signal is intermittent and op in-
creases rapidly, with a maximum upstream of “S”
(Fig. 25). The distribution shape in the vicinity
of “S” is the same as in other interactions and is
generated by the unsteady separation shock. At
a given Mach number, the magnitude of (0)max
depends on the ratio of D/§,, as shown in Fig.
26. Physically, for small D/§,, the separation
shock structure is completely immersed in the
nonuniform incoming boundary layer. As D/§,
increases, a larger fraction of the shock forms in
the more uniform external stream. At large D/é,,
when the shock is predominantly outside of the
boundary layer, constant conditions prevail.

Measurements made by Brusniak (1991) show
that a cylinder or fin with the same D gener-
ates the same distribution of op on centerline up-
stream of the model. Thus the centerline flow is
unaffected by the cylinder wake. Since the length
of the streamwise region between the upstream
influence line and S scales with D, not 4,, the
separation shock motion may be a fraction of §,
or several §,. In terms of D, Lg/D is typically
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about 0.5-0.8.

The magnitude of (0p)max Dear separation de-
creases spanwise, but not rapidly. For a fin at zero
angle of attack at Mach 4, Aso et al. (1991) re-
port that (op/Puw)max decreases from about 0.26
on centerline to about 0.2 at Y/D = 3, a 20 per-
cent reduction. At Mach 3, Dolling and Bogdonoft
(1981) report a 30 percent decrease from 0.18 to
0.12. In absolute terms, the decrease in (0p)max
was also about 30 percent. The heat transfer near
separation is also intermittent. In the work of
Shifen and Qingquan, the ratio of oq to ¢, in the
intermittent region reaches a maximum value of
about 0.5.
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Fig. 25. Mean and rms pressure distributions
on centerline upstream of blunt fins at Mach 3
and Mach 5.

A series of seven power spectra on centerline
in a Mach 5 cylinder interaction on centerline are
shown in Fig. 27. The data are for a 0.5-inch
diameter cylinder in a boundary layer approxi-
mately 0.25-in. thick and have a frequency res-
olution of 195 Hz. These results are typical of
the spectral evolution seen in several studies at
Mach 3 and Mach 5. At station 1 in the undis-
turbed boundary layer, there is little energy at
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low frequencies, as expected. Station 2 is at an
intermittency of about 50 percent, and Station 3
is at, or slightly downstream of, “S.” Spectra in
the intermittent region all have the same shape,
with large energy contributions at 0.2-5 kHz, due
to the unsteady separation shock. Such low shock
frequencies are typical. There appears to be rela-
tively little influence of Mach number, cylinder di-
ameter, or incoming boundary layer on the shock
frequencies. Shifen and Qingquan, at Mach 5 and
7.8, report that “most of the separation shock os-
cillation frequencies are below 2.5 kHz.”
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Fig. 26. Variation of (o0p)yax/Poo Near separa-
tion for blunt fin interactions at Mach 3.

Robertson (1971) correlated power spectra
measured at the mean shock location in cylinder-
induced flows at M = 1.4 and 1.6, and from
an unswept compression ramp flow at M = 2
by plotting G(f)Uox/q2, 6o versus f6/U and
G(f)Uoo/q%, Leep versus fLgep/Uso, Where Lgep is
the separated flow length. A better collapse was
obtained using Lgp than with §,. However, it
does not appear that these correlating parame-
ters are generally appropriate, as explained be-
low. Power spectra at Mach 5 for different cylin-
der diameters and boundary layer thicknesses are
shown in Fig. 28. Spectra for cases 2 and 3 cor-
respond to flows in which Lgp is 2.4D in both
cases; but, due to the differences in D, Lgep is
3.05 cm and 4.6 cm, respectively. Since ¢, and
Ux are the same for both flows, normalization
using Lgep would separate the curves rather than
collapse them. Further, it can be seen in Fig. 28
that, for a given incoming boundary layer, a larger
diameter cylinder generates lower shock frequen-
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cies. This suggests that the separation shock fre-
quencies are also influenced by the downstream
separated flow, since the incoming conditions are
fixed and only D is altered. More is said about
this in Sec. 4. Thus, neither é, nor Lep is appro-
priate as a normalizer by itself, since both play a
roie in setting the shock frequency.
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Fig. 28. Effects of cylinder diameter-and bound-
ary layer thickness on power spectra at maxi-
mum rms near separation in Mach § interac-
tions (from Dolling & Smith, 1989).
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Fig. 29. Correlation of power spectra at max-
imum rms near separation using L; as a scale
for the reduced frequency (from Gonsalez &
Dolling, 1993).

Gonsalez and Dolling (1993) show that spec-
tra in the intermittent region, generated by differ-
ent diameter cylinders, can be collapsed by plot-
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ting G(f) - f/op? versus fL;/Ux, where L; is
the intermittent region length (Fig. 29). Simi-
larly, power spectra measured at a given separa-
tion line sweepback angle can be collapsed in the
same way. This scaling using L; appears to have
a firm foundation, but the use of Uy should be
viewed as tentative, since all of the experiments
were carried out at the same Uy. Further, it is
not a very practical formulation since the param-
eter L; is not usually known a priori. However,
the results from the parametric study of Gonsalez
and Dolling at Mach 5 show that L;/D =~ 0.8 for
separation line sweepback angles less than about
30 deg.; between 30 and 60 deg., L;/D increase
linearly to about 1.15D. First-order estimates of

power spectra could probably be obtained using

these values for Ly.

Returning to Fig. 27, station 4 is at the
upstream end of the separated flow and has a
bimodal spectrum. The energy concentration
around 30 kHz is caused by the passage of sepa-
rated, large-scale turbulent structures which orig-
inated in the incoming boundary layer. Station 5,
under peak 2 in the op distribution (Fig. 25), is
almost bimodal; but the lower frequency is now
centered around 2 kHz, the shock frequency. Sta-
tion 6, at peak 3 in the op distribution, has some
energy centered around the shock frequencies, but
most is around 25 kHz. Finally, at the cylinder
base, when the absolute maximum loading levels
occur under the root vortex, the bandwidth is rel-
atively narrow and at high frequency (~ 25 kHz).
In the work of Brusniak at Mach 5, rms levels of
up to 260 percent of the local mean wall pressure
were measured at the fin root. These correspond
to the most intense levels known to the author,
about 184 dB.

Kleifges and Dolling (1993) have measured
mean and rms wall pressure distributions on cen-
terline upstream of blunt fins with leading edges
sweptback 8, 18 and 30 deg. in a Mach 5 flow.
This study is still in progress and, thus, only
preliminary results are available. As expected,
upstream influence decreased from about 3.4D
(unswept case) to about 1.2D (30 deg. swept
back). The rms levels associated with the trans-
lating separation shock decreased by only about
20 percent, while the shock zero-crossing fre-
quency increased by about 20 percent. However,
loading levels at the fin root decreased by about
75 percent.

At this point, it is appropriate to note that a
large variety of separated flow structures can ex-
ist, depending on the cylinder geometry and ori-
entation, and incoming flow parameters such as
Reynolds number and Mach number. The quali-
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tative structure can best be understood in terms
of vortex systems; these include vortices that form
in the upstream separated flow, the stretching of
these vortices around the leading edge in a horse-
shoe shape, and, in the case of cylinder flows, the
near-wake gpiral vortices. This pattern is common
to both laminar and turbulent flows, as well as to
Mach numbers up to the hypersonic range. How
many vortices occur appears to be primarily a
function of Reynolds number, certain dimension-
less parameters, and flow type [Sedney (1973)].
Since these vortices generate large streamwise and
spanwise pressure gradients, it is obvious they will
play a dominant role in the wall pressure fluctu-
ation behavior. This behavior is likely to be very
complex. The examples cited above should be
considered in this context.

FIN(D=1.27 CM.)

Fig. 30. Rms pressure contours in a Mach
3 blunt fin interaction (from Dolling & Bog-
donoff, 1981).

There are relatively few results from under the
separated flow. Those of Dolling and Bogdonoff
at Mach 3, Aso et al. at Mach 4, and Brusniak at
Mach 5 all show essentially the same features. As
seen in Fig. 25, op continues to increase down-
stream of “S.” It reaches a second peak whose
magnitude is somewhat smaller than that caused
by the unsteady separation shock. The peak in
the intermittent region maintains its position rel-
ative to the upstream influence line with increas-
ing distance spanwise; the second peak is swept
back and crosses underneath the inviscid shock
at X/D = 3 (Fig. 30). On centerline, the sec-
ond peak is about one diameter upstream of the
fin leading edge, approximately at the upstream
limit of the embedded supersonic reversed flow re-
gion predicted in a numerical study by Hung and
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Buning (1985). As seen in Fig. 30, the second
peak decays rapidly and, further spanwise than
X/D = 4, is no longer detectable.

4 MECHANISM OF UNSTEADINESS

There have been relatively few studies focusing
on the cause of the unsteadiness of shock-induced
turbulent separation. One of the first was that
of Andreopoulos and Muck (1987), who analyzed
wall pressure signals measured in Mach 3 com-
pression ramp interactions. They reported that
the mean separation shock period, T;,, was in-
dependent of position in the intermittent region
and independent of the ramp angle. The value
of Ty, corresponded to a value of fe(= 1/T),) of
0.13Uc /80, which the authors claimed was the
same order as the estimated bursting frequency
in the incoming boundary layer. They also ar-
gued that, since the measured shock speeds were
the same order as velocity fluctuations in the
flowfield, this “represents further evidence that
the turbulence of the incoming boundary layer is
largely responsible for the shock motion.”

Although later experiments (see below) have
shown that turbulence in the incoming boundary
layer plays an important role, doubts were origi-
nally raised about the above conclusions. First, if
the shock frequency was controlled by turbulent
bursts, then in a given boundary layer it might be
anticipated that the shock frequency and stream-
wise length scale of the motion, Lg, would be
fixed. This is certainly not the case. As noted
earlier, for a circular cylinder of diameter, D, the
shock frequency decreases as D increases, and Lg
increases as D increases, all in a given bound-
ary layer. Doubts also arose about the validity of
the data analysis procedure used by Andreopou-
los and Muck. A one-threshold algorithm was
used to convert the intermittent pressure signals
into boxcars, which are subsequently analyzed to
provide information on shock frequency, period,
etc. One-threshold algorithms are known to over-
estimate shock frequencies significantly because
of their inability to discriminate consistently be-
tween shock-induced and turbulent pressure fluc-
tuations.

Moreover, the later work of Tran (1987) ap-
peared to contradict the findings of Andreopou-
los and Muck. Tran’s work was done in the same
Mach 3 blowdown facility in the same boundary
layer, but with a 20-deg. compression ramp rather
than a 24-deg. model. One transducer was placed
on the upstream influence line and the other fur-
ther upstream in the incoming boundary layer.
Tran found little correlation between events de-
tected on the upstream channel, using the VITA
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technique, and the shock-induced pressure pulses
on the downstream channel. He concluded that
the pressure pulses in the intermittent region were
independent of the large-scale structures in the
upstream boundary layer which are convected
into the interaction. Tran’s conclusions, how-
ever, must also be treated with some caution.
In his experiment, only a single transducer was
placed in the intermittent region, close to its up-
stream edge. It is quite possible that the separa-
tion shock moved upstream and downstream in re-
sponse to the incoming turbulence, but remained
downstream of the transducer whose output was
being recorded. With hindsight, it might have
been more appropriate to use the large shock-
induced pressure rise on the downstream chan-
nel as a trigger and ensemble average on the
upstream channel in the undisturbed boundary
layer. The trigger is then a very well-defined and
well-understood event.

This was the approach adopted by Erengil
and Dolling (1991,2) and later refined by Mec-
Clure (1992). Erengil and Dolling made si-
multaneous fluctuating wall pressure measure-
ments in the incoming undisturbed boundary
layer and under the unsteady separation shock
wave in a Mach 5 compression ramp interaction.
Conditional sampling algorithms and a variable-
window-ensemble-averaging technique were used
to investigate the correlation between specific sep-
aration shock motions (i.e., upstream or down-
stream sweeps, turnarounds) and pressure fluctu-
ations in the incoming flow. In these exploratory
experiments, there was uncertainty in the inter-
pretation of some of the results, due to an insuf-
ficient number of ensembles for certain types of
shock motion. This has since been clarified by
McClure (1992), as explained below. Neverthe-
less, to the current author’s knowledge, these re-
sults were the first to show a direct correlation be-
tween pressure fluctuations in the incoming flow
and separation shock motion.

McClure’s experimental arrangement was the
same as that of Erengil and Dolling (see the inset
of Fig. 31). The primary difference in the anal-
ysis procedure was in the selection criterion for
ensemble extraction. McClure used shock sweep
length alone, not sweep length and location, as
used by Erengil and Dolling. For example, a 3-
channel upstream sweep from channel 6 to chan-
nel 4 provided ensembles which were subsequently
averaged with ensembles from upstream sweeps
from channels 3 to 1. Phase alignment accounted
for differences in transducer locations. This sim-
ply involved mapping the ensembles to a set of
pseudo channels so that the beginning of the trig-
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gering event (say an upstream sweep) was mapped
to the same pseudo channel. All remaining chan-
nels had the same position relative to the starting
channel as in the physical layout. The characteris-
tics of the ensembles were further brought out by
combining ensemble-averages from several runs.

Results for 3-channel downstream and up-
stream sweeps are shown in Figs. 31 and 32, re-
spectively. A characteristic wall pressure signa-
ture (labeled sig) is seen on the channels upstream
of the shock. Note that the signature appears at
successively later times for channels closer to the
shock and that the signature is coincident with
the shock foot at ¢ = 0. Note also that the
characteristic signatures on the upstream chan-
nels are different for the different shock motions;
it is a fall-rise-fall sequence for an upstream sweep
and a rise-fall-rise for a downstream sweep. The
convection velocity, based on tracking the leading
peak of the signatures, is 0.75Ux. The peak-to-
peak amplitude of the pressure signature is about
1.5 percent of the boundary layer mean pres-
sure. The pulse itself has a duration of about 75—
100 us, corresponding to a length scale of about
3.2-4.36:. McClure also noted that the pressure
signatures continued to move downstream after
passing through the shock; thus, they are gener-
ated by fairly robust structures. In an extension
of McClure’s work, Gramann and Dolling (1992)
reported that these characteristic pressure signa-
tures could be detected as far as 20 boundary layer
thicknesses upstream of the interaction. Their
clarity decreased significantly with increasing dis-
tance, indicative of evolving turbulent structures.

McClure (1992) and Gramann & Dolling
(1992) also examined the relationship between
pitot pressure fluctuations in the incoming bound-
ary layer and separation shock motion. The pitot
probe tip was located from 0.33 to 1.316; above
the wall at 13.36; upstream of the ramp corner.
Separation shock motion was again used as a trig-
ger for extraction of ensembles. The results (Figs.
33 and 34) showed no evidence of a characteristic
pitot signal corresponding to specific shock mo-
tions. However, for Y/6; < 0.98, there is a gen-
eral decrease in pitot pressure for an upstream
shock sweep and an increase in pitot pressure for a
downstream shock motion. Cross-correlations be-
tween the pitot pressure signal and the wall pres-
sure signal under the unsteady shock showed a
weak (but increasing) correlation as the probe tip
approached the wall. The power spectrum showed
that an increasing fraction of the overall signal
variance was generated by lower frequencies as
the wall is approached. At this stage, the rela-
tionship between the pitot pressure fluctuations
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Fig. 31. Ensemble-averaged wall pressure histories for a 3-channel downstream sweep

(trigger on channel 7) (from McClure, 1992).

and the shock motion is still somewhat confus-
ing. The role that the low-frequency pitot pres-
sure fluctuations have on the shock motion is still
under active investigation.

Erengil and Dolling (1990, 1991,2) have ex-
amined the correlations between the separation
shock velocity history and wall pressure fluctu-
ations upstream and downstream of the inter-
mittent region. Results have been obtained in
swept and unswept compression ramp interac-
tions, sharp fin-induced flows, and in interac-
tions generated by blunt fins with both swept
and unswept leading edges. In each flow, up to
eight wall pressure transducers were placed un-
der the unsteady separation shock. From analysis
of simultaneously sampled signals, the shock foot

history Xg(t) was generated from nested boxcar
sequences (Fig. 35). Linear interpolation of the
bin history yields a piecewise smooth function for
Xs(t). An example of Xg(t) over a 10 ms time
interval is shown in Fig. 36. The shock veloc-
ity history is deduced by taking the derivative
of Xg(t). The velocity history corresponding to
the position history shown in Fig. 36 is shown in
Fig. 37. The shock foot behavior can best be de-
scribed as consisting of a low-frequency motion
superposed on which is a higher frequency jitter.
These two components appear to have two difter-
ent causes, as outlined below. It should be noted
that the experiments described below are ongo-
ing, and the results have not been presented or
published. Pending presentation/publication, the
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Fig. 32. Ensemble-averaged wall pressure histories for a 3-channel upstream sweep
(trigger on channel 7) (from McClure, 1992).

results should be treated as tentative. They are

reported here to provide up-to-date information
on current ideas/approaches in understanding the
physical mechanisms driving the unsteadiness.
Cross-correlations of the shock velocity his-
tory with wall pressure fluctuations under the in-
coming boundary layer have a well-defined peak
at negative time. Thus, fluctuations in the incom-
ing boundary layer precede shock velocity fluctu-
ations. Furthermore, the same correlation was
obtained in all of the different interactions listed
above, indicating that the same physical mech-
anism occurs in all flows. Cross-correlations of
the shock velocity history with wall pressure fluc-
tuations downstream of the intermittent region
are more difficult to interpret. This is because
perturbations in the downstream flow may cer-
tainly perturb the upstream shock wave, but, at

the same time, shock wave unsteadiness causes
fluctuations in the downstream quantities. Unlike
the upstream correlations which were the same in
all interactions, the downstream correlations are
qualitatively similar but quantitatively different
in different interactions. The correlation persists
for a much longer time than observed in the up-
stream correlation. The time span of this longer
period correlates well with the characteristic sep-
arated flow frequency of each of the different in-
teractions (0.5 kHz for the unswept ramp, 4 kHz
for the swept ramp, etc.). Within this time span
of the correlations, there is in each case a second
well-defined negative peak at negative time delay,
showing that high-frequency wall pressure fluctu-
ations under the separated flows precede shock
velocity fluctuations.

These cross-correlations and earlier work give
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Fig. 33. Ensemble-averaged pitot pressures in the incoming boundary layer for an up-

stream shock sweep (from McClure, 1992).
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Fig. 34. Ensemble-averaged pitot pressures in the incoming boundary layer for a down-

stream shock sweep (from McClure, 1992).

rise to a tentative model in which the separa-
tion shock unsteadiness is attributed both to per-
turbations to the instantaneous ratio of static
quantities across the separation shock and by the
expansion/contraction or pulsation of the sepa-
rated flow. High-frequency perturbations of the
shock are driven by both upstream and down-
stream fluctuations; low-frequency perturbations
only come from the downstream fluctuations.
The implication is that the large-scale motion of
the separation shock is caused by the pulsation
of the separated region which occurs at differ-
ent frequencies for different interactions, whereas

the small-scale motion of the separation shock
is caused by the high-frequency perturbations in
both upstream and downstream fluctuations in
static quantities (i.e., by the passage of individual
turbulent structures through the shock wave).
The available data, direct and circumstan-
tial, suggest that it is the turbulent fluctuations
close to the shock which drive the unsteadiness.
McClure (1992) obtained detailed correlations of
the flapping motion of the shear layer near reat-
tachment with the separation shock motion. He
used an event-relative-timing-analysis (ERTA) in
which histograms are constructed of the time-
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Fig. 37. Shock velocity history corresponding to the position history of Fig. 36.
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delay between events near separation and the flap-
ping of the shear layer. No evidence was found
of any feedback from the reattachment region to
the separation shock. Further, recalling Sec. 2.1,
Chapman et al. noted that, if transition occurred
between separation and reattachment, the shock
did not become unsteady until transition moved
close to separation. Thus, fluctuations in the
vicinity of reattachment appear to have little ef-
fect on the separation shock.

Brusniak and Dolling (1991, 1992) have also
been addressing the question of the mechanism
and have focused on interactions generated by
circular cylinders and blunt fins. In addition to
cross-correlations and ensemble-averaging meth-
ods, a technique called RSED (Random Signal
Event Detection) has been used in conjunction
with the ERTA method described earlier. The
RSED technique employs two wall transducers
separated streamwise in the incoming boundary
layer to detect events in the incoming flow which
are convected into the interaction. The ERTA
technique is then used to generate a histogram of
the timing relationship between these events and
specific separation shock motions further down-
stream. Alternatively, the two transducers can
be placed under the separated flow to detect the
passage upstream of specific pressure fluctuations
and then examine the timing relation between
them and the shock wave motion. This work is
ongoing and has not yet been presented or pub-
lished. Results to date have provided independent
confirmation that the shock foot responds to pres-
sure fluctuations under the incoming flow which
convect into the interaction. It has also been
shown that the separation shock motion is influ-
enced by pressure variations under the separated
flow and that events under the separated flow pre-
cede the shock motion. Moreover, the incoming
turbulent structures apparently affect the shock
motion twice—first, when they pass through the
separation shock and, second, after they recircu-
late upstream from the fin root. The latter ob-
servation suggests that if the recirculation pro-
cess could be altered, perhaps by fin leading edge
geometry changes, then it might prove possible
to influence the shock motion. Some exploratory
experiments along this line have been performed
by Kleifges and Dolling (1992) and are discussed
briefly in the following section.

5 CONTROL OF UNSTEADINESS

For obvious, practical reasons, there has been a
significant number of experimental and compu-
tational studies focusing on interaction manage-
ment and control. Most of these have focused on

suppression of separation, and most have dealt
only with the mean flowfield. The large majority
of these efforts has involved mass transfer at the
wall (injection or suction), with the objective of
minimizing the extent of separation. Settles and
Dolling (1990), Hamed and Shang (1989), and
Viswanath (1988) give overviews of the work in
swept flows and other interactions relevant to su-
personic inlet design. To the author’s knowledge,
there have been few studies of passive control of
supersonic/hypersonic flows. One of the earliest is
probably that of Cooper and Korkegi (1975), who
found that attempting “to reduce the size of the
separated flow by channeling higher pressure air
from behind the separated region to the bound-
ary layer in front of the region is ineffective.” The
work of Glotov and Korontsvit (1983) and Good-
man et al. (1985) are two more recent examples.
Glotov and Korontsvit reduced the separated flow
scale of a cylinder-induced interaction by placing
a vertical “needle” in the separation. Goodman
et al. examined the effect of an embedded plate
placed parallel to the wall in the outer portion of
the boundary layer in an incident shock interac-
tion. If positioned to reflect the impinging shock
wave flow, separation could be eliminated over a
wide parameter range.

Passive techniques have been more widely
studied in transonic flow. Raghunathan (1988)
provides a detailed review of recent work. There
have been few studies focusing directly on control
of fluctuating loads, and this is a fruitful area for
future research. The only studies known to the
author are those of Selig (1988), Selig and Smits
(1991), and McClure (1992).

Selig and Smits applied periodic blowing to
the boundary layer surface at various locations
within the separated flow generated by a 24-deg.
compression ramp at Mach 3. Blowing was ap-
plied through a full span slot at a rate of either 2.5
percent or 9 percent of the freestream mass flux
at frequencies up to 5 kHz. Wall pressure and
mass flux fluctuation measurements were made;
stroboscopic schlieren videography was used to
observe the unsteady flowfield. As the slot was
moved closer to the shock foot, the shock mo-
tion could be locked in to the blowing frequency
and completely controlled by the periodic blow-
ing. Note, however, that the mean shock loca-
tion was shifted upstream (i.e., extent of separa-
tion increased). The rms levels in the vicinity of
the shock did not change appreciably, nor did it
appear (based on the rms distributions shown in
Fig. 8 of Selig & Smits) that the length scale of
the shock motion changed. Both of these findings
are consistent with the remark made earlier about
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the relationship between rms levels and separated
flow scale.

Based on cross-correlations and the fact that
the shock motion could be controlled in this man-
ner, Selig and Smits concluded that “it seems
probable that the unsteadiness of the shock for the
24-deg. compression corner is partially driven by
large-scale fluctuations in the separated region.”
This is entirely consistent with the model pro-
posed in the previous section.

McClure (1992) and McClure & Dolling (1991,
1992) investigated the effects of suction at reat-
tachment and effects of boundary layer manip-
ulators (BLM) placed in the incoming bound-
ary layer on the separation shock dynamics in

~ a Mach 5 compression ramp interaction. In this

case, the BLM’s were plates 1.56; long, with sharp
leading and trailing edges (beveled at 15 deg. for
one plate and 35 deg. for the other) mounted par-
allel to the test surface and 0.7, above it. The
BLM trailing edge was 3.26; upstream of the ramp
corner. To examine whether or not the near wall
structure of the boundary layer influenced the
shock dynamics, McClure also investigated the ef-
fects of triangular riblets with a spacing s* and
height A+, both equal to 15 wall units. In brief,

- the riblets had no measurable effect on the sep-

aration shock dynamics. The BLMs reduced the
length of separation (defined as the distance from
the ramp corner to the downstream limit of the
separation shock motion) by 33-45 percent and
reduced the streamwise extent of the separation
shock motion by 36-74 percent. The physical
cause is not entirely clear and could be due to

~ the inviscid preturning of the flow by the BLM

(hence weakening the interaction) and not due to
changes in boundary layer structure. Further in-
vestigation is needed to clarify this issue.

Donovan (1992) has studied the effects of tan-

. gential mass injection on a nominally 2-D incident
.shock wave/turbulent boundary layer interaction.

The Mach number was 3.4. The injection jet was
one third of the height of the upstream boundary
layer and was operated to provide ideal expan-
sion to Mach 3.4 at the exit. The wedge angles
were 5 deg., 8 deg. (incipient separation), 10 deg.,
and 12 deg. A video-schlieren system provided
a qualitative record of the unsteadiness. Without
injection, there was significant unsteadiness of the
compression system at 10 and 12 deg. Not only
was there a significant reduction (by factors of
4.7 and 5.5 at 10 deg. and 12 deg., respectively)
in separation bubble length with injection, but
“no fluctuations in any of the compression system
were detected.”

McCormick (1992) has examined the effects of
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low-profile vortex generators and a passive cavity
on the interaction generated by a normal shock
wave in an axisymmetric tunnel at Mach num-
bers of 1.56-1.65. A large separation bubble was
generated. The vortex generators produced sig-
nificant suppression of separation, reducing the
overall interaction length from about 57 to 236,.
No fluctuating loads data were obtained, but, if
significantly reduced separated flow length scales
can be obtained, then the loading levels near sep-
aration can probably be reduced. However, it
is possible that, with steeper pressure gradients
near reattachment, the loading levels there may
increase.

6 IMPLICATIONS OF
UNSTEADINESS FOR CFD

Accurate predictions of the effects of shock wave
turbulent boundary layer interactions are of par-
ticular importance in the design of supersonic and
hypersonic vehicles. With increased reliance on
computation, it is critical that the predictions
are accurate. Thus, it is imperative that such
codes be validated and calibrated and deficiencies
be identified and rectified. For an overview on
progress in this area, the reader is referred to the
January and February 1992 editions of Aerospace
America (a publication of the American Insti-
tute of Aeronautics and Astronautics) which were
largely devoted to “a perspective on aerospace
computational fluid dynamics.” Articles authored
by both practitioners and program managers dis-
cussed the military, industrial, and academic per-
spectives of CFD, not only in terms of the techni-
cal challenges, but also in terms of the economic
and political issues. The objective of the current
few remarks can probably best be introduced by
extracting a few sentences from one of these re-
cent articles. The author is Professor A. Jameson
of Princeton University, New Jersey, who writes:
“Code validation is increasingly being recognized
as being vital to raising confidence in CFD use.
In considering this requirement, it is important
to distinguish between the correctness of the pro-
gram and the suitability of the math model to
the application. Simply comparing experimental
data with numerical results provides no way to dis-
tinguish the source of the discrepancies, whether
they are due to faulty numerical approximation or
programming, or to deviations between the math
model and the true physics.” (text italicized by
current author) The difficulty of determining the
deviation between the “math model and the true
physics” is the focus of this section. It is suggested
that a “fundamental deviation between the math
model and the true physics,” namely the global
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unsteadiness of the experimental flowfield, which
is not modelled numerically, may be a major con-
tributor to the discrepancies between computa-
tion and experiment.

6.1 Comparisons of Computation with
Experiment—Surface Properties

Figure 38 shows comparisons of the normalized
wall pressure from computations and experiment
for turbulent flow over a 34-deg. compression
ramp at Mach 9.22. The data are those of Cole-
man (1973) and Coleman and Stollery (1972), and
the computations were made by Horstman (1987)
using the k-¢, Cebeci-Smith, and Baldwin-Lomax
turbulence models. The computations employ
the time-dependent, mass-weighted, Reynolds-
averaged, Navier-Stokes equations for 2-D flow
and are solved using the MacCormack explicit-
implicit, second order predictor-corrector, finite
volume method. The purpose of Horstman's
study was to assess how well these turbulence
models, which have been widely used in transonic
and supersonic flows, fare in hypersonic flows. It
was not assumed a priori that they were suitable
for hypersonic flow. Indeed, as indicated on the
figure, modifications were made to the k-¢ model
to include hypersonic effects. The modifications,
indicated in the legend of Fig. 38, are as follows:
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Fig. 38. Normalized wall pressure distributions
in a compression ramp flow [M, = 9.22, a = 34
deg., data of Coleman (1973) and Coleman and
Stollery (1972)]. Figure from Horstman (1987).
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(i) Mod A - a correction to the € equation to ac-
count for the effect of rapid compression on the
turbulent length scale; (ii) Mod B — corrections
to both the k and € equations to model the addi-
tional terms which appear after mass-averaging;
and (iii) Mod C - a correction to the turbulent
stress terms for the density fluctuations. Details
of each correction and its implementation can be
found in Horstman (1987).

Before commenting on Fig. 38, one further
set of comparisons is shown in Fig. 39. This
figure shows comparisons of the same numerical
approaches with the Mach 11.3 data of Holden
(1984). In this case the flowfield is generated by
an incident shock wave generated by a wedge. In
both the Mach 9 and 11 experiments, the wall
temperature ratios are similar (T, /Tp = 0.28 and
0.19, respectively) and the Reynolds numbers dif-
fer only by a factor of two. In both cases, it can
be seen that the major discrepancies occur up-
stream of the ramp corner. In Fig. 38 the Cebeci-
Smith mode! predicts the wall pressure distribu-
tion quite well. The k-e¢ model underpredicts the
upstream influence, whereas with Mods A, B, and
C it is overpredicted. In contrast, at Mach 11
(Fig. 39) the Cebeci-Smith (and k-€) models are
now the worst, and the k-¢ with Mod C does the
best. In fact, none of these predictions can be
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Fig. 39. Normalized wall pressure distribu-
tions in incident shock wave interaction [M,
= 11.33, 8 = 15 deg., data of Holden (1984)].

Figure from Horstman (1987).
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considered satisfactory upstream of the corner for
the Mach 11 flow.

Horstman (1987) states, “Two features of
shock wave boundary layer interaction flows
which are probably of most interest to the de-
signer are the maximum heat transfer near reat-
tachment and the length of the separation zone.”
Comparisons of the measured and predicted val-
ues of (gmax/goo) and the separation locations are
shown in Figs. 40 and 41, respectively, for the
Mach 9.22 compression ramp experiment. Note
that the vertical axis in Fig. 40 is logarithmic.
The k-¢ model and modifications do not even pre-
dict the right trend of (gmax/ge0) With a. The
algebraic models predict the trend with o bet-
ter but underpredict the separated cases (a > 30
deg.). Figure 41 shows that the trends for the
separation location are generally correct for all
models, but only the Cebeci-Smith model pre-
dicts the values quantitatively. That the latter
result is probably fortuitous is evident in Fig. 42,
which shows similar comparisons at Mach 11. In
this case, the Cebeci-Smith model is the worst.
It is not just the maximum heating rate in the
compression ramp interaction that is inadequately
captured by any of the codes. The shape of the
heat transfer rate throughout the interaction is
also poorly predicted. The same remark applies
to the heat transfer rate distribution in the inci-
dent shock wave experiment of Holden.
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EXPERIMENT
COMPUTATIONS

k€

k-¢ (MOD A)

k-¢ (MOD B)

k-¢ (MOD C)
CEBECI-SMITH
BALDWIN-LOMAX

1 1 1 . )
10 20 30 40
«, deg
Fig. 40. Mach 9.22 compression ramp inter-
action: comparison of computed and exper-
imental maximum heat transfer rates [from

~ Horstman (1987)].
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Fig. 41. Mach 9.22 compression ramp inter-
action: comparison of computed and exper-

imental separation locations [from Horstman
(1987)].

Horstman also points out that: “Experi-
menters have observed large unsteadiness for sep-
arated supersonic shock wave turbulent bound-
ary layer interaction flows. There is no reason
to doubt that unsteadiness is also present for the
hypersonic test flows considered here. These un-
steady effects can at times dominate the flow-
field.” He also pointed out that “the computa-
tions show no sign of unsteadiness. There is also
no apparent mechanism in the present day eddy
viscosity models for the observed unsteadiness.
This may be an important factor that contributes
to the discrepancies between the predicted and
measured results.”

The present author believes that the unsteadi-
ness is indeed an important factor that con-
tributes to the discrepancies between experiment
and CFD, and that flowfields of this type cannot
be understood in terms of mean measurements
alone. Without understanding the dynamics of
these flowfields, comparisons of mean surface and
flowfield measurements with computations can
lead to very misleading conclusions about a given
algorithm or turbulence model. These statements
are based on what is known of the unsteadiness
of similar interactions at lower Mach numbers and
which has been reported in earlier sections of this

~ paper.
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Fig. 42. Mach 11.3 incident shock wave inter-
action: comparison of computed and exper-
imental separation locations [from Horstman
(1987)].

Numerous computations, using a variety of
turbulence models, have also been made of the
24-deg. Mach 3 unswept compression ramp exper-
iment of Settles (1975). Four sets of computed
pressure distributions for this flow are shown in
Fig. 43. Similar to the hypersonic results of Figs.
38 and 39, the major discrepancies are upstream
of the corner. Figure 43a shows those calculated
by Viegas and Horstman (1979) using turbulence
models available in 1979; Fig. A3b shows these
calculated by Viegas et al. (1985) using the k-
€ model and employing both wall functions and
integration to the wall (The experimental data
of Dolling and Murphy (1983) are also shown in
Fig. 43b. These data are time-averages of fluc-
tuating wall pressure signals rather than single
value mean measurements from scani-valves, as
obtained by Settles.); Fig. 43¢ shows the results of
Champney (1989), using more recent turbulence
models; while Fig. 43d shows the most recent
computations by Wilcox (1990), using his new
“multi-scale” model and the k-w model. Champ-
ney’s work includes calculations made using the
turbulence model of Mansour and Shih, which
was derived from direct simulation data for a
channel flow and applied for the first time to a
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Fig. 43. Measured and computed wall pressure
distributions in a 24-deg., Mach 3 compres-
sion ramp interaction: a) Viegas and Horstman
(1979); b) Viegas, Rubesin and Horstman
(1985); c) Champney (1989); d) Wilcox (1990).
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Fig. 44. Ensemble-averaged wall pressures up-
stream of the corner in a 28-deg., Mach 5 com-
pression ramp interaction [from Erengil and
Dolling (1991,1)].

compressible flow by Champney. The computa-
tions share certain common features—a generally
steeper pressure gradient up through separation
to the corner and a higher “plateau” level up-
stream of the corner than in the experiment. The
k-w model of Fig. 43d is an exception to the lat-
ter and predicts the plateau pressure fairly well,
but the upstream influence is substantially un-
derpredicted. Of all the computations, Wilcox’s
“multi-scale” model is superior; both upstream
influence and plateau pressure levels are predicted
quite well. The multi-scale model employs a phys-
ically more realistic description of the Reynolds
stress tensor which is probably partly responsible
for the overall improved comparison with the ex-
periment. However, neither the multi-scale model
nor any of the other methods model the low fre-
quency unsteadiness of the separated flowfield. In
this sense, as will be discussed later, the match-
ing of the upstream influence by the multi-scale
model can only be considered as fortuitous.

6.2 Implications of Unsteadiness for Com-
putation of Surface Properties

It was stated earlier (Sec. 2.2) that Erengil
and Dolling obtained ensemble-averaged pres-
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sures Pg,4 from the separation shock foot to the
corner in 8 Mach 5 compression ramp interaction.
These distributions were generated by “freezing”
the shock at various positions in the intermittent
region and are plotted vs. X/é, in Fig. 4. In
the schematic at the top of the figure, filled mark-
ers shown an example of four simultaneously sam-
pled transducer positions. (The “crossed” mark-
ers indicate the other positions at which ensemble-
averaged pressures were obtained.) The symbol
n represents the position of the shock in the in-
termittent region, and i is used to indicate the
distance from the foot of the separation shock to
the position of interest. The solid line in the Fig.
44 is the mean pressure distribution. Each one
of the dashed-line curves was generated by freez-
ing the shock at a given position in the intermit-
tent region as it moved upstream and ensemble-
averaging on each of the downstream channels.

Three features are evident. First, Pp/s
in the separated flow within about 16p up-
stream of the ramp corner is relatively insen-
sitive to the shock position in the intermit-
tent region. Second, for the “shock-upstream”
case, the ensemble-averaged pressure distribu-
tion has a well-defined plateau region, consistent
with a large-scale separated flow. As the shock
moves toward its most downstream position, the
ensemble-averaged pressure distribution progres-
sively changes, finally resembling that typical of
a small-scale separated flow. The data presented
are for upstream motion of the separation shock;
similar results were obtained for downstream mo-
tion as well.

These results show clearly how the time-
averaged results are generated. As noted earlier,
it is the occasional presence of the unsteady shock
at the upstream influence line (UI) which first in-
creases the mean wall pressure above the undis-
turbed value. Most of the time the pressure at Ul
is within the undisturbed range typical of the in-
coming boundary layer. The mean pressure rises
downstream of UI because the translating shock
spends an increasing amount of time upstream of
stations nearer the separation line. What is, in an
instantaneous snapshot, an abrupt pressure rise
across the separation shock, is smeared out from
Ul to S in the time-averaged picture by the shock
motion.

Modeling the flowfield with a stationary sepa-
ration shock cannot simultaneously generate the
correct upstream influence (as usually defined)
and the correct time-averaged wall pressure. Even
if the upstream influence matches the experiment
(as it does in several of the computations in Fig.
43), the pressure distribution is generally incor-
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rect. This is because the stationary shock model
essentially produces an instantaneous snapshot of
the flowfield (i.e., one of the “shock frozen” dis-
tributions of Fig. 44). In the case just cited,
the separation shock is close to the experimental
upstream influence line. In the experiment, the
mean pressure at any given point is the weighted
average of a series of instantaneous flowfields, each
for the separation shock at a different stream-
wise position. This is evident from Fig. 44, which
showed ensemble-averaged streamwise pressures,
Pgs, from the shock foot to the ramp corner,
generated by “freezing” the separation shock at
various positions in the intermittent region. Mean
surface properties in an unsteady flowfield can-
not be reproduced by a model in which the shock
(even if successfully modeled as a discontinuity)
is stationary. The only way in which both the
correct upstream influence and pressure distribu-
tion can be generated is to include the translating
shock front in the modeling. Time-averaging the
computed wall pressures over many time steps (as
is actually done in either digital or analog fashion
in the experiment) should substantially improve
the comparison with experiment, irrespective of
the turbulence model.

6.3 Comparison of Computation with
Experiment—Velocity Profiles

Wilcox also shows comparisons of the mean ve-
locity profiles in the Mach 3, 24-deg. compres-
sion ramp interaction, with predictions from the
k-w and multi-scale turbulence models. Exam-
ples are shown in Fig. 45. Downstream of the
corner (S/6, = 0.44 to 6.18), the experimental
data are much fuller than the computations be-
low y/6 of about 0.4. Wilcox also computed the
outgoing mean velocity profiles for Brown’s ex-
periment (1986) of Mach 2.85 flow into a 30-deg.
axisymmetric compression corner. These results
are shown in Fig. 46. Again, below y/6, of about
0.4, the measured profiles are much fuller than the
computed profiles.

It was mentioned earlier that McClure and
Dolling have examined how the outgoing mean
pitot pressure profiles are actually generated in
a Mach 5, 28-deg. compression ramp interaction.
Three cases were studied: (i) ramp with suction
applied along a 6mm-long slot spanning the ramp
near the reattachment; (ii) ramp with suction
slot exposed to the flow but without suction ap-
plied; (iii) baseline case (i.e., no slot or suction).
Measurements were made using (i) a conventional
pitot probe with a flattened tip (0.64 mm x 2.1
mm) with about 50 cm of pressure tubing between
the probe tip and the pressure transducer, and
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Fig. 45. Measured and computed mean velocity
profiles downstream of the corner in a 24-deg.,
Mach 3 compression ramp interaction [from
Wilcox (1990)].

(ii) a pitot probe with a single Kulite Model XCQ-
062-100A miniature pressure transducer project-
ing upstream of the tip. The frequency response
of the Kulite probe was about 50 kHz.

Results from the mean and fluctuating pitot
surveys at four stations downstream of the corner
are shown in Fig. 47 for the baseline and suc-
tion cases. Note that z is measured perpendic-
ular to the ramp face. The solid lines are the
mean profiles from the conventional probe. The
dashed lines are “frozen” pitot profiles. “Frozen”
profiles were obtained by averaging pitot pressure
values only for the condition when the upstream
separation shock was located between two spec-
ified surface transducers. The intermittencies of
the surface transducer pair used are indicated in
the figure keys. The two positions correspond to
the separation shock far “upstream” and “down-
stream.” Also indicated is the mean value from
the fluctuating measurements.

Comparison of the mean pitot pressure values
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Fig. 46. Measured and computed mean veloc-
ity profiles downstream of the corner in a 30-
deg., Mach 2.85 axisymmetric ramp flow [from
Wilcox (1990)].

obtained from the conventional pitot probe with
mean values from the fluctuating pitot pressure
signal shows differences at each station. The dif-
ferences have three possible causes. First, slight
shifts in survey position show up as differences in
pitot pressure. These differences should vary from
ramp station to station but would be consistent
for a given station. It is estimated that stream-
wise probe placement for a given ramp position
varied by less than 0.066 between conventional
and fluctuating runs, and so should contribute
only very slightly to P, discrepancies. This pos-
sibility can therefore be disregarded. Second, the
diameter of the fluctuating probe “tip” was 2.5
times greater than the conventional probe height,
which would tend to integrate P, over a larger
distance and hence contribute to differences, par-
ticularly in regions of large gradients. It is prob-
able that this integration has some effect. The
third cause, which is almost certainly the ma-
jor contributor, is the skewness of the fluctuat-
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ing signal. Examination of the probability den-
sity distributions (pdd’s) for the fluctuating pitot
signals indicated that, close to the ramp surface
(< 0.66,), the pdd’s had positive skewness and, in
some cases, exhibited a bimodal shape with very
large separation between peak values (~ 32 psi).
Under conditions where the probability density
values of these peaks were sufficiently different,
the conventional pitot reading was higher than the
mean of the fluctuations. Fig. 48 shows this effect
for the data set with the largest disagreement,
the suction survey at Z/6, ~ 1.45. The accom-
panying probability distributions for the fluctuat-
ing pitot pressure clearly show that the conven-
tional pitot probe measurement is biased toward
the higher mode in the fluctuating pitot pressure
data for Z/6, < 0.43. This behavior reverses,
though, for Z/§, = 0.58, where the probability
density of the lower mode is six times greater than
that of the higher mode. The 50 cm of tubing
between the orifice and pressure transducer for
the conventional pitot probe behaves as a pres-
sure sensitive filter with an output dependent on
the nature of the fluctuations (i.e., frequency and
amplitude content).

In the experiments used for comparison with
computation shown earlier, the pitot profiles from
which mean velocity profiles were calculated were
obtained using conventional probes. It is almost
certain that these profiles are fuller than would
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Fig. 48. Results from mean and fluctuating pitot surveys downstream of the corner in a
28-deg., Mach 5 compression ramp interaction: a) baseline; b) ramp with suction [from

McClure & Dolling (1991)].

be obtained by time-averaging the corresponding
fluctuating pitot pressure signals. If the mean
velocity profile was computed using the mean of
the fluctuating signal rather than the single time-
averaged value from the conventional probe, the
profiles would be much less full near the wall and
would probably agree better with the computa-
tions.

6.4 Concluding Remarks

It is clear that the measured mean surface and
flowfield properties are controlled by the flowfield
unsteadiness. The discrepancies between the pre-
dicted and measured properties are almost cer-
tainly not just due to inadequate turbulence mod-
eling, but also due to neglect of the unsteadiness
in the modeling. Without modeling the unsteadi-
ness, it is unlikely that the codes can reproduce
correct mean property distributions. For flows of
this type, it is felt that equal emphasis should be
placed on developing methods capable of model-
ing the unsteadiness as is placed on turbulence
modeling.

7 FUTURE WORK

Some suggestions as to the direction of fu-
ture work are given below. The list is by no
means exhaustive and focuses on control of un-
steadiness, the development of better correla-
tion/prediction schemes, additional experiments
to confirm/discover causes of unsteadiness, and
some remarks on the computation of unsteady
flows.

(i) Control of flowfield unsteadiness, particu-
larly unsteady shocks with their attendant
large amplitude loads, is a goal with signif-
icant practical returns. In the near term,
however, a more realistic objective might be
to develop methods to influence unsteadi-
ness favorably. Favorably implies reducing
peak loading levels, reducing the surface
area exposed to high loads (i.e., reduce the
length scale of shock motion), and develop-
ing means to shift shock frequencies out of
one range and into another. Evidence exists
that frequency shifts can be achieved using
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active means, but these are likely to be com-
plex, expensive, and bulky. Attention should
initially be focused on passive means.

There now exists, in the literature, a fairly
large volume of fluctuating loads data for
several different geometries. The range of
flow conditions is fairly narrow but is proba-
bly sufficient to begin the development of en-
gineering correlation and prediction schemes
for loading levels and spectra. In the past,
much of the effort has been devoted to deter-
mining flowfield physics, and relatively little
attention has been give to correlating the re-
sults and developing easy-to-use prediction
methods. It is probably an appropriate time
to begin such work in earnest. Correlations
which relate fluctuating load levels to local
mean levels would be the most useful. There
exists a large amount of mean flow data
for many configurations over a wide range
of flow conditions; thus, the mean proper-
ties of many flows are already known. Fur-
ther, computational fluid dynamics is able,
in many cases, to predict mean wall pres-
sures accurately. Such an effort might also
identify those flow regimes in which more
data are required.

Additional experiments are needed to con-
firm the physical mechanisms described in
this paper and to examine their validity. An
optimum approach might combine full flow-
field visualization with quantitative mea-
surements in the incoming and perturbed
flows. As an example, specific large-scale
turbulent structures entering the flow could
be detected 5-104, upstream of the interac-
tion using an array of hot wires and, after an
appropriate delay, dual or multi-pulse flow-
field images obtained to show the response
of the shock/interaction to the passage of
the structure. Such experiments would show
directly and visually what must now be de-
duced from conditional sampling techniques.

New efforts should be directed toward de-
veloping computational methods for mod-
eling unsteady flowfields. Real time, fully
3-D, turbulent Navier-Stokes computations
on a routine basis for engineering prediction
are still in the distant future. A relevant
question is whether simpler approaches can
be developed which model the essential fea-
tures of the unsteadiness. Can methods be
developed which employ unsteady boundary
conditions whose details are obtained from
experiment? Would such an approach yield
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an unsteady flowfield whose time-averaged
surface properties matched experiment and
from which approximate estimates of fluctu-
ating load levels could be deduced? The au-
thor feels that, with the availability of paral-
lel computers, this is a field ripe for exploita-
tion by the CFD community.
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APPENDIX

Physical Interpretation of Separation
Lines from Surface Tracer Patterns

Surface tracer techniques are widely used to lo-
cate separation lines. They are relatively easy to
use and produce highly defined, repeatable sep-
aration lines. In the case of the kerosene lamp-
black method, the pattern is lifted off the surface
on large sheets of transparent tape, and full-scale,
undistorted records are obtained. Since wall pres-
sure signals show clearly that the separation shock
wave moves well upstream of “S,” the question of
the physical meaning of “S” arises.

This question has been addressed by Gramann
and Dolling (1988). Two pressure transducers
with fixed streamwise separation were placed at
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different positions in the intermittent region up-
stream of a circular cylinder. The Mach number
was 5. Blocks of data corresponding to flow doum-
stream of the instantaneous shock wave were ex-
tracted and cross-correlated. Cross-correlations
at all of the stations in the intermittent region
were essentially the same as those measured down-
stream of “S” where the flow is always sepa-
rated. Maxima in the cross-correlation coeffi-
cient at both positive and negative time delays
occurred at the same time, no matter where the
transducer pair was located in the intermittent re-
gion. The results show that separation occurs at,
or just downstream of, the instantaneous shock
position and undergoes the same large-scale, low-
frequency motion as the separation shock wave.
Similar results have been obtained in a Mach 5
compression ramp flow. Thus the separation line
indicated by surface tracers is actually the down-
stream boundary of a region of intermittent sep-
aration.

A plausible physical explanation for the lat-
ter is summarized below. If the shock motion
over a point is modeled as a step function, then
the instantaneous wall shear stress at that point
has two possible values. One is the value cor-
responding to flow upstream of the shock wave
(i.e., incoming boundary layer) which is large and
positive, and the other corresponds to backflow
and is considerably smaller and negative. Hence,
even if there is backflow for a large fraction of the
time (i.e., at high intermittency), the mean shear
stress will still be positive. The surface tracer ma-
terial, which has almost zero frequency reponse,
will therefore move downstream. On this basis,
the station at which the mean wall shear stress
becomes zero and the tracer material accumulates
will have a very high value of intermittency.

In swept compression ramp flows, experiments
at Mach 5 show that the separation line moves
upstream in the intermittent region with increas-
ing sweepback (Erengil & Dolling, 1992). For a
corner-line sweepback of 50 deg., the separation
line is approximately in the middle of the inter-
mittent reigon. This result lends some support
to the physical explanation advanced above. In
swept interactions, the upstream component of
the wall shear stress is appreciably larger than
in the unswept case with its subsonic recirculat-
ing flow. Hence, the relative position in the in-
termittent region where the time-averaged wall
shear stress becomes zero changes. As a result,
the line of coalescence of surface streaklines shifts
progressively upstream in the intermittent region
with increasing sweep.
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CONTRIBUTION OF LASER DOPPLER VELOCIMETRY TO THE
PHYSICAL DESCRIPTION OF SHOCK WAVE / TURBULENT BOUNDARY LAYER
INTERACTIONS WITH INCIDENCE ON TURBULENCE MODELLING

J. M. Délery

Aerodynamics Department
ONERA - B.P. 72 - 92320 CHATILLON

SUMMARY

With the advent of Laser Doppler Velocimetry in the 70s
it has become possible to investigate high speed com-
plex flows containing shock waves, separated regions and
strong turbulent fluctuations. This powerful tool has al-
lowed an unprecedented physical description of the flow
fields resulting from shock wave/boundary layer interac-
tion, both in two- and three-dimensional flows. It is re-
markable that the development of LDV has accompanied
the progess in CFD, thus permitting an in depth valida-
tion of the theoretical models. The Lecture focusses on
the use of LDV to investigate typical transonic and su-
personic interactions occurring, firstly in nominally 2D
configurations, then in a 3D channel flow. The data thus
obtained are used to provide a detailed description of the
flow field and to validate several equilibrium and non-
equilibrium turbulence models. In 2D flows, the calcu-
lations were executed by using an economical boundary
layer type approach, for the 3D case the models were im-
plemented in a Navier-Stokes code.

1. INTRODUCTION

The advent of Laser Doppler Velocimetry (LDV) in the
70s has operated a true break-through in our capacity to
investigate complex turbulent flows, as those generated
by the interaction between a shock-wave and a turbulent
boundary layer. With LDV, it has become possible to
perform reliable and accurate measurements in high speed
flows containing shock-waves, large separated regions and
strong turbulent fluctuations. Not only the mean flow
structure can now be described in detail, but also the
complete Reynolds stress tensor can be determined, even
in three-dimensional configurations.

It is remarkable that the spectacular advances in experi-
mental techniques were accompanied by the considerable
development of the predictive tools which permit a local
description of complex interacting flows. The large in-
crease in computer performance and the parallel progress
in numerical methods now render possible the solution of
the full time averaged Navier-Stokes equations. However,
purely numerical problems, like those posed by the defini-
tion of an adequate mesh, being excluded, the theoretical
efforts are still hampered by the difficulty of represent-
ing the turbulent terms in the time averaged equations.
In the domain of turbulence modelling, progress is much
slower and important work has still to be done to obtain
fully satisfactory results.

A real validation of numerical models must rely not only
on confrontations between measured and computed wall
quantities (pressure, skin-friction, heat-transfer in hyper-
sonic flows) but also on field properties interesting both
the mean and the turbulent fields. Classical measure-
ment techniques, based on multi-hole pressure probes or
temperature probes, can provide very useful results and,
for this reason, must not be despised (Gaillard, 1983).
Hot wire anemometry can give instructive information on
the turbulent field, especially on its frequencies or length
scales (Smits and Muck, 1987). Also, the highly fluctuat-
ing character of strong interactions must be investigated
by using short response time surface transducers and/or
probes (Sajben et al., 1985; Muck et al., 1988; Erengil
and Dolling, 1991). These means of investigation suf-
fer from their intruding nature which renders their use
in transonic flows problematic, since then any obstacle,
even small, can significantly affect the whole flow field,
producing large displacements of the shock system. Fur-
thermore, the probing of a separated zone with material
probes is suspect because of their disturbing action and
of the inherent difficulty to determine the direction of the
velocity with such devices.

Interferometry, and more particularly: holographic inter-
ferometry, constitutes a powerful tool to analyze com-
plex and sensitive flow fields because of its non intrusive
nature (Surget et al., 1977; Hsu and Settles, 1989). In
addition of spectacular visualizations of the flow, inter-
ferometry allows direct measurements of the local density
by an adequate processing of the interferograms. Thus,
interferometry has been, and is still, used to investigate
shock wave/boundary layer interactions. However, in-
terferometry suffers from three major disadvantages: 1)
- In practice, its quantitative use is restricted to two-
dimensional and axisymmetric flows, extension to truly
three-dimensional flows requiring complex experimental
procedures and ultra complicated processing techniques.
2) - It lacks sensitivity in separated flows since then, the
velocity being small, the density is nearly constant. 3)
- Turbulence measurements with interferometry does not
seem possible, except a rough characterization of turbu-
lent structures.

Laser Doppler Velocimetry does not suffer from these lim-
itations. Performing a local measurement, having a high
sensitivity and the ability to determine the velocity direc- -
tion, LDV allows the survey of two-dimensional as well
as three-dimensionel, separated flows. Furthermore, the
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nearly instantaneous measurement process permits turbu-
lence measurements from an appropriate statistical treat-
ment of a sample of instantaneous values recorded at one
point. Of course, LDV has also limitations: 1)- It gives
information at one point at a time, so that the prob-
ing of a vast field may require long, and sometimes pro-
hibitive, test durations. On the opposite, interferometry
operates the record of a whole flow field at once. 2) -
The technique postulates that the velocity of the seeding
particles is equal to the flow velocity, which may be not
true is highly retardated or accelerated flows. 3) - Three-
component LDV systems able to make measurements in
high speed flows are expansive and delicate to operate.

The purpose of the present Lecture is to show the contri-
bution of LDV to the investigation of shock wave/turbulent
boundary layer interactions. This technique has been
used by several investigators to obtain a faithful and re-
liable description of interacting flows containing more or
less extended separated regions (East, 1976; Seegmiller et
al., 1978; Ardonceau et al., 1980; Ardonceau, 1981; to cite
the earlier LDV studies). Here, we will restrict ourselves
to the studies of typical interactions which were conducted
at ONERA, over the past 10 years. Emphasis will be
placed on the crucial role played by LDV measurements in
the physical understanding of interacting flows and in the
critical examination of turbulence models. Firstly, two-
dimensional interactions will be considered, then three-
dimensional interactions will be discussed. The theoreti-
cal aspects of the question will be focussed on transonic
and supersonic two-dimensional interactions which can
be treated by using a simplified boundary-layer type ap-
proach, if the aim is to discuss turbulence modelling. Only
a limited number of results obtained with Navier-Stokes
calculations will be presentad here, since this approach
constitutes the main subject of other Lectures.

2. EXPERIMENTAL AND THEORETICAL
TOOLS

2.1 The LDV System

All the field measurements presented in what follows were
executed with a laser velocimeter developed by ONERA’s
Physics Department in collaboration with the Laser Mea-
surement Group of the Aerodynamics Department
(Boutier et al., 1984). The general arrangement of the
velocimeter is shown in Fig. 1.

In its most advanced three-component capability, the ve-
locimeter is equipped with two identical Argon lasers that
can emit a maximum power of 15W in the all lines mode
of operation. The first laser, in single-line violet (wave
length A = 0.4765um), operates at a power of 3W. The
second is used in all lines mode at a power of 6W and
the beam it emits is split by a set a semitransparent - or
dichroic - mirrors into two colours: green (A = 0.5145um)
and blue (A = 0.4880um). The three pairs of beams ob-
tained from passing through the violet, blue and green
beam splitters (see Fig. 1) are focussed by an appropri-
ate lens assembling to constitute the probe volume, the
diameter of which depends of the focal length of the fo-
cussing optics. This diameter can be as small as 100um, in
the two-component version of the velocimeter; it is close
to 200um in the three-component arrangement.

The blue and green beams are emitted in a horizontal
plane at an angle a from the spanwise axis of the test
section. Their interferences produce two fringe patterns -

one horizontal and the other vertical - contained in a plane
perpendicular to the emission line. The violet radiation
is also emitted in a horizontal plane, but at an angle 8
with the spanwise axis. It sets up a vertical fringe pattern
normal to this direction. These three fringe systems have
their own fringe spacing /; which depends of the wave
length. The velocity vector is thus measured in a system
of axes in which one axis (Z) is vertical and the two others
(X1 and X,) lie in a horizontal plane at an angle (a + 3)
from each other. Maximum accuracy in the measurement
of the velocity components is obtained when (a + f) is
equal to 90°, a condition impossible to realize because of
the constraints imposed by the test section, in particular
the size of its windows. In the reality, values of (a + 8)
comprised between 40° and 60° are adopted. Elementary
formulae can then convert these velocity components into
the wind tunnel (X,Y,Z) coordinates in which the results
are expressed.

For the velocimeter to determine the orientation of the
measured velocity components, the six beams traverse
Bragg cells inducing a shift of the fringes. With this de-
vice, the components are measured in a moving frame
whose velocity is adjusted in such a way that all the com-
ponents have the same direction, or sign. Thus, if fmi
designates the measured frequency for component i, fg;
the frequency associated with the Bragg shift, /; the fringe
spacing, then the velocity component u; in the "labora-
tory” coordinate system is given by:

i = Li( fmi — fBi)

The collecting part of the velocimeter includes two Casse-
grain telescopes with a diameter of 200mm to collect the
maximum light scattered by the particles passing through
the probe volume. The light from the first of these tele-
scopes passes through interference filters that select the
green and blue from the incoming radiation. The second
telescope selects the violet in the same way. The sep-
arated radiations are applied to three photomultipliers
whose signals are processed by DISA55L counters con-
nected through a simultaneity digitizer to the acquisition
system. The digitizer checks that the three velocity mea-
surements actually correspond to the same particle that
has just crossed the probe volume.

The ONERA velocimeter works either in forward or back-
scattering mode. For all the tests presented here, the
forward-scattering mode was chosen because of its much
better signal-to-noise ratio, which appears as essential to
execute accurate measurements in high speed flows. In
this arrangement, the emitting and collecting parts are
mounted on two separate benches, placed on each side
of the test section, each moving with a displacement un-
certainty of 0.05mm in three orthogonal directions. The
benches are computer-controlled so that their motion co-
ordinates with the collecting optics to follow the probe
volume as it moves along.

To achieve an acceptable acquisition rate, especially in
the separated regions, the flows were seeded with particles
made of incense smoke or parafin droplets injected in the
wind tunnel settling chamber.

At each measurement point, the components of the in-
stantaneous velocity were acquired on a sample of N events
corresponding to N particles passing through the probe
volume (most often, N = 2000). Then, the mean velocity
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and the Reynolds tensor components are computed by the
following formulae:

v, = lu:EN(u’.‘ — -u_ ) (u',‘ - ; )
Yy N i ' J Jj
n=1

The laser velocimeter can also operate as a two-component
system, this version being used to probe nominally two-
dimensional flows. In this case, only the blue and green
colours are used and the beams are directed along the
spanwise axis of the test section.

2.2 The Numerical Approach

Solution of the full time averaged Navier-Stokes equations
is the most satisfactory way to compute complex flow-
fields, including both shock waves and large separated
regions. However, in spite of dramatic progress, this ap-
proach is still expansive in terms of computer cost. Fur-
thermore, experience shows that implementation of a new
turbulence model, even in an already existing code, is a
considerable task, especially for transport equation mod-
els. In these conditions, and if the aim of the study is
simply to validate - or invalidate - turbulence models, to
devise improvements to these models, or to develop new
models, it may prove adVantageous to use less ”cumber-
some” numerical tools. For instance, solving the first or-
der boundary layer equations can be a very interesting
substitute to the use of the Navier-Stokes equations.

Of course, the use of the sole boundary layer equations
does not allow a complete prediction of the flow, since
part of the solution has to be provided, except if a cou-
pling method treating the interaction between the bound-
ary layer and the outer inviscid flow is adopted (see, for
example, Le Balleur, 1987). In the usual boundary layer
approach, the pressure or the velocity distribution at the
boundary layer edge is prescribed. As it is now well
known, this way of solving the problem breaks down if
separation occurs, because of the so-called Goldstein’s sin-
gularity met at the point where the skin friction vanishes.
This singularity can be overcome by adopting an inverse
mode of calculation in which the prescribed quantity per-
tains to the boundary layer development itself: it can be
the distribution of the displacement thickness or of the
skin friction (for more information on inverse methods,
see Délery and Marvin, 1986).

In the "strategy” adopted here to validate turbulence
models in two-dimensional flows, the first-order bound-
ary layer equations have been solved in the inverse mode
by prescribing the displacement thickness distribution de-
duced from experiment. In this case, the pressure distri-
bution p(x) is an output of the calculation, as also all the
other boundary layer properties, which can be compared
to experimental data. The boundary layer equations, to-
gether with the energy and the transport equations for
the turbulent quantities, when models with history effects
were tested, were solved by an implicit finite difference
method which will not be presented here (see Benay and
Dupont, 1985). It was verified that this approach gave re-
sults in close agreement with Navier-Stokes calculations
in transomic applications (Escande, 1986; Benay et al.,
1987), which constitutes a guarantee of the soundness of
the adopted approach.
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Of course, in addition to its intrinsic limitation, the use
of the boundary layer equations present disadvantages:

'1) - The assumption of zero transverse pressure gradient

(8p/8y = 0) is questionable in regions where the flow
properties vary rapidly (the shock foot region, for exam-
ple). 2) - The accuracy will degrade as the Mach number
increases, since at high Mach number the pressure gra-
dients tend to be intense. 3) - Calculation of separated
three-dimensional flows rapidly becomes inextricate, ex-
cept in special situations like the infinite-swept wing as-
sumption (Délery and Formery, 1983). Then, solution of
the Navier-Stokes equations appears as necessary.

Nevertheless, as it will be seen in the coming Sections,
the boundary layer approach can be extremely useful to
test a large number of turbulence models, thus permitting
a first selection before incorporating the most promising
into a Navier-Stokes code.

2.3 Tested Turbulence Models
2.3.1 General Remarks

In usual computations of complex turbulent flows, one
considers the time averaged version of the Navier-Stokes
equations which result from an averaging of the time de-
pendent equations over a time T long with respect to the
time scales of the turbulent motion, but short compared
to macroscopic unsteady motions. Two different averag-
ing procedures can be applied. In the classical Reynolds
averaging, any fluctuating variable { is split into:

f=?+f'with:}—’=0

the mean value 7 being defined by:

-_— 1 t+T
I =T/, . fdt

Applied to an incompressible flow, the Reynolds ever-
aging method leads to equations for the mean proper-

ties f which are pearly identical to the starting equa-
tions, except for the presence of correlation terms of the

form ufu}, the so-called Reynolds stresses. In compress-
ible flows, the Reynolds averaging procedure introduces
several additional turbulent terms involving the fluctua-
tions of density p’ and temperature T’, which are hard to

model. In order to avoid this complication, Favre (1965)
introduced mass-averaged quantities which are frequently
employed in the computation of compressible turbulent
flows. According to this concept, a fluctuating variable,
the velocity component u; for example, is split into:

o~ H
U = U + U,

where the fluctuating part u! is defined in such a way
that:

pui =0
Now the fluctuating part u;#; is such that:

W =24 4g

H
P
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The use of the mass-averaged variables gives the aver-
aged Navier-Stokes equations a more compact form. As a
counterpart, the turbulent terms now present in the aver-
aged equations cannot be identified with measured quanti-
ties, which leads to other complications. However, at low
to moderate Mach numbers, the difference between the
Reynolds and Favre variables is immaterial, since then it
is legitimate to neglect the fluctuations of density. In this
case, which corresponds to the flows investigated here, it
is more convenient to consider the classical time-averaged
form of the Navier-Stokes equations, compressibility ef-
fects being taken into account by considering a variable

mean density p .

In the following Sections, a distinction is made between
the equilibrium models and those taking into account a
turbulence history effect which are called non-equilibrium
models. The majority of these models is based on the
eddy viscosity concept of Boussinesq. In the most sophis-
ticated theories, the turbulent stresses are transported
quantities; this constitutes the second-order closure. This
last class of models was not considered in the present stud-
ies. With the Boussinesq concept, the Reynolds shear
stress is expressed as:

5 o p ou
- = p—

8y
in the framework of the classical boundary layer assump-
tion, . designating the turbulent viscosity. The averag-
ing procedure applied to the energy equation introduces

a correlation term of the form: p T'u' which is repre-
sented by defining a turbulent thermal conductivity A,
such that:

oT

By

Frequently, one introduces a turbulent Prandt]l number:
P, = pCp/) which is assumed constant and equal to
0.9 (C, is the constant pressure specific heat). This hy-
pothesis, which was done in the calculations presented
hereafter, greatly simplifies the problem of the modelling
of the turbulent heat transfer term.

Classical notations are used throughout the paper: x and
y designate the boundary layer coordinate system (x be-

ing along the wall and y normal to it), % and v are the

mean velocity components, along x and y respectively, r)
is the mean density, 4 the molecular viscosity, ¢ the tur-
bulent (or eddy) viscosity, § the boundary layer thickness.

2.3.2 Equilibrium Models

In these models, the turbulent quantities (in this case the
shear stress) are completely determined from the local
velocity distribution, which implies that turbulence ad-
justs itself instantly to the mean field. This assumption,
called the equilibrium hypothesis, assumes that the vari-
ation undergone by the flow is gradual enough for there
to be time for this adjustment. However, this is not al-
ways the case, in particular when the boundary layer is
subjected to a strong adverse pressure gradient, such as is
a shock wave/boundary layer interaction. The history or
relaxation effects may then be very important, as it will
be seen in Section 3.1.3.

2 T = A

Equilibrium models are also said algebraic, the eddy vis-
cosity being expressed from the mean flow properties by
purely algebraic equations. The first model of this kind
examined here is that of Michel et al. (1969). It has
been considered mainly as a reference since it is a stan-
dard model; similar models, that of Cebeci-Smith for in-
stance, give identical results for strong interactions, as we
were able to ascertain. The eddy viscosity u, is given by
the equation:

au

where | is the mixing length and D the Van Driest damp-
ing function. The expression of I depends to a great ex-
tent of the nature of the flow considered. In the case of
a boundary layer, Michel et al. suggested the following
formula:

_ 041 y
I =0.0856tanh (0.085 6)

which ensures a continuous variation of 1 from the log-
arithmic region, where 1 has the form | = 0.41y, to the
outer region where 1 becomes proportional to é.

In the present model, D is given by:

(@)D =1 ezp (-m'm\/? > )

where T = (u+ ug)%—’:— is the total shear stress on the
ordinate y. The above expressions lead to an implicit
equation for p¢ of the form p¢ = f(u¢) which is most
often solved by a fixed point technique.

The second model studied, due to Alber (1971), is an
adaptation of the Cebeci-Smith model to separated flows.
The boundary layer is divided into an inner region and
an outer region where y, is given by different expressions
designated by p¢, and yq,, respectively. When the flow is
attached, the following formulae are used:

(3)ue, = p (0.41yD)? (gg)

e, =0.0168 p u 87y

where:
- v is the Klebanoff intermittency function given here by:

= [1 +55 (%)6] -

- 67 is the "incompressible” displacement thickness de-

fined by:
P -
5:=/ (1— o )dy
0 U,

As Alber remarked an expression such as (3) is incor-
rect in a region of reversed flow where the velocity pro-

file exhibits a local minimum leading to ‘9&—;‘ = Onear

the wall. According to (3) - or (1) - the result is that
the turbulent shear stress vanishes in this point, leading
to a laminar state in a region where the flow is highly
turbulent. To remedy this irrealistic behaviour, Alber
recommends adopting the following expressions after the
boundary layer has separated:
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e, =0018 pyD*u,
pe, =0.01687 ¥ 87y

In the equation giving .., 3': represents the displacement
thickness above the discriminating streamline of the sep-
aration bubble, i. e. the streamline separating the recir-
culating flow from the flow streaming from upstream to
downstream infinity. This avoids an abnormally high in-
crease in turbulent quantities for a large separation where
the boundary layer thickens considerably.

In addition, Alber introduced a modified form of the Van
Driest damping function avoiding the cancellation of D at
a point of zero skin friction. In the present applications
of Alber’s model, relation (2) has been adopted, since it
presents similar advantages.

The models considered above use as length scale the thick-
ness § of the boundary layer (or a displacement thickness
whose computation requires the knowledge of §) which is
ill defined in interacting flows. Such a problem arises, for
instance, at the foot of the shock where the velocity gra-
dients along y remain large in the non-dissipative part of
the field.

Baldwin and Lomax’s model (1978), widely used in the
Navier-Stokes codes, proposes to avoid this type of prob-
lem by defining the length scale without referring to a
thickness related to 6. It is also a two-layer model in
which the inner and outer turbulent viscosities are com-
puted by:

pe = p (0.41yD)? (%g—)

pe, = 0.0269 p Fu¥

In these expressions, F,, is a function of x alone given
by whichever of the two equations below has the smallest
value at the abscissa x considered:

7 2
Fo = yuFu, Fo = 025y %

The quantity Fas is the maximum of function
F = yD (9% /9y) and yy is the ordinate at which this
maximum is reached.

In this model, the vorticity distribution is used to define
a length scale such that it is no longer necessary to locate
the edge of the boundary layer. However, it may occur
that function F has several maxima, which leads to other
difficulties (see, for example, Visbal and Knight, 1984).

2.3.3 Non Equilibrium Models

The non equilibrium model of Johnson and King (1985)
is an algebraic model with history effects offering the ad-
vantage of being mathematically simple. In this case, the

kinematic eddy viscosity v = p/ p is given for the com-
plete thickness of the boundary layer by the equation:

v = v, [1 —ezxp (—%)]
te

where:

5-5
- 1/2
v, = 0.41yD? [— (u’v’) ]
M

n, =ay

and:

The maximum shear stress at the abscissa x considered,

tne = —( 'V’ ) u, satisfies an ordinary differential equation
of the form:

LM U M d‘rgu LMD _ ﬁl—
RN N
which is deduced from the transport equation for the tur-
bulence kinetic energy k given below. The dissipation
length Ly = 7, /ey and the turbulence diffusion rate
D)y are computed by algebraic relations not given here.
A step towards greater sophistication consists of express-
ing ¢ as a function of transported local turbulence quan-
tities. The following expression, in which y, is expressed
in terms of the turbulence kinetic energy k and its dissi-
pation rate ¢, is probably the most popular:

—_— 2
(Bpe= p Cufu®s
Frequently used transport equations for k and ¢ are those

of Jones and Launder (1972) which are written (for a
boundary layer flow):

-—— -_—— — 2
5) PuZ+7 V8 =F(P-o-|2(5E) |+

—~\2
() [+a (62 8

where P; designates the production term which, in the
framework of the boundary layer approximation, reduces
to:

— a -
Py =—u'v —
By
Taking the normal stresses into account (see Section 3.1.3),
leads to using the following form, which assumes that the
mean flow is nearly incompressible:

=58u (T SH\ou
P=_II__ 2 _ g2y 2=
% u'v 5y (u v ) 52

The surrounded terms are the so-called low Reynolds num-|
ber terms introduced to have a correct behaviour of tur-
bulent quantities on approaching the wall. In the same
spirit, f, is a damping function (not given here).
In the present applications, the constants had the follow-
ing values:

oy =110.=13,C, =1.57,C, =2
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Equations (5) and (6) are in principle valid down to the
wall. However, it was demonstrated that the low Reynolds
number terms gave poor results in the case of a separated
flow. To improve the model a rather large number of
adaptations have been proposed. Here we will consider a
version in which a two layer representation is adopted:

- Near the surface, up to an ordinate yg, the viscosity u,
is computed by the mixing length equation (1).
- In the outer region, where y > yg, the transport equa-

tions (5) and (6), without the low Reynolds number terms,
are solved and y, is determined by (4) in which f, = 1.

The matching between the two layers is made at the or-
dinate at which the turbulence Reynolds number Rt =
P k?*/e ~ py/phas become sufficiently large (the value
Ry = 200 was adopted).

The last non-equilibrium model considered here is the
Algebraic Stress Model (ASM) proposed by Launder
(1971) and Rodi (1972). It constitutes an intermediate
step before a complete transport model - or Reynolds
Stress Equation (RSE) model - in which the Reynolds
stress tensor is transported.

The ASM is obtained from the RSE by assuming that the

1.1
ratio Y5~ varies slowly. We can then write:

or (u;.u;)-mff (ugu;) = S5 (B _ Diff(k))
where D/Dt is the total derivative, Diff representing the
diffusion term.

After proper modelling of the different terms of the Rey-
nolds stress transport equation, the left hand side of (7)
does not any longer contain stress derivatives (for details
see Coét and Benay, 1986). In addition, we have:

B Diff(k) =Py =

so that, one obtains an algebraic non linear system for the

stresses uju} which can be computed from k, ¢ and the
space derivatives of the mean field. For a two dimensional
flow this system is written:

lul (vn — ul2) u +ay um +azv'2 + ay u'v —
k Oz
E u'v 8u 2

v’ (v" - u") %+/31 u'? 4+ 60" + Byu'v —
viuy 8% 2
A -a—y——56(01—1)=0

155/ 2\0 - — —_—
2 uly! (vI2 _ul2) a: Fnu? $pv'? 4y u'y -

The coefficients a;, 8; and +; will not be explicited here,
their expression can be found elsewhere (Bur, 1991)
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Quantities k and e are computed from transport equations
(5) and (6) with the wall region treated as in the previous
model.

It can be shown that the Reynolds shear stress is given
by:

—_— k 1_02(1_§fct) — 3
— ,I= — 2 2 ! —E
puv pe-p—,"+cx—1+%fC{v 9y
— kdu
C v'? -
PowY oy

Since v'? is smaller than k, one sees that the length scale

! = v'? Vk/eattached to this model is shorter than that
of the [k,e] model which is: ! = k3/2/e. Furthermore, an
essential advantage of the ASM is that coefficient C}, is a
function of the ratio Py/e, which is more realistic when
the boundary layer is strongly out of equilibrium.

The constants of the model have the values:

C, =18,C0,=06,C; =05,C; =03
the wall influence function f having the form:

k3/2

3. TWO-DIMENSIONAL FLOWS
3.1 Transonic Interactions
3.1.1 General Flow Conditions

One of the first experimental investigations of transonic
interaction making a thorough use of LDV to perform a
detailed analysis of the flowfield was executed in the test
set up represented in Fig. 2 (Délery, 1983). It is con-
stituted by a nominally two-dimensional channel with a
span b equal to 120mm and an entrance height of 100mm.
Interchangeable nozzle blocks, or bumps, can be mounted
in the working section with a view to accelerating the
flow up to slightly supersonic velocities. A second throat,
of adjustable cross section, is placed at the test section
outlet making it possible, firstly to produce, by choking
effect, a shock wave whose position, and hence intensity,
can be adjusted in a continuous and precise manner, sec-
ondly to isolate the flowfield under study from pressure
perturbations emanating from downstream ducts. Such a
device notably reduces unwanted large shock oscillations.
In these experiments, the two component version of the
LDV system was used to probe the boundary layer along
vertical lines, normal to the downstream rectilinear wall.

The channel was installed in the test section of the ON-
ERA S8Ch continous wind tunnel which is supplied with
dessicated atmospheric air, with the stagnation condi-
tions as follows: pressure p,y = 95kPa, temperature:

T,, = 300K. The Reynolds number, computed with the
sonic state and with a length L = 100mm, equal to the
channel height in the entrance section, had the value:
R., = 13.710.

The shock wave/boundary layer interactions under study
took place on the lower wall of the channel at a station
where the undisturbed turbulent boundary layer was fully
turbulent with a thickness §, of several millimeters (from
3 to 5mm, depending on the channel arrangement). The
"aspect ratio” b/8, is equal to 30. This value seems high
enough to minimize three-dimensional effects in the case
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of flows without large separation, where the thickening
of the boundary layer during the interaction process is
moderate. When an extended separated region forms,
the local ratio b/6 decreases more significantly, and sur-
face flow visualizations show a rather strong distortion of
the reattachment line. However, the presence of three-
dimensional effects is not thought to alter radically the
general features of the flow and the behaviour of turbu-
lence. Thus, the information obtained can be used as a
guide to improve the modelling of two-dimensional flows.

Four basic interactions, of variable strength, were inves-
tigated. Here we will consider only two of them, corre-
sponding to incipient separation at the shock foot and to
the formation of an extended separated zone. The "wall”
Mach number distributions are plotted in Fig. 3 with in-
dication of the locations of the vertical LDV explorations
(the "wall” Mach number M,, is deduced from the pres-
sure measured at the wall by assuming an isentropic rela-
tion and the reduced abscissa X is the distance from the
interaction origin Xy scaled to the displacement thickness
&3 of the boundary layer at Xg).

Flow A : Incipient Shock Induced Separation. For
this case, the test section was equipped with a symmetri-
cal converging - diverging supersonic nozzle whose contour
was designed to produce a uniform flow having a nominal
Mach number equal to 1.4. The nearly normal shock wave
is situated near the end of the diverging part of the nozzle
at a station where the Mach number M, at the bound-
ary layer edge is equal to 1.30. The values of M,y and of
the incompressible shape parameter of the boundary layer
Hio, in the present case, correspond to a situation which
nearly coincides with incipient shock induced separation
(Délery and Marvin, 1986).

Flow C : Extended Separation. Here, the transonic
flow is produced in an asymmetrical channel where a bump
is mounted on the lower wall of the wind tunnel test sec-
tion. This bump has a maximum height of 12mm and

a length of 286,4mm. Its contour is made up of a rec-
tilinear upstream part with a slope of 4° connected to a
circular arc extending down to the trailing edge of the
bump. The interaction takes place at a location where
the maximum Mach number in the flow is equal to 1.42.
The shock is strong enough to induce boundary layer sep-
aration upstream of the bump trailing edge at a location
where the Mach number at the boundary layer edge is
M,o = 1.37. An extended separation bubble forms due to
the wall curvature effect as is evidenced by the plateau in
the wall pressure distribution.

3.1.2 Mean Flow Properties

Some of the mean streamwise velocity profiles mea-
sured across the dissipative layers are shown in Figs. 4a
and 4b. The distance to the wall Y is scaled to the dis-
placement thickness §; and the component u to the value

of u at the boundary layer edge. The corresponding
mean flow streamlines are represented in Figs. 5a and 5b.
For flow A (incipient separation), one observes at first a
strong distortion of the profiles; yet, no negative values

of u are measured. If separation actually occurs, it con-
cerns a very small fraction of the flow too close to the
wall to be detected by the present measurements. After
a maximum retardation effect taking place at X = 56,
turbulent viscous forces entail a gradual acceleration of
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the fluid in the inner part of the boundary layer whose
thickness increases continuously and moderately during
the interaction process.

In flow C (extended separation), a large separated bubble

exists with a maximum velocity u / u . equal to —0.2.
In the present situation, the vertical extent of the bub-
ble is specially important, as shown by the tracing of
the streamlines in Fig. 5b. Reattachment takes place
at X = 135; downstream of this station a rapid rehabil-
itation of the flow occurs with the filling of the profiles
and the tendency of the dissipative layer towards a new
equilibrium state. In this case, one observes a dramatic
increase of the boundary layer thickness which is nearly
multiplied by ten between X, and the last downstream
station.

3.1.3 Turbulence Properties

The profiles of the turbulence kinetic energy k are
plotted in Figs. 6a and 6b (k is scaled to the square
of the sound velocity for stagnation conditions a,). The
kinetic energy k has been evaluated by the formula:

k=l(17;+v'—2+1?)
2

where w'? was taken equal to 3 (u” + v"), since the

transverse velocity component w was not measured. For
the two flows there is a very large increase of k in the first
part of the interaction process, near the shock foot.

The profiles of the non dimensional Reynolds shear

stress —u'v’ /a2, are plotted in Figs. 7a and 7b. Like
the k-profiles, these distributions are characterized by a
well defined maximum, which is well detached from the
wall.

A more instructive idea of the variations of the turbu-
lent properties during the interaction process is given by
plotting the streamwise evolution of some typical quan-
tities. Thus, Fig. 8 shows the X-wise variation of the
maximum turbulence kinetic energy and Reynolds shear
stress. The locations of the separation (S) and reattach-
ment (R) points are indicated on the curves. There is a
very large production of turbulepce in the initial part of
the interaction, near the shock foot. This production is
enhanced when separation occurs; then k tends to a maxi-
mum level ko, which is between eight and nine times the
initial level of the undisturbed boundary layer. For flow
C, kmay starts to decrease upstream of the reattachment
point R. Downstream of R, the turbulence kinetic energy
diminishes rather slowly and tends gradually to a new
equilibrium state. The shear stress grows at a slower pace
than k, and reaches its maximum value downstream of the
station where k culminates. For the separated flow, the lo-
cation of maximum shear stress nearly coincides with the
reattachment point; there the shear stress has reached a
level which is ten times the maximum initial value.

Streamwise variations of the maximum RMS quantities

V u'?/a,, and V v'? /a,, are plotted in Fig. 9. In the

upstream part of the interaction, the streamwise fluctu-
ations are seen to exceed the vertical fluctuations by a

factor of 3, in contrast to a mixing layer where V u'? is
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only 30% higher than V v'2. The large increase in the
normal stress u'? is to be expected if one considers the

production term of the u’? transport equation (written
here for an incompressible flow, compressibility effects be-

ing weak in transonic):

——90u ;0u
P - _2 ot 2 o 12 2
PETHY ey TV ax
In the first part of the interaction process, the term in-
volving the streamwise derivative 8 u /X is as large as

the term involving the strain rate 8 u /Y due to the
strong retardation of the whole flow. Thus, P, is here
the sum of two large positive terms. On the other hand,

the production mechanism for v'? involves terms whose
magnitude is far less important since:

m 2w QY g0y
» = —=2u'v X 2v e
The derivative d v /3X is small, 8 v /8Y is (nearly) equal

to —3u /8X, so that the second term tends to decrease

v’? production in the first region of the interaction where

Oy /0X is everywhere negative. Farther downstream,
a larger and larger part of the dissipative layer is accel-

erated, which explains the latter growth of v'? . Fur-

2

ther downstream, v'? is still increasing when u'? has

started to diminish, so that v'? reaches its highest level

well downstream of the maximum u'? location. Proceed-

2

ing still further downstream, u'? and v'? become quite

comparable.

Such a strong anisotropy of the flow can play a signifi-
cant role in the mechanism of turbulence kinetic energy
production. For an incompressible flow, and if the term

involving the derivative @ v /8X is neglected, the produc-
tion term of the k transport equation is:

Pk = —u'y' aa_;;_ - (um - vlz) %%
The first term, representing production by shear stress, is
most often predominant in shear layer and/or boundary
layer flows so that it is only retained in predictive meth-
ods. An evaluation of the two production terms shows
that the production due to normal stresses is as high as
production due to the shear stress over a streamwise dis-
tance which is of the order of 56 and which grossly cor-
responds to the region of steepest axial pressure gradient,

where there is a general retardation of the flow (8 u /6X
negative). Downstream, the normal stresses contribution
becomes rapidly negligible again. )
The above turbulence measurements also show the ne-
cessity, in the shock foot region, to take into account the
Reynolds normal stresses in the momentum equation. For
an incompressible flow, the terms involving the Reynolds
stresses are of the form:
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In the very first part of the interaction, the X-derivatives
of the normal stresses can be higher than the shear stress
Y-derivatives. Far downstream, the normal stresses influ-
ence becomes negligible. Similar observations were made
near the separation of an incompressible turbulent bound-
ary layer (Simpson et al., 1977).

The whole history of the interacting dissipative layer can
be depicted by plotting the square root of the maximum
shear stress coefficient

2(-7'717

Pe;‘.z

mazx

Cr=

against the equilibrium shape parameter J = 1 — 1/H,.
A function G based on the maximum shear stress can be
defined which will be constant for all equilibrium incom-
pressible boundary layer flows and equal to the flat plate
value (East and Sawyer, 1980). Thus G:

H; -1 =6
Hi/C: /1 e

specifies the straight line in Fig. 10. The unique rela-
tion between G and C, expresses the fact that the shear
stress depends only of the shape of the velocity distribu-
tion, which is the basic assumption of equilibrium models
(see Section 2.3.1). If one plots +/C, against J for the
present flows (a third interaction, not examined here, has
been added in the figure), the experimental points fall
below the equilibrium locus in the first part of the inter-
action, indicating that, during this rapid interaction pro-
cess, there is a departure from equilibrium characterized
by a lag of the shear stress. Then, as a consequence of
the continuous increase of C,, whereas J passes through
a maximum and then decreases, the corresponding curve
bend and cross the equilibrium locus at a point whose

G 55
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location is a function of the intensity of the destabilizing
agency. Thereafter, the points are above the equilibrium
locus and reach a new situation of maximum departure
from equilibrium. Downstream of this station, and in the
absence of a new perturbation (no pressure gradient), the
flows relax towards a new equilibrium state. In the course
of this last process, the representative points follow a com-
mon trajectory leading to the equilibrium locus.

3.1.4 Validation of Turbulence Models

Flow A : Incipient Separation. The pressure dis-
tributions on the wall given by the algebraic equilibrium
models (Michel et al., Alber, Baldwin-Lomax) are plotted
in Fig. 11. For this moderately strong interaction, where
no separated bubble of appreciable size forms, the three
models lead to almost the same results for p(x) which are
in poor agreement with experiment. Thus the steepness
of the compression occurring in the initial part of the in-
teraction is highly overestimated.

Let us now consider the models with history effects
(Johnson-King, [k,e] and ASM). The wall pressure distri-
butions in Fig. 12 show a substantially improved pre-
diction, in particular for the ASM which nearly coincides
with the experimental results. The agreement is not as
good for Johnson-King’s model and the [k,¢] model whose
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results are nearly the same here.
Figure 13 shows the reduced mean velocity distributions

u /ug (ug is the mean velocity corresponding to the
Mach number M.o) for several stations spaced between
X =15 and X = 202.5. The three equilibrium models
lead to almost identical results and the profiles computed
are - as regards their shape - in good agreement with
the experimental results. However, the velocity level at
the edge of the boundary layer is underestimated, which
is the reason for the excessive recompression mentioned
above. The defective form of the external part of the
first computed profile (at X = 15), which belongs to a
region located at the foot of the shock, should also be
noted. In this case, the difference can be explained by the
normal pressure gradient effect not taken into account in
the equations used. The same defficiency is observed in
all the other computations presented.

The velocity profiles obtained with the models including
a history effect are shown in Fig. 14, where the following
trends can be seen for the thre: models:

- In the initial part of the interaction, the computation
predicts too strong a deceleration near the wall.

- Further downstream, in the so-called rehabilitation re-
gion, the computed profiles imperfectly reproduce the rapid

filling of the experimental distributions in the immediate
vicinity of the wall.

- Also, downstream, the real boundary layer thickens more
than is predicted by computation.

Figure 15 shows the normalized Reynolds stress profiles

'y / u 2 for the equilibrium models. As a general rule,

these models highly overestimate the growth of — u'v’ up
to the abscissa X = 40. The trends are then reversed,
as the experimental results catch up with and overtake
the theoretical results. Thus, the slow relaxation of tur-
bulence downstream of the interaction region is poorly
predicted, as the classical algebraic models predict too
fast a decrease in the shear stress levels. The distribu-

tions of —u'v’ predicted by the models with history ef-
fect are shown in Fig. 16. In the upstream part of the
interaction, a substantial improvement can be noted with
respect to the previous models, which is probably a reason
for a much better prediction of the wall pressure distribu-
tion. For instance, the highly overestimated maximum of

—u'v’ in this region no longer occurs (on this point, the
{k,e} model performs least well). However, no model sat-
isfactorily reproduces the slow decrease of the turbulent
shear stress in the downstream part of the interaction.
The least unsatisfactory result is given by the ASM.

Flow C : Extended Separation. In this case, a large
crosswise separation bubble forms, which constitutes a
difficult case for predictive methods. The wall pressure
distribution p(x) computed with algebraic equilibrium mo-
dels are plotted in Fig. 17. The model of Michel et al.
leads to much too high a recompression, and the beginning
of the typical plateau of an interaction with separation is
not visible. It should be mentioned that this model was
developed to compute boundary layers subjected to mod-
erately adverse or favorable pressure gradients and that it
does not contain any special adaptation for representing
separated flows. Because of its change in the formulation
of u, made as soon as separation occurs, Alber’s model
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substantially improves the prediction. The double inflec-
tion in the p(x) can now be seen. Baldwin-Lomax’s model
also leads to a certain improvement, but more limited. In
a general way, the theoretical curves are far from the ex-
periment, and they all indicate far too high a compression
at the beginning of interaction. In addition, the level of
the plateau - when it is predicted - is highly overestimated.

The wall pressure distributions predicted with the non-
equilibrium models are plotted in Fig. 18. The theoreti-
cal results agree increasingly well with the measurements
considering the Johnson-King model, the (k,e] model, the
ASM in succession. The result obtained with the ASM is
even spectacular, both the plateau and downstream levels
being correctly predicted.

The velocity profiles u / u o are plotted in Figs. 19
and 20. Their shape is predicted poorly by the three
equilibrium models, both in the separated region where
the amount of reversed flow is underestimated, and down-
stream of reattachment where the profiles are not enough
filled. In spite of a clear improvement, the models with
history effects also exhibit defficiencies such as an under-
estimation of the reversed flow amplitude, too slow a fill-
ing near the wall downstream of reattachment and a too
smal: thickening of the boundary layer.

The shear stress distributions computed with the equi-
librium models (see Fig. 21) exhibit the same defects as
was already observed for flow A, but more pronounced.
There is a relatively good agreement in the first part of the
interaction up to X = 77 for the model of Michel et al.; be-
yond that, the theoretical levels start decreasing, whereas,

in reality, the maximum shear stress — (u'v') con-
maz

tinues to increase up to the station X = 125.5. Further
downstream, the difference between the theoretical and
experimental results is even larger. The general level of
shear stress is largely underestimated, as also the Y-wise
diffusion of turbulence. As far as models with history ef-
fects are concerned (see Fig. 22), they are still far from
being fully satisfactory. As for the [k,e] model and the
ASM, the prediction, although good in the upstream part
of the interaction, strongly underestimates the maximum
levels reached during the interaction. In addition, the re-
laxation is still much too fast. However, in this case where
the flow was explored down to stations far downstream
of the interaction region, a good agreement between the

computed and measured — { u'v’ is again observed

for the most distant stations, but the lateral diffusion re-
mains poorly represented.

3.2 Supersonic Interactions
3.2.1 General Flow Conditions

The main objective of the present investigation was to
characterize the effect of the wall temperature on the in-
teraction resulting from the reflection of an oblique shock
wave on a turbulent boundary layer. Information is avail-
able on interactions taking place on a cold wall, this case

corresponding to the situation met on a hypersonic vehi-
cle where the surface temperature T, is much lower that
the outer flow stagnation temperature T,,,. Then, it is
found that wall cooling tends to contract the streamwise
extent of the interaction and to prevent the development
of an extended separated region (Lewis et al., 1967; Kil-
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burg and Kotansky, 1969; Spaid and Frishett, 1972). The
opposite case, where the wall is heated, has practically
not been investigated, except for small temperature dif-
ferences, although this situation may occur on an after-
boby heated by hot propulsive jets, for example. For this
reason, it was worthwhile to examine the interaction be-
tween an oblique incident shock wave and the boundary
layer developing on a strongly heated plate. In fact, it is
more usual to compare the wall temperature T,, with the
recovery temperature T, which is the temperature of the
wall when adiabatic equilibrium is reached.

These experiments have been executed in the ONERA
S5Ch continuous wind tunnel on the experimental ar-
rangement sketched in Fig. 23. The test section, whose
span is equal to 300mm, was équipped with a contoured
nozzle block producing a uniform supersonic flow of Mach
number M., = 2.4.The test section symmetry plane was
in two parts:

- the upstream part was a flat plate made of aluminium
alloy which took the equilibrium recovery temperature T};

- the central part was a copper plate heated by 21 electri-
cal resistors permitting to maintain the plate at a given
temperature Ty, with a maximum surface non-uniformity
of 1%. The maximum allowable temperature level was
equal to 600K. During the tests, the heating system was
regulated so as to keep constant the value of the ratio
Tw/T.

The working plate was equipped with 66 pressure taps
and 24 thermocouples to check its temperature unifor-
mity. Also, it comprised 8 orifices allowing the passage
of pressure and temperature probes actuated by an auto-
mated displacement device. When not in operation, the
passages were obturated by plugs. To insure a fully tur-
bulent boundary layer in the interaction region, transition
was triggered by a wire located 430mm upstream of the
heated region.

The shock generator was constituted by a flat plate with a
sharp leading edge mounted above the working wall with
an angle of incidence . The shock generator had a length
of 220mm and entirely spanned the test section. The
strength of the shock could be varied by changing the
incidence « of the generator which could rotate about an
axis coincident with its leading edge.

The flow in the interaction region has been thoroughly ex-
plored by means of surface flow visualizations (to check its
two-dimensionality), surface pressure measurements, de-
tailed probings by Pitot, static pressure, stagnation tem-
perature probes and two-component LDV (for a more de-
tailed information, see Délery, 1992). Thus all the flow
quantities (static pressure, total pressure, stagnation tem-
perature, velocity and Reynolds stresses) have been di-
rectly determined.

Four interactions were investigated, corresponding to the
following conditions:

- Shock generator incidence : & = 5° ; temperature ratios:
Tw/Tr = 1 (adiabatic reference case) and 2. An angle of
5° corresponds to incipient shock induced separation in
the adiabatic case.

- Shock generator incidence : a = 8.75°; temperature
ratios: Ty /T, = 1 and 2. In this case, an extended sepa-
rated region forms at the shock foot.

The upstream flow conditions and the properties of the
initial boundary layer are given in the following table.

M., [pu(kPa) [Tu(K) [TAK) [Ru(m~")] Ree |6 (mm)|8(mm)] H;

24 74.9 317 300 ( 7.0110° [1.2510] 1.78 | 0.454 [1.40

R, designates the unit Reynolds number, 8 the bound-
ary layer momentum thickness and H; its imcompressible
shape parameter.

3.2.2 Mean Flow Properties

Surface Pressure Distributions. The pressure distri-
butions measured for a = 5° are plotted in Fig. 24. It is
observed that the compression curve is much more spread
when the plate is heated. In addition, this curve exhibits
the three inflection points typical of an interaction with
separation. In the downstream part of the interaction do-
main, the two distributions override the perfect fluid level
before tending towards the theoretical perfect fluid pres-
sure rise. This "overshoot”, which is always observed in
shock wave - boundary layer interactions of weak to mod-
erate strength, is due to the coupling between the invis-
cid and viscous parts of the flow (see Délery and Marvin,
1986).

Figure 25 shows the wall pressure distributions corre-
sponding to @ = 8.75°. These curves are typical of an
interaction with formation of an extended separated re-
gion, as indicated by the existence of a plateau follow-
ing the rapid pressure rise accompanying the separation

process. One notes that the interaction domain is far
more extended when the wall is heated, its origin being
30mm more upstream than in the adiabatic case, which
represents 4 times the thickness 6o of the initial boundary
layer. Then, the plateau extends on a longer distance, the
pressure curve in the reattachment region being weakly
affected. This deformation of the pressure distribution
excludes a simple change in the scale of the phenomenon
which would result from a thickening of the initial bound-
ary layer displacement thickness 8. Indeed, according to
this interpretation, wall heating - as well as wall cooling
- could be taken into account by normalizing the size of
the interaction domain with &3, which strongly depends
on the wall temperature. This conclusion appears to be
wrong (see Délery, 1992). In the two cases (adiabatic
and heated wall conditions), the pressure distributions go
through a maximum - nearly equal to the perfect fluid
downstream level - before decreasing markedly. This de-
crease is due to the reflection on the working wall of the
expansion fan emanating from the trailing edge of the
shock generator. Furthermore, a closer examination of
the results, shows that the pressure gradients are less in-
tense when the wall is heated, especially at separation.

Flow Field Mach Number. From the measurement of
the flow velocity, by means of the LDV system, and of
its stagnation temperature T, by temperature probes, it
was possible to determine the local values of the Mach
number, from which the lines of constant Mach number
have been computed. The iso Mach-lines of the flow re-
sulting from interactions at a = 5° are traced in Fig. 26,
and those corresponding to a = 8.75° in Fig. 27. In each
figure, a different mode of tracing allows to distinguish the
subsonic part of the flow. On these figures, interest has
been placed on the boundary layer part of the flow, which
explains the poor definition of the inviscid flow structure,
where the different wave systems are barely visible.
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For the two incident shock intensities, wall heating pro-
vokes an obvious dilatation of the subsonic part of the
boundary layer, the sonic line, which is very close to the
wall in the adiabatic case, rising up in the boundary layer
when heating is applied. This effect is explained by the
fact that the velocity is almost unaffected by the wall
temperature (except in the immediate vicinity of the sur-
face), whereas the local speed of sound is much increased,
hence a diminishing of the local Mach number. At reat-
tachment, the compression is much more spread out when
the wall is heated. Thus, a rise in the wall temperature
tends to increase the streamwise extent of the interaction,
as already noticed from the wall pressure distributions.

Flow Streamlines. The structure of the flow generated
by the interaction is also well visualized by the tracing of
the mean flow streamlines which are defined here as lines
of constant value for the streamfunction:

¥(X,Y) = / o u, (Z)
' 0 Pao 3, \bo

where quantities p,,, u o and & are introduced for nor-
malization purposes.

The streamlines relative to the case & = 5° are shown in
Fig. 28. Here also, the more important dilatation of the
boundary layer occurring when the wall is heated appears
clearly. However, in this case, no negative values of ¥ are
detected. On the other hand, for a = 8.75° (see Fig. 29),
a recirculation region where streamlines are closed curves
is well visible, the size of this "bubble” being amplified
when the wall is heated.

The observed above tendencies are in agreement with ob-
servations made for cooled wall situations, in which the
opposite trends are noted. In the framework of Chap-
man's Free Interaction Theory (Chapman’s et al., 1958),
the streamwise extent of a strongly interacting flow can
be scaled by a length L obeying a law of the form:

ny; /4
Clo/ ( 30 - 1)

Thus, since heating the wall tends both to increase §§ and
to decrease (weakly) the skin friction coefficient Cy,, the
observed trends are in agreement with this analysis. How-
ever, the real effect is far more important than that pre-
dicted by Chapman’n theory. So that an other mechanism
must certainly be at work. It could be the thicknening of
the subsonic part of the boundary layer which permits a
longer upstream propagation of the pressure rise induced
by the reflected shock wave.

3.2.3 Validation of Turbulence Models

In the present investigation, the algebraic model of
Baldwin-Lomax, the (k,¢] model and the ASM have only
be considered, since they are the most representative and
commonly used models for the prediction of separated
flows. Also, this discussion will be restricted to the inter-
action leading to the formation of an extended separated
region (case a = 8.75°), which is the most severe and
hence the most instructive (the complete results can be
found in Benay, 1991).

5-11

Adiabatic Case. The computed and measured wall
pressure distributions are plotted in Fig. 30. One sees
that the [k,e] model and the ASM yield comparable results
in the first half of the separated region located between
X = 100 and 160mm. However, the ASM seems to be
more accurate in the plateau and reattachment regions.
We observe, on the other hand, that the Baldwin-Lomax
equilibrium model predicts the wall pressure far less well,
the defficiencies being similar to those noted in transonic
flows (see Section 3.1.4). The computed and measured
mean velocity profiles for adiabatic conditions are com-
pared in Fig. 31. As the two non-equilibrium models
yielded almost identical predictions of the velocity distri-
butions, only those of the ASM are plotted in Fig. 31. As
far as the general shape of the profiles is concerned, agree-
ment between theory and experiment can be considered
as very good for both models, although discrepancies exist
for example at station X = 110mm and in the immediate
vicinity of the wall. Also, large differences exist for station
X = 150mm, which corresponds to the location where the
incident shock penetrates the boundary layer, thus mak-
ing the basic boundary layer theory assumption of zero
transverse pressure gradient questionable. This remark is
also valid for the interaction onset, where the compres-
sion waves induced by the separation process, originate
well inside the boundary layer.

The shear stress profiles are plotted in Fig. 32 (here

—u'v' is normalized by u 3). For the present interaction,
the algebraic model largely overpredicts the shear stress
levels, particularly in the first part of the interaction. The
ASM leads to a substantial improvement in the prediction
up to the reattachment point, which is located at about
X = 180mm. But this improvement becomes spectacular
after the reattachment where the prediction is very sat-
isfactory. The [k,] model, though it gives results close
to those of the ASM in the separated region, becomes
poor downstream of the reattachment point, with a ratio
of two between the predicted and measured values. The
ASM allowing also the prediction of the normal stresses,

the profiles of u'? are compared in Fig. 33. If we over-

look a large difference in the region just downstream of
the point where the shock penetrates the boundary layer
(station X = 160mm) - where both the calculation and
the experiment are suspect - there is a very satisfactory
agreement between theory and experiment.

Non Adiabatic Case. The wall pressure distributions
plotted in Fig. 34 show that, in this case where com-
pressibility effects are larger because of heating, the ac-
curacy of the two transport equation models is degraded
with respect to the unheated case. On the other hand,
the algebraic model seems to adapt to this situation un-
harmed, which is probably due to its greater simplicity.
In effect, the parameters and relations defining the [k,¢]
model and the ASM were defined for incompressible flows,
which could explain why they do not behave as well in
those cases. The cause of the bad behaviour of the mod-
els could also be the greater extension of the separated
region. The Baldwin-Lomax algebraic model, which is
more global and less accurate in the transonic domain,
retains the same order of accuracy in the situation exam-
ined here. This proves that the existing closure relations
in the case of the transport equation models, specialized
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for low Mach numbers, have a lesser degree of generality
than the turbulent viscosity law of the Baldwin-Lomax

model.

Comparing the mean velocity distributions for the alge-
braic model (see Fig 35) , we come to the same conclusions
as in the adiabatic case though with a smaller error in the
localization of the separation point. The prediction of the
profiles in the increasing part of the separated region is
good. The error on the external velocity at X = 150mm
(point of shock penetration into the boundary layer) no
longer appears at the next station. This error is in fact
due to an uncertainty on the outer boundary condition at
this point. As far as the transport equation models are
concerned, the ASM having only be considered), all the
observations made for the unheated plate remain valid,
on the whole, for the heated surface. The ASM is still
a model that performs best here, in predicting the mean
velocities, with the [k,¢] model.

A comparative look at the Reynolds shear stress distri-
butions (see Fig. 36) leads to the same remarks as in the
case where the surface is not hcated: the Baldwin-Lomax
algebraic model gives poor prediction up to the shock im-
pact, with gradual improvement in the reattachment re-
gion. The ASM yields a larger overestimation of the max-
imum shear stress than the Baldwin-Lomax model in the
separated region. Yet the shape of the profiles is better.

That is the ordinate at which — u’v’ vanishes is well pre-
dicted by the ASM throughout the domain, which is not
true of the Baldwin-Lomax model, where a permanent
shift is noted between computation and experiment for
the location of this point. The [k,e] model aggravates the
former disadvantage and yields an error of 100% between
the experimental and computed levels after the reattach-
ment. It must be emphasized that an uncertainty remains

on the validity of the experimental results in the zone of
maximum shear stress where the measured distributions
exhibit discontinuities that were not explained.

The ASM predicts the normal tension distributions u’?
(see Fig. 37) quite well, except in the area between the in-
cident shock and the reattachment, where the maximum
level is largely overestimated. Interpreting these results,
we must also take into account a certain amount of inac-
curacy in the measurements.

All the observations made in the unheated case, concern-
ing the effect of the Y-wise variation of the pressure in
the region of the start of the interaction and at the lo-
cation where the incident shock penetrates the boundary
layer, hold here too. As the heating of the surface has
the general effect of amplifying the spatial extent of the
separated zones, the errors observed in the adiabatic case
are increased, correlatively to the fact that the domains
where the Prandtl approximation does not hold are now
more extensive. In these conditions, it is probable that a
Navier-Stokes code would offer better predictions, espe-
cially with the ASM.

4. THREE-DIMENSIONAL FLOWS
4.1 Introductory Remarks

Although some issues are still unsolved for two-dimensio-
nal - or axisymmetric - interactions, the problem of tur-
bulence modelling in separated regions for instance, the
physics of these flows is now well understood and there
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exists a relative large number of well documented exper-
iments to validate the theoretical models. However, one
should be aware that in almost all existing nominally two-
dimensional experiments, unwanted three-dimensional ef-
fects are present which can make questionable a precise
validation of the models.

In reality, though, aside from a few devices exhibiting
symmetry of revolution, such as nozzles or certain types
of air-intake, the vast majority of the flows of practical
interest are three-dimensional. The problem of the inter-
action then becomes more complex and, on the level of
our physical understanding of the phenomena involved,
clear pictures of interacting flow fields are not yet well es-
tablished. The most typical three-dimensional situations
are:

- The swept wedge, which represents the situation met at
a control surface.

- The slanted shock creating an interaction on a plate nor-
mal to it, which corresponds to interactions occurring on
the side wall of an air-intake. The shock is here generated
by a sharp edged fin whose leading edge can be swept.

- The fin induced interaction, the fin having a rounded
leading which can be either normal or swept. This config-
uration reproduces any situation where an obstacle, like
a tail, is placed in a supersonic flow.

- The transonic channel, simulating the flow in the region
of the terminal shock of a supersonic air-intake or in a
compressor cascade.

The three first configurations have already been the sub-
ject of careful investigations who gave important infor-
mation about the structure of such flows (Sednay and
Kitchens, 1977; Settles et al., 1980; Degrez and Ginoux,
1983; Dolling, 1982; Alvi and Settles, 1990; Settles and
Dolling, 1990, to cite only a few studies on these cases; see
also other Lectures of this Special Courses). Here we shall
concentrate on the fourth situation by considering an ex-
periment in which the flow in a simple three-dimensional
channel has been investigated in great detail.

In fact, investigation of three-dimensional flows is a com-
plex operation since then the investigator is confronted
with greater experimental difficulties and with a mass of
results whose interpretation can be a hard task. The
present Lecture will illustrate this last point. Also, as
far as the theoretical prediction is concerned, its possi-
bilities are still limited although rapid progress is made
in modelling the phenomena by solving the Navier-Stokes
equations.

4.2 Interaction in a Three-Dimensional Channel
4.2.1 General Flow Conditions

The geometrical definition of the tested channel is shown
in Fig. 38. It consists of a converging - diverging section
with three flat faces, the fourth face (lower wall) bearing a
swept bump. The test section is 120mm wide and 100mm
high in the inlet plane. The upstream part of the bump
is flat and inclined at 7° with respect to the horizontal.
This first portion is followed by a contour of variable slope,
beginning with a circular convex part having a radius of
curvature of 100mm, followed by a concave circular part
with a radius of 180mm. The two circular arcs are defined
so as to insure slope continuity at the points where they
interconnect and at the points where they come to contact
with the rectilinear upstream and downstream parts.
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The three-dimensional effect is achieved by sweeping the

bump crest line 30° from the upstream flow direction.

The maximum height of the bump is 20mm and its length
is equal to 355mm. The generation is cylindrical down-
stream of the crest line (for a more complete definition
of the channel geometry, see Pot et al., 1991). The in-

coming subsonic flow accelerates in the converging part
of the channel to reach a sonic state in the vicinity of the
bump crest, which constitutes a throat. The flow becomes

supersonic downstream and then, because of the choking
effect caused by an adjustable second throat, it deceler-

ates through shock waves interacting with the boundary

layers of the channel walls. The test set up is installed in

the ONERA S8Ch wind tunnel already used to perform

two-dimensional transonic studies (see Section 3.1). Let

us recall that the stagnation conditions are the following:
pressure : pye = 92000Pa, temperature : T,y = 300K.
The Reynolds number computed with the sonic state and
taking the throat height (80mm) as reference length is :

1.1310°. Under these conditions, the boundary layers are
fully turbulent well upstream of the interactions.

The four channel walls were equipped with a total of 597
pressure orifices, 216 being installed on the lower wall
bearing the bump, 181 on the top wall, and 100 on each
side walls (for the pressure measurements, the side win-
dows were replaced by metal plates equipped with the
pressure tapping). The skin-friction line patterns on the
four faces of the channel were visualized by the oil film
technique. The field measurements were executed by us-
ing the three-component LDV system described in Section
2.1. The probe volume had a useful diameter of 200um.
In the present arrangement, the blue and green beams
were emitted in a horizontal plane, at an angle of —24°
with respect to the Y spanwise axis and the violet com-
ponent at an angle of +25° with respect to the Y-axis.
Thus the total angle (a + ) is here equal to 49°. The
measurements have been executed along 220 vertical sta-
tions contained in 11 longitudinal planes, each comprising
96 points; hence a total of 21,120 measurement points.

4.2.2 Surface Flow Properties

The skin-friction line pattern - or surface flow pattern
- provides a precious and indispensable help in the un-
derstanding of the physics of separated three-dimensional
flows. A careful examination of the skin friction lines
and observation of the critical points in their pattern al-
lows with the greatest certainty to define the concepts
of separation and attachment in three-dimensional flows,
where these concepts are trickier to grasp than in two-
dimensional flows.

The interpretation of the surface flow patterns is based
on the Critical Point Theory (Poincaré, 1882, Legendre,
1956). Let us simply recall here the possible existence
of isolated critical - or singular - points where the wall
shear-stress and rotational vector cancel each other out.
Of these points we should distinguish (see sketches in Fig.
39): '

- Nodes, through which pass an infinite number of skin
friction lines, all but one of them being tangent to a com-
mon direction. If the skin friction lines are oriented to-
wards the node, then the node is a separation node; if
they flow from the node, it is called an attachment node.

- Foci, where there is no common tangent but an infinity
of skin friction lines spiralling about this point.
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- Saddle points, through which only two skin friction lines
pass, with all the others avoiding the singular point by
curving away from it into one or the other direction of
the two particular skin friction lines.

The theory introduces also special lines, called separators,
which are defined as skin-friction lines passing through a
saddle point. From a physical point of view, a separator
(S) is identified either with a separation line or with an
attachment line, according to the flow behaviour in its
vicinity. Also, one considers separation and/or attach-
ment surfaces which are streamsurfaces intersecting an
obstacle along a separator (for details, see Délery, 1992).

The above concepts will be used to interpret the surface
flow visualizations on the four faces of the channel which
allowed to draw the patterns shown in Fig. 40. These
diagrams, which represent certain skin-friction lines with
the critical points of the pattern, have been established
from photographs and direct observation of the visualiza-
tions during the tests, which reveal information that is
lost when the picture is taken. Here we will only examine
the flow over the bump (see Fig. 40a) and on the top wall
(see Fig. 40b). The lower wall pattern contains one focus
Fy around which rolls up separator (S1) emanating from
the half-saddle point C; located at the junction between
the lower wall and sidewall A. A second half-saddle point
C; exists downstream of C, through which passes the
separator {S;) which is in fact an attachment line. The
skin-friction lines coming from upstream that are flowing
between (S;) and sidewall A wind around F; into which
they "disappear”; those located above (S2) continue their
way downstream. The spirals winding around F; are the
traces on the lower wall of a tornado-like vortex escaping
into the flow with the separation line (S;) being the origin
of a separation surface that winds around the axis of the
vortex structure.

On the top wall, two foci Fy and Fy are clearly visible.
The separation line (Sg) passing through saddle point Cs
and spiralling around Fy and Fs constitutes a "barrier”
approximately at the foot of the nearly normal shock (I's)
of the lambda system attached to the interaction (see Sec-
tion 4.2.3 below). The skin friction lines that are com-
ing from upstream and that are contained in the domain
delimited by the separator (S11) passing through saddle
point Cy are going to wind around either Fy or Fs , de-
pending if they are located on one side or the other of
separator (So) which carries both Cy and Cy. One bun-
dle of these lines goes around the barrier (S10) by curving
backward abruptly. The skin friction lines from upstream
divide into two families. The first, near face B, all flow
continuously downstream. The other, near wall A, sepa-
rates in turn into two families:

- Those lines included between (.S),) and separator (S13)
leading to the saddle point C)q, that continue their path
downstream.

- Those lines between wall A and ($;,) that wind around
a third focus Fi to form a "vortex” delimited by separator
(S13). The skin-friction lines winding around Fg all come
from the node Nz at the junction between the top wall
and wall A.

In such a situation, (Sg) can be associated with a well
characterized separation, with the flow in the vicinity of
(Ss) "leaving” the wall. Separator (Sy;) is an attachment
line insofar as a little above (S;;) the outer flow "dives”
in the direction of the wall. This makes Cy¢ a separation
saddle point and Cy an attachment saddle point.
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The attachment line (Sy;) is the trace on the wall of an at-
tachment surface (I¢) which is schematically represented
in Fig. 41a. All the streamlines constituting this stream-
surface stream into the attachment node N,¢ coincident
with Cy on the wall. On the other hand, (Sy) in the trace
on the wall of a separation surface (XLy) represented in
Fig. 41b. This streamsurface is made of the streamlines
originating at node Ny coincident with saddle-point Cs.
Surface (Zg) rolls up to constitute two vortical structures
- or vortices - whose trace on the wall are the foci Fy and
Fs. These structures are tornado like vortices which es-
cape into the outer field where they bend under the action
of the flow.

The two surfaces (X9) and (Z;0) intersect to constitute
the structure sketched in Fig. 41c. The intersection of
the two vortices emanating from F, and Fs with the at-
tachment surface (¥y) gives rise to two foci contained in
(Z9) around which streamlines of (£5) wind to feed the
vortices.

A similar description of the wall patterns in terms of sin-
gular points and separation/attachment lines can be made

for the other faces of the channel, care being taken to in-
sure continuity of patterns at the crossing of the corner
lines between adjacent walls.

4.2.3 Mean Flow Properties

Velocity Field in Longitudinal Planes. The fields
of the velocity component in longitudinal planes XZ lo-
cated at the spanwise locations Y = 10, 30, 60, 90 and
110mm are represented in Fig. 42. An examination of
these results show the following trends:

- In the most upstream part of the explored domain, the
flow - which has become supersonic - accelerates because
of the divergence of the channel. Then, due to curvature
effect, the velocity is greater in the vicinity of the bump.
Just upstream of the interaction region, the boundary
layer has a thickness of about 4mm on the bottom and
top walls of the channel.

- Considering first the planes which are close to side wall A
(Y = 10 and 30mm), one notes that an important thick-
ening of the boundary layer takes place downstream of
X = 280mm. Then the velocity profiles present a large
deficit down to X = 310mm. This behaviour must be cor-
related with the surface flow pattern in Fig. 40a where it
can be seen that the two XZ planes cross the separated
zone comprised between separators (S;) and (S;). Down-
stream, a rapid filling of the profiles takes place. One will
note in plane ¥ = 10mm the considerable decrease of the
amplitude of the velocity in the inferior half part of the
channel. This phenomenon is due to the strong thickening
of the side wall boundary layer resulting for the formation
of a large separated zone (see surface flow pattern in Fig.
40c). An important thickening of the boundary layer also
occurs on the top wall as a consequence of the strong in-
teraction induced by the nearly normal shock (I';) (see
next section).

- The behaviour of the longitudinal flow changes much at
Y = 60mm and beyond. Then, on approaching side wall
B, the thickening of the bottom wall boundary layer is
less important, as if an interaction was no longer taking
place. This tendency is confirmed by the surface flow
pattern of Fig. 40b, where it is seen that beyond separator
(52), the skin friction lines flow from the inlet to the oulet
section of the observed field. At the same time, these is a

clear intensification of the interaction taking place on the
top wall. There, the velocity profiles thicken more and
more while being "emptied”, as one moves towards side
wall B. Even, a small but well defined portion of reversed
velocity is observed. This zone has to be correlated with
the surface flow pattern in Fig. 40c, which shows that
the skin friction lines are turned back between separators
(Se) and (S11). Thus, there is a fair agreement between
the field measurements and the surface flow properties.

- Very close to side wall B (plane Y = 110mm), the re-
gion of reversed flow resorbs itself progressively, although
the top wall boundary layer is still very thick. On the
other hand, at large distance from the top wall, the ve-
locity levels are still high, the plane Y = 110mm passing
outside the boundary layer of the side wall B where the
interactions are weak.

Mach Number Distributions in Longitudinal
Planes. The experimental values of the Mach number
have been determined from the mean velocity vector mea-
surements made with the LDV system assuming a uniform
stagnation temperature, even in the dissipative regions.
This approximation is well verified in transonic adiabatic
flows.

The iso-Mach lines relative to planes located at ¥ = 10,
30, 60 90 and 110mm are shown in Fig. 43. The plane
Y = 10mm traverses the interacting boundary layer of
face A which explains the spreading of the Mach number
distributions (peaks in the experimental iso-Mach lines
near the bump are due to erroneous values). In planes
located at ¥ = 30 and 60mm, a lambda shock pattern is
clearly visible. This pattern is made of: a leading oblique
shock (T'1), a nearly normal shock (I';) occupying about
half the channel, in its upper part, a "leg” (I';) consisting
of a very weak shock hardly discernible in the experi-
ment (the important thickening of the shocks in the ex-
perimental plottings is due to the spacing of the measure-
ment points). In plane ¥ = 30mm, the tracings reveal
the large region of separated flow starting from the foot
of shock (I';), which was aiready detected from the sur-
face flow visualizations. This zone disappears when one
tends towards face B and is no more apparent in plane
Y = 60mm. A separated zone induced by shock (T'2) is
also visible near the top wall, both in plane Y = 30, 60
and 90mm. At Y = 90mm the oblique shock (T';) is much
weakened and replaced by a continuous compression.

Flow in Transverse Planes. TLe flow in (Y,Z) planes is
represented in Fig. 44 by tracings of the lines of constant
value for the modulus of the velocity component in these
planes. The explored region extends from ¥ = 10mm to
Y = 110mm in the spanwise direction, the use of the LDV
system close to the lateral glass windows being difficult
because of important parasitic stray light.

The first station at X = 230mm is located upstream of
the shock system. There, due to the strong acceleration

of the flow, viscous effects are extremely weak so that the
boundary layers are barely visible. The second station
at X = 270mm nearly coincides with the origin of shock
(T'1), so that viscous effects are still unimportant. The
third plane, at X = 310mm, crosses shock (I';) but is
upstream of the nearly normal shock (I'z). One sees in
the field the trace of (T';), this shock being replaced by a
continuous compression wave on approaching the side wall
B. A region of intense interaction is visible in the vicinity
of the corner line between the lower wall and the side
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wall A. There, the boundary layer undergoes a rapid and
important thickening which corresponds to the vortical
structure originating at the combination of the two half-
saddle points C} + C; (see Figs. 40a and 40b). The trace
of shock (I'y) is well visible in plane X = 330mm.

The plane X = 350mm is very close to the transverse
plane containing the strong shock (I';), which can ex-
plain some erratic behavior of the iso-lines in the central
part of the channel. The last plane, X = 390mm is well
downstream of the shock system. One notes the impor-
tant thickness of the top wall boundary layer and the large
dissipative region still existing at the corner line between
the lower wall and the side wall A. In fact, as shown by
the sxin-friction line patterns in Fig. 40, this transverse
plane still crosses the vortical flow comprised between the
saddle point (C) + C;) and the node (N2 + N3).

4.2.4 Turbulence Properties

The use of the three-component LDV sytem has brough a
large amount of information on turbulence, since the 6 dis-
tinct components of the Reynolds tensor were measured.
So, to keep to this paper a reasonable size we will give
here a synthetic presentation of these results by means of
tracings of iso-value lines and by considering only the tur-

bulence kinetic energy k and the cross-correlation u'w’,
these quantities being the most interesting (in the present
experiment, w is the velocity component along axis Z nor-
mal to the flat part of the bottom wall).

Turbulence Kinetic Energy. The iso-k lines in the lon-
gitudinal planes Y = 10, 30, 60, 90 and 110mm are shown
in Figs. 45. The mode of tracing adopted emphasizes the
region of strong interaction where turbulence increases
much with a large correlative thickening of the dissipative
regions. For this reason, the thin incoming boundary lay-
ers will be barely visible. Starting from plane Y = 10mm,
the closest to side wall A, one sees a broad region where
k takes large values, this plane traversing the boundary
layer of side wall A where strong interactions occur, as re-
vealed by the mean flow analysis. In the present tracing,

the iso-k lines seems to emanate from the foot of shock
(T'1) in the vicinity of the bottom wall, on the one hand,
and from the region of birth of the compression waves
whose coalescence will form the nearly normal shock (T'3),
on the other hand. The plane Y = 30mm still crosses the
separated boundary layer of side wall A. The large "spot”
visible in the middle of the channel can be attributed to an
oscillation of shock (T';), the phenomenon being here ex-
agerated by the code used to compute the iso-lines which
was applied to experimental points too distant from each
other in the X-wise direction.

For plane ¥ = 60mm and beyond, the region of high
turbulence corresponds to the interactions of shocks (I')
and (I';) with the boundary layers of the bottom and top
walls. The size of the bottom wall interaction starts to
shrink from plane ¥ = 50mm (not shown here) while the
interaction occurring on the top wall keeps nearly con-
stant dimensions. For Y = 60mm, the turbulent zone of
the bottom wall is reduced to a thin layer whose thick-
ness decreases on approaching side wall B. This behaviour
agrees with the description provided by the mean flow.
The central spot disappears almost completely for the
next planes, except the last one. This fact can be inter-
preted, with precaution, as the consequence of a smaller
unsteadiness of shock (I';) in this part of the channel.
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The spot again appears on approaching side wall B (see
plane Y = 110mm). Here the phenomenon is due to the
penetration of the exploration plane into the zone of in-
teraction between shock (I';) and the boundary layer of
side wall B.

In brief, the maximum levels of k are reached in the vicin-
ity of the wall bearing the bump and in the planes close
to side wall A; i.e., in the regions where the interactions
are the strongest. Then the reduced kinetic energy k/a?,
is close to 0.11, which corresponds to a conventional tur-
bulence rate equal to 0.33.

Shear Stress Component u'w’. The spatial distribu-
tions of this component are shown in Fig. 46. The fact
that the plane Y = 10mm traverses the thick boundary
layer of side wall A leads to a rather complex distribution

of u'w' which is first negative very close to the bottom
wall before taking positive values. Close to the top wall,

u'w’ takes only positive values which is in agreement with
the behaviour of this stress in a classical boundary layer,
the axis normal to the wall being here oriented opposite to
the usual sense. From the plane Y = 30mm and beyond,

u'w’ is negative near the bump, the exploration planes
no longer traversing the boundary layer of side wall A.

The behaviour of u'w’ becomes more "normal” with a
rapid increase from the foot of the shock (I';) and pas-
sage through a maximum (in absolute value) before a slow
decrease in the downstream part of the interaction. In the
other Y-planes, the region of high shear stress shrinks in
correlation with the weakening of shock (I'y ). On the other
hand, close to the top wall where the situation is close to
a two-dimensional interaction, the evolution of the phe-
nomena with the spanwise distance Y is much slower.

4.2.5 Validation of Turbulence ‘Models

Numerical Method and Turbulence Models. The
flow in the channel has been computed by solving the
full time-averaged Navier-Stokes equations (Couaillier et
al., 1991). The adopted time-marching numerical method
uses an explicit centered finite difference scheme applied
to a finite-volume approach on a structured mesh. The
mean fow and the turbulent transport equations are both
discretized by using a two-step Lax-Wendroff scheme.
The dissipation terms are taken into account according to
Thommen’s idea. The space discretization of the diver-
gence terms at each time step is performed by using an
integral contour formulation. The source terms are evalu-
ated at each step of the predictor-corrector scheme at the
centres and at the nodes of the basic cells respectively. A
numerical viscosity is added to improve the stability of the
scheme and to correctly capture the flow discontinuities
in the inviscid flow regions. In the present calculations,
the computational domain extends from X = —30mm to
X = 560mm. Grid interpolation is made on surfaces con-
structed between the lower wall bearing the bump and
the flat top wall. High refinements is introduced near the
wall to properly resolve the boundary layers. The total
number of mesh points is a little less than 700,000.

Two turbulence models have been tested (for detailed re-
sults and a more thorough discussion, see Cahen, 1993
and Cahen et al., 1993). The first one is the algebraic
equilibrium model of Michel et al. (1969) presented in
Section 2.3.2 . The original formulation has been modi-
fied to extend its applicability to three-dimensional flows
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and to treat the problem of corner flows. The turbulent
viscosity is now given by:

pe = ;IZDZ

- - —
Qlwherc: Q =cur1(V)

and the mixing length by:

1 = 0.085tanh ( 0.41d )

0.0858

In the above expression, d denotes Buleev's "modified dis-
tance” which takes into account the influence of several
walls in the case of corner flows and § is a "modified”
boundary layer thickness (for details, see Cambier and
Escande, 1991).

The second model is the non-equilibrium Jones-Launder
model whose boundary layer type version has been pre-
sented in Section 2.3.3. The general form of these equa-
tions, with the low Reynolds number terms, will not be
given here (see Cahen, 1993).

The accuracy of these models will be discussed by consid-
ering the same quantities as those already considered in
the presentation of two-dimensional flows.

Wall Pressure Distributions. Some pressure distribu-
tions on the four channel walls are plotted in Fig. 47.
On the wall bearing the bump and on the top wall, the-
ses distributions are plotted along the lines Y = 15mm,
located near side wall A, Y = 60mm, in the vertical me-
dian plane and line ¥ = 105mm, close to side wall B. For
the lateral walls, these distributions are relative to ihe
line Z = 65mm which is close to the channel half-height.
These distributions first exhibit a rapid expansion in the
upstream converging part of the channel. On the bump
the flow goes supersonic, reaching a maximum Mach num-
ber of 1.75 as denoted by the pressure measured at the
wall. For the upper and lower walls, clear differences ex-
ist between the three distributions. Close to face A, one
observes a steep pressure rise terminating the expansion
process. This rise, which denotes the existence of a shock,
is followed by a well defined plateau. Further downstream,
a more progressive compression takes place, the expansion
at the extremity of the domain being caused by the accel-
eration induced by the second throat. The shape of the
pressure curves is typical of a transonic interaction with
shock-induced separation, the rapid pressure rise being
associated with the separation process, denoted by the
separation line (S;) observed in Fig. 40a, and the pres-
sure plateau with the large vortical structure extending
between C; and C,.

In the median plane (Y = 60mm), the first pressure rise
is less rapid, the amplitude of the compression being how-
ever more important and the plateau having disappeared.
A small pressure jump is observed at X close to 300mm.
In the immediate vicinity of face B (Y = 105mm), the
compression which follows the expansion on the first part
of the bump is now progressive, no "separation shock”

being observed. The pressure rise is followed by a moder-

ate expansion which is terminated by a weak shock. This

pressure distribution has to be placed in correspondence

with the surface pattern observed in the vicinity of face

B: in this part of the flow, the surface pattern is free of
critical points and separators.
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In the upstream part of the channel, where viscous effects
are extremely weak, the two calculations are in excellent
agreement with experiment. Considering the part of the
flow where viscous effects are important, the calculations
using the [k,e] turbulence model are in very good agree-
ment with experiment, especially along lines Y = 60mm
and Y = 105mm. Major discrepancies exist close to side
wall A where the pressure plateau is not captured by ei-
ther calculations.

Longitudinal Velocity Profiles. An objective valida-
tion of the accuracy of the calculations is provided by a
comparison of the velocity distributions across the chan-
nel. Thus, Fig. 48 shows the profiles of the streamwise ve-
locity component in the median plane Y = 60mm for nine
X-wise stations. The first profile at X = 290mm crosses
the leading oblique shock (I'y) close to the bump. Further
downstream, the trace of (I';), well visible on the profiles,
moves away from the lower surface. Section X = 350mm
nearly coincides with the quasi normal shock (T';) which
explains a certain scatter in the measured values. Down-
stream, the exploration lines traverse the subsonic part of
the flow.

The interaction between the top wall boundary layer and
shock (T';) gives rise to an important thickening of the dis-

sipative layer. Close to the wall, negative values of the u
component are observed at X = 350mm, i.e. just down-
stream of the foot of (I';). The region of reversed flow
extends down to X = 410mm where it vanishes. This re-
gion of backflow is in agreement with the pattern observed
at the wall, its origin being coincident with the separation
line (Sy) and its resorbtion with the attachment line (Sy;).

In general, there is a good agreement between the com-
puted and the measured profiles, the best results being
obtained with the [k, ¢] model. It will be noted that the
location of shock (T';) is accurately predicted. However,
relaxation of the boundary layer downstream of the strong
interaction taking place on the upper wall at the foot of
shock (T';) is ill predicted, even by the transport equation
model. As a general rule, most turbulence models tend to
predict a too fast relaxation process, the computed veloc-
ity distributions being fuller that the experimental ones

and the predicted reattachment occurring too rapidly. In
the present case, the computed profile at X = 390mm
is fully attached, whereas the measured profile still has a
backflow region. Also the thickness of the relaxing bound-
ary layer is underpredicted.

Turbulence Properties.The profiles of the turbulence
kinetic energy k (normalized by a%,) in 5 longitudinal
planes are shown in Fig. 49. In the most upstream sta-
tion, at X = 230mm, the turbulence level is everywhere
low, except inside the bottom and top wall boundary lay-
ers. At station X = 270mm, we note a rise in k close
to the bottom wall. This peak is produced by the start
of the interaction between the bump boundary layer and
the oblique shock (T'y). In the vicinity of the side wall
A (plane Y = 10mm), very high levels of k are measured
downstream of X = 270mm (note the change in the scale
for profiles beyond X = 270mm). These important val-
ues of the turbulence kinetic energy are correlated with
the strong interaction taking place on the side wall A in
this region. The [k,¢] model reproduces this behaviour,
although the predicted levels are below the experimental
results. In the same way, the rise in turbulence occurring
near the top wall because of the interaction produced by
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the shock (I';) is underpredicted, especially in the down-
stream part of the interaction domain. This behaviour
of the theoretical turbulence profiles has to be correlated
with the evolution of the mean X-wise velocity distribu-
tions presented in Fig. 48. As already mentioned, the
classical turbulence models tend to predict a too fast re-
laxation process behind a region a strong interaction, thus
a too rapid fall in the turbulence levels and a too rapid
filling of the mean velocity profiles. The measured pro-
files located at X = 350mm exhibit a bump in the k
distribution at some distance from the top wall. This
phenomenon, which is completely ignored by the calcu-
lation, is in fact due to a slight oscillation of the shock
(T2).

5. CONCLUDING REMARKS

Laser Doppler Velocimetry offers an unprecedented tools
to investigate complex turbulent flows over a velocity do-
main ranging from low subsonic values up to several hun-
dreds m/s, the maximum practical limit being now around
600m/s. Both two-dimensional, planar or axisymmetric,
and three-dimensional flows can be explored without the
perturbating effect of classical probes. With the advent of
LDV, it has become possible to investigate in great details
and with a fair degree of confidence shock wave/turbulent
boundary layer interactions whose study was until then
hampered by their high sensitivity to perturbations, es-

pecially in transonic streams. With LDV, it was possi-
ble to establish a clear and reliable physical description
of interacting flows, including mean as well as turbulent
properties. Presently, LDV is routinely used to inves-
tigate two-dimensional interactions, exploration a three-
dimensional situations - although possible - remaining a
long and complex task.

Thus, over the past 15 years, a rather complete set of
two-dimensional - and axisymmetric - test cases has been
constituted allowing an in depth validation of computer
codes, and more particularly of the turbulence models
used in them. Although the results obtained are most
often spectacular - considering the state of the art 15
years ago - systematic comparative studies have shown
that none of the most commonly used turbulence models
are entirely satisfactory. Interaction with a shock wave
imparts to a boundary layer a so strong and so rapid retar-
dation that the present models are unable to represent this
process, even those incorporating a history effect. In fact,
experience shows that such an interaction involves phe-
nomena, like unsteadiness and shock / turbulence inter-
action, which are not taken into account in these models.
However, one has not to be unduly pessimistic, consider-
ing that existing simple models, imp.emented in accurate
and efficient Navier-Stokes codes, already give results suf-
ficient for many practical applications. The situation in
three-dimensional flows is not so advanced, since prob-
ing and interpration of such flows is a long and complex
task. Due to the importance of the subject, and con-
sidering the very instructive results already obtained on a
reduced number of configurations, in the coming years the
main effort must be devoted to a thorough characteriza-
tion of typical three-dimensional interactions. Because of
the high cost of both experiment and computation applied
to three-dimensional flows, this action will have to be con-
ducted in close cooperation between experimentalists and
theoreticians in order to properly define the configurations
to be tested.
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In spite of its great and numerous advantages, LDV suf-
fers from shortcomings which restrict its use in situations
of great interest. Seeding of the flow remains a critical
issue, since LDV measures in fact the velocity of parti-
cles. Thus, in regions of high acceleration, or retarda-
tion, particle lag introduces errors which prevent the use
of LDV in the immediate vicinity of a shock and render
turbulence measurements suspect if the frequency of the
velocity fluctuations is high. Time scales, or power spec-
tra, measurements with LDV are still largely impossible,
except at low frequencies, mainly because of the difficulty

to properly seed the flow. The problem of particle lag
put also a bound to the maximum velocities which can be
measured, all the attempts to use LDV in high Mach num-
ber flows (above 4) having failed. In spite of important
progress, velocity measurements very close to a surface in
tangential approach (e.g., below 0.1mm) are not possible
- especially in three-component versions - which is a se-
rious restriction, since many things occurs in this part of
the boundary layer. The frontal approach of an obstacle,
gives rise to parasitic stray light making measurements
impossible below a distance of the order of 10mm, ac-
cording to our experience. At last, but not the least, high
speed multi-component LDV systems are still costly and
delicate to operate which is a strong restriction to their
general use. We have to hope that, in the coming years,
most of these limitations will be overcome.
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SPECIFIC ISSUES AND EXAMPLES OF APPLICATIONS

D. Vandromme

Lab. de Mécanique des Fluides Numérique
CORIA - U.R.A. - C.N.R.S. 230
I.N.S.A. de Rouen, France

1. INTRODUCTION

Since the pionnering theory of Boussinesq /1/ and the first application indicated by
Prandtl /2/, turbulence modelling has been continuously improved in order to allow effec-
tive prediction of turbulent flows. Since these early contributions, various methodologies
were worked out to account properly for "complex” effects on turbulence. Among oth-
ers, these ”complex” effects are caused by curvature, body forces (gravitation or magnetic
fields), unsteadiness and variable density. In fact, in real flows situations, it is often dif-
ficult to separate these effects, and the prediction of a flow configuration of industrial
interest must always combine the simultaneous treatment of several effects. Depending on
the application domain, some effects can be considered as dominant which allows neglect
of others completely. As an example, geophysical flows in oceans are dominated by strati-
fication and rotation, while compressibility or solid boundary effects can be neglected. In
contrast, flows around an aircraft fuselage in real flight conditions are strongly influenced
by compressibility and wall effects and not at all by gravitation or rotation. Because of
the requirements imposed by a wide variety of industrial and aeronautical problems, one
of the biggest challenges, during the last few years in the field of turbulence modelling has
been the correct accountability of the variable density effects. Variable density can have
different origins, which can result for instance from: i) the mixture of gases with different
density, 1) a temperature gradient within an homogeneous fluid, iii) compressibility in high
speed flows, or iv) reactive flows (for instance flames, chemical or gasdynamic laser flows).
Unfortunately, until now, only a small fraction of the modelling effort has been devoted to
these flows.

From an experimental viewpoint, the first works concerned equilibrium boundary layer
along adiabatic smooth walls /3/, /4/, /5/ or compressible wakes /6/. These works led
Morkovin /5/ to postulate that the dynamical field behaves like an incompressible one.
From a different approach, Laufer /7/ came to an identical conclusion. Thus for some years,
compressible problems have been handled with incompressible models, but with allowance
for variation of mean density. The limits of such extensions are now beginning to be
better understood /29/, /30/. Bradshaw /8/ reviewed the various domains of validity for
Morkovin’s hypothesis and noticed that it applies to flows where the density fluctuations
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are moderate. Obviously, this excludes hypersonic boundary layers (Me > 5) and the
flows with strong pressure gradients such as shock-turbulent boundary layer interactions.
Bradshaw concluded also that this approximation is not well suited for the supersonic
shear layers. One of the conclusions of the 1972 Langley Free Shear Layer Conference /9/
confirmed that all then existing turbulence models were not adapted to the prediction of
this type of flow. _

Concerning the modelling, a limited number of significant results have been obtained
so far. Most of the works consist in an analysis of existing incompressible models leading
to an extension towards compressible flows, assuming that the existence of a variable den-
sity within the equations was sufficient to represent correctly the compressibility effects.
Nevertheless, in presence of severe pressure gradients, these models do not produce sat-
isfactory results /10/, /11/. In order to evaluate the respective importances of variable
density and strict compressibility, Brown and Roshko /12/ studied experimentally the be-
haviour of a low speed mixing layer with variable density (helium-nitrogen mixing). They
concluded with a complete independence of the mixing layer spreading rate with respect
to the density ratio, bringing back the problem to compressibility effects.

2. BACKGROUND ASSUMPTIONS

As a starting point for any flow calculation, there are the Navier-Stokes equations.
But, due to the large Reynolds number value of turbulent compressible flows, it is not yet
conceivable to use direct simulation or even large eddy simulation with subgrid scale mod-
elling for practical flow calculations. The first compressible turbulence direct simulation
was reported in 1981 with Feiereisen’s thesis /15/. At that time, the cost of a single sim-
ulation for a 64x64x64 mesh cube with periodic boundary conditions and constant shear
was about 20 hours of CPU time on the ILLIAC IV computer (which had performances
comparable to the Cray 1S machines). Even though simulation techniques are improving
rapidly, we are still far from being able to predict complex compressible flows with si-
multaneously shock waves, separation mechanisms and eventually mixing and strong heat
transfers. In fact, since Feiereisen’s work, compressible turbulence simulations have been
mostly devoted to 2-d configurations /16/, /28/, /104/.

To cope with this difficulty, it is preferable to work with a modified form of the Navier-
Stokes equations. Rather than trying to produce a set of possible realizations and averaging
to have a solution for the mean flow, the instantaneous Navier- Stokes equations can be
submitted to a statistical treatment first, and then a single solution will represent all the
characteristics of the mean flow. Then, the solution does not carry any information on the
turbulence fluctuations. The averaging process can be considered as a filter. Nevertheless,
turbulence information is still avalaible through new specific turbulent variables which are
correlations between fluctuating variables.

2.1. Averaging the variables

But let us examine more deeply the implications of this statistical treatment by defin-
ing the probability density function (pdf) for f to be inside the interval [a, b].

b
Probability (a < f < b) = / P(f)df (2-1)

That definition implies naturally that the probability becomes equal to unity if @ and
b tend respectively towards —oo or +o0:
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+oo
| rnda=1 (2-2)
Thus the first moment of this pdf gives the mean value of f:
+oo .
<f>= fP(f) df (2-3)

In practice, the possible variations of < f > in space and time will depend only of
the behaviour of P(f). In place of this statistical average, which is formally an ensem-
ble average, it is possible to substitute a time average if the ergodicity is verified. This
requires a clear definition of the time involved by the averaging operator. Indeed, all the
practical turbulent flows are neither steady nor completely homogeneous. Therefore the
averaging intervals will have to be bounded, both in space and time. These intervals must
be sufficiently large, compared to the characteristic scales of the turbulence but also small
with respect to the macroscopic changes of the flow. Let T be a bounded time, the time
average can be defined as:

f(t) >= —/ ft+71)dr (2-4)
The definition (3) yields, for two random variables f and g, the following relationships:

<f+g>=<f>+<g>
<f.<g>>=<f>.<g>#< fg>
df

d .
< p73 > = pr3 <f> if€e€lz1,z2,23,1

(2-5)

Boussinesq /1/ and Reynolds /17/ established incompressible flows equations by ap-
plying this time averaging to the continuity and momentum equations. To do so, quantities
such as velocity, pressure or density are split into a mean and a fluctuating component.
This method was extended to compressible flows by Shubauer and Tchen /18/, Hinze /19/
and several other authors. When compared to the instantaneous equations, the averaged
equations contain new terms, which have no counterpart in the original equations. These
new terms are made of correlations between velocity fluctuations or between velocity and
density fluctuations. The velocity correlations are the Reynolds stresses and represent the
forces due to the turbulent agitation. Evidence of these new terms can be obtained quickly
by examining the continuity equation for a variable density flow:

dp a
8t T Bzg

)=0 (2-6)

p is the density and v, are the velocity components with respect to the « direction.
Splitting of these instantaneous variables into mean () and fluctuating parts ()’ yields

p=p+yp

2-7
v(,:ﬁa—f-v; ( )

and the first consequences of the definition (2-3) are
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— 2-8
7T =0 (2-8)
Thus, after averaging, the continuity equation is:

0p 0 0 —

- —(p v = 2 _

ot t 5o (PO + g —(pva) =0 (2-9)

The averaging process has introduced into the mean continuity equation the new vari-
able, p'v’ . Therefore, the closure of the simplest set of mean equations will be linked at
least, to the knowledge of these correlations. Other authors (Hesselberg /20/, Dedebant
and Wehrle /21/, Van Mieghen and Dufour /22/, Blackadar /23/ and Favre /24/) have
derived mean equations by weighting the averaging operator with the instantaneous den-
sity. Later, Favre /25/ extended that formalism to all the dependent variables, except the
density and the pressure.

That type of averaging can also be formulated statistically like an ordinary time
average, by introducing the joint p.d.f. P(p, ¢) for ¢ and p, ¢ being any dependent variable
besides density and pressure (see for instance Bilger /26/). Let us define a density weighted
pdf for a variable ¢:

ﬁ@%=%lwﬂmm¢ﬂp (2-10)

Thus mass weighted averages, covariances and higher order moments can be defined
simply from this density weighted pdf as:

. ﬁ —_—
= = P d
5=t /¢ (%) d¢

g =02 =/(¢—<5)215(E> d¢ (2-11)

Fs =29 =/(¢—<$)3P'(E)d¢

and also f(¢) = [ f(¢) P(9) do

In fact we can consider these two possible types of averaging simultaneously:
1) the classical time averaging based on a centered operator:

¢=¢+¢

1 e (2-12)
b=3 [t ds T=o

2) the mass weighted averaging, which is also a time averaging, but uncentered by the
presence of the density:

$=0+¢"
e S (2 - 13)
=2 T 40

From the definitions, it is easy to derive a set of relations linking the two formalisms

/27/:
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p
p¢’ =0
_ —Tw red (2 —14)
e
— — 1 1
b7 62" =018, = = PG + 5 08,

An immediate advantage of the Favre averaging appears when writing the mean con-
tinuity equation:

Op  Opvg _ .
2t T on. =0 (2-15)

Equation (2-15) has now a form strictly similar to its instantaneous version, since the
density velocity correlations do not appear explicitly. Similarly, all the convective parts
in the motion equations are free of these density correlations. Thus the mass-weighted
averaging is helpful to simplify the formulation of the turbulent equations when density
varies, but it does not solve the problem of closing the set of equations. Two significant
drawbacks are to be pointed out here:

The first one concerns the interpretation of the results when comparing measurements
with calculated values. The mass weighted velocity, for instance, is well adapted to com-
parison with hot wire measurements, but not to the velocity obtained from a LDV device
for which the centered time averaged quantity is more appropriate. Analogous remark
could be made for heat flux or concentration measurements.

The second remark will become more obvious later, when the equation for the con-
servation of the dissipation rate of the turbulent kinetic energy is written. That equation,
which is recognized as a weakness of several turbulence models is already complex in in-
compressible flows. Excepting the case of the convection terms, its formulation in mass
weighted variables is still more complex, so that there is no hope to model it in a term-to-
term manner and only a ”global” modelling have been succesfully used so far.

2.2. Open forms of the turbulent equations

Introduction of Favre decomposition and time averaging the equations yields forms
which are open. The expression of the new unknowns is one aspect of the general problem
of the closure. As natural convection will always be negligible in front of forced convection
in the applications presented at the end of these notes, buoyancy terms are not included
in the following equations.

2.2.1. Continuity or mass conservation

The instantaneous form of this equation is:

Jdp 0 _
Gt + g (Pva) =0 (2 -16)

The time average produces a closed equation similar (in form):

0p 0
ot + Oz,

(752) =0 (2-17)
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2.2.2. Momentum conservation

Instantaneous form for the v, component is:

0 05} 0
E(P va)+a—x;(l) Vg Vg) = 5;;(%[3) (2-18)

with the viscous stress defined by (assuming that the Stokes Law is verified: (2u+3A = 0):

Oap = —P 601;3 + Saﬁ (2 - 19)

p is the pressure, 6,5 is the Kronecker symbol and u the molecular viscosity coefficient.
Sap corresponds to the strain tensor for a compressible fluid:

. ava avﬂ 2 Bv,,
Sas = (ax,, * axa) ~ 30, (2-20)

For turbulent flows, equation (2-18) becomes:

o _. o ,_ . . 0 —— op 0 —_—
57 (P Ya) + %(P Upla) = _E(Pvﬁva) ~ T +.07ﬂ(ﬂ Sa) (2-21)

The new term, which is due to the non linearity of the convective part is the Reynolds
stress.

2.2.3. Energy conservation

In compressible flows, the pressure is related to the specific internal energy and to the
density by an equation of state, which can be written as:

p=(v—1)pe (2-22)

The total energy per mass unit is defined as:

E=e+ ”"—2”" (2 — 23)
The conservation of this quantity follows the budget equation:
g g 7] 0
5 (PE) + 3—xﬂ(PvﬂE) = a—zﬂ'(%ﬂva) - aTﬂ(Qﬂ) (2-24)

The stress tensor o,p is defined as previously. The heat flux is evaluated according
to the Fourier’s law as:

Qs = _Ka_xg (2 -25)

After averaging, it comes:

0, ~ 8 9 —— 8 o
7 (PE) + aT,ﬂ(P vgE) = _a‘_,vﬂ(pvﬂE )+ 'ém—ﬂ(%ﬂ Va) = OTﬁ(Qﬂ) (2 —-26)
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The new term appearing in this equation characterizes the diffusion of the total energy

by the turbulent motion. Similarly, averaging the equation of state (2-23) makes obvious
the contribution of the turbulent kinetic energy in the total energy budget

E=g+”§“+k (2 - 27)

———
» »

. v
with k = «Ya

For flows in which strong heat transfer rather than strict compressibility effects are

present (a typical example is a turbulent flame), it is more convenient to write the energy
conservation through the enthalpy transport equation

. For constant specific heat, the
enthalpy is related to the temperature field as:

h:cpT

The instantaneous budget equation 1is:

501+ o (p v9h) = 2 4 g+ %~ 5(Q) (2-29)

with @g, the heat flux in the zg direction and @, the dissipation function defined as

vy dvg\® 2 3v., dvs
— —F -2
= °W<mm+a%) 3"z, 0z (2-29)
After averaging, it comes:
-7 a — —~7 _ a T 1 9y ,, ap a N ap _
at(ph)+amﬂ(/)vﬂh)—~a (pv )+ +55 — +vﬂaxﬂ +9 ——(Qﬂ) (2-30)

® is defined now as a mean dissipation:

- ovy, B — (Ov o2\’
. » ﬂ va B o _
R K (———3% + _3wﬂ> + 5.5 (3% + ) (2 — 31)

2.2.4. Species or scalar conservation

For the case of mass fraction ¢;, we have an instantaneous advection diffusion equation
with non-zero source terms for chemically reacting flows

at(” cr) + ﬁ(/) vg cr) = -—-‘(Jﬁf)+51

(2 - 32)

which becomes in turbulent form:

o _ . o . . 0 —— 0
5(961)4-37[3@% cr)=-— 325 (Pvﬂcl)+ (Ja1)+51 (2-33)
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This last equation can be used for any scalar provided that the interpretation of the
diffusion term is correctly understood. In the specific case of the mass fraction, the term
Jpr represents the diffusion flux of the species along the direction # under the action of
molecular agitation.

2.2.5. Energy paths

To illustrate the implications of averaging compressible flow equations, as far as energy
budget is concerned, figure 1 sketches the various paths taken by energy between mean
motion, turbulent motion and fluid. Under the three headers corresponding respectively
to the mean and turbulent kinetic energy and to the fluid internal energy, various algebraic
terms are displayed with arrows to show the possible transfer mechanisms.

MEAN MOTION TURBULENT MOTION FLUID
_ T, o ay 5c
B | | |5

<;} T)a; <> v A

=l
| o— |
rof —
—
¥ o
- =
+
8
Ralit
N— .

1

wal N
SN
Qs
__><!_8"§
~
| S |

Figure 1: sketch of energy paths

Boxes 1 and 2 correspond to reversible work done under the action of pressure field.
Boxes 3 and 4 are related to the irreversible transformation of mechanical energy into heat,
because of the molecular viscosity. These terms correspond to the dissipation of mean and
turbulent kinetic energy. Box 5 is the classical transformation of mean kinetic energy into
turbulent one. The term appears with different signs in both equations. It is a sink term
for the mean motion and a source (production) for the turbulent motion. The transfer is
mostly done from large scale to smaller. But it can happen that inverse cascade (negative
production) exists locally. This point requires a very careful attention in modelling when
the sign of the turbulent energy production terms is forced to be positive (eddy viscosity
models for instance).
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3. ALGEBRAIC TURBULENCE MODELS

As shown in the previous chapter, the time-averaged equations of motion contain
new unknown terms. In order to predict the mean velocity distribution or the mean
temperature distribution, it is necessary to make an assumption or find a reasonable model
for the Reynolds stresses and the turbulent flux terms. The more generally used concept
has been, for many years, to establish an analogy between the viscous and the turbulent
stresses. Then a linear relationship is assumed between the turbulent stress and the mean
strain tensor (Boussinesq, /1/). The turbulent counterpart of the Newton’s law is written

as:
T dvg Ov, 2. O0. 2 _
—P VaVg = it ('am—i 5£ - ?aﬂ‘@i) — 30k (3-1)

The second term of the R.H.S in equation (3-1) corresponds to the bulk dilatation
existing in compressible flows. The last term, which is characteristic of .the turbulent
form, allows the trace of the Reynolds stress tensor to be different from zero. This last
contribution plays the same role as the pressure in the kinetic theory of gases as a mean
of the normal stresses.

All terms of the R.H.S of (3-1) are known, but p, the turbulent viscosity and k, the
turbulent kinetic energy. Since the 60’s, a large number of techniques have been, more
or less succesfully, worked out. Among them, it is possible to distinguish two general
approaches. The first one relies on local equilibrium ideas to express directly the turbulent
viscosity coefficient in terms of known quantities of the mean flow, such as the mean
velocity gradient or some integral boundary layer parameter or even the wall distance.
This approach is referred to as the class of algebraic turbulence models. A known short-
cut of these methods is to neglect the energy term in (34) for the simple reason that
the energy level cannot be accurately estimated. The second approach, which intends
to be more general is to evaluate the viscosity coefficient from the rate of change of the
Reynolds stress in the governing equations. The prediction methods which use these ideas
are referred to as transport equation methods and will be discussed in the next chapter.
In fact, they reduce to the algebraic methods when all the transport terms are small, i.e
assuming local equilibrium between generation and destruction of turbulent energy (see
Cebeci and Smith, /31/).

From a simple dimensional analysis, the turbulent kinematic viscosity appears to be
the product of a velocity and a length, for which a proper choice is not an easy task.
In order to gain a generally applicable formula, Prandtl proposed his well-known mixing
length theory, according to which the Reynolds stress is calculated (for boundary layer
type flow) from:

ou
— n 2_— -

The "mixing length” [ is of course a quantity whose value has to be determined. For
wall shear flows, Von Karman /33/ suggested the following relationship:

(aﬁ)a
_ 2\ 0y
b= P = (3-3)

ay?
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 being the universal constant of the same name. Equations (3-2) and (3-3) give generally
very good results in thin shear flows where production and dissipation mechanisms are
approximately balanced (local equilibrium).

Besides these two original proposals, it is worth mentioning two other formulations
for the eddy viscosity:

e The Taylor vorticity transfer theory /34/. In this proposal from 1915, it was as-
sumed that lumps of fluid preserve their vorticity in turbulent flows instead of their
momentum, as recommended by Prandtl theory:

(3-4)

ou
= (. _12 —_
[t 05pw|3

Although based on different ideas, this formulation is analogous to Prandtl’s.

¢ Assuming that the dimensions of the lumps of fluid, which move in a transverse
direction during turbulent mixing are of the same order of magnitude as the width of
the mixing zone, Reichardt /35/ proposed the following dependency:

'U,t = K1 b(umaz - umzn) (3 - 5)

where k; denotes a dimensionless number to be determined experimentally, and b is

a characteristic tranverse dimension of the shear layer.

It follows, from equation (3-5) that p; remains constant over the whole width of the
shear zone, whereas the previous proposals (equations (3-2), (3-3) and (3-4)) imply that
it should vary even if the length scales are assumed constant. Furthermore, experimental
results (Klebanoff, /32/) indicate that, in the wall region (0 < y/6 < 0.15—0.20), the eddy
viscosity and mixing length vary linearly with the wall distance y. Both variables appear
to have a maximum value somewhere between y/é = 0.20 and y/é = 0.30. Consequently,
a reasonable approximation for these two quantities in the inner region can be written as:

Kt = KR Y Uturb (3-6)

l=xky (3-17)

where & is the universal constant of Von Karman, experimentally found to be in the range
of 0.40 — 0.41. Variable uy,. is a caracteristic scale of the velocity fluctuations. For y/é
greater than approximately 0.20, the eddy viscosity begins to decrease slowly, but the
mixing length remains more or less constant, so it can be approximated by:

l/6 = const. (3-8)

where the constant varies from 0.075 to 0.090, depending on the definition of boundary
layer thickness 6.

So far, examination of the eddy viscosity coefficient and the mixing length have allowed
making distinctions of two different zones inside the boundary layer, the inner zone for
y/6 < 0.2 and the outer region elsewhere. In fact, some caution must be taken for the
global treatment of this outer region. As the free stream is approached, the turbulence
becomes intermittent, i.e. for only a fraction 7 of the time is the flow turbulent. This is
not a feature of the unique wall boundary layer. Indeed, the same phenomenom can be
observed in free shear flows /12/.
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The on-and-off character of the turbulence is a direct consequence of the intermittency.
From the experimental results of Klebanoff /32/, it can be seen that, for values as small as
y/8 = 0.4, there are intervals of time during which the flow is truly turbulent, separated
by laminar features. These features last longer with increasing distance from the wall.
Obviously, outside the boundary layer (y/é > 1.0), it is also possible to find some turbulent
fluid packets, penetrating the free stream flow up to y/é ~ 1.2. The intermittency factor,
i.e. the ratio of the turbulent time with the total time, can be correctly approximated by
the expression:

=05 (1 — erf(5 (% - 0.78))) (3-9)

3.1. THE CEBECI-SMITH-MOSINSKI MODEL

This model is an extension to compressible flows of the Cebeci-Smith model. Its
basic philosophy is to make a coherent combination of the local approximations, which
have been reviewed above, in order to build up a general model for the description of
the whole boundary layer. The distribution of the mixing length ! can be made with two
separate functions. In the fully turbulent part of the inner region, ! is proportional to y,
the wall distance, and in the outer zone, the turbulent length scale is 6, the boundary layer

thickness. Therefore:
li=ry 0<y<y.

lh= a6 yo<y<$é (3-10)

where the y. value is imposed by the required continuity of p; across the two zones.
According to the review paper of Escudier /36/, the parameters « and a; can vary slightly,
but reasonable values are 0.40 and 0.075 respectively.

As a direct consequence of this composite definition, the eddy viscosity . also varies
linearly with y in the inner region and is nearly constant (except for the intermittency) in
the outer region. Its variation across the boundary layer can be conveniently described by
the following formulas:

{(m)i=ﬁﬂ|§—’;|; 0<y <y (3 11)
(#t)o = & pUmaz 6F /(1 + 5'5(%)6)§ Yye<y<é

Although it varies slightly with low momentum thickness Reynolds number, the pa-
rameter « is generally taken as a constant equal to 0.0168. Equations (3-11) are designed
for the fully turbulent part of the boundary layer, but not for the laminar sublayer and the
buffer zone close to the wall. In order to make them applicable over the entire boundary
layer, they must be modified by using empirical expressions, such as the one proposed by
Van Driest /37/ in which the mixing length becomes:

[=ry (1= exp(—5)) (3-12)

In equation (3-12), the vanishing character of the eddy viscosity at the wall is taken
into account through the use of a damping length constant A, defined as:

v

Tw
P

A=26

(3-13)
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This modified expression of the mixing length was obtained by using an analogy\
between the viscous sublayer and Stokes flow. According to Van Driest’s definition of
A, its use is restricted to flows with negligible pressure gradient and zero mass transfer.
For compressible flows, this original formulation needs to be modified. The limitations of
Van Driest formulation appear clearly in the case of strong pressure gradient, for instance.
Indeed, for a flow with adverse pressure gradient, T, may approach zero (flow separation),
in which case the predicted inner eddy viscosity will be zero. The inner zone formulation
was generalized by Cebeci /38/ and /39/ for flows with pressure gradient, mass and heat
transfer. Starting from the Stokes flow analogy for the compressible equation, the shear-
wave propagation velocity is assumed to be the friction velocity obtained at a y* value
determined by the intersection of the linear and the logarithmic laws of the wall. This
friction velocity is obtained from the local integration of the u-momentum equation between
the wall and the intersecting point. This procedure leads to a rather complicated expression
for the modified damping length constant A which is written as:

-5 () )

in which AT = 26 and N is defined as:

(10

2+
14 Pe b HPw 4 Hw 4
— | — ] —=(1-exp(11.8—v;)) + exp(11.8—vl) =N 3-15
He (pw> Ve ( u ) ( 17 ) ( )
with:

Pt = (Vet;e) My = 2w

ud ) Oz Ur

u, = Tw y:. _ YelUr

Pw Vw

> Many other attempts have been made to modify the Van Driest damping law to handle
heat and mass transfers. For a rather complete inventory of these works, the reader is
referred to the book of Cebeci and Smith /40/.

To complete the modelling of the whole boundary layer, the outer zone (in which
the intermittency takes place) is calculated with constant mixing length inside the fully
turbulent events. To account for the intermittency phenomenon, the result of Klebanoff
/32/:

T =0.5(1—erf(5 (% —0.78))

introduces an analytical relationship with the wall distance y. A slightly simpler formu-
lation which is used in the reference /41/ relates the intermittency factor to that wall

distance with a power law:
y\&\
I = 1+5.5(3)) (3 — 16)

To summarize the so-called Cebeci-Smith-Mosinski model, the eddy viscosity is writ-
ten as:

ou
(ﬂt)izLQﬁ‘a‘; 0<y<uye (3-17)

()i =pau §*T! y. <y<$ (3—-18)
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in which L is defined by equations (45) and (47), & = 0.41, a = 0.0168 and the intermit-

tenecy factor is evaluated with (49).

All these remarks are adequate under certain conditions for the description of momen-
tum transport. To deal with significant heat transport, It is generally admitted to have
a constant ratio between the eddy viscosity and the turbulent heat diffusivity coefficient.
That leads to the definition of Pr, a turbulent Prandtl number. Unfortunately, exper-
imental evidence shows that the turbulent Prandtl number varies across the boundary
layer. Close to the wall, it is a strong function of the molecular Prandtl number (because
viscous effects can be more important than turbulent ones), and away from the wall, it is
independent of the molecular Prandtl number.

The eddy diffusivity formulation for heat transfer is the following;:

()i = s 721 = exp( 1) (1 - exp( I (3-19)

(Br)o = 01 pue 6T
in which x; = 0.44, a; = 0.0168 and:

%/ o\
B=ptZ (l‘i> (-”-) 3-20
N\, ™ ( )

Then the turbulent Prandtl number, in the wall vicinity is evaluated as:

#(1 ~ exp(~))

Pry = (3-21)

#a(1 - exp(-5))

This first model has been tested on a wide variety of boundary layer flows including
heat and mass transfer and also moderate pressure gradients for 2-dimensional as well as
axisymmetric flows. For many years, that model has been recognized as the most robust
for practical flow calculations.

Saxena and Mehta /86/ extended the domain of validity of this model with the in-
troduction of wall functions. These authors were able to handle adiabatic boundary layer
flows under adverse pressure gradient. The incompressible law of the wall is given by:

ut = %ln(y"') + B (3 —22)

where ¥k = 0.41 and B = 5.0 and:

u YU, Pw Tw
wh=—; ¢t = y Vw =T Ur = <_)
Ur Pw

[\

However, in the regions where adverse pressure gradients exist, the following law of
the wall, due to Nakayama and Koyama /87/ has been employed:

u+=% 3(t —ts) +In(

t3+1t—1)] (3 - 23)

ts—1 141



TECHNICAL LIBRARY

6-14
where: r
+
u=M1+g%-
t, =v1+0.047
rt =149
{n=ay* o (3 —24)
D 3
a=vu oug ()
k= 0.4 + 0.6«
L7 14«

Furthermore, at high Mach number (Mo, > 4), where the compressibility effects on
turbulence becomes significant, the law of the wall is extended to compressible flow through
the use of the Van Driest transformation /88/. Then the effective u¥ becomes:

u+=i/ 1/Ldu (3 —25)
Ur Jo Pw

The wall values are evaluated by assuming that, in the very near wall region, the heat
flux behaves as in Couette flow, namely:

Qy — UTzy = Qu (3 — 26)

which integrates, for adiabatic flow, as:

T=Ty— {;—T>U2 U < Uy
“p (3 -27)
2¢p 2¢p

The laminar and turbulent Prandtl number, Pr and Pr; are taken as 0.72 and 0.90
respectively. The matching between the two regions is assumed to occur at y* = 10
(corresponding to y, and u,).

Nevertheless, troubles arise when this model is used for turbulent flows where sig-
nificant secondary effects are present, such as curvature or strong pressure gradients. A
reason for this is, as stated previously, that all the modelling assumptions rely on the fact
that the boundary layer is in strict equilibrium or close to that.

Alber /113/ proposed an improvement for separated flows. First, the damping law of
Van Driest is modified to account for longitudinal pressure gradients in the following way:

l= fcy(l—exp(_A_*_yNw \/;<Tw+y%))) (3-28)

Then in the evaluation of the momentum thickness for the outer viscosity, Alber
suggested to start the integration from the zero velocity line rather than from the wall
itself. For strongly separated flows, this could improve the flow prediction significantly.

3.2. THE BALDWIN-LOMAX MODEL
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The major drawback of the Cebeci et al. model /41/ was experienced for shock wave
turbulent boundary layer interactions. Indeed, the very strong adverse pressure gradi-
ents in the longitudinal direction provokes boundary layer separation, whereas pressure
gradients in the transverse direction trend to invalidate the boundary layer character of
the flow, and also the universal properties assumed for this type of flow in the modelling
assumptions.

A practical problem with the use of the Cebeci et al. model /41/ is to find the exact -
position of the boundary layer edge when the flow separates or reattaches to the wall.
The Baldwin-Lomax model /42/ (hereafter B-L) is an algebraic model patterned on the
Cebeci-Smith-Mosinski proposal (hereafter C-S-M), with a modification to improve the
prediction of separated flows. Before going into the detailed description of this model, it
must be pointed out that it was developped primarly for 2-D and eventually 3-D flows. At
the opposite of the C-S-M model which was designed for boundary layers, the B-L proposal
was thought for Navier-Stokes calculations, where the two velocity components can be of
equal importance. That feature explains why the B-L is slightly more general than the
C-S-M for the evaluation of the turbulent scales.

Again, it is a two-layer eddy viscosity model in which pu. is given by:

_J ()i 0<y<uye
m—{(ﬂt)o Yye <y <6 (3-29)

where y is the normal distance from the wall and y. can be defined as the smallest value
for which the two formulations are equal. For the inner region, the Prandtl mixing length
formulation /2/ is used with a time scale linked to the local vorticity w rather than to a
simple velocity gradient:

(ue)i = p1 o] (3 - 30)

The mixing length itself uses the Van Driest concept of damping length /37/ to in-
corporate the wall viscosity effects:

yt
I=ry (1—exp(~=7)) (3-31)

The modulus of the local vorticity is evaluated from:

o av\> (8w ow\® [Ow du\’
‘”'-\/(a—y‘%) (5-%) ~(5-%) (3-3)

and the wall units are expressed as:

y+___p’wu7'y: prTwy (3_33)
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There is no fundamental difference with the C-S-M model, up to that point except that
using the vorticity variable makes the formulation more general. The major modification
concerns the outer region:

(tt)o = a Cep p Fuake Fiies(y) (3 —34)
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a is the same constant as in the previous model (o = 0.0168), C., is an additional constant
and Fyqke can be defined in two different manners, depending on the existence of a solid
boundary or not. Thus:

F _ Ymazx Fma:c (3 35
wake = ka Ymaz ugif/Fmaz - )

Fyake takes the smallest value between the two expressions in (3-35). The values of
Ymaz and Fp,,; are evaluated from an expression including a damping coefficient similar
to the one used by Van Driest:

y+
F(y) =y lwl (1 - exp(==)) » (3 —36)

The quantity Fmez is the maximum value of F(y) which occurs in a profile, and Ymaz
is the corresponding distance from the solid ‘wall. As in the previous model, the outer
region viscosity is weighted by an intermittency factor Fjies, which is evaluated by the
best fitting expression of the Klebanoff experimental data. The intermittency factor is:

Frues(y) = (1455 (M)e)—l (3-37)

Ymaz

The quantity ugq;s represents a velocity scale equal to the difference between maximum
and minimum total velocity in a given profile (i.e. at a fixed x station).

Ugif = (\/u2 +v? + w2)maz - (\/u2 + v2 4 w2) (3-38)

min

Naturally, the second term in ug;s is zero for the case of attached flows. In wake
flow configuration, both terms must be taken into account. For the case of separated
boundary layer, it is advisable also to consider the direction of the velocity vector, at
least in the separated region. In fact, the outer formulation, which is described with
equations (3-34) and (3-35), can be used in wakes as well as in attached and in separated
boundary layers. Practically, the product ¥mer Fmar replaces 6*u, in the C-S-M model
and the combination Ymas u%;;/Fmaz replaces b ugis in the Reichardt /35/ formulation.
As a result, the distribution of vorticity is used to evaluate the length scales, so that
determination of the boundary layer edge is not necessary. The use of that turbulence
model requires the knowledge of various constants, for which the values are given in the
following: :
At =26 Copp =16 Ckies =03 Cur =025
k=04 a=00168 Pr=072 Pr,=09

So far, although being nearly as widely used as the C-S-M model, the B-L model has
not been tested against flow configurations including strong heat and/or mass transfer.
The heat transfer mechanisms are handled through the definition of a constant turbulent
Prandtl number, and as discussed earlier, this remains a fairly reasonable assumption for
air flows.

During its preliminary use, this model was slightly modified to produce a transition-
like phenomenon. This was achieved by setting the turbulent viscosity equal to zero all
across a given profile, unless, at least in one point, the calculated turbulent viscosity was
larger than 14 times the molecular viscosity value. This technique was able to produce an
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artificial transition-like process, although the physical mechanisms responsible for it in the
reality, could not be accounted for in the time-averaged Navier-Stokes equations.

Another feature of this turbulence model is that its use has been restricted mostly to
the thin layer approximation. Different from the boundary layer assumption which imposes
drastic simplifications of the Navier-Stokes equations, the thin layer assumption neglects
the diffusion processes parallel to the body surface but retains all three of the momentum
equations (for 3-d flows) and makes no assumption about the pressure gradients normal to
the solid wall. In the reference /42/, Baldwin and Lomax justify the use of the thin layer
approximation, not only by the simplification brought to the coding, but also by stating
that, due to the mesh stretching in the high shear zones, the diffusion terms parallel to
the solid surface cannot be resolved properly.

Shang and Hankey /62/ suggested accountting for turbulence memory effects by dis-
placing the eddy viscosity value along the main flow direction. This is equivalent to allowing
a given response time of the turbulence to the mean field distortion. To perform this, the
eddy viscosity is calculated as:

He = (.ut)up + ((.Ui)eq - (Ilt)up) (1 — exp(_%)) (3_ 39)

where (u¢)up is the calculated eddy viscosity at the initial location of the pressure distur-
bance, ((¢)eq is the calculated equilibrium value. The streamwise distance between these
two locations is denoted by Az and 6 is the boundary layer thickness at the initial station.
This modification has been implemented in a C-S-M model in which the intermittency
function was removed.

3.3. THE MICHEL-QUEMARD-DURANT MODEL

This model, which is simpler than the previous ones has been proposed initially by
Michel et al. in 1969 /112/. A unique law is used for inner and outer regions of equilibrium
turbulent boundary layers. It writes as:

v (3 — 40)

=—l2 2
23 P F ay

The mixing length behaves linearly with the wall distance in the wall region and
becomes | = 0.085 6 in the outer part. A common relationship is:

1 =0.085§ tanh (0 ggsa) (3-41)

As for the inner formulation of the previous model, the mixing length needs some
damping to account for the dominant viscous effects in the very near wall region. To do
so, the correcting function F' is written as:

F=1-exp (—A_:ﬂ#\/ﬁ('rl +7',)> (3 — 42)

As 7, contains itself the turbulent viscosity, a classical Newton-Raphson method is needed
to solve (3-40).
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4. TRANSPORT EQUATION MODELS

The major criticism which can be addressed to all algebraic turbulence models, is that
the turbulence is too tightly linked to the mean field. The turbulence is described only by
mean flow properties rather than by the turbulence properties themselves. Therefore, it
was suggested that the use of field equations to describe globally one or more characteristic
turbulent scales would be a better approach. This technique allows the turbulence field
have its own memory rather than being dependent only the local mean field values. The
first attempt has been to use an equation for the turbulent kinetic energy k, in order to
determine a characteristic velocity scale for the turbulent motion. Thus, the one-equation
or kinetic energy model uses, in addition to the mean flow equations, a partial differential

” »

equation for the trace of the Reynolds stress tensor, k = u;u; /2.
From a simple manipulation of the instantaneous Navier-Stokes equations, derivation
of a transport equation for the Reynolds stress components yields:

2, 57 Ty o~ = T - z 5 z
E(P Ualg) + 3_:1:.7 [P UaVg Uy + P VagVy + oy v5p' + bpy v,p' — H(Savyvg + Sﬂv”a)]

(5 Ovg 5, Ovg (Ov,  Ovg
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_ av:, ov,, -~ 0p — Op
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(4-1)
By taking advantage of the contracted index convention (@ = §# and summation) and
dividing the resulting equation by 2, we obtain the exact form of the transport equation
for the turbulent kinetic energy:

a —_ 6 _ o~ _’:-/ » ”
E(pk) + 5;—(;) Uy k+pusk+up —p vaSo,.,)
v
—_— —_— 4—-2
___J;;,,@U& ,0v, ?-313 .S dv,, ( )
= P% Y0z, Oz, *O0zqy # oz,

The reader should note that, for variable density flows, the correlation between pres-
sure fluctuations and the divergence of the velocity fluctuations is not strictly equal to
zero as it is for incompressible flows. The same remark applies also to the mean pressure
gradient contribution. A one-equation model for turbulent compressible flows was pro-
posed by Rubesin /43/ and investigated by Viegas and Horstman /44/ for different cases
of shock-boundary layer interactions.

The model, originated with Prandtl /45/ and Kolmogorov /46/ was based initially
on local equilibrium assumptions for the turbulence. Under these conditions, the one-
equation model is equivalent to a standard algebraic one. Glushko /47/ was the first
to effectively solve the k-equation for incompressible boundary layers by using modelling
assumptions to account for the different terms in the transport equation. Then it was
studied later by Beckwith and Bushnell /48/ in more complicated boundary layer flows
and finally was generalized by Rubesin /43/ to compressible flows using the mass-weighted
decomposition /49/. A similar model has also been studied by Bradshaw et al. /53/ for
boundary layers and by Lee and Harsha /54/ for free mixing problems. As with algebraic
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turbulence models, Reynolds stresses are evaluated from a gradient flux approximation
(see equation (3-1)). If vk is the turbulent characteristic velocity scale, the eddy viscosity
must be written as:

pe =Vl (4 -3)

in which ! is a length scale which characterizes the size of the largest turbulent eddies. That
length is to be determined in a more or less empirical fashion. Practically, the uncertainties
concerning the evaluation of this parameter happened to be so large that the length scale
itself was considered also as a field quantity. That leads to more complex turbulence
models, in which at least two transport equations are needed to solve the turbulence field.

4.1. A ONE-EQUATION MODEL FOR COMPRESSIBLE FLOWS

Independently from the determination of the length scale, it is necessary to establish a
couple of modelling assumptions in order to solve the turbulent kinetic energy equation (4-
2). Unknown terms correspond to various diffusion mechanisms, to the energy production,
to the interaction between the pressure fluctuations and the instantaneous bulk dilatation,
to the mean pressure gradient production and to the mechanical dissipation. The last
term is linked directly to the evaluation of the second charcteristic scale which will be
discussed below. The modelling of the production term relies only on the basic gradient
flux approximation to relate the Reynolds stresses to the mean quantities. But differently
from the algebraic cases, the kinetic energy is not neglected in equation (3-1) and can
appear explicitely. Therefore the production is written as:

_ 5 O0vg ov, 00U, 2_ 0O 2. 10v,
PV = | (ax7 97. 3 "*au) - 50 P H] 5 (4=4)

The modelling of the diffusion terms is relatively easy after the following assumptions:

o for high values of the turbulent Reynolds number (which can be for instance, the ratio
of the eddy viscosity to the molecular one), the viscous diffusion effects are negligible
compared to the diffusion due to the velocity fluctuations. However, in the solid wall
vicinity, this assumption does not hold and the molecular diffusion must be accounted
for explicitly.

o the diffusion of turbulent kinetic energy by the pressure fluctuations is small and can
be neglected (see for instance the incompressible experimental results of Irwin /50/).

The complete diffusion term can be written as:

0 (7 == 5 0 ok
sk ' — (g —— —
9z, (p vk +olp' — p Uﬂsﬂ‘/) ax‘,( M ge. (4-3)

in which pg is the sum of the molecular diffusivity coefficient and its turbulent counter-
part weighted by a turbulent Schmidt/Prandtl number. For wall bounded flows, the
turbulent viscosity must depend upon the turbulent Reynolds number. This depen-
dency is determined empirically to match experimental data. Rubesin /43/ proposed
the following expression for the viscosity coefficient:

e

Pry, (4-6)

Be=p+
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R
pe=a p Re H(Z ") (4-17)

with the turbulent Reynolds number defined as Re; = @ and

RR RR < 0.75

H(RR) = { RR—-(RR-0.75)2 0.75<RR <125 (4 —8)
1 1.25 < RR

a=02 Ry =110 (4-9)

The turbulent length scale is evaluated empirically, similarly to the Glushko proposal:

y* y* <0.23
L=26{ (y*+0.37)/2.61 0.23 <y* <0.57 (4 - 10)
(1.48 — y*)/2.52 0.57 < y* < 1.48

where y* = y/6 and 6 is the boundary layer thickness defined arbitrarily as:
0 =C..6" (4 -11)

C. is a constant which relates, for each experiment, the boundary layer thickness é to
the momentum thickness 6* ahead of the separation zone. Value of C. for each flow tested
at Ames is given below:

—transonic axisymmetric C. = 4.54

—transonic 2 — D C.=4.75
—supersonic compression C. = 3.50
—oblique shock C.=4.00

The scarcity of these values shows the weakness of the turbulence model, which ap-
pears to need a ”tuning” for each flow configuration at the expense of a minimum of
universality.

As stated previously, most of the applications having been done at NASA-Ames with
this one-equation turbulence model /51/, /52/ did neglect the compressibility terms, in
removing explicitly one of them from the equations and in setting to zero the constant £.
Nevertheless, due to the scarcity of the various constants, which must be tuned to each
flow application, it seems prematurate to neglect them at this point. Indeed we will see in
a following paragraph, that with different models using also the turbulent kinetic energy
equation, the existence of pressure gradient terms plays a non negligible influence on the
prediction quality.

To summarize the formulation for the turbulent kinetic energy equation, the k trans-
port is described with the following;:

0 —_ — Ovg, -
S0 B (57 B) = wiSap -Sx—ﬁ ~25k %
(4 -12)

9 (ﬂk6k> — 0p ., 0v,

FENAGLY = Rl e i

,u_k
0z, -G L2

+

in which the compressibility terms are expressed according to /43/ and the constant C is
equal to 3.93 and € equal to 8/11.
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Independently of the use or neglect of the compressibility terms, a whole set of tests
have been performed in the reference /55/ by Coakley and Viegas to parameterize the
different constants used in the one-equation turbulence model, e.g. the turbulent Prandtl
numbers. Althought they were able to gain an improvment in their flow predictions, they
had to conclude however, that it was necessary to increase the transfer of information
between the mean and the turbulent motions, in both directions. This notion is equivalent
to an increase in the coupling between the Navier-Stokes and the turbulent transport
equations. For this reason, two-equation models are more attractive, because they provide
automatically a length scale which embodies more physics of the flow than the algebraic
or the one-equation models do.

Another application of the one equation turbulence model has been proposed by Wolf-
shtein /114/ and modified by Chen and Patel /115/. The dissipation of turbulence is
expressed as:

k3/2
€= 3 (4 -13)
and the turbulent viscosity is:
pe=Cu VEI, (4 — 14)
The turbulent length scales are written as:
Ry
l,=ay (1 — exp(-z—)>

u

(4 —15)

R,
le=cry (1 - eXP(‘;ﬁ))
with the following parameters:

_ Yy
- v

R, ; Cup =0.09; ¢ = 2.55; A, =70; A, = 2¢

42. THE TWO EQUATION TURBULENCE MODELS

Various choices are possible concerning the definition of the second characteristic
turbulent scale. From dimensional analysis, it is clear that the determination of a viscosity
coefficient requires a length and a velocity. This does not mean that a transport equation
is strictly required for these two quantities. In fact, after the first choice has been made
concerning a transport equation for the turbulent kinetic energy (as a velocity scale), the
second transport equation can use any variable Z defined as:

Z=k™L" (4 — 16)

in which each combination of the indexes m and n will define a different variable Z.
The "game” in the two equation turbulence modelling consists in selecting the better
combination. Launder and Spalding /56/ reviewed in 1972 the different variables having
been tested at that time, and it seems that nothing new came out since that date, as far as
the variable choice is concerned. Rather than exploring all possibilities, the emphasis will
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be put in the following on two or three two equations models which have been effectively
used for compressible flow calculations.

42.1. THE k — ¢ MODEL FOR COMPRESSIBLE FLOWS

This model is certainly the most popular turbulence model of its class and the most
widely used, at least for complex boundary layer flows. Its success is partly due to the
physical meaning of the second transported variable which is the true dissipation of the
turbulent kinetic energy. In the Reynolds stress transport equation, there is a dissipation
term related to each of the stress components.

€af = 1/5'0,76 + I/Sﬂ.Ya (4-17)

Contracting the indexes, summing and dividing by 2 yields the dissipation rate of the
turbulent kinetic energy, as it appears in the exact transport equation. Assuming that
the dissipative mechanisms, which are due to the molecular viscosity, exist only for the
smallest scales of the turbulence and that these mechanisms are isotropic, the definition
of the dissipation can be written as:

= L(Ze o) 2 (G’ (4-18)

The derivation of a transport equation for ¢ is a tedious task. From a relatively long
manipulation of the instantaneous Navier-Stokes equations, the result is an equation which
covers more than a full page of paper (or two pages if the writing is not too tight, see for
instance /85/ or /27/). This equation contains, in fact, a very large number of unknown
correlations, which are not directly accessible to modelling. Although many attempts
have been made earlier to evaluate and model in a term-to-term manner the different
components of the equation, it is generally admitted now that its modelling can be made in
a simpler manner with a global approach which establishes a functional similitude between
turbulent kinetic energy and dissipation rate equations.

Before going on with the details of the dissipation rate equation, let us look again at
the open form of the kinetic energy equation (4-2).

0 0
0t(pk)+ (pv.,k-}—pv k+vp' — po, S'a.,>
= Ovg ov, — 0p ov,,
— ! (¢ S _ [¢4
= =P Vaby g HP Gy TV, THSarg,

The basic difference with the modelling in the one-equation model is the definition of
the turbulent viscosity. Rather than being linked to an algebraic length scale, this viscosity
can be determined with the dissipation rate through the relation:

k2
llt:cufuﬁ? (4-19)

The constant C, has the value 0.09 and the function f,, which is turbulent Reynolds
number dependent, allows damping the turbulent diffusion mechanisms in the wall vicinity
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for the case of boundary layers. With the same approximations for the compressibility
terms (mean pressure gradient and pressure velocity divergence correlation, see chapter
6), the modelled equation is written now as:

d _ o . Ok . ENG
57(7K) + 5= (7 K5 = e ) = P = et = 20

2
) + Compressibility (4 — 20)

Oz,
in which Pg, the turbulent kinetic energy production stands for:
_ 5 Ovg
Py = —pu,v, -0—:;;

The third term on the R.H.S. is new. Its role is an aid for the numerical methods, which
prefer to have classical Dirichlet boundary conditions such as € = 0 at the wall. Indeed,
the boundary value of the turbulent energy dissipation rate is different from zero. Jones
and Launder /58/ showed that, because of the linear dependency of velocity fluctuations
with the wall distance (in the very near wall region, y* < 1), the total dissipation in this
region behaves as a constant, depending on k profile:

Wk
Oz,

2
e—>21/( ) #0 = k— Cuy?

Such condition causes a numerical inconsistency when k& — 0 in the ratio e2/k. To
avoid this, it is convenient to split the total dissipation into its isotropic and anisotropic
parts. The isotropic part of the dissipation €*, which cancels for y = 0, can then be
expressed as:

Vk\2
Oz, )

Therefore it is preferable to solve an equation for the isotropic dissipation. This equa-
tion should come formally from the instantaneous form. In fact, it has a form analogous
to the k-equation provided that an explicit scale factor and suitable parameters allow dis-
tinguishing the different mechanisms from those in the turbulent kinetic energy equation.
This equation is written as:

e*=e—2u( (4-21)

o, . 0 ,_ .~ Oe* . | € _ _ . €€
g(/’f )+ axa(Pf Ua—lie'éx—a)—cel 2 PP—Capfr

. 4 —
L BH (azvn)2 +C hilit (4-22)
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The importance of the term preceding the compressibility terms is not as clearly
justified as in the previous transport equation. The reasoning to support it, is related to the
vortex stretching in the wall layer, but its form was determined in a rather empirical manner
by Jones and Launder /58/. Practically, its effect is to locate correctly the position of the
turbulent energy peak in the boundary layer profiles, when compared to the experimental
data.

To complete the equations (4-18), (4-19) and (4-21), two turbulent Reynolds number
dependent functions are needed for the correct treatment of the wall vicinity.

' -2.5

f2 =1 —0.3exp(—Re;); fu= exp(——Ret) (4 - 23)

14+ =
+50
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and the turbulent Reynolds number is defined as:

Rey = 2 (4—24)
e

The diffusivity coefficients are expressed as:

pr = p+ 55— (4 —25)

Pr

uf=u+1’j; (4 — 26)

where Pri and Pr. are analogous to turbulent Schmidt/Prandtl numbers, of which the
respective values are 1.0 and 1.3; the constants are Ce; = 1.45 and Ce2 = 1.94.

The topic of the influence of the compressibility terms, both in the equations for &
and ¢ is still an open question. These terms have always been neglected in the calcula-
tions performed at Ames. Nevertheless, the domain of applicability was always restricted
to transonic or weakly supersonic flows. But it is quite easy to mention examples where
these terms are really needed. Borghi and Escudier /59/ reported flame calculations in
which the modelling of the pressure terms has to be included in the turbulence model.
Furthermore, they observed that, any additive source contribution in the turbulent energy
equation requires a counterpart in the dissipation equation. Usually that counterpart has a
similar structure with a different characteristic time scale, but any attempt to solve the set
of equations without it, is unsuccessful. The author /60/ obtained quite similar results for
the calculation of the heterogeneous mixing layer of Brown and Roshko /12/. To account
properly for the external pressure gradient and then, to match both the spreading rate of
the mixing layer and the turbulent energy level, the pressure terms were needed in the two
equations simultaneously. In reference /61/, Arina and Benocci experienced difficulties to
calculate correctly compressible boundary layers in presence of strong pressure gradients.
One of the reasons (but not all of them) is probably due to the total absence of explicit
compressibility terms. A further motivation for these extra terms can be found in /27/,
where an attempt to show the spreading rate of a supersonic shear layer for various free
stream Mach number values. Without the compressibility terms, the calculation did not
reproduce any influence from the free stream Mach number, whereas the presence of pres-
sure terms (with slightly different modelling assumptions from those of Rubesin) allowed
obtaining a correct dependence until M, = 4.

When averaging the Navier-Stokes equations, not only the motion equations are af-
fected, but also the energy equation. Consider the open form of the total energy equation:

0, =~ d = d 55 o
EZ(pE)-i- axa(p Vy E)+a$a o —Jagvﬂ—Qa)—O (4—27)

Using the Newton’s and Fourier’s laws, it can be expressed as:

9 — (K +pv
8.’1,‘01 axa P ba (4-—28)

+P v + PVl — 1(Sap U5 + Sa;a U5 + Sap vg + Sov5))

d
(pE)+ (pvaE+pv E") =
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The equation of state relates the pressure to the temperature, and it follows for the
fluctuations that:

PV, +pvp =(v—1) ¢y p(Tv) + T"v}) = (y— 1) 5 T, (4 - 29)

The total energy can be expressed in terms of the internal and kinetic energies and
this yields the introduction of the turbulent energy flux:

w »n »
9

&

pE, =c, T v, + pogvl, 05 + p (4 — 30)
The use of gradient approximation for the temperature and the kinetic energy fluxes
g 19
implies that:
Ht OT . et _ Ht 8k

e P S
pTw P *Va Pr; Oz,

"_Prtaxa’

(4 — 31)

Finally, with the neglect of the fluctuations of the laminar viscosity, the energy equa-
tion can be written as:

0 ~ o , ~ 2 . —
5 (PE)+5—((PE + b + 57k)0a — 93(1 + pe) Sap)

_ _ el () —— 4 - 32
+axa ( Bk Oz (7 €v bap Pr, + b0 I\)amg) ( )
0 — =
+ 5, (Sas v5) =0

in which v; is part of the compressibility corrections still to be modelled (see chapter 6).

This points out that the modelled energy equation is significantly more complex than
the instantaneous one.

Being the most popular two equation turbulence model, the k — € set of equations has
also been extensively modified or adapted to various problems. Liakopoulos /65/ reported
high speed boundary layer calculations with wall functions for the prescription of k and e
boundary conditions. Chien /63/ proposed a modified version of the Jones-Launder model
/58/ to describe more accurately the wall vicinity of an incompressible boundary layer.
From a Taylor series expansion of the velocity fluctuations when y — 0, Chien deduced a
different form of the anisotropic dissipation at the wall:

k
Dw = 21/? (4 - 33)

This quantity, that Chien qualifies ”wall dissipation”, is assumed to be one component
of the dissipation term which must be present in the kinetic energy equation to handle
properly the low-Reynolds number effects. Therefore the turbulent energy equation is
expressed (in boundary layer form) as:

0, _ o .. 0 pe Ok Gu\z  _ 2pk
50+ 5Tk = g+ i)z ) +m(g,) ~pe-"H  (4-34)
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A damping effect is also included in the turbulent viscosity calculation to account for
the presence of the solid wall:
k? Ciu
= C,L——(l-—exp(——a-r—y)) (4 — 35)
€ v
where p; is the friction velocity and Cj3 is a constant to be optimized. The argument of
the exponential is equivalent to a turbulent Reynolds number whose the length scale is
the wall distance and the velocity scale is the friction velocity. As expected from previous
remarks but with different reasoning, the e-equation must include a wall dissipation term,
which is similar in form to eq. (91).

2ve
Dy, = 7 exp(—

C4 Ur y)

v

(4 — 36)

where C4 is another constant. The e-dissipation term is also corrected with a turbulent
Reynolds number function. To summarize, the dissipation equation for low Reynolds
number form, is written as (in boundary layer form):

_ 0 Oe
En a—y((ﬂ+m)6y) (6— 3D
e (04U € _ 2 pk exp(—=Cyury/v)
+Ogm(y) ~7(Coafee + )
where the damping of the dissipation is
04 k?
fe = 1—r-8-exp(—6-;2) (4—38)

In all the applications presented by Chien /63/, the following constants were used:

Cs € [0.01 - 0.0115]
Cys €0.5

Although designed primarly for incompressible flows, this turbulence model has been
readily extended to compressible flows by Coakley /57/ for the case of airfoil calculations
and Viegas and Rubesin /66/. Sahu and Danberg /96/ included it also for their tran-
sonic calculations. Horstman /64/ used this model extensively for a wide variety of flow
configurations from compressible flat plate boundary layers to 3-D shock boundary layer
interactions.

El Tahry /85/ set up a complete ¥ — € model for application to internal combustion
engine flows. The basic methodology is the so-called "order of magnitude analysis”. After
an extensive comparison of the different terms present in the equations, the two turbulence
equations are written as:

3 /lt aé
at(/)e) + 5 (pvae) = Cy Pr,; - Czp— P
Se—— \—\,-—./ N—— \-\/—’
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That rather complete model is supposed to describe flows with combustion. The
discussion of the modelling of each of the terms is not reproduced here /85/ but relies
heavily on standard approximations such as gradient flux laws, isotropic small scale motions
and polytropic fluid behavior. Without combustion, most of the compressibility terms can
be dropped (7, 8, 9, 10, 3’, 4, 5, 6°, 8,9, 11’, 13, 15, 16’, 17’ and 18’).

The simplified form is then quite comparable to the model used by Watkins /89/:

o _ o ,_ €2 pt Oe _ Ovg
a(pé)-{- ) C]Pk'-—C k 6 o pe al‘ﬂ (4—41)
o, _ o . Ovg 0 [p: Ok _

E(pk) + bx—a(p Vo k) =—p v"v"am,, + Oz (ak Bxﬂ> - pe (4-42)

The primary difference with Watkins work seems to be the value of the divergence
term coefficient in the dissipation equation, —1/3 for /85/ and 1.0 for /89/, although the
analysis of Watkins results shows some non-realistic values for the computed turbulent
length scale in engine cylinder applications.

Besides that, Reynolds /91/ and Morel and Mansour /92/ have considered the appli-
cability of the k'— € model to flows undergoing a rapid compression or expansion. From
the analysis of the consequences of application of rapid distortion (spherical and/or unidi-
rectional compression, see /92/) the e-equation is cast into the following form (by splitting
out the production term and assigning different constants to the differents parts):

_De € 2 ~0 2 5 _, 5
PDt =E[201 1 Siﬂ—gci Pt D2—§ Cy pk D]
-~ 2 (4 —43)
+pD—-Cyp T + diffusion

in which the two new constants C} and C] depend on the mean flow strain tensor Sug,
and D is the mean velocity divergence. As a result, C} and C] are not absolute constant,
but vary through the flow field, depending of the local value of S.p, over the following
moderate ranges:

C; € [1.32,1.44]

C, € [3.5,4.5]

The resulting turbulence model has been applied to the prediction of a typical engine-
like situation, i.e. axisymmetrical geometry with a piston producing a unidirectional com- -
pression. A similar e-equation is used by Gosman and Watkins /90/, Morel and Mansour
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/92/ and in some extent by Ramos, Humphrey and Sirignano /95/, the values of the
constant analogous to C} and C] are compared.

/90/ /92/ /95/
o] 1.44 1.32 1.44
Cy 1.44 4.50 2.95

In /95/, Ramos et al. use the same equation for the dissipation as Gosman and
Watkins /90/, except for the term ﬁeﬁ, which is dropped in /95/. This in effect gives
them a different value of C;, which lies between the one of Gosman and Watkins and the
one of Morel and Mansour. When looking at the numerical results, similar disagrement
with the turbulent length scale appears, as it did previously when comparing with El Tahry
results.

The differences issued from that type of comparison has been one of the motivations for
the simulation of homogeneous compressed turbulence, done by Wu, Ferziger and Chapman
/94/. In fact, the attention was specifically paid to the discrepancy in value and sign for
the mean velocity divergence term coefficient, i.e. -2/3 and +1.0 for Watkins /89/ and
Reynolds /91/ respectively. Tested with different strain rates, the results are not really
different with low strain rate values, 1.e. when the production of turbulence is about
the same order of magnitude as the dissipation. This situation is a right illustration of
an ”equilibrium state”. When the strain is so strong that the flow structure is out of
equilibrium, none of the k — ¢ models perform well. Furthermore, the Watkins model /89/
predicts growth of the length scale during compression, no matter how fast the compression
is. The behavior of the length scale is reasonably well predicted by the Reynolds model
/91/, but this model produces too much dissipation in the fast compression case (high
strain rate value). Such failure of the two equation models lead Wu, Ferziger and Chapman
to proposed an improvement by the introduction of a third equation, at the expense of a
minimum complexity.

Their reasoning is as follows: in the two equation models, the turbulence energy
determines the turbulence velocity scale, while the dissipation plays two roles; 1t is the
rate of destruction of the turbulent kinetic energy, and it determines the turbulence length
scale. The dissipation cannot do both jobs simultaneously in high strain rate flows in
which the turbulent flow structure is out of equilibrium. To decouple the dissipation and
length and time scales, it is proposed the addition of a model equation for a turbulence
time scale 7. The resulting three equation model has been applied only to homogeneous
flows (isotropic decay, isotropic compression, axisymmetric expansion and one-dimensional
compression).

4.2.2. THE k —w? MODEL FOR COMPRESSIBLE FLOWS

The uncertainty with the k£ — € model is obviously the dissipation equation. In this
paragraph, a different two equation model is presented, with a more formal equation for
the determination of the length scale.

The evaluation of the characteristic turbulent length scale is based on a different
combination of indexes (m,n) in equation (4-16). Rather than solving for the dissipation
rate of turbulent energy, the variable considered here is the specific dissipation, i.e. the
amount of dissipation per kinetic energy unit. This model has been adapted from the
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“model of Saffman /69/, Wilcox and Alber /10/ and Wilcox and Traci /67/ by Wilcox

and Rubesin /68/ to account accurately for compressibility effects. This model has been
selected and used by Ames workers because it was specifically developed for boundary
layer flows influenced by severe adverse pressure gradients as well as for equilibrium flows.
Its constitutive relationship needs the definition of the turbulent viscosity:

* k )
ve=7"— (4 — 44)
The two turbulent parameters obey the following transport equations:
0, _ 0 ,_ . | Ok .
5;(Pk)+5E(Pvak—(u+0 ut)amq)—Pk—ﬁ pwk (4 —45)
o, , d ,__ Ow? w? OL \2\ _ 3
5 (P + '5;:(0 Va W = (p +Uut)5;v:) =75 P = (ﬂ+2a(3xa) )Pw (4 —46)
where the length scale is represented by:
k
Lo Yk (4 - 48)
w

The modelling closure coefficients employed are as follows:

3 «_ 9 w1

P30 P=100 77 =3

Re
* _ _ )2 il
= (1 (1 =A%) exp( oo ))
Y =Yoo (1 -(1- /\z)exp(—&»
R,
10 1
’)’oo-——g—, —ﬁ, RC-—]., Rw—2
and the turbulent Reynolds number is defined as
k.L

Ret = \/_ (4 - 49)

v

It is important to note here the interpretation given to the turbulent parameters. The

authors /68/ interpret k as a ”mixing” energy of the order of 9v"2 /4 rather than the total
kinetic energy present at a point of the boundary layer. Furthermore, they feel that w,
the rate of dissipation of kinetic energy per unit of kinetic energy, is a more significant
quantity than the rate of turbulence dissipation itself.

Asymptotic analysis in the wall vicinity allows prescribing the true value of w when
y — 0, even in the presence of a possibly rough or permeable wall. For a smooth impervious

wall, the following boundary values are prescribed:

k=0
20v,, (4 — 50)
By? '

w =
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This model also allows representing the Reynolds stresses that do not necessarily align

with the mean rates of strain. The constitutive relationship is expressed as:

- » ” 2 8 k
P Vg = "§P bap k + I‘tSozﬂ +3 9 (B*w? + 2d-5ds-) (dayTy8 + dpyTya) (4-51)
v

which contains an incompressible form of a strain tensor, together with the vorticity tensor:

Ov, Ovg

1
5 32 ~ 72, - -5
-3 G=+52) (4-53)

In fact, the idea of misalignment between turbulent stress and strain was initially
promoted by Saffman /70/ for incompressible flows. The relation which is used here is
a rather drastic simplification of the original proposal, but the idea of misalignment is
conserved. A definite advantage of this model is that it allows representing the anisotropy
of the Reynolds stress components. The stress tensor can be developed as:

au av 312 2 05 2
e =2 (57) =5 (5 4 ((5)' - (5)°)
ov 00 0v 2
oy =2in(57) - 2<a;> (<3y> - (52)") (454
i i
=g+ 52) + 3405 - ) (52— 3)
with:
| Aw =§ N ﬁgﬁ 2 ou  0v,2 (4-55)
Brw? +2((3x) +(—5§) +(5§+$))

Different from the model proposed earlier by Wilcox and Alber /10/, this turbulence
model does not contain any explicit compressibility terms. All applications of this model
for transonic or weakly supersonic flows /57/,/55/,/44/,/66/, follow the original statement
of Morkovin (and latter Bradshaw) by neglecting the compressibility.

4.2.3. THE ¢ —w MODEL FOR COMPRESSIBLE FLOWS

Recently, Coakley /57/ worked out a different two-equation turbulence model based
on different turbulence parameters which are similar to those of an early proposal of
Kolmogorov /71/ mentionned in the reference /72/. The selected quantities are the char-
acteristic turbulent velocity ¢ which can be interpreted as the square root of the turbulent
kinetic energy k, and the specific dissipation rate w. The first remark is that model could
be classified as utilizing dependent variables namely the square root of the previous one**
The turbulent viscosity is defined as:

ok
= C#D%- (4 — 56)

* It differs however in other several details.
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where D is a damping function based on the turbulent Reynolds number: -
D =1-exp(—aR) - (4 —57)
The transport equations for the turbulence parameters are:
380, (pva q) = %(C,,D%EP - g p qg—v; — pw q) + diffusion (4 — 58)
%(ﬁw)—}—%(ﬁf):w) = C1(CupPr — 2 -gi) C, pw? + diffusion (4 — 59)
in which the various constants are:
C,=0.09; C;=0405D+0.045 C,=10.92
Pry=09; Pry=10;, Pr,=13; «a=0.0065
and the turbulent Reynolds number is defined now as:
R= -‘%y (4 — 60)

In the same paper, Coakley /57/ proposed different versions of this turbulence model
by changing one or two constant values and by using a modified definition of the turbulent
Reynolds number, but the basic reasoning remains unchanged.

The development of this model is discussed with the following arguments. The high
Reynolds number part of the model is due to a direct transformation of the k¥ — € model
of Jones and Launder /73/ to the new variables. In this transformation, the kinetic
energy was assumed constant in the diffusion terms. The low Reynolds number part of the
model, through its damping functions, has been choosen to produce reasonably accurate
distributions of skin friction, velocity and kinetic energy profiles in the calculation of low
speed boundary layers and pipe flows. The use of g rather than k as turbulent variable
avoids the need for the extra dissipation term in the k equation to balance the molecular
diffusion in the wall vicinity. One of the modified version of Coakley’s model is designed
also to simulate the relaxational properties of the Reynolds stress tensor. Unfortunately,
in the case of separated flows in which the velocity gradient undergoes a sign reversal, an
unphysical discontinuity occurs in the expression of the turbulent stress, which must be
artificially corrected.

4.2.4. NON-EQUILIBRIUM TURBULENCE MODELS

Somewhere between the algebraic models and the transport equation models are a
few algebraic models including memory effects. The first of them is due to Johnson and
King /116/, /117/. With this algebraic formulation, the kinematic viscosity is provided
with a two layers relationship:

vt = Vi [1 — exp(—v4i[Vie )] (4 —61)



[ECHNICAL LIBRARY

6-32
which allows a smooth transition between the two zones. The two components are:

vii =D*ky(—u v, )/

vi =C.T- (4 —62)
D is the Van Driest damping function modified with At = 15, and & is the Von
Karman constant (x = 0.41). For the outer formulation, Cq is an adjustable constant and
T is the intermittency function of Klebanoff /32/.
Thus, the turbulent viscosity does not depend on the mean strain, but is determined
by the maximum value of the turbulent shear stress. The C parameter is related to the
location of the stress maximum, by satisfying to the following requirement:

( ” :naz)l 2 n n 1/2
ez = T V2N LU 4-63
o (01/0Y)masz (—u ) ( )

The maximum shear stress follows a simplified transport equation deduced from the
turbulent kinetic energy equation as:

—_ d( —u” v” z ” » aa (_u” :’1 )3 2
N mar/ _ —_ —_— — az — Dma 4 — 64
u [( mar) (ay maz L z ( 6 )

d(l? mazx

This simple steady-state transport equation made of equilibrium between convection, dif-
fusion, production and dissipation is based on the assumption that:

al:w (4 — 65)

kmaz

The associated closure assumptions are:

I - a:;ﬂ k?n/cfz Line: = 0.4Ymaz ﬂ% <0.225 4 66)
mazx €maz Loz = 0.096 dmes > 0.225 (
The diffusion term is approximated by:
) NG 3/2 1/2
Dy =~ Y Imer) |y ( " > (4 — 67)
a1 6(0.7 = (y/6)maz) (Vte)eq
with a new coefficient Cyif equal to 0.5.
For equilibrium turbulence, equation (4-64) resumes to:
_d _u”v;’n a »_» »» )
u ( a:c) = . (_u vmaz) [( u maz)1/2 ( maz)l/z] — a1 Doz (4_68)
dz Loz

in which the equilibrium value of the turbulent shear stress relies on the classical turbulent
viscosity

. —sz{,y( n 11 )1/2

maz

(4 —69)
Vte 200168Ue:1:t 5:].—‘- '
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5. SECOND ORDER CLOSURE

All the models which have been presented above are based on the use of the con-
stitutive relationship between the turbulent stress and the mean strain tensor. Although
this formalism seems suitable for flows in or close to equilibrium, there are still too many
examples of flow configurations where none of these models is able to produce acceptable
results. Therefore, research is going on to raise the closure level to one level higher in
order to avoid the use of the gradient transport approximation. The route to achieve this,
is to solve transport equations for the individual turbulent stresses and turbulent fluxes.
The technique is known as the second order closure or sometimes as the Reynolds stress
closure (RSE). This problem is being studied for compressible flows in different places in
the world, but in the present notes, a general presentation of the topic is made.

Compared to direct simulations (DNS) or to large eddy simulation (LES-SGM) meth-
ods, the second order closure does not bring more information on the energy distribution in
its frequency spectrum, i.e. a unique time scale is accessible. Nevertheless, a very impor-
tant factor for turbulence modelling is the Reynolds stress anisotropy. This information is
fundamental for the correct description of the different physical mechanisms governing the
transport of the turbulence. Rather than representing the turbulence as a scalar quantity,
it can be studied now as a tensor.

5.1. SECOND ORDER CLOSURE FOR COMPRESSIBLE FLOWS

The second order moment closures (or Reynolds stress models) are currently the most
general one-point correlation models from the point of view of physical theory. These
models require the solution of additional field equations for the complete set of Reynolds

stresses ,Ev’;v;, the turbulent heat flux vector pv.T” and, frequently a scale equation

which can be € or w?, similar to that one used for the two-equation models. These models

are obviously more complicated than the eddy viscosity based models. One of the most
important physical properties contained in these models is however a stress relaxation
property which cannot be correctly represented in the eddy viscosity models.

The modelling of the turbulent stresses and fluxes introduces a lot of new terms, so far
not defined by experiments. It is not possible at this time to reach definitive conclusions
on the validity of all these closures. For this reason, in the following, emphasis is put
on the modelling of the Reynolds stresses whereas the remaining turbulent fluxes will be
handled with a general anisotropic form of the gradient approximation.

This remark could seem very restrictive, but in fact the lack of experimental results
makes the Reynolds stress modelling problem sufficiently complex to delay the equivalent
treatment of others fluxes. Practically, the application domain will be restricted to com-
pressible flows with moderate heat and mass transfers, although extension for combustion
flows has been made already /97/.

Let us return now to the open transport equation for ﬁv’;v; (eq. (4-1)) in which all
new unknown terms need to be modelled.

This equation can be modelled by extending the incompressible models of Launder,
Reece and Rodi /74/ and Hanjalic and Launder /75/ to compressible conditions, i.e. using
Favre decomposition, introducing the non-zero divergence terms that were eliminated in the
original models and accounting for the non-zero mean mass-weighted fluctuating velocities
/43/. In this course, we restrict the discussion to the important points of modelling.
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”» »

e turbulent flux of Reynolds stress : = pv v,vy

Starting from the exact transport equation for pv’;v;v’.’,, it is possible, as shown by
Hanjalic and Launder /76/, by neglecting diffusive and convective terms, to obtain the
following form:

—pvvguy, =Cs p = (v vaa vgu, + ﬁvb-a VoUy + v vﬁa vvﬂ) 5-1)

This form conserves the symmetric character of the third order tensor v:;v:,;vf/ but, for
practical purposes, a simpler form, suggested by Daly and Harlow /77/ seems to produce
results of similar quality.

k. — a —
n » » »

—ﬁv;v;v’; = Cyp—v 057 B2s UyVg (5-2)

o pressure diffusion: = v, p' 6, + vp' Say

Most people neglect pressure-induced diffusion term, mainly due to the lack of ex-
perimental information. The measurements of Irwin /50/ in a wall jet suggest that this
term cannot be very important. Furthermore, some authors argued that the pressure in-
duced diffusion, if non negligible, would act to destroy the symmetry character of the triple
correlation term and support the use of the compact form given by equation (5-2).

. . a » »
e viscous diffusion term: = ~ 2 (va 1Spy +vgp SO,.,)
v
Assuming that a) the correlation between viscosity fluctuations and other quantities

is weak, b) the product of density correlations with velocity gradients is small. Then the
development of the molecular diffusion term is written as:

9 o — d , Qg e 0
visc. diff. = 8_:17—( a .Y'U vﬂ) +'a—x7'(/,tva-0-$—7+ ﬂa ) (5—3)

If the flow is incompressible or solenoidal (weak compressibility, Dussauge /78/), the
viscous diffusion can be written as:

0 0
vise. diff. = _6;:(#53:_.;%%) (5 — 4)
8 9 av”
* pressure strain correlation: = p'(_-v" + B )
Ozg Oz,

In strongly anisotropic flows, i.e. in situations where second order closures are needed,
this term is a central piece for explaining the redistribution mechanism between Reynolds
stresses. To model this term, the approach is an incompressible-like technique, which
consists in integrating a Poisson equation for the fluctuating pressure. The result of this
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integration, transposed to variable density flows is written as:
ov), vy Co+8,— 2 =~ 8Ch~2 —~— 2 =
I —= = — Po, ——5QP ———Da _"'601D
P (5s T 32, 17 (Fer = 30asPh) = —7—(Das — 36asD)
30C; —2 _, — _€ T 2
2 p_ksaﬂ_clflp_(vavﬂ__éaﬂk)
% €, T 2 —
— p—(vivy — =85k -D
o (Copg(vavy — 56ask) + Ca(Pap — Dap)
Ov, Ovg 2_ 00
Csph(oe 208 _ 25 Vv )
tesp (3:cg+6xa 3 ﬂ@xv)
where o=
~ ~ _ ’,—’“’” ’Ua ——
P=D=——pvavﬂa—$;=Pk (5—6)
and 9o pre
B =y » Vg » ”_v‘l _
Pop ( Y9 Vg oz ) (5 7)
—— _ 5 0vy 5, 00
Daﬁ = ( o 70 il Uﬂvvax‘y) (58)

The first two lines of equation (5-5) represent the redistribution mechanism in the
flow field far from the wall (Launder, Reece and Rodi /74/) and the last two lines of this
equation take into account the wall influence in this mechanism (Hanjalic and Launder
/75/). The effect of this last contribution is twofold:

* it has an opposite effect to the classical return to isotropy term of Rotta /79/.
* it acts also as a rapid term to increase the anisotropy of the stress production terms.

It must be emphasized that the transposition of an original incompressible technique
to a variable density situation is not free of uncertainties. For instance a corrective term
appears in the development of the non linear contribution due to the use of Favre aver-
aging (see ref. /80/). Also, the fourth rank tensor, corresponding to the high Reynolds
number rapid term does not possess all the mathematical properties of its incompressible
counterpart, e.g.

bE £ o BT A0 (5-9)

Finally, the whole term can be considered as a pure redistribution contribution only
in the case of solenoidal turbulence field. Otherwise the bulk deformation is a source/sink
term (Dussauge /78/, Vandromme /27/).

The real weakness of this approach is the use of an incompressible approach (Poisson
equation) when the flow is compressible. It would be more justified to introduce a wave-
like operator to evaluate the fluctuating pressure field, like Feiereisen /15/ tried from the
results of his direct simulations. Unfortunately, the results, which have been obtained are
nearly identical to those of the incompressible formulation.

7o %
Oz 8 A ama
According to Rubesin’s proposal for the one-equation turbulence model, that term
can be treated like compressibility terms for two-equation turbulence models, assuming a
polytropic behaviour of the fluid (see chapter 6).

* mean pressure gradient term: =
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* viscous dissipation

It has been shown, in incompressible case /81/, that the dissipation tensor is diag-
onally dominant and nearly spherical. The ratio of the deviatoric to the diagonal terms
being related to the Reynolds stress anisotropy, the dissipation is described with a com-
pound function which is scalar in the high turbulent Reynolds number zones and allows
an anisotropic dissipation elsewhere (wall vicinity for instance).

€, 5 2
€ap = 7 — (v, vgfs + (1 - fs)§5aﬂk) (5 - 10)
with f, = 1/(1 + Re;/10) and Re, = k?/ve. Nevertheless, some of the "slow” pressure
strain terms may also represent anisotropic €;;.

To summarize the assumptions made above, the modelled Reynolds stress equation
can be written as:

50" o » 0 o » k ’,—,\_’n 0 o » 0 o »
at(p o ﬂ)+ -Y(pv‘Yvav,B Csp v&a v Uﬂ oua__vavﬂ)

5= Cy+8 = C'

—fapf — 11 (P ﬂ_-5 ﬂPL) (Daﬂ géaﬂﬁ)
3OC2 _2_ oo 2
~ g5 Pk Ses = (i) - 35"” 2 (5-11)
. aﬁ N aﬁ € e ) _
_(vaaxﬂ +vﬂaxa)_pk( o ﬂfa (1—f3)36aﬂk)

PLL 2 —
+—(Cap (vavy = 58apk) + Ca(Pap — Dap)

n

Ov, Ovg 2 ov,
+Cspk (3 Tg + dz, 360ﬁ5;;))

The last unknown, which remains in the modelled Reynolds stress transport equation,
is the turbulent dissipation rate e. The modelling of a transport equation for this quantity
has been given already for the first two equation model, and only the discrepancies due to
the different level of closure are of some interest here.

A basic difference compared to the eddy viscosity model is that the Reynolds stresses
can be considered now as exact quantities. This yields a more accurate evaluation of Pk,
the production term. Furthermore, as the eddy viscosity does not exist any longer, the
turbulent diffusion transport of the dissipation is modelled by a generalized gradient flux
approximation from Launder /82/:

> k —— Oe

—v,e=C = Ua”ﬁ%; (5-12)

As far as compressibility terms are concerned for the dissipation equation, the exact
derivation of the equation introduces variable density terms as shown in /80/ but the
usual method is to ignore these terms and keep the e-equation similar to its incompressible
counterpart. The modelling is done globally. If compressibility terms are introduced in
the turbulent energy equation or here, in the Reynolds stress equations, experience shows
that their counterpart is needed in the dissipation equation as well.
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The modifications induced for the total energy equation are derived similarly; the
turbulent fluxes are expressed with an anisotropic relationship and the triple correlations
follow the same approximation as in the Reynolds stress equation. The modelled total
energy equation writes now as:

~ % _ 2 09v = 0v,,
(pE)+ ((pv-,E+p+§uaw7)uv+(p ~Hpy )t
maf;?;: 0  Vaba . vava
_o5C1E ,,52 —pa%(v; ) (5 — 13)
N 0T

Bvﬁ 2 85‘; T) -0

k _ ” ~

5.2. OTHER SECOND ORDER CLOSURE MODELS FOR COMPRESS-
IBLE FLOWS

In the above paragraph, a basic second order closure has been presented, which at-
tempts to account for variable density effects. This is done, firstly by using Favre averaging
and reintroducing all divergence terms everywhere they have been neglected for the case
of constant density flows. But the sum of modelling approximations helps one to realize
that, to-day there is still a long way before a complete closure including strong heat and
mass transfers is obtained. For the basic closure, the effort has been made to emphasize
modelling correctly the dynamical field, leaving room for later improvement of the heat
transfer problems.

Other workers also progressed in this type of closure. Among them, Bonnet /83/ used
a similar approach to the above, although he chose a different variable as a turbulent length
scale. Rather than using a conventional length scale, he used the properties of the two-point
correlation to define an integral length scale, for which he derived a transport equation.
For wake calculations, no explicit compressibility terms were included. Conversely, he had
to use such terms for studying the supersonic free shear layer spreading rate /14/.

Wilcox and Rubesin /68/ extended their two-equation model to second order closure.
Independently from having a different scale equation, their modelling differs significantly
from the basic version, even for incompressible flows, in the pressure strain correlation
term. Rather than assuming a set of properties for a fourth rank tensor such as symmetry
and incompressibility, they evaluated the constants belonging to this term, by forcing the
Reynolds stress to follow the same distribution as the one indicated by the constitutive
relationship with the two equation model. Furthermore, they neglect completely all com-
pressibility terms. With this model, they obtain satisfactory results for the description
of the compressible boundary layer with adverse and favorable pressure gradients. Thus,
they concluded that second order closure models, with modelling coefficients that are in-
dependent of the pressure gradients, represent the experimental data better than a mixing
length model with pressure gradient dependent modelling. This confirms the intrinsic
general capability of this type of closure.

Janicka and Lumley /84/ used a different technique. Although they used a modified
technique to derive their transport equations, they came out with a complete second order
closure, applicable only for low Mach number flows. They applied that closure to the
calculation of He-air and C0,-air jets. The significant result of interest in the present
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course, is that they use variable density terms in the Reynolds stress equation having a
similar counterpart in the scale equation, although it is not yet estabished that the density
variations, in the flows studied are large enough to validate the use of these terms.

Algebraic Reynolds stress models

A slightly different manner of departing from the simple isotropic eddy viscosity re-
lationship is to use instead more generally applicable algebraic stress relations obtained
from a drastic simplification of the transport equations for the individual stresses. This
simplification is based on an idea of Rodi /104/, who suggested relating the transport

terms (i.e. convection + diffusion) of p v;v; to the equivalent terms in the k-equation
with a simple scale ratio:

D(pvavy) . . vivs (D(Gk) .
—2%) bt (o) = 2 ( (e —D1ﬁ”(k)> (5 14)

Introducing the source terms, the individual stresses can be solved from a set of
implicit algebraic equations. As the source terms are modelled with similar closure as-
sumptions as standard RSE models, ASM provide the same accuracy without the need
to solve additive PDE’s. The basic simplification is valid only when spatial and temporal

——

changes of UL:E are small compared to the changes of v, vy itself.

Nevertheless, for non-equilibrium situations, the set of algebraic equations happens
to be very difficult to solve in an efficient manner. To overcome this difficulty, various
attempt have been made to treat the problem as a perturbation model with respect to a
k — € model for instance [118], especially when expressing the turbulence production terms.
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6. COMPRESSIBILITY EFFECTS

So far, the so-called compressibility terms have not yet been modelled, but although it
is not quite established how important they are, most of the modelling effort is attached to
their description. Beyond the correction to k — € model in a heuristic fashion /105/,/106/,
consisting to add an explicit link of the eddy viscosity to some characteristic turbulent
Mach number, special modelling effort can be given to the compressible terms in the
transport equations. These terms are:

e density-velocity correlations
e pressure correlations
e compressible dissipation

The following represents the successive attempts to model properly these terms, from
the pionneering work of Wilcox and Rubesin /10/, /43/, /68/ to the more recent develop-
ments which are currently in use.

6.1. DENSITY CORRELATIONS

The evaluation of the mean pressure gradient term is linked to the knowledge of the
density-velocity correlations p'v,. Two different techniques are available.

a) Let us assume first that the total temperature is constant in the whole flow or at
least within the field of turbulent eddies:

VaVq

Tiot =T
tot +20p

= const. (6—-1)

Following the mass-weighted decomposition, T and u, can be replaced by mean and
fluctuating quantities. Then equation (6-1) is written now after mass weighted time aver-
aging as:

——— o»
~  VaUlq VU

T —_— == =:7’o —2
+ 2C, + 2C, tot (6 —2)
Subtracting from (6-1) its instantaneous form, yields:
Tn 1 v~ U” 1 (v” 9 ’U”T, ) (6 3)
= —— _— —— v, — -
C& a o 26& a o a “o

Then it is reasonable to assume that the mean velocity, in at least one direction will
be much larger than the fluctuating velocity in that direction, and to represent equation
(6-3) with its leading terms only:

i Vv

T = oy _
vCp (6 —4)

Rubesin /43/ assumes that the fluid behaves, at least locally, in a polytropic manner.
Then: ) )
p' P n pT"  n ph

7 p n—1,T n-1ph

(6 —9)

where n is the polytropic coefficient (n = 0, isobaric; n = 1, isothermal; n = C,/C,,
isentropic; etc...). By combining the two equations above, it is possible to relate density

to velocity fluctuations as:

! P o~ 7
=P 5 66
P T mo e, T (6-9)
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and therefore get the desired expression for the density velocity correlation:

- (P 1 ——
v, = -2 = — Vg V.U, 6-7
a p (n—l)CpT B Yo B ( )

Then the gradient flux approximation can be used again and it comes:

— o 1 p— 2
o = Pl - 53 (ﬂsaﬁ—géaﬂk> (6 —8)

P (n-1)C,T "\p

Now, it is possible to simplify further this expression by specifying that the flow has
a principal velocity direction. Then the only appropriate value for the dummy index is
i = 1, and consequently, equation (131) reduces to:

- Y — 1 ’Ulk
v, = const. e

-9
n—1 a2 (6 )
Since the value of n is unknown, it becomes a modelling coefficient and its value can

be included in-the constant of equation (6-9). Note also, that n — oo for incompressible

flows together with v, — 0 as required. k/a? is a measure of the turbulence Mach number.
n takes a value of about 1.2 as expected in non isentropic flows /43/. Wilcox and Alber
/10/ proposed a form similar, except that n must be less than unity to have the same sign
as in their work. L
b) An alternative representation of v, that does not require the assumption of con-

stant total temperature within the turbulence, is to use directly the polytropic law in the
definition of the density velocity correlation. Then:

—_ " —_—

Y ) S S v (6 — 10)

(n-=1)T

and the problem is shifted to the evaluation of the turbulent heat flux. In absence of the
use of either equation (6-7) or (6-10) to check against several sets of experimental data,
it is not clear which is the best model. Most of the applications reported by Coakley
et al. /51/ and Viegas and Coakley /52/ neglected the compressibility terms. Equation
(6-10) has the advantage of being simpler and not requiring a constant total temperature
assumption within an eddy. This latter hypothesis can be of importance, not only from
a quantitative viewpoint but also in a phenomenological sense. Suppose a boundary layer
flow with n > 1. Equation (6-7) will produce a constant positive sign to v, whereas
equation (6-10) can assign either positive or negative values, depending on whether the
flow is over a cooled or a heated surface.

6.2. PRESSURE CORRELATIONS

The second compressibility term in the turbulent kinetic energy equation is due to the
interaction between the fluctuating pressure and the divergence of the velocity fluctuations.
The modelling of this term is possible following two different approaches due to Rubesin
/43/ and Zeman /119/, /120/.

6.2.1. Rubesin’s modelling of pressure divergence
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From the polytropic behaviour assumption, this term is expressed as:

av »

p np 5 Ov,,
0z, p = Oz,

(6 —11)

After manipulation of the continuity equation, and postulating that the turbulence
intensity varies slowly along streamlines , Rubesin /43/ gets the following result:

ov, Ovg
I =T?p = 6 — 12
p Oz, p 0z, ( )
where I is the r.m.s. density fluctuation intensity:
!

The variation of turbulence intensity I' from streamline to streamline, can be ac-
counted for by setting I'? proportional to the local kinetic energy of the turbulence. Usu-
ally, the constant dominant flow direction implies that v; > v, even in separated flows, so
that equation (6-6), when squared yields:

k .
= (6 — 14)

I'? = const.

SothSa

and then introducing £, a new modelling coefficient, it comes:

ov’ v: k Ov
1Za e s 71 T T _

Various improvements have been brought to this modelling approach of the pressure
correlation. Substracting the mean continuity equation from the instantaneous form yields:

_Ov, 0 » Op ,0v,  _0p  9plv,

Po2a = 0t "0s, "Bz, "0ca O (6-16)
For mass weighted variables, Taylor assumption writes as:
9" 00 pv, Op'
ot V85, " 5 Bwy 0 (6-17)
and (6-16) becomes:
v, p'v,, Op' ,0vg  » 8p  Op'v,
paxa - p Oz, —f 0z, Va 0, Oz, (6-18)

Multiplying (6-18) with the pressure fluctuation and averaging produces the following
form for the pressure divergence correlation:

O, _ plvg ,0p  pp' g plug O 1 0Oplvg

' = —
P 0z 4 B ﬁz P O0zq p Ozq p Ozq ﬁp Oz o (6 19)
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As pressure and density fluctuations are rather correlated (because of the equation of
state), it can be expected that pressure fluctuations are weakly correlated to the density
fluctuations derivatives since they belong to different spectrum ranges. That remark ap-
plies also for the last term on the RHS of equation (6-19). Using the polytropic assumption
to relate the density and the velocity fluctuations

”»

! pva —_—
p =—-————=V 6—20
(n-1)C,T * ( )
it comes
pr Qe _ _lﬂ op Vap __Oba (6 —21)
axa 8xo1 (n — l)CpT axa
Using again the polytropic assumption
p' =np'RT = plv, = np'v, RT (6 —22)

and the pressure-velocity correlation can be expressed in terms of the Reynolds stresses:

D TL(")’ - 1) _~ » n
’va == ————pVg 6 — 23
e ( )

To summarize, the compressibility terms can be modelled as:

avn 77,(")’ — 1)~ » 9 ap_ %ﬁ a{):
! a _ v —_ — 6—24
Oz, y(n-— 1) 0zo (n—1)C,T 024 ( )
mop ¥ 10p (6 — 25)
Ozq (n —1)yC,T p 9zq

Nevertheless, this modelling of the pressure correlations relies on relatively restrictive
assumptions about the behaviour of the density fluctuations along a streamline and the
absence of the total temperature fluctuations.

a) Total temperature fluctuations
To discard these restrictions, Rubesin performed a detailed analysis of experimental
results. Consider again the total temperature expression:

H =k +ov, + ( ”"2”“ — k) =0 (6 — 26)

Neglecting the total temperature fluctuations and the higher order terms,

» —

h™ = —vav, (6 —27)

Rubesin noticed that in strong compressibility situations, those fluctuations could not
be neglected. For instance, the experimental results cited in /106/ indicate that within
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an hypersonic boundary layer, e.g. at M, = 6.4 over a cooled surface with Ty, /Ty, = 0.46,
the fluctuations can have magnitudes ranging from:

< H

1.4% < —:c-z < 4.8%
H

Equation (6-27), therefore, has to be modified to account for these fluctuations. To
do so, Rubesin /109/ postulate a gradient law for the enthalpy fluctuations:

» » ail

h = —avaaTa

(6 — 28)

By analogy with the turbulent heat flux law in a boundary layer flow, a reasonable expres-
sion is:

h = —cep—vy5— (6 —29)
in which ¢, = 0.35 and subscript 2 stands for the normal direction in the boundary layer

approximation.
From that, the polytropic assumption can be rewritten as:

' h k1 Oh »
B_—: 1 p~ = — ! ceg—i—a—vﬁ (6—‘30)
p n—1ph n—1  "pehOzp
which can be used with the definition of ;Z to yield
— 1.7 . k B —_—
vaz—pl_)" = ! f—_——ia—-pvﬂva (6 —31)
p n—1p eh0zg
Recall that enthalpy can be expressed in terms of the sound speed:
~2
~ a
h = 6 — 32
G- (-3
so that equation (6-31) can be written as:
— (y—=1) k ok [pvvl
= a=D KOk 1P (6 — 32)
(n—1) “edzg | pa?

As stated by Rubesin, the terms included in brackets can be considered as moments
of turbulence Mach number, which vanish in incompressible flows; i.e. @ — oco. Thus v,
can be considered as a measure of the degree of compressibility of the turbulence. It is also
interesting to notice that these compressibility effects are directly linked to the local heat
transfer terms. If we restrict ourselves to the thin layer approximation, equation (6-32)

can be written as: - p—
=1 kOoh |pyv,
17 (n=1)"%edz, | pa2

(6 — 33)
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This expression indicates that v, can be either positive or negative, depending on the
signs of Reynolds stress and static enthalpy gradients. In a jet flow, these two quantities
will change sign simultaneously at the centerline, and therefore, the sign of v; will remain
constant across the flow. Differently, in a compressible boundary layer on a cooled sur-
face, h has a maximum inside the boundary layer, whereas Reynolds stress do not. The
induced change of sign of the density-velocity correlation will produce different influence
on the k distribution in the boundary layer. This can represent the different behaviour of
compressibility effects for attached boundary layers and free shear flows at similar Mach
numbers.

b) Density fluctuations
This improvement aims to avoid any assumption on the behaviour of density fluctua-
tions. The continuity equation for fluctuating quantities can be written as:

ap
L4

Tt 5 T+ ) = 0 (6 - 34)

which can be used for developping a transport equation for the density fluctuation variance:

9p? __9p? _— 0O, o0p — . Ov.
o 2 12 I 2 ! o
ot Vg, TP oz, Tz, Vet PP By,

=0 (6 — 35)

Therefore, the pressure velocity divergence correlation can be expressed (using again
the polytropic assumption

JOv, np ,0v,
D 0—11,‘(; = axa (6 - 36)
as: _ L .
LOv, ] Ovgp? 1 0p plu, 1 |9p2% __9p7?
P Oz, np{ dzo p  pOze p  2p° | O +v 03 (6-37)

Consider once more, the variance of the density fluctuations: T' = 1/p2/j. Using the
mean continuity equation, (6-37) simplifies to give:

dv, 10p— 1[0 __ar?
Pa%—”P{pam 5{797”05;;” (6 —38)

Combining equations (129) and (149) and neglecting higher order terms, the local
value of the density variance can be expressed as:

1‘2—(_____66 5)21
\(n-1)phe/ p

In the computation with a k¥ — € model, each of the quantities in equation (6-39) are
known and can be used to establish the I' distribution. Doing so, the restriction to slow
variations of density fluctuations has been discarded, and make possible the application to
the crossing of shock waves for instance, provided that the local gradients are calculated

—,;—”ail oh

pvavﬂgggx—ﬂ (6 —39)
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properly. Nevertheless, the shock wave crossing is still a problem which would require a
more extensive testing.

6.2.2. Zeman’s modelling of pressure divergence

a) density gradient
In a first approach, the zero pressure gradient compressible boundary layer was con-
sidered. With certain approximations, one can cast the equation for the pressure variance

p'? in the following form:

1(0p7 __0p?\ 4., OV, ., 0p—
5 <—8T +va5;—;) =-—pa paxa —a 6:cﬂpvﬂ (6 — 40)

Zeman expressed the pressure flux in terms of the turbulent mass flux (density/velocity
correlation). That correlation, can be closed by a gradient approximation, i.e. a function
of the mean density gradient. Then, Zeman assumes that, in the boundary layer approxi-
amtion, the substantive derivative can be neglected and the transport equation reduces to
the balance between the pressure dilatation and the density gradient term:

v + [ 05 \* a?
! a 2 — -
P 5. = fo(Mi)Ti v, (axQ) > (6 — 41)

in which 7, is a turbulent time scale, f, is a function of the turbulent Mach number M;,
which must satisfy the limit condition:

fo— M}  asM;—0 (6 — 42)

According to Zeman, the density-gradient contribution to the pressure dilatation is always
positive and reflects the process of conversion of the potential energy to kinetic energy.

A correct choice of the appropriate form of the function f, lead Zeman to the re-
alization that inclusion of this contribution yielding results which agree with Van-Driest
scaling,.

b) Rapid compression contribution

By a rather straightforward manipulation of the flow equations for compressible homo-
geneous turbulence, Zeman and Blaisdell [113] proposed a model for the pressure dilatation
correlation based on a term of exchange with the mean, on one side, and a mean velocity
divergence on the other side.

»”

Ovn o [0 - pE) =
o (P7) {——Tf— + Caivp V.U} (6 — 43)

in which p? is the equilibrium value of the pressure variance.

This model represents fairly well the physics involved in the DNS of Coleman and Mansour
/121/ (spherical deformation), but unfortunately it is not able to reproduce the results of
a rapid directional strain.

To overcome this difficulty, Durbin and Zeman /122/ used the Rapid Distorsion Theory to
propose a compressible model sensitive to directional strain, based on the balance of the
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transport equation for the p’ %& correlation. That model, which is bilinear with respect
to the trace-free strain rate tensor and the turbulence anisotropy as well is written as:

30 —2\1/2
p"g% — _cdlp(l;ﬂzﬂ kr{(S5)? + carbin SL;S5) (6 — 44)
o t

where S}; = 3(Uij + Uji — % + &) is the trace-free mean strain tensor and b;; is the
anisotropy tensor. In the present k-¢ model, because the anisotropy is not accessible for
this level of closure, we used a simpler version

, Ov,
p Oz,

= —ca1pk7(S5)*. (6 — 45)

This rapid contribution to p’ %% is expected to be very important in shock/turbulence
interactions. It was identified as an important kinetic energy sink in the DNS of rapid
directional compression of turbulence (as opposed to spherical compression where S7; = 0.).

6.3. COMPRESSIBLE DISSIPATION

Although compressibility effects appear naturally in the pressure correlation terms,
they can also be taken into account by other mechanisms like the dissipation.

Zeman /107/ and Sarkar et al. /108/ pointed out a compressible contribution in the
dissipation terms. Recal the exact form of the dissipation for the Reynolds stress transport
equation:

T e
pe =0, 7. +0g, B, (6 — 46)

which reduces for the turbulent kinetic energy equation to:

» Ov,

p—ézaaﬂ'a—x; (6—47)

in which 0"; g is the fluctuation of the stress component. Define the strain rate and vorticity

tensors as: 5 5
_1(%a  Ovs _
Saf = 5 (awp + axa) (6 — 48)
1 a’va 8vﬂ
| Taﬂ = 5 <_8-:L'_ﬂ - axa) (6 - 49)

For compressible flows, Newton’s law gives the expression of viscous stresses:
2
Tapf = 2USap — §6aﬂ/‘d (6 - 50)

| in which

| d = dive (6 — 51)
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Neglecting the viscosity fluctuations, the relation applies also to fluctuatiions. Pre-
serving the symmetry properties of the stress and strain rate tensors, the dissipation can
be written as:

» 9 2—T
ﬁf:ﬁ(QSasﬁ—gd 2) (6—52)

Now it is straightforward to show that:

—— = O, Ovg
Sasﬂ=’f‘a7'ﬂ 8Tﬂ_6?; (6—53)
After some manipulation, it comes:
dv,, Ovg # = . 0 0vy ,. 0v 0
< = . -2 = < 6 — 54
Oz 0z 0xa3xﬁ(v°’vﬂ) axﬂ(axavﬂ) + Ory Ozg ( )
which simplifies for homogeneous turbulence to:
av:; av}; .
—2—= =2 6 — 55
Oz 0z4 ( )
The total dissipation becomes:
_ Y e I s
pe = [i 2raﬂraﬂ+§d (6 — 56)

Thus, the dissipation rate can be splitted in two components, the solenoidal dissipation
€s and the compressible dissipation (dilatation dissipation for Zeman) .

pe = pes + pec (6 — 57)
with
pes = 2r, 47, (6 — 58)
_ 4 _—=
peEc = Epd 2 (6 — 59)

Sarkar et al. /108/ and Zeman /107/ suggest similar models for the compressible
dissipation, based either on the observation of randomly distributed shocklet structures in
the direct numerical simulations /111/, or on an asymptotic behaviour of the equations.
For Zeman, the modelled dissipation has the form:

€= €e(1 + caF(My, K)) (6 — 60)

with M, is a characteristic turbulent Mach number and K the kurtosis of the velocity
fluctuations. For Sarkar et al. , the modelled dissipation is:

€= ¢e,(14 a; M?) (6 —61)

in which a; is a constant equal to unity, and M; is also the turbulent Mach number.
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In a recent paper, Nichols /110/ proposed a k— e model for compressible flows. Besides
the addition of the mean velocity divergence in the production term, Nichols worked out
a transport equation for the turbulent kinetic energy in terms of unweighted averaged
variables. This produces extra terms depending of density-velocity correlations. Among
them, the most significant has been identified as a turbulent velocity-density dissipation:

204p'v. Sup (6 —62)

where S,p is the mean strain rate tensor:

1 (00, 01‘;[3
Sa/g—-z- (E:_ﬂ+axa> (6 — 63)

Using the differential form of the energy equation and neglecting the fluctuations of
total temperature and pressure, density-velocity correlation is expressed as:

p'vg 2”—53
=(y - o — 64
5 (y-1)M 52 (6 — 64)

The modelled form of the turbulent velocity-density dissipation is:
20p'v Sap = Cpi1(y — 1)MMEP (6 — 65)

where My = V/k/a is the turbulent Mach number and P is the production term (including
including the mean velocity divergence). The constant Cp; was found to be 4.0 through nu-
merical experimentation for jet spreading rate a function of Mach number. Equation (175)
can be considered as a correction to the production term in the turbulent kinetic energy
equation. The production term in the dissipation equation is calculated with the com-
pressible Boussinesq approximation, but does not include the turbulent velocity-density
dissipation term. It is assumed that the velocity-density correlation is associated with the
large-scale structure of the flow while dissipation operates on the small-scale dissipative

eddies.
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7. MODEL IMPLEMENTATION

For many years, the development of numerical methods has been motivated by the
need of solutions for the Navier-Stokes equations. Only recently, has interest increased in
the solution of turbulence models and the development of accurate turbulence models has
been recognized as a necessary route. Indeed, the interest in algebraic models has been
due in part to r inherent simplicity, but also to the straightforward extension from
laminar to turbulent cases by merely an alternate definition of the viscosity coefficient.
Unfortunately, experience has shown that such a crude modelling assumption was not
satisfactory as soon as the flow was slightly complex. The use of transport equation
turbulence models introduces the turbulent kinetic energy, which needs to be accounted
for in the total energy budget. For incompressible flows, this concept is not relevant,
since the pressure is not a thermodynamic variable, but has only a mechanical role. In
compressible flow the situation is quite different and the existence of k is felt everywhere
in a Navier-Stokes solver, even inside the Euler part.

A second difficulty, which is associated with transport equations for turbulence models
is the treatment of non conservative source terms. As most of numerical schemes for Navier-
Stokes equations took advantage of their strong conservative character, problems related
to the stability and the stiffness of source terms has often been discarded. We will examine
in this paper, various techniques to handle these problems, especially in the framework of
implicit schemes.

7.1. Energy coupling

The instantaneous form of the total energy definition is:

1
pE:pe+§pvava (7-1)

In terms of Favre mean and fluctuating components, this equation becomes, after time
averaging:

~

1

Therefore the solution of the temperature field from the total energy equation requires
the knowledge of the turbulent kinetic energy. Neglecting that quantity /98/ is equivalent
to ignoring the energy which is extracted from the mean motion to constitute the turbu-
lence energy. For incompressible flows, this is ignored and the turbulent motion is only
superimposed to the mean. The coupling appears only through the mechanical role of the
turbulent stresses, which are added to the viscous terms. For compressible flow calcula-
tions, all the energy exchanges between the various scale motions must be considered to
satisfy the global energy budget. It is well understood that, in most of the inviscid part of
a flow field, the turbulence level is very low and the energy budget is not affected. But in
regions with high shear or strong pressure gradients, the turbulent kinetic energy can be
of the order of the mean, and must not be neglected as done usually /44/,/51/,/99/.

The complete formulation of the constitutive relationship for the Reynolds stress is
written in terms of density weighted variables as:

0ty Ovp 2 0.,

_ 5T 2 -
_pv“vﬂ_ut[aTg+8a:a_§6aﬂ-0:c_7]—§606pk (7—3)
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in which the turbulent kinetic energy term makes the contracted index form possible. This
feature appears explicitly in the momentum and total energy equations where a turbulent
normal stress is added to the mean pressure. A so-called effective pressure can be defined
in the following way:

_ 2 '
p*=p+3pk (7-4)

In fact, this turbulent contribution to the pressure field is only an approximation
neglecting the anisotropic nature of the Reynolds stress tensor. It was only introduced to
insure a non-zero trace of this tensor.

Such an approximation does not take place within the framework of a second order
closure. In that case, the normal stresses appear explicitely in the momentum and total
energy equations. Then, the relevant effective pressure is not isotropic any longer, but
also depends on the turbulent energy distribution on its three normal components. For
instance, in the a-momentum equation, the effective pressure will be:

Po =D+ pv,} (7-9)

Unfortunately, the concept of an anisotropic pressure field is difficult to handle, es-
pecially with respect to the temperature field. Therefore, it is necessary to follow the
same reasonning as for the static pressure definition from the kinetic theory of gases, and
approximate the turbulent pressure by the mean of three components, i.e. % pk.

7.2. Diagonalization of jacobian matrices

To avoid the severe limitations of explicit methods, implicit schemes are preferred. A
classical (but non unique) method for obtaining an implicit approximation is to take the
time derivative of the original system /100/.

810U OF 0OG
2ot t o5+ oy = H) (1-6)
with the vector elements:
[ /] [ ]
pii put +p + 5 pk
U= |2 F = . Pu
PE iE + (5 + §pk)i
ok piik
 pe ] i piie |
[ o ] F 0
pus. 0
G = ﬁf2+ﬁ+§’3k g=|0
POE + (P + 5pk)D 0
pik Hy
L pUEe 4 L H. ]

Define the jacobian matrices as:

oF oG OH

A= F=
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the implicit approximation writes as:
0A 0B
(I+ Ata—; + At ay. _ ALC)SU™! = AUT (7-1)
with the following increments:
ounti our
n+l _ ) ntl _ A¢
U At T AU A T

Equation (7-7) can be solved either by approximate factorization or by classical re-
laxation methods such as line Gauss-Seidel or point Jacobi.

Equation (7-2) is used in the development of the diagonal form of the jacobian matrices
A and B. Consider, for instance the x-direction, the jacobian A can be related to its
diagonal form by the relation:

A=SX"1.A4.SX (7-18)

Take one further assumption, the k — € two-equation turbulence model is used in
conjunction with the Navier-Stokes equations. Then all matrices are dimensioned 6 by 6.
The diagonal Ay is:

r i 0 0 0 0 0]
0 d4c 0 0 0 0
0 0 @ 0 0 0
Aa =1y 0 0 @a—c* 0 O (7-9)
0 0 0 0 @ 0
L 0 0 0 0 0 .l

The speed of sound c* is a modified form which includes the turbulent pressure. The
transformation matrices SX and SX ™! are written as:

- of Bi B 8 1 /2 -
1 - 0*2 c*2 ZE - C*2 - 6*2 (:0; - ’B 0
2
—uc*+aff c*—-pu —po B (§ - ﬂ) 0
7 1
2 0 S0 0 0
SX = P p 5 (7-10)
uc*+aff —c*-pu —-pv P (5 - ﬁ) 0
k
—— 0 0 0 l~ 0
p p .
_< 0 0 0 0 =
L p p
- 1 1 -
1 b= 0 5e7 0 0
; “ 1L o 2 _ 0 0
u 20*2 . 20* 26*2 . 20*
5 v 5 d 0 0
SX! = 2¢*? g 2¢+? - /9 (7-11)
SXM4al SXM42 pv SXM44 '% (§ - ﬂ) 0
k k 0 k 5 0
9c%2 5c*2 P
€ 0 € _
B € 2C*2 26*2 p_
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with k /9
SXMAl =a+—=(=-5 (7-12)
B\ 3

o U 1 k 2
SXM42_2C*2+26*+ﬁ~W(§_ﬂ) (7-13)

o u 1 k 2

44 = _—— = — [ 2= _

SXM 26*2 2C* + 2,8 2ﬂc*2 (3 ﬁ) (7 14)

in which & = (@2 +5%)/2 and # = y—1. The jacobian A includes also the coupling through
the turbulent energy k.

0 1 0 0 5 0 0
aB-i (-y)i -p5 B 2-f 0
—uv 0] U 0 0 0
A= e (2 N (7-15)
A4l A42 —pud  yu 3~ Bla O
—uk k 0 0 U 0
| —ue € 0 0 0 U |
~ ~. (2
A4l = 2patd — vEu — uk (-5 - ,3) (7-16)
- 52 | 22
A42=7E—ﬂ3—u—;—v+k(§—ﬂ> (7 —17)

A similar form is obtained with a second order closure turbulence model, but the
matrix dimension is then 9 by 9. To illustrate that, only the A jacobian is shown here:

Cp [ pu ~ 1
pi pu’ +p + pu’?
pY puv + pu’v”
_/77{3,” PUE + (P + pu?)ii + puv"
U = /)U"U F = p—au”vn
pe_ pue
pu”? puu’?
| pw”? | | pliw”? j
- ﬁ,[)’ -
ﬁ’&,’l} + ﬁ’u”’v”
552 + 15 4+ ,5'1)”2
poE + (p + ﬁvﬁ)ﬁ + pu” v’
G — ﬁ’l}'lL”’U”
pue_
ﬁ,l‘}u”2

ﬁﬁ'l)”2

pow”? J
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0 1 0 0 0 O 0 0 0 1
A1 a2 g5 g oo 1-8 B B
2 2 2
—uv 0] U 0 0 O 0 0 0
. B\ . U u
A4l A42 —put ya v 0 1- 5 i —BE _5_2_
A= (7 - 18)
—-u’v’u u’v” 0 0 u O 0 0 0
—ei € 0 0 0 @ 0 0 0
—w2% w2 0 0 0 0 @ 0 0
—v"2G 2 0 0 0 0 0 @ 0
| —w"28  w”? 0 0 0 O 0 0 u
with the following terms:
A2]1 = aff - @?
A22 = (2 - B
A4l = 2Baii — vEi + Bk — tu' v — w2 (7-19)
- 0% 42 —_
A42 = 4B - 3TV gy

These matrices show clearly the coupling between the Navier-Stokes equations and the
transport equations for the normal components of the Reynolds stress tensor, just because
of the introduction of the turbulent kinetic energy in the global energy budget, whereas
there is no apparent coupling with the shear stress and the dissipation rate equation. In
fact, these equations are related to the previous through the source terms only.

7.3. Treatment of non-conservative equations

To treat implicitely the source terms, various techniques are available. Recall first the
general implicit approximation:

0de | nt2B _ Arcysuntt = AUn
Oz Oy

(I+ At

The simplest way, which is somehow trivial, is to apply a first approximate factoriza-
tion, without considering the formal content of the source terms. Then it comes:

B
(I+ At% + At 3ay° —ALC) = (I + At 35;’ + Ataalz’) (I — At.C)+ O(At?) (7 - 20)

The C matrix can be considered as diagonal whatever the formal content is, i.e.

0 00 0 O 0
0 000 O 0
0 000 O 0
c=10 020020 ng 0 (7~ 21)
0 00 0 — O
pk
0 00 0 O 'Ii
I pe |
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for the two equation model. With a second order closure, this matrix has the following
form:

0000 0 0 0 0 0 7
0000 O 0 0 0 0
0000 O 0 0 0 0
0000 0 0o 0 0 0
0000 =2~ 0 0 0 0
H.
c=1]00200 0 "pj; 0 0 0 (7 —22)

H.-
0000 0 0o =22 ¢ 0

ﬁu”2
0000 O 0 He:

pv'?

06000 0 ©0 0 0 -IL—,’
L p'wz..

Before doing the work on the space operator, the inversion of the diagonal source term
matrix is straightforward: -

(I+AtaA' +AtaBo

n+1 __ n -1 _
- 5, ) U™ = AUT.(I+4¢C)) (7 - 23)

Therefore, the explicit increment is modified first by the source term contribution,
before being updated by the space derivative operator(s), either with an approximate
factorization or a relaxation technique.

A slightly different method avoids the factorization for the source contribution. Then
the source terms are grouped with the transverse advection operator /101/, /102/. In that
case, the same eigenvalue is used, which is the the maximum value among all equations to
be solved.

Unfortunately, the use of these blind forms, without accounting for the formal content
of the source terms does not guarantee the stability. Therefore, it has been found necessary
to develop more exact forms of the jacobian matrix. Although various developments are
possible, we will develop here a typical form which has been worked out by Viegas and
MacCormack /103/ for a k — € turbulence model.

Consider the set made only with the turbulence transport equations. The convective
and diffusive parts are supposed already solved with the Reynolds averaged Navier-Stokes
equations. Then we have only to work on:

U
= =H (7 —24)

where the two vectors U and H are now:
_ | Pk _ | Hk
v-|5e] - [R]
An implicit approximation of equation (7-25) is:

U™ = U™ 4+ At H™
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in which H™*! is evaluated at time (n + 1). This can be achieved by a first order serie
expansion:

H"' =H" ¢+ %gw with U = U™+ — U™

Then the implicit approximation can be rewritten as:

(1-at 9y 50 = at (7 — 26)

The task is to evaluate properly the jacobian matrix. Let first discriminate between
positive and negative source terms. An rather elementary stability analysis on equation
(193) shows that stability cannot be obtained with an implicit approximation when the
source term is positive. The same is true for an explicit approximation with negative
source terms. Therefore we keep only in the implicit approximation the "good” terms,
which are negative. Therefore:

k
Hy=—pe— 2
(e ) (7-27)
Hc = _CGZfZ -
pk
Recall the definition of the turbulent viscosity (3-1),
k2
=Cp fup—
Then the turbulent kinetic energy dissipation can be expressed as:
_ o k)?
P‘fzcufu(p ) (7-28)
it
Then the source terms can be rewritten as:
Hk=_Cﬂfﬂ( k)2 Pk
He Py
o : (7 —29)
He = —Cf'lf '(_g'_) ﬁé
DR —

Quantities marked with a * are considered as constant during the current time step,
1.e. they lag in time by one time-step. The corresponding jacobian matrix can be written

as:
O0H, OH;

OH | opk Ope
U = | 0H. 0H, (7-30)

Opk Ope
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or
_.20” fu E— _zﬁ_‘- 0
9H _ pe Py (7 - 31)
€2 Z(ﬁk)2 €2 2ﬁk
Then the implicit approximation can be written as:
1+At(2C f“‘ —72#—2) 0 _
pY 6(pk) Hk _
Cafs 2 14 At(=2Caf2S) | L0 =4 (7-32)
€2 2( k‘) €2 2/_)16'

As one of the off-diagonal terms is zero, equation (7-32) can be solved directly and we
get:

- At H?
8(pk) = c. o T
1+ At ( L5k 4+ == )
e py?
5 85k 7-—33
At H? + At Cezfz(ée-)%(ﬁk) At HP(1 - —-(_p—-z) ( )
55 e) = Pk - ok

1+ At (2C, fzg—f;) 1+ At (2C; lep%%)

This technique is closer to the physics but nevertheless suffers from being too strongly
linked to the model itself. Any change in the form of the turbulence model requires a
partial reformulation of the jacobian. Assume for instance, that we want to use a slightly

different turbulence model, such as the following /85/, /91/, /92/:

Hy=—pe
€? € (7 - 34)
H, = —-Cegfzp_—k— + EXTRA
in which XTRA represents an additive term we want to include for rotation or compress-
ibility effects for instance. In equation (7-34), only the "good” terms have been retained,
1.e. terms supposed to comply with implicit stability criteria. Consider the two possibilities
for XTRA.
XTRA < 0: Then this term is considered as "good” and must be included in the
implicit procedure.

Hi = —pe= 225y
(7—34)
He=—Cafr-tr- (pe) +2xTRA
pk
Then, approximation (7-32) writes now:
2C, f
1+ At—EL 5k 0 - n
w ! . [(;((pk))] :At[HkJ
pe _ - pE pe H?
—AtLE_(c. — XTRA Y N Ak ¢
( k)z( 2f2,06 XTR ) +At(2C2 2pk‘ f)k‘ )
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" and it comes: AL HE
5(pk) = Ckf
1+ At2—E=L5k
Kt
At H? + At £ (Cea fope — XTRA) §(7k) (7-36)
5(5e) = (P%)

2C; fabe _ XTRA)
ok ok

1+ At (

XTRA > 0: Then this term is not appropriate to preserve finite values of transported
quantities must be eliminate from the implicit side. Then the jacobian reduces to:

OH _ P 7 — 37)
v | o f (P o s PE (

and the implicit approximation writes:

1+ A2 2Cn fu 5k 0 . .
Mt o(pk)| _ Hy
(5¢)? pe | Lo(se)| = A n (7-38)
AL = 9 re €
At(ﬁk)z Cfgfzpe 1+At~C€2 2ﬁk
and the solution is: At H?
§(pk) = Ckf‘
14+2At—t+t5k
M
(5e) = a8
14+2AtC, fo—
pk

Further refinement can be gained in the evaluation of the jacobian matrix, by consid-
ering a non diagonal form. A time serie expansion of term H writes as:

ou
H™' = H" 4+ AtC 5 T 0(At?) (7 — 40)
The C matrix represents the exact jacobian of H. Using the fact that H itself contains
space derivatives of the primitive variable U, equation (7-40) can be written as:

a(6U) a(6U)
Oz + Hay Jy
9% (8U)
dy?

H™1 = H™ + H,.6U + H,,

(50 (7 —41)

+ H4y

As a simplified example, let us consider the source terms of the turbulent energy

equation (without the explicit compressibility effects), expanded for a two dimensional
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plane flow problem. The sum of production and destruction mechanisms is written as:
da\? (a5\* 1 /00 8\’
He =2 [(‘az) (%) ~3(z+3)
+ @ + @N_ : g ok @ + — av Y __%2
#\oy Toz) T3 \az Tay) TP 2k om

in which n is a coordinate normal to the nearest solid wall. A first order expansion with
respect to the non conservative variables yields:

dud(6i) 050(5)\ 4 (0u O\ (0(sd) O(67)
n+1l __ n hebuid Sehe?’s el _ = hathel ettt
Hy™ = Hi+ 4 (a oz Ty oy ) 3" \a Tay)\Tar T oy

(B 8 (3 24)
(5 5 ) k) = 8(pc) - 2 gy £ 2 20
lL

2p

n P kon On
'$(3k) + 0(5U?)

(7 - 42)

Nl
ok

D=
QD

(7—43)
To obtain a form close to equation (7-43) expressed in term of conservative variables,
it is necessary to use the matrix N defined as:

§V =N .§U (7 — 44)
with .
(3) 8(7)]
5(ﬁu; 8(it)
(7 ()
§U = | O\PY 6V = |0\
6(pE) 6(e)
6(pk) 6(k)
| 6(pe) | L 6(c)
1L 0 0 0 0 07
u 1
— = 0 0 0 o0
A
2 0 2 0o 0 o
P B
N = @@ _a 3 l_ _i 0 (7 — 45)
P PP P ?
= 0 0 0 = 0
p p
£ 0o o0 o o < |
L p p

« is the kinetic energy of the mean motion:

(7-46)
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Furthermore, equation (7-41) has to be written for the computational space with the

general transformation:

9 _ 1 (3ydl)
6:0(6U) B (617 ¢
9 _ 1 (0z9(8U)
5y V) =" (577 o¢
9 _ 09 9(80)
an(aU) ~ On Oy
b 20y 250y
T 060y  Ono¢

@M)

9 o

geat)

% I (7 - 47)

Then the contribution of the turbulent kinetic energy to the vector equation (210)

can be written as:

(H)™ = (H)i + (Hi)x8U
A(N §U d(N §U (7 — 48)
+ (Hag ) (6—5) + (Haq)k (8; )
with the following matrix elements:
[ RVNTIAY 1
2 pk \ On
0
(Hy) = 8 (7 — 49)
2 (@ @) 1u QE)Z
3\0z Oy 2 pk? \ On
X -1 _
) 1T
_ 0 1 T i ’ 0 .
HIUg 7 HI‘Ungf'y'
: o1 oy 1
(HZf)k = HI\V'&dIy (HZn)k — HK ‘/ﬂ da:y (7 _ 50)
8 _ Ok On
- 0 J k On On
Jou 4 Ju 0Ov 2 Oy ou 07\ Ox
HKU,; = —_—— = — g — ) = 25k £ — el _
*Ue [4"‘ax e (6:1: + 8y> 3pk] oy 2 (ay + a»c) o (775D
Ju 00\ Oy 0o 4 Jdu 0v 2 oz
HKV, = — + = — | — Z5k| — —
te= 2 <8y * 3@‘) I [4’“3@/ (396 * 3y> 3pk] on (7-52)
L oi 4 gu 0Ov Oy ou Ov\ Oz
HKU, = [‘““ax ~ 3 (3:0 + ay) 3”"] B¢ T2 (ay ax) o (1799

!
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o 8i  9v\ dy o 4 [(du 0%\ 2 _]0z ‘

Similar derivation is made also for the € equation to form an equation having the form:

_0,n+1 -

0
0 0
0 0
0 0
H
H

n

0
+ H6U + H2£55(N6U)

H (7 - 55)

-He.i L

0 0?
+ Han g (N8U) + Hag 5 (N.8U)

Then the space derivatives acting on 6U are expressed in terms of all points adjacent
to the (i,j) location, say (i,j+1), (i,j-1), (i-1,j), (i+1,j) with one-sided and centered finite
differences for first order and second order derivatives, respectively.
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8. CONCLUSIONS

This course intends to give a general survey on the tools avalaible to perform basic
turbulence modelling for compressible flows. A special effort has been made to present
in a logical manner the different model, from the simplest one to the more elaborate. In
the author’s opinion, the topic of the second order closure has heen only touched through
the problem of the Reynolds stress modelling. This hides a lot of problems, which are
not solved yet, to extend this closure to a global problem with significant heat and mass
transfer. The simplest model have been presented first, as a necessary step for anyone
willing to go farer in the equations troubles...

It is recognized that simplest models are still capable of solving a large proportion
of practical problems. Nevertheless, for variable density problems, it is important to
distinguish three flow regimes; i) the low speed flows; ii) the weakly compressible flows;
iii) the strongly compressible flows. From al remarks made above, it seems tha the middle
class does not need imperatively the explicit compressibility terms, but the results could
be expected for transport equation model in the case of non equilibrium flows. In the first
case, density variations can be significant for heterogeneous mixing and/or combustion.
In such cases the explicit compressibility terms plays a significant role on the mean flow,
and it appears that their use cannot be avoided. For the last case (strong compressibility),
these terms are needed too, but the lack of turbulent experiments on such flows leave
plenty of room for further research work.
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HYPERSONIC SHOCK WAVE BOUNDARY LAYER INTERACTIONS
OVER SIMPLIFIED DEFLECTED CONTROL SURFACE CONFIGURATIONS
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ABSTRACT

The problem of hypersonic shock wave boundary layer
interactions over simplified geometric configurations
that simulate the vicinity of deflected control sur-
faces on lifting reentry vehicles is addressed. The
discussion evolves primarily around surface pressure
and heat transfer data over flat plate/two-dimensional
and swept compression ramp configurations, and the
axisymmetric hyperboloid / flare configuration, em-
phasizing the prediction of peak heating in regions
of interaction, the promotion of laminar-turbulent
transition, and the performance and validation of
CFD codes. Following a brief overview of the fun-
damental physical phenomena associated with shock
wave boundary layer interactions, as these have been
identified and summarized in the extensive litera-
ture available on the subject, the paper is split into
three main parts. The first part concentrates on the
analysis of global pressure and heat transfer distri-
butions and their comparison with simple bound-
ary layer theory, emphasizing peak heating at the
downstream end of the interaction region. The sec-
ond part addresses the formation of streamwise stri-
ations in reattaching flow regions, and the associ-
ated spanwise heat transfer variations which may ex-
ceed +£50% of the mean local heating level. Last but
not least, the performance and limitations of state-
of-the-art Navier-Stokes computations in computing
hypersonic separated flows are illustrated by means
of a series of CFD code validation test cases assem-
bled in recent years.

LIST OF SYMBOLS

AQA angle of attack
C Chapman-Rubesin linear viscosity
law constant
¢y skin friction coefficient (g57457-)
cH heat transfer coefficient (;——r4—775)
Cp specific heat at constant pressure
d leading edge thickness )
h heat transfer coefficient (7 27—)
H enthalpy
K, pressure coefficient (o.g;:c:; = 0'5’;;:’:;430 )
L distance of hinge line from leading edge
Ly effective growth length of reattaching
boundary layer to location of peak heating
M Mach number

P pressure

q dynamic pressure (0.5pu?)

gs heat transfer rate into model surface

e Reynolds number

Reynit  unit Reynolds number (per meter)

St Stanton number (m)

T temperature

u velocity

z distance from leading edge

o streamwise ramp deflection angle

a, deflection angle of dividing streamline

B ramp deflection angle normal to hinge line

vy ratio of specific heats

8, shear layer thickness at reattachment

g shock angle

P density

Tw wall shear stress

X hypfrsonic viscous interaction parameter
(H#=V0)

P sweep angle

Subscripts

0 reservoir (total)

0 freestream

e edge of boundary layer

p pressure plateau

pk peak heating

r recovery (adiabatic, non-radiating wall)

reat reattachment

ref reference boundary layer

sep separation

u.1. upstream influence point

w wall

Superscript

* at Eckert’s reference temperature

1 INTRODUCTION

Shock wave boundary layer interactions have been
the subject of extensive research. Over the past
50 years, since the phenomenon was first observed
by Ferri [1], a large number of configurations have
been investigated at a wide variety of flow conditions
which are summarized in a number of review papers
[2-14]). Emphasis, however, has been placed on ap-
plications in the field of missile aerodynamics and,
consequently, on high Reynolds number flows with
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fully developed turbulent oncoming boundary layers
at relatively low Mach numbers, although some of
the literature refers explicitely to hypersonic flows.

The recent boost in space transportation, as charac-
terized by the appearance of a number of ambitious
concepts for hypersonic vehicles worldwide (lifting
reentry vehicles as well as single- or two-stage-to-
orbit airbreathers), has been accompanied by an in-
creased interest in fundamental research in ascent
/ reentry aerothermodynamics, much related to the
development of a better understanding of the rele-
vant flow processes and their modelling, as well as
to the development and validation of Computational
Fluid Dynamics (CFD) codes which are playing an
increasingly important role in the design process.
Noting that the design of control surfaces has been
identified as one of the most critical areas in the de-
sign of hypersonic aircraft [15,16], a significant part
of this research effort (experimental and theoretical)
has been devoted to the subject of control effective-
ness and heating.

Focusing on the lifting reentry of a spaceplane and,
particularly, on its initial stages, the associated aero-
dynamics are characterized by high Mach numbers in
excess of 10 or 15 and rather low Reynolds numbers,
so that fully laminar boundary layers are expected
to develop over many of the wetted surfaces of the
reentry vehicle. This is the case with Hermes-type
spaceplanes, where the small size further encourages
laminar flow over large parts of the vehicle. With
reference to Fig. 1, attention is drawn to control sur-
faces such as the body flap, the elevons and the rud-
ders on the wing tip fins. During reentry, the vehicle
is to fly at an incidence angle of 30° or 40°, in which
case the body flap will face a relatively low Mach
number (of the order of 3) flow with a laminar, tran-
sitional or turbulent oncoming boundary layer, de-
pending on the altitude. The highly swept (because
of the angle of attack of the vehicle) wing tip rudders,
however, will face a high Mach number, low Reynolds
number flow with a fully laminar boundary layer de-
veloping on the fins ahead of the hinge line. In both
cases, deflection of the control surface is bound to
cause an interaction between the oncoming bound-
ary layer and the resulting shock wave, which may
yield significant flow separation, particularly in cases
where the oncoming boundary layer is laminar and,
hence, less resistant to adverse pressure gradients.
Consequently, significant losses in control effective-
ness (bearing in mind the finite chord of the control
surface) and excessive heating of the structure may
be anticipated. Such interactions will be clearly in-
fluenced by three-dimensional effects associated with
the finite span and/or sweep of the deflected control
surfaces, as well as any three-dimensionality of the
oncoming flow.

For the purposes of fundamental research, both ex-

perimental and computational, simplified geometric
configurations are sought to simulate a deflected con-
trol surface. Such configurations are illustrated in
Fig. 2: a flat plate followed by a swept or unswept
compression ramp, an axisymmetric hyperboloid /
flare configuration, and a delta wing followed by a
deflected flap. It is noted that shock wave bound-
ary layer interactions of a similar type may also be
encountered in the nose-canopy region of the space-
plane, which has been approximated by double ellip-
soid configurations,

The relevant flow conditions cover a wide range. Along
a typical lifting reentry trajectory, at Mach numbers
of less than, say, 15, the flowfield is adequately char-
acterized by the Mach and Reynolds numbers. In
this range the flow comprises a perfect gas which may
be treated as a continuum; the oncoming boundary
layer may be laminar or turbulent; and the interac-
tion process may promote laminar-turbulent transi-
tion. For higher altitudes and/or velocities, the flow-
field is significantly complicated by high enthalpies
and the consequent thermo-chemical effects, as well
as by rarefied gas effects.

The discussion hereafter is based on experimental,
analytical and numerical results. The geometric char-
acteristics of the interaction are addressed, but em-
phasis is placed on the pressure and heat transfer
distributions in the vicinity of the shock wave bound-
ary interaction. The continuum perfect gas regime
is almost exclusively considered, due to the limited
amount of data exhibiting significant real gas efects
in regions of shock boundary layer interaction. For
simplicity, the flat plate / two-dimensional ramp con-
figuration is extensively used in the discussion, but
more realistic three-dimensional and generic config-
urations are considered too.

In what follows, section 2 provides a qualitative de-
scription of the fundamental phenomena in the in-
teraction region and the relevant flow and geometric
parameters, and addresses incipient separation. Sec-
tion 3 concentrates on global aspects of the effects
of the interaction upon surface pressure and heat
transfer distributions, and section 4 focuses on the
localized striation heating phenomena observed in
reattaching flow regions. The contribution of compu-
tational fluid dynamics to the shock boundary layer
interaction problem is addressed in section 5, empha-
sizing validation issues. In conclusion, a synthesis
of the current understanding of the control surface
problem is given aimed primarily to the effects of
shock boundary layer interactions upon control ef-
fectiveness and heating,.

2 OVERVIEW OF THE FUNDAMENTAL
ASPECTS OF THE PROBLEM

2.1 Qualitative description of the phenomena
With reference to the flat plate / two-dimensional
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ramp configuration of Fig. 3, the physics of the inter-
action may be easily understood. First, if there was
no boundary layer growing on the flat plate ahead
of the deflected ramp, and the freestream velocity
was higher than the local speed of sound, an “in-
viscid” oblique shock would form at the hinge line
which would provide (discontinuously) the appropri-
ate deflection to the oncaming supersonic or hyper-
sonic flow. In practice, however, there is a bound-
ary layer developing along the flat plate which in-
volves a subsonic part close to the wall. Through this
subsonic layer, information is transmitted upstream
so that the oncoming flow is aware of the deflected
ramp and the associated pressure rise upstream of
the hinge line.

For moderate ramp deflection angles, the subsonic
part of the boundary layer faces a continuous pres-
sure rise (starting at the so-called upstream influence
point), which causes the divergence of streamlines
and the thickening of the subsonic sublayer. This, in
turn, causes the deflection of the external super- or
hypersonic stream, giving rise to the formation of a
system of compression waves (with varying strength
and inclination through the supersonic part of the
boundary layer) which, eventually, coalesce into a
single shock wave of the same strength as the in-
viscid shock. Such weak interactions are contained
within a small region near the hinge line of the order
of 2-3 times the boundary layer thickness [2].

With increasing ramp deflection angle, the oncoming
boundary layer faces an increasing adverse pressure
gradient, until it can no longer withstand it and sep-
arates. In well separated cases, the upstream influ-
ence of the deflected ramp is markedly augmented
and the shock structure becomes significantly dis-
tinct from the inviscid case. The recirculating bubble
that forms is bounded by a separation and a reat-
tachment shock (or compression fan) which merge
into a single shock that, eventually, is equivalent to
the corresponding inviscid shock. The location of the
separation point and the angle of the separated shear
layer (and associated shock system) are fixed so that
the pressure rise through separation corresponds to
the pressure rise required for incipient separation of
the oncoming boundary layer at the local conditions
at the separation point, and is independent of the
detailed character of the flow downstream and of the
particular agent that causes the pressure rise and
the interaction as a whole. This behaviour has been
termed, after [17] “free interaction”. The length of
the separated shear layer is determined so as to be
sufficiently reenergized for overcoming. the residual
pressure rise through reattachment.

The coalescence of the separation and reattachment
compressions and/or shocks is similar to the invis-
cid double wedge problem [18]. At hypersonic Mach
numbers, the two-shock compression near the body
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surface is more efficient than the single inviscid shock
compression, yielding at the intersection of the sep-
aration and reattachment shocks an expansion fan
back towards the ramp surface and a slipline, across
which an important entropy jump may occur. At hy-
personic Mach numbers, the shock system lies very
close to the model surface and may be contained, to
a large extent, within the boundary layer, particu-
larly when the latter is a thick turbulent one. Down-
stream of reattachment, the boundary layer thick-
ness reaches a local minimum in the so-called neck
region, beyond which it begins to grow towards a
self-similar form. For strong interactions with exten-
sive separated regions, the thinning of the boundary
layer in the neck region may be so important that
the effective origin of the reattaching boundary layer
may be safely assumed to be in the close vicinity
of reattachment. The latter statement is supported
by experimental evidence and will be relevant in the
development of peak heating prediction tools below.

The problem of the interaction between separation
and reattachment shocks has been investigated by
inviscid computations over double wedge configura-
tions in [19], where the first wedge is aimed to rep-
resent the dividing streamline of the separated shear
layer and the second wedge the deflected control sur-
face. Two cases are depicted in Fig. 4 for an overall
flow deflection of 40°. The configuration with a 30°
angle first wedge at an oncoming Mach number of
4.54 represents a tailored situation where the near-
wall compression through the two-shock system is
exactly matched by the single shock compression of
the outer flow. As a result, there is no pressure dif-
ferential across the slipline emanating from the coa-
lescence of the two shocks into a single shock and no
further wave systems are featured downstream. The
slipline, in this case, is parallel to the second wedge.

On the contrary, with a 20° angle first wedge at
Mach 8, the near-wall two-shock compression yields
a higher pressure rise than the single shock compres-
sion of the outer flow. Consequently, an expansion
fan emanates from the shock coalescence point to-
wards the second wedge, where it reflects also as an
expansion. When the reflected expansion reaches the
slipline, it is partially transmitted through as an ex-
pansion and partially reflected back towards the sec-
ond wedge as a compression, which is reflected from
the wedge also as a compression, and so on. This
system of expansion and compression waves, down-
stream of the coalescence of the main shocks, causes
the slipline to be curved, initially turning away from
the second wedge and eventually, after some oscilla-
tions, paralle] to it.

The pressure and Mach number distributions corre-
sponding to this latter case are also shown in Fig.
4, along the inner flow region near the wall, as well
as along the outer flow region just outside the zone
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of the two-shock compression and slipline. The in-
"fluence of the curvature of the slipline and the asso-
ciated compression/expansion waves downstream of
the primary two-shock (in the inner flow region) or
single-shock (in the outer flow region) compressions
is clearly illustrated.

It should be noted that, at lower Mach numbers, situ-
ations may arise where the near-wall two-shock com-
pression gives a lower pressure rise than the outer
flow single shock compression, whereby a compres-
sion wave forms at the coalescence of the two near-
wall shocks towards the deflected wedge to further
compress the near-wall flowfield.

Finally, the complexity that may arise in regions
of shock wave boundary layer interaction over rel-
atively simple configurations and the associated sys-
tems of compressions and expansions is illustrated in
the combined oil flow / schlieren photograph of Fig.
5 [20]. In particular, the highly three-dimensional
character of the separation with its large extent on
the leeward side, the interaction between the bow
shock and the flare shock on the windward side, and
the interaction between the expansion and the flare
shock towards the base of the configuration are noted.

2.2 Relevant parameters and trends

The relevant parameters for shock wave boundary
layer interactions have been identified [2-14] as the
Mach and Reynolds number of the undisturbed on-
coming flow, the strength of the interaction (i.e. the
magnitude of the overall pressure rise) and the na-
ture of the disturbance that causes it, some measure
of the thickness and-status (laminar or turbulent)
of the undisturbed boundary layer, and the wall-to-
total temperature ratio. In cases where the shock
generator has a finite length scale, this is imposed as
an additional parameter. For dimensionless and in-
finite interactions (after the classification of [8]), the
boundary layer thickness at the onset of the interac-
tion is the only length scale appropriate for scaling
the geometric characteristics of the interaction.

In general, for a laminar or moderate Reynolds num-
ber turbulent flow, low Mach number, high Reynolds
number and high wall-to-total temperature ratio im-
ply a greater upstream influence of the shock wave
boundary layer interaction, and less resistance to
separation (or larger extent of the separated region)
for a given ramp deflection angle. It is reported,
however, that with high Reynolds turbulent oncom-
ing flows the effect of increasing Reynolds number
18 reversed resulting in a decrease of the extent of
separation [5,11].

Clearly, laminar boundary layers are more prone to
separation and, hence, give rise to more extensive
separation in regions of shock wave boundary layer
interaction than turbulent boundary layers. In other
words, smaller interaction strengths are necessary to
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separate a laminar boundary layer and, once sepa-
rated, the pressure rise at separation of a laminar
boundary layer is lower than that at separation of
a turbulent boundary layer (section 3). In cases of
transitional interactions, of course, the extent of the
interaction decreases with Reynolds number as the
interaction passes from an extensive laminar one to
turbulent.

Intuitively, three-dimensionality must have a reliev-
ing effect on the interaction. This is, indeed, the
case found in [21}, where swept ramp configurations
were investigated with the ramp deflection angle nor-
mal to the hinge line maintained constant; the ef-
fect of sweeping back the hinge line was, then, to
reduce the strength of the interaction and, as a re-
sult, its streamwise extent (section 3, Figs. 11 and
16). In the investigations of {22,23], however, three-
dimensional effects were studied with constant inter-
action strength configurations (with a constant over-
all pressure rise). Here, three-dimensionality had no
relieving effect on the strength of the interaction, and
sweeping back was found to have an adverse influence
in the extent of the interaction [22] (Fig. 9) or no in-
fluence at all [23]. Noting the remarks of [9] that the
relevant Mach number is given by the component
normal to the foot of the inviscid shock and, after
[21], more appropriately by the component normal
to the upstream influence line, it is difficult to assess
the effect of sweeping back in [22,23] in the absence of
data indicating the sweep of this upstream influence
line. It is plausible, however, that in the case of [22)
the upstream influence line was increasingly swept
back, so that the relevant Mach number normal to it
was reduced with increasing sweep, thus causing an
increase in the extent of the interaction. Conversely,
the upstream influence line in [23] could be less af-
fected by the sweep of the shock generator, in which
case no influence should be expected in the extent of
the interaction since its overall strength was main-
tained constant as well as all relevant parameters at
its onset.

2.3 Incipient separation

A number of incipient separation criteria have been
proposed for shock wave boundary layer interactions.
However, there remains a debate as to the definition
of incipient separation, and widely different experi-
mental results have been obtained with different in-
cipient separation observation techniques [11,24,25].
Specifically, it is pointed out in [11] that a small sep-
aration region may be almost always present near the
hinge line of a deflected ramp, even with very weak
interaction strengths. Consequently, a number of at-
tempts have been made in the literature to more pre-
cisely define incipient separation which have, effec-
tively, led to various distinctions and classifications.
A first distinction is made between true and effective
incipient separation, whereby the former corresponds
to the hardly detectable, very small separation near
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the hinge line that was referred to above. Effective
separation, on the other hand, is the one of interest
in practical applications, and this may be classified
as small scale or large scale. Only the latter gives rise
to a significant liftoff of the boundary layer and the
formation of a pressure plateau within the separated
region (section 3.1), hence, being easily detectable
and of significance to engineering applications.

Free interaction theory [11,17] yields for the pressure
distribution within the free interaction region over a
two-dimensional adiabatic wall compression ramp,

— D _pul - L= Ty.s. (26]‘"".)1/2
K== = F( 7 ) oz =y D

where F(£=ai) ig a universal function independent
of the Mach and Reynolds numbers. Experiments
have shown that the function F at the separation
point takes values of 0.81 to 1 for laminar and 4.22 for
turbulent boundary layers. At the pressure plateau,
that forms over well separated regions (section 3.1),
F takes values between 1.47 and 1.8 for laminar and
6 for turbulent boundary layers [5,11,26,27]. It is
pointed out in [11] that an overall pressure rise corre-
sponding to the pressure rise to the separation point
in a well separated case (given by eq. (1)) suffices
to cause true incipient separation. For effective in-
cipient separation, however, an overall pressure cor-
responding to the plateau pressure rise of well sepa-
rated cases is necessary. The latter criterion, in turn,
is thought to correspond to small scale effective in-
cipient separation and is largely conservative particu-
larly at high Mach numbers and cold wall conditions
[26]. An alternative criterion has, therefore, been
proposed in [14,26] for laminar large scale incipient
separation at hypersonic flow conditions,

M.a; = 805%L/? (2)

where «; is measured in degrees and j is the hy-
personic viscous interaction parameter. This result,
together with a similar correlation for turbulent in-
cipient separation, is depicted in Fig. 6.

Substituting in eq. (1) the perfect gas (y = 1.4)
relation for the pressure coefficient,

5 M2sin?0 — 1 _F (x - -’L’u.a‘.)

- (2C,u.i.)1/2
3= M? 3

(12 ~ 1178
3

K, =

it is found that, with a normal shock and sinf =1
(e.g. on the suction side of a transonic airfoil), small
scale incipient separation is attained with an oncom-
ing Mach number of just over 1 for a laminar bound-
ary layer and a Mach number of approximately 1.25
for a turbulent boundary layer (assuming a Reynolds
number of 106). These results are consistent with the
experimental observations of [9,28]. At higher Mach
numbers, the incipient separation shock angle, 6;, is
decreasing with increasing Mach number, although
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the overall pressure rise required for incipient sepa-
ration (and, hence, the required component of the
Mach number normal to the shock plane) is increas-
ing.

This two-dimensional approach has been extended
to three-dimensional interactions, making use of the
Mach number component in the plane of the parent
body normal to the footprint of the shock [8,9,28].
For a flat plate / sharp unswept fin (glancing shock)
interaction, the aforementioned criterion yields for
incipient separation of a turbulent boundary layer a
Mach number normal to the plane of the shock of
1.2-1.3, which is consistent with the small scale in-
cipient separation experimental data of [28,29]. If
the shock is not normal to the parent body (in ei-
ther two- or three-dimensional interactions, i.e. in
swept or unswept compression ramp configurations
as opposed to 2D normal or glancing shock interac-
tions), the criterion based on eq. (3) indicates that
small scale incipient separation will occur at a higher
Mach number normal to the shock foot and, hence,
will demand a higher pressure rise and a higher Mach
number normal to the shock plane. In other words, a
ramp interaction is more resistant to separation than
a normal or glancing shock interaction as this has
been experimentally demonstrated in [28,29]. Sim-
ilar observations are also discussed in the extensive
Russian literature available on shock wave boundary
layer interactions [30].

It is finally noted that the bulk of incipient separa-
tion criteria available in the literature, including the
ones discussed above, refer to boundary layers grow-
ing on flat plates (i.e. the parent body is a flat plate),
and care must be taken when extrapolating this type
of results to actual flight configurations [31].

3 GLOBAL SURFACE DISTRIBUTIONS IN
REGIONS OF SHOCK WAVE BOUNDARY
LAYER INTERACTION

3.1 General

Typical distributions of surface pressure, skin friction
and heat transfer over a flat plate / two-dimensional
compression ramp shock boundary layer interaction
at hypersonic Mach numbers are shown in Fig. 7 for
a fully laminar interaction [32] (Mach 14.1, Reg =
105, 000), and in Fig. 8 for a fully turbulent inter-
action [33) (Mach 8.6, Re, = 22.5 x 10°), for unsep-
arated, incipient separated and well separated flow
situations.

In both laminar and turbulent well separated cases,
maximum pressure gradients correspond to the sepa-
ration and reattachment points. Clearly, the laminar
boundary layer is more prone to separation and the
pressure rise to the plateau (that forms in well sepa-
rated cases over the separated region) is lower than
in the turbulent case. At the downstream end of
the reattachment compression, in the laminar well
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separated case of Fig. 7, a significant pressure over-
shoot is observed before the pressure field relaxes to
the inviscid pressure level. This is due to the near-
wall two-shock (separation and reattachment shock)
compression that was discussed in section 2.1 to yield
a higher pressure rise than the single inviscid shock
compression at hypersonic Mach numbers. Although
a pronounced pressure overshoot is not seen in the
turbulent data of Fig. 8, this has been also observed
in hypersonic turbulent interactions with significant
separation [34,35]. Besides the importance of the
pressure distribution upon control effectiveness (sec-
tion 3.2), the presence of a significant pressure over-
shoot downstream of reattachment may become crit-
ical because of its implications on the heating of the
deflected control surface (section 3.3). Lastly, similar
to the pressure overshoot, the formation of a distinct
pressure plateau over the separated region requires a
significant separation; in cases of small scale separa-
tion, a continuous pressure rise or a kink is observed.

With reference to Fig. 7, the skin friction coefficient
is seen to decrease within the laminar interaction re-
gion, and in the separated cases takes negative values
before it rises sharply on the deflected ramp through
reattachment towards a maximum in the boundary
layer neck region. Within the separated zone, the
magnitude of the negative skin friction coefficient re-
mains close to zero upstream of the hinge line but at-
tains high (negative) values downstream of the hinge.
A similar behaviour is observed in fully turbulent in-
teractions.

Concerning the heat transfer distributions in Figs. 7
and 8 for the laminar and turbulent separated cases,
they differ within the separated region insofar as
the laminar distributions exhibit a drop in the heat
transfer coefficient, whereas the turbulent distribu-
tions show a rise to a plateau level or kink (depending
on the extent of the separation). Downstream, the
heat transfer rises through reattachment to a peak
level in the boundary layer neck region. The high
heating level is clearly associated with the high lo-
cal pressure and the thinning of the boundary layer
caused by the interaction. In cases of transitional in-
teractions, where laminar-turbulent transition is pro-
moted by the reattachment process (section 3.3), a
further rise of the ramp heating from the laminar to
the turbulent level is bound to occur.

3.2 Surface pressure distributions

The pressure distributions measured over the adia-
batic wall interaction region with flat plate / swept or
unswept compression ramp configurations at Mach
2.95 (Rer, = 18.7 x 10°) in [22] are illustrated in Fig.
9. The overall interaction strength in these exper-
iments was maintained constant and the oncoming
boundary layer was turbulent. It is seen that sweep-
ing the deflected ramp beyond 10° is causing an in-
crease in the upstream influence of the interaction

which is in contradiction with the findings of [23], as
discussed in section 2.2.

Furthermore, contrasting Fig. 9 with Fig. 8, it is
clear that a much lower ramp deflection angle and
overall pressure rise is necessary to cause significant
separation of a turbulent oncoming boundary layer
at low Mach number than at high Mach number. It is
also noted that with increasing Mach number and/or
ramp deflection angle in well separated cases, an in-
creasingly lower proportion of the increasing overall
pressure rise is taken through separation and an in-
creasingly higher proportion is left for the reattach-
ment compression in accordance with the free inter-
action concept.

Typical pressure distributions over flat plate / two-
dimensional ramp configurations measured at Mach
14 with Re = 1.8 x 10° [21] are shown in Fig. 10.
Upstream of the onset of the interaction, the pres-
sure field is determined by the angle of attack of the
configuration, the bluntness of the nose and/or lead-
ing edge and viscous interaction due to the growth of
the boundary layer. In the case of Fig. 10, the angle
of attack was zero. The undisturbed flat plate pres-
sure distribution is, therefore, well predicted by the
superposition of the viscous interaction and (mod-
erate) leading edge bluntness effects (typical leading
edge thickness was 55 pym * 5 um). For a weak
viscous interaction over a cold wall, representative
of the experiments in Fig. 10, the contribution to
the flat plate pressure field is given after {36] for a
Prandtl number of 0.725 by,

= 1405780 —= [1+3.35 T, | Xeo (4)

Following the discussion in [37], the hypersonic vis-
cous interaction parameter, ¥ is more appropriately
defined at a reference temperature (e.g. Eckert’s ref-
erence temperature [38]). The leading edge blunt-
ness effect may be approximated by blast wave the-
ory which, after [39), yields,

2/3
Pe,b 2 | ¢D,N
=2 = 0.56 4 0.121M2 [—— 5
Poo (z/d) ®)

for y=1.4. The leading edge drag coefficient, cp v
depends on the shape of the leading edge; for a cylin-
drical leading edge it takes a value of 4/3, and for a
square leading edge a value of 1.8 [37].

The plateau pressure level, attained within the ex-
tensive separation region, is predicted on the basis
of free interaction theory from the flow properties at
the onset of the interaction. At high Mach numbers
and cold wall conditions, the following expression has
been proposed in [5] instead of eq. (1):

Pp — Pui.
DPu.i.

= xo/8 (6)
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On the deflected ramp, far downstream from the in-
teraction, the inviscid ramp pressure level is attained
as given by oblique shock relations [40] on the as-
sumption of a single shock compression. Following
the discussion in section 2.1, however, on the interac-
tion between the separation and reattachment com-
pressions (and, possibly, also with the nose/leading
edge shock), a pressure overshoot is observed in this
high Mach case at the end of the reattachment com-
pression. For the particular cases of Fig. 10, which
are characterized by relatively distinct and sharp sep-
aration and reattachment shocks, the assumption of
a quasi-inviscid, two-shock near-wall compression pro-
vides a good approximation to the measured pressure
peaks*.

Similar comparisons of pressure distributions collected
in the VKI Longshot tunnel at Mach 14 [21] but over
flat plate / swept compression ramp (as well as 2D
ramp) configurations are shown in Fig. 11. The data
are plotted against distance from the ramp hinge line
at selected spanwise locations where the distance be-
tween the model leading edge and the ramp hinge
line is approximately 200 mm. The results show, in
accordance with the discussion in section 2.2, that
the extent of the interaction is reduced with increas-
ing three-dimensionality which is equivalent to a de-
creasing overall pressure rise or effective streamwise
flow deflection angle (note that in these experiments
the ramp angle normal to the hinge line was main-
tained constant at 15° as the sweep angle was in-
creased from 0° to 30° to 60°). It is also noted that
the upstream influence line in this set of experiments
remained nearly parallel to the model leading edge,
independent of the sweep of the hinge line, which
simplified the prediction of the plateau pressure in
the sense that the streamwise component of the Mach
number was the relevant parameter in all cases.

Concerning the influence of shock wave boundary
layer interaction on the pressure distribution and its
implications upon control effectiveness, the primary
effect is that of a stretching of the ramp induced
pressure rise relative to the inviscid case (Fig. 12a).
Since control effectiveness is a function of the inte-
grated pressure field times distance from the center
of gravity, the effects of the interaction are not evi-
dent. If the control surface and the interaction are a
sufficiently large distance from the center of gravity,
then the effect of the interaction is well approximated
by the difference between the dotted areas and the
hatched areas of the schematic in Fig. 12a. If the
dotted area is larger, then the interaction yields a
loss in control effectiveness; if it is smaller, then the
interaction is beneficial to control effectiveness. Also,

It is noted that in cases with thick oncoming bound-
ary layers, the interaction may be characterized by a
continuous near-isentropic compression rather than
a distinct two-shock system.
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in the case where the coalescence of the separation
and reattachment shocks yields a pressure overshoot
(at high Mach numbers) there is a further gain due
to the interaction in control effectiveness, relative to
the case where the two-shock compression is “tai-
lored” yielding the same overall pressure rise as the
outer flow inviscid shock.

Of course, the above assumes that the deflected con-
trol surface is sufficiently long to allow for a full pres-
sure recovery, and that the oncoming boundary layer
is thin so that distinct separation and reattachment
compressions form. Also, the interaction of the con-
trol surface compression with any forebody shocks is
neglected. A schematic illustration of the effects of
a thick oncoming boundary layer and of the afore-
mentioned shock/shock interaction that may occur
at the coalescence of the control surface compression
and a forebody shock is given in Fig. 12b after [31]
as a plot of the actual pressure recovery along the
deflected ramp normalized by the near-wall inviscid
pressure recovery (in the absence of the expansion
fan caused by the coalescence of the forebody and
ramp shock systems). The effect of the interaction
between the separation and reattachment shocks is
neglected in this case. Clearly, thick boundary lay-
ers cause a longer extent of the interaction by virtue
of viscous interaction, even in the absence of exten-
sive separation, and possibly a loss in pressure re-
covery due to the modification of the effective body
shape. The expansion fan caused by the interaction
of the forebody and control surface shocks (at high
freestream Mach numbers) is detrimental by effec-
tively decreasing the pressure recovery to or below
the level of the pressure rise through a single inviscid
shock at freestream conditions. Control effectiveness
issues will be further addressed in section 5.1 with
the aid of computational data.

Lastly, the effect of leading edge bluntness on the
pressure distribution over flat plate / two-dimensional
ramp configurations is illustrated in Fig. 13 after [41]
(Mach 10, Rep = 2.1 x 10%). The pressure increase
upstream of the interaction resulting from increasing
leading edge bluntness is noted, and also the reduc-
tion in upstream influence of the interaction due to
the entropy layer. The flat plate pressure distribu-
tion upstream of the interaction is well predicted by
the weak viscous intreaction eq. (4) for the sharp
leading edge case, and by the blast wave eq. (5) for
the two blunt leading edges, noting that viscous in-
teraction effects are negligible in the two blunt lead-
ing edge cases. The plateau pressure is well pre-
dicted by eq. (6) for the sharp leading edge case, but
no predictions were made for the blunt leading edge
cases because the effect of the entropy layer upon the
boundary layer edge conditions was not estimated.
Concerning the pressure recovery on the deflected
ramp, a severe loss is detected relative to the invis-
cid single shock compression (from freestream con-
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ditions) and relative to the pressure overshoot found
with the sharp leading edge. Clearly, the significant
entropy layer in the blunt leading edge cases of [41]
has a strong relieving effect upon the strength of the
interaction (largely due to the resulting transverse
Mach number gradient), which is associated with a
loss in control effectiveness and reduced heating lev-
els as will be seen in section 3.3.

3.3 Surface heat transfer distributions

The heat transfer distributions corresponding to the
Mach 14 flat plate / two-dimensional ramp pressure
data of Fig. 10 are shown in Fig. 14 for ramp deflec-
tion angles of 0°, 15° and 25° [21]. The theoretical
predictions are based on the application of the refer-
ence temperature concept [38] to the incompressible
zero pressure gradient boundary layer solution. The
generalized result for any boundary layer edge con-
ditions, following the development in [21,42], is

l-n 1-2n
CH (Rea>sY'=:f2[—Eﬂﬁ-] [Zéi]
! 8 | UooPoo T %)
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where n = 0.5, A = 0.332 and s = Pr%3 for a lam-
inar boundary layer, and n = 0.2, A = 0.0296 and
s = 1 for a turbulent boundary layer at high Mach
numbers. It is also noted in [36] that in hypersonic
cold wall cases, pressure gradient has a secondary
effect on the heat transfer distribution, and so eq.
(7) may be applied to non-zero pressure gradient at-
tached flow situations provided that the local pres-
sure field (induced either by viscous interaction and
leading edge bluntness upstream of the interaction or
by the ramp compression downstream of the interac-
tion) is accounted for in the pressure ratio term.

With reference to Fig. 14, the success of the reference
temperature method in predicting the heat transfer
distribution over the attached flow regions upstream
and downstream of the interaction is noted. Further-
more, a substantial improvement of the prediction
quality over the deflected ramp is observed when the
actual ramp pressure distribution of Fig. 10 is ac-
counted for rather than being approximated by the
inviscid ramp pressure. It is also noted that, whereas
for the flat plate predictions the origin of the lami-
nar boundary layer is taken at the leading edge of the
model, the ramp predictions assume a virtual origin
of the reattaching boundary layer at the reattach-
ment point. This is done to account for the severe
thinning of the boundary layer caused by the strong
interaction and the turning/compression of the flow.

Moreover, the comparisons in Fig. 14 indicate that,
although the boundary layer upstream of the interac-
tion is laminar, turbulent heating levels are attained
on the deflected ramp downstream of reattachment.
This observation is fully consistent with schlieren
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photographs and high frequency surface temperature-
time data, both of which indicate [21] that laminar-
turbulent transition is very effectively promoted by
the interaction and, particularly, the reattachment
process. Similar results on the promotion of tran-
sition have been found by many other investigators
such as [41,43,44]. It is also noted that the effective
transition of the boundary layer through reattach-
ment further justifies the location of the virtual ori-
gin of the turbulent reattaching boundary layer in
the close vicinity of the reattachment point.

In order to achieve a fully laminar interaction at
Mach 14, experiments were performed in [21] at the
minimum operational unit Reynolds number of the
tunnel (Reynit = 6.5 x 10/m) and with the hinge
line of the deflected ramp shifted upstream to 70
mm from the leading edge (as opposed to 200 mm
in the case of Figs. 10 and 14). It is seen from the
heat transfer distributions of Fig. 15 that reducing
the unit Reynolds number alone was not sufficient
for a fully laminar interaction. However, the cen-
terline heat transfer distribution with the forward
two-dimensional ramp configuration shows a laminar
reattachment with transition occurring a significant
distance downstream on the ramp. This behaviour is
also consistent with schlieren observations and fast
response surface temperature signals [21].

With respect to the theoretical reference tempera-
ture predictions of Fig. 15, again the virtual origin
of the reattaching boundary layer has been taken at
reattachment to account for its thinning through the
strong interaction. It is noted that if the origin had
been assumed at the leading edge of the flat plate,
the laminar peak heating at the end of the forward
ramp reattachment compression would have been un-
derpredicted by approximately a factor of 3.

The heat transfer data over the two-dimensional ramp
configurations of Fig. 14 are compared to swept
ramp data in Fig. 16 (Rer = 2.5 x 10%), in a similar
manner as the pressure distributions in Fig. 11. Not
only the relieving (in terms of streamwise extent)
effect of three-dimensionality is illustrated in consis-
tence with Fig. 11, but it is also noted that with
increasing sweep (and, therefore, decreasing interac-
tion strength) the effectiveness of the interaction in
promoting laminar-turbulent transition is reduced.
In particular, the 60° swept ramp data remain below
the turbulent ramp heating level but, nevertheless,
higher than the laminar predictions, thus indicating
a long ineffective transition process that is not com-
pleted within the measurement domain.

Similar experiments with flat plate/swept and unswept
compression ramp configurations have been performed
at Mach 6 and the results are reported in [21,43].
In all cases with a nominally sharp leading edge,
laminar-turbulent transition was promoted by the
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interaction and, particularly, by the reattachment
compression, as illustrated in Figs. 17 and 18. Simi-
larly to the Mach 14 experiments, the reference tem-
perature method was very successful in the predic-
tion of the heat transfer distribution in the attached
flow regions both upstream and downstream of the
interaction.

In these studies, the effects of moderate leading edge
bluntness were also examined. With reference to Fig.
19, it is noted that moderate leading edge bluntness
has a retarding effect on the laminar-turbulent tran-
sition process in the reattachment region, but yields
a greater upstream influence and larger extent of the
interaction. The latter effect is, at least partially, re-
lated to the more laminar character of the flow with
the blunter leading edges, but the modest entropy
layer of the oncoming flow may also play a role.

The effects of more significant leading edge bluntness
have been examined in [41]. The heat transfer distri-
butions corresponding to the pressure data of Fig. 13
are illustrated in Fig. 20. Here, contrary to the data
of Fig. 19, increasing leading edge bluntness is found
to yield a reduction in the upstream influence of the
interaction, which is related to the reduction in the
strength of the interaction with increasing leading
edge bluntness and to the modification of the effec-
tive Mach and Reynolds numbers of the undisturbed
flow caused by the formation of a significant entropy
layer. The reference temperature method is predict-
ing well the laminar flat plate heat transfer distribu-
tions upstream of the onset of the interaction, when
the pressure field induced by viscous interaction and,
especially, by the leading edge bluntness is accounted
for. Furthermore, comparison of the measurements
to the reference temperature predictions on the de-
flected ramp, accounting for the measured pressure
distributions of Fig. 13, indicates that the reattach-
ing boundary layer is turbulent in the case of the
sharp leading edge, but it remains laminar in the
two blunt leading edge cases.

It is also noted that locating the virtual origin of
the (turbulent) reattaching boundary layer at reat-
tachment yields a good prediction for the ramp heat
transfer distribution in the attached flow region down-
stream of reattachment in the sharp leading edge
case of Fig. 20. This is consistent with the thinning
of the boundary layer through the strong interaction
(see sharp pressure rise in Fig. 13), and also with the
rapid occurrence of laminar-turbulent transition in
the close vicinity of reattachment. In the two blunt
leading edge cases, however, it is seen that locat-
ing the virtual origin of the (laminar) reattaching
boundary layer at reattachment yields an overpre-
diction of the ramp heating just downstream of reat-
tachment, although the comparison improves further
downstream. A main reason for this discrepancy is
believed to be the low strength of the interaction
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(see respective pressure distributions in Fig. 13) and
the consequent overestimation of the thinning of the
reattaching boundary layer by the location of its vir-
tual origin at reattachment. The relevance of the lo-
cation of the virtual origin of the reattaching bound-
ary layer to the correct prediction of peak heating
will be further discussed in section 3.4.

It follows from the preceding discussion that the most
relevant effect of shock wave boundary layer interac-
tions in terms of heat transfer is the high heating
levels attained on the deflected control surface. Evi-
dently, the high heat transfer is related to the pres-
sure rise and the thinning of the boundary layer on
the control surface and, in some cases, to the promo-
tion of laminar-turbulent transition by the adverse
pressure gradient and flow concavity that character-
ize the reattachment region. The reference tempera-
ture method has been demonstrated to predict well
the heat transfer distribution over attached flow re-
gions, provided that the nature of the boundary layer
is known, as well as the flow conditions at its edge
and the location of its virtual origin. Application
of the method may be extended beyond the two-
dimensional zero pressure gradient case if an effec-
tive flow direction is identified and the local pressure
distribution is accounted for. More comparisons be-
tween experimental data and reference temperature
predictions are provided in [43)].

It should be further noted that even in the absence of
a strong shock wave boundary layer interaction and
any extensive separated regions, the flow over the
deflected control surface would still undergo a pres-
sure rise and the boundary layer would be thinned
to some extent and also encounter the destabilizing
pressure gradient and flow concavity. Consequently,
it should be borne in mind that significant peak heat-
ing levels may be attained on deflected controls in
attached flow situations as well.

3.4 Peak heating correlations

Due to the importance of peak heating on deflected
control surfaces and, generally, in regions of shock
wave boundary layer interaction to the sizing of Ther-
mal Protection Systems, the development of simple
means for the prediction of interaction-induced heat-
ing rates is highly desirable. A large number of semi-
empirical correlations has been developed to date,
most of which are based on the pressure interaction
concept [45] which stems from the generalized refer-
ence temperature result of eq. (7). The general form
of such correlations is,

- (1-n) (1-n)
£ o
dref Pref n

where the subscript ..y denotes the undisturbed value
on the parent body in the absence of an interaction
(for example, over a flat plate). In some cases, the
measured peak pressure ratio, ppr/pres, has been re-
placed for simplicity by the inviscid pressure ratio,
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p3/p1, across a single oblique shock (for deflected
control surfaces).

Typical pressure interaction peak heating correla-
tions are presented in [42]. For laminar flow, the

form . 0.7
ek _ 13 (ﬁ’i) 9)
Qref Prey
is proposed, and for fully turbulent interactions (af-
ter [33,46),
. 0.8
Gok _ (.&z)
qref Pres

A summary of various correlations of this type is
presented in [47). A major finding of this study,
however, has been that different investigators have
empirically determined widely different values of the
exponent (1 — n) in eq. (8), particularly so for fully
laminar interactions. In fact, for fully laminar inter-
actions, appropriate values of the exponent (1 — n)
are reported in [47] to cover the range 0.7-1.3; but for
turbulent interactions, the range is reduced to values
between 0.7 and 0.85. It was, therefore, reasonable
to assume that the aforementioned discrepancies in
fully laminar interactions were largely due to the fact
that some of the experimental data considered were
transitional (noting the discussion in section 3.3 on

the promotion of laminar-turbulent transition by the
interaction).

(10)

Consequently, a similar (pressure interaction) peak
heating correlation was developed in (48] to cover
transitional as well as fully laminar interactions. The
result is illustrated in Fig. 2la with an exponent
(1 —n) of 1.13 and a constant of proportionality of
0.13 for fully laminar interactions, and a significant
dependence on Reynolds number for transitional in-
teractions. However, when the transitional data of
[43] were plotted in the form of Fig. 2la, a rather
poor comparison was found (Fig. 21b).

These observations led to a reevaluation of the pres-
sure interaction concept and a revision of peak heat-
ing correlations in {21,43], based on the reference
temperature result of eq. (7) (as were the previous
pressure interaction correlations given by eq. (8)).
In addition, however, to the correct knowledge of
the pressure level and the nature of the boundary
layer, account was taken for the observation made in
section 3.3 that the heat transfer distribution over
the deflected ramp is well predicted by the refer-
ence temperature theory only if the virtual origin
of the reattaching boundary layer is chosen in the
close vicinity of reattachment so as to account for the
thinning of the boundary layer that occurs through
the interaction. It is noted that this is a valid as-
sumption for strong interaction cases exhibiting se-
vere thinning of the boundary layer and/or the oc-
currence of laminar-turbulent transition in the close
vicinity of reattachment. Clearly, in weaker interac-
tions, this approach assumes an excessive thinning of
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the reattaching boundary layer and, therefore, yields
too high peak heating predictions, as has been illus-
trated by the data of Fig. 20, and by the comparison
of weak interaction experimental data from [49] over
a 7.5° ramp at Mach 6 with Navier-Stokes computa-
tions and reference temperature predictions in [21)].

In fact, application of eq. (7) to a reference bound-
ary layer (typically taken as one over a flat plate at
zero incidence with freestream edge conditions, or
the one developing on the parent body without flap
deflection), with the origin of the boundary layer at
the leading edge of the parent body, gives a reference
value for the heat transfer rate (or coefficient) at the
location of peak heating on the respective deflected
control surface that would occur in the absence of
a deflection and, thus, of an interaction. An esti-
mate for the heat transfer coefficient at the location
of peak heating, corresponding to the peak pressure
and with the origin of the reattaching boundary layer
also taken at the leading edge of the parent body,
may be similarly obtained from eq. (7). But if the
thinning of the reattaching boundary layer, caused
by the reattachment compression, is to be accounted
for, then its virtual origin must be taken in the vicin-
ity of reattachment rather than at the leading edge of
the configuration. The boundary layer growth length
at the location of peak heating, used in the Reynolds
number term of eq. (7), should then be Ly; rather
than xpk.

Taking the ratio of the two results yields a theoreti-
cally based correlation for peak heating [21,43):

. 1-n n
dpk + 1a | PpkUpk Lok
—— = B|Re —— — 11
res [Res] [prefurej] [ka] (11)

with

a=0, B=1 and n=0.5 for fully laminar interactions
with a laminar reference level,

a=0, B=1 and n=0.2 for fully turbulent interactions
with a turbulent reference level, and

a=0.3, B=0.072 and n=0.2 for turbulent peak heat-
ing with a laminar reference level.

The length scale Lyi, that is the effective growth
length of the reattaching boundary layer at the loca-
tion of peak heating, has been found in [21,43] to be
well approximated by the method proposed in [50],
for strong / transitional interaction cases where the
virtual origin of the reattaching boundary layer may
be safely taken at the reattachment point. With ref-
erence to Fig. 22, the relation proposed in [50] is:

6s

sin(a — a,) (12)

Ly =

where the thickness of the shear layer at the reattach-
ment point may be computed by the compressible
Blasius result and the deflection angle of the sepa-
rated shear layer from free interaction theory. The
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velocity ratio upk /ur.s may often be neglected induc-
ing an error typically of the order of 10%, and the
pressure ratio pp/pr.y may be approximated by the
inviscid pressure ratio through a single inviscid shock
or a two-shock system (separation shock plus reat-
tachment shock) or as the pressure ratio through an
isentropic compression. The use of a Reynolds num-
ber, defined at Eckert’s reference temperature [38],
to correlate turbulent ramp data to a laminar flat
plate reference heating level is also noted. Details of
the development of this correlation law may be found
in [21,43)].

It is interesting to note that, for fully laminar or
fully turbulent interactions (that is when the ref-
erence and ramp boundary layers are both laminar
or both turbulent), and neglecting the velocity ratio
term, eq. (11) reduces to:

dpk Ppk - [xpk]" 13

dref [Pref] Lpk (13)
which is equivalent to the numerous pressure interac-
tion semi-empirical peak heating correlations of the
form of eq. (8) summarized in [47], but includes
an additional term representing the relative growth
lengths of the reference and reattaching boundary
layers. Recalling the findings of [47] that eq. (8) has
been very successful for fully turbulent interactions
with an exponent (1 — n) of close to 0.8 (that is the
theoretical reference temperature value of egs. (11)
and (13)), but a complete failure for fully laminar
interactions where exponents (1 — n) in the range
0.7-1.3 have been determined as opposed to the the-
oretical value in eqs. (11) and (13) of 0.5, and noting
in eq. (7) that the laminar heat transfer coefficient
is much more sensitive to Reynolds number (expo-
nent 0.5) than the turbulent heat transfer coefficient
(exponent 0.2), it is believed that neglecting the thin-
ning of the reattaching boundary layer caused by the
interaction process has been partially responsible for
the failure of eq. (8) in correlating fully laminar in-
teraction data. In other words, the large differences
in the empirically determined exponent (1 — n) that
are found among different investigators are not only
due to the transitional nature of some of the exper-
iments considered, but also due to the attempt to
include the case-dependent relative boundary layer
growth length term in the exponent of the also case-
dependent pressure ratio term.

Accounting for the relative growth lengths of the ref-
erence and reattaching boundary layers in the form
of eq. (11) or eq. (13) has been found in [21,43]
to provide the grounds for a universal peak heat-
ing correlation in regions of both two- and three-
dimensional shock wave boundary layer interactions.
The result is illustrated in Fig.23, where more than
200 data points from 23 references have been assem-
bled [21,43], covering a Mach number range of 5-20
and five orders of magnitude variation in Reynolds
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number, which implies a range of shock wave bound-
ary layer interactions from fully laminar cases in the
strong viscous interaction regime to transitional to
fully turbulent cases. The geometries considered in-
clude two- and three-dimensional flat plate/ramp con-
figurations, flat plates with swept or unswept im-
pinging shocks, regions of glancing shock interaction
(flat plates with vertical fins) and a double ellipsoid
configuration. A laminar boundary layer developing
over a flat plate at freestream conditions has been
chosen as the reference case in this correlation.

4 LOCALIZED HEAT TRANSFER VARIA-
TIONS : STRIATION HEATING

4.1 General

A number of shock wave boundary layer interac-
tion investigations have revealed the formation of
streamwise striations in the region of reattachment
over various two-dimensional, axisymmetric or three-
dimensional configurations. Noting that until re-
cently the bulk of such experiments has involved dis-
crete gauge surface measurements, usually concen-
trated along the model centerline, the first indica-
tions of streamwise striations in supersonic and hy-
personic flow came from surface oil flow and subli-
mation visualizations [51-54]. The phenomenon has
been attributed to the development of Gortler vor-
tices, similar to those encountered in subsonic flows
[55], that is triggerred and supported by the flow
concavity associated with the turning of the sepa-
rated shear layer parallel to, say, the deflected con-
trol surface. The relevance of striation phenomena to
the design of hypersonic vehicles beyond the funda-
mental interest in instabilities and disturbance am-
plification, is twofold: first, they are linked to the
occurrence of laminar-turbulent transition; and, sec-
ondly, they are associated with important spanwise
heat transfer variations exhibiting highly localized
peaks in heat transfer.

Noting that peak heating in the reattachment region
may become critical to the design of hypersonic vehi-
cles, leading to temperatures near or above the struc-
tural integrity limits of available materials, it is im-
perative that the mechanisms and effects of striations
on reattachment heating levels are well understood.
A significant effort in this field has, therefore, been
undertaken recently with the aid of thermographic
techniques, aiming primarily to the quantification of
striation heating [21,41,43,56-61). It should be noted,
however, that striations have so far been extensively
observed over a variety of configurations only in ex-
perimental setups and never in flight (e.g. during the
reentry of either the Space Shuttle Orbiter or the Bor
and Buran spaceplanes).

4.2 Qualitative description
A typical oil flow surface visualization and a typical
sublimation photograph taken over flat plate / two-
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dimensional compression ramp configurations, from
[41] and [43] respectively, are shown in Fig. 24. The
formation of streamwise striations in the flow reat-
tachment region is illustrated in both photographs.
The qualitative data of Fig. 24, within their limited
spatial resolution, indicate that the mean spacing
of the rather regular striations is constant through-
out the model span. This was, in fact, proposed
by (51,52], where a large number of data taken over
backward facing step configurations were correlated
to yield a nearly constant value (between 2 and 3)
for the mean wavelength of the striations normalized
by the undisturbed boundary layer thickness, inde-
pendent of Mach and Reynolds numbers and the in-
teraction strength.

Similar observations have been made by means of
thermosensitive paints in [59] and infrared thermog-
raphy in [60], and examples are shown in Fig. 25, also
illustrating the aforementioned regular, short wave-
length striations, as well as the associated significant
spanwise heat transfer variations. The observations
as to the regularity of the striations and their depen-
dence upon the undisturbed boundary layer thick-
ness are also supported by linear stability analyses
(62,63] as well as by preliminary large eddy sim-
ulation results [64], examining the amplification of
small, random initial perturbations.

However, contradictory, to some extent, observations
have been made in the experimental investigations
of [21,43]. A series of high resolution infrared im-
ages acquired in [43] over flat plate / two-dimensional
ramp geometries at Mach 6 is given in Fig. 26. First,
attention is drawn to Figs. 26a and b, corresponding
to nominally identical experiments at a low Reynolds
number and a weak overall pressure rise (ramp de-
flection angle of only 10°); the only difference be-
tween the two tests is the detailed thickness distri-
bution of the nominally sharp model leading edge
(26pm % 10pm in the case of Fig. 26a and 40um
+ 20pm in the case of Fig. 26b). Clearly, not only
the striation patterns are irregular in these figures
(in terms of both spacing and intensity), but they
are also found to be strongly dependent on the de-
tailed shape of the model leading edge. For these
low Reynolds number, weak interaction cases a qual-
itative correlation between the footprint of the stri-
ations and the leading edge thickness distribution
has been found [43,57] (section 4.3). Additionally,
comparison between Figs. 26b and c illustrates that
striation patterns are not influenced by finite span
effects.

As the interaction strength was increased in [43] (by
increasing the ramp deflection angle) and / or the
Reynolds number was increased (by shifting the hinge
line backwards or increasing the unit Reynolds num-
ber), and for a given model leading edge, increasingly
more regular striation patterns appeared to form in

the reattachment region which, however, persisted
for increasingly shorter distances along the ramp sur-
face and eventually disappeared within the resolution
of the infrared technique (Figs. 26b-f).

To further investigate the observed dependence of
the striation phenomena on the detailed leading edge
thickness distribution, at least in the cases of weak
interactions at low Reynolds number, experiments
were also performed in [21,43] with a thicker and
more uniform leading edge (98um + 5um) with and
without a regular distribution of perturbations at-
tached to it (in the form of 0.2 mm thick, 25 mm long
sandpaper strips distributed along the leading edge
at wavelengths of 10 mm and 20 mm). The result-
ing infrared and sublimation results are illustrated
in Fig. 27. The addition of discrete perturbations
was found to enhance the intensity of the striations,
while showing a close correlation between the initial
disturbance distribution and the form of the stria-
tions. Similar observations were, in fact, made in
[61], where high quality pointed nose axisymmetric
configurations were found to be free of striations in
the reattachment region, whereas discrete, regularly
spaced leading edge perturbations were introduced
to enhance spanwise variations and ease their mea-
surement (section 4.3).

A possible interpretation of the contradictory obser-
vations as to the importance of leading edge irregu-
larities and, moreover, as to their persisting signature
in the formation of striations may be now proposed.
First, hypersonic boundary layers are known to be
extremely stable and, hence, the occurrence of insta-
bilities requires either the presence of fairly strong
amplification mechanisms, such as high Reynolds num-
ber and flow concavity/adverse pressure gradient, in
accordance with linear stability theory, or the pres-
ence of significant initial perturbations (significant
in the sense that they may not be considered small
within the framework of linear stability analyses).
The preceding observations are thought to be indica-
tive of these competing instability agents, whereby in
the strong interaction, high Reynolds number cases
the amplification mechanisms are dominant, and in
the weak interaction, low Reynolds number cases
strong initial perturbations prevail.

Now, if the formation of streamwise striations (very
likely the footprint of Gortler-type vortices) is viewed
as an instability, it is reasonable to anticipate a close
link between their presence and the occurrence of
laminar-turbulent transition. In fact, this is in accor-
dance with the discussion in [65], whereas embedded
streamwise vortices have been observed in the tran-
sition process of both low and high speed flows, and
not only over concave surfaces but also over flat and
even convex surfaces [51,63,65]. This could, then,
explain the effective promotion of laminar-turbulent
transition by shock wave boundary layer interactions
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and, in particular, by the reattachment process, in
otherwise highly stable flowfields (i.e. where zero
pressure gradient natural transition or even forced
transition by means of tripping is most difficult; cite,
for example, the severe tripping that was required in
[21] to trip the oncoming Mach 14 laminar boundary
layer relative to its highly effective transition over a
15° ramp, Fig. 14).

Furthermore, there remains a debate as to whether
Gortler-type vortices may be sustained in fully tur-
bulent flow. It may be argued that steady embedded
vortical structures may not be sustained in a highly
unsteady turbulent flowfield [66], but instead they
break down as fully turbulent flow is attained {65,66).
Nevertheless, numerous investigators have reported
the observation of striations in fully turbulent reat-
taching boundary layers, but to the author’s view
these reports (at least in hypersonic cases) have not
been accompanied by a convincing demonstration of
the assumed fully turbulent nature of the flow.

To sum up, there is evidence that the formation
of steady streamwise striations is directly linked to
the occurrence of laminar-turbulent transition, and
these are damped out (or break down) as fully tur-
bulent flow is attained on the deflected ramp (see
also section 4.3). Understanding that, for a given
experimental setup (including all initial disturbance
sources), increasing Reynolds number and interac-
tion strength is bound to accelerate the transition
process (once it is triggerred), the above argument is
fully consistent with the observation that the stream-
wise extent of striations decreases with increasing
Reynolds number and interaction strength. In addi-
tion, it has been argued that Gortler vortices should
be sustained only within the region of concave flow
curvature. The results of [21,43] summarized in Figs.
26 and 27 and the subsequent discussion in section
4.3 show that striations may, in some cases, extend
far downstream from the concave flow reattachment
region and disappear only when fully turbulent flow
is attained.

Finally, it should be noted that similar striation ef-
fects have been observed over swept wings at low
speed [67], where the formation of striations is as-
sociated with the development of co-rotating cross-
flow vortices rather than contra-rotating Gortler vor-
tices. The qualitative (surface visualization findings
of [67] demonstrate that crossflow vortices accelerate
laminar-turbulent transition, that they break down
when turbulent flow is attained, and that their ef-
fectiveness in promoting transition depends on the
magnitude and distribution of initial disturbances
(roughness) in the leading edge region.

4.3 Quantitative description
Spanwise pitot pressure distributions have been mea-
sured in [51,52] within the boundary/shear layer along
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a flat plate/backward facing step geometry that ex-
hibits flow separation and the formation of stream-
wise striations in the region downstream of the step.
The results are illustrated in Fig. 28, as the stream-
wise evolution of the spanwise pitot pressure dis-
tribution measured at selected distances from the
model surface (always within the boundary / shear
layer). The presence of small, irregular perturbations
upstream of the interaction is noted, which are seen
to amplify through the reattachment region. Down-
stream of the reattachment region, the disturbances
are damped and practically disappear by the trailing
edge of the configuration. The occurrence of laminar-
turbulent transition over effectively the same region
where spanwise pitot pressure variations are detected
is noted.

Spanwise heat transfer measurements in the reat-
tachment region of the aforementioned backward fac-
ing step configuration were also conducted in [51,52].
Following preliminary experiments, which established
the relevance of the model leading edge in the for-
mation of streamwise striations in the reattachment
region, experiments were performed with a distribu-
tion of elements of adhesive tape along the model
leading edge aimed to enhance the footprint of the
striations. The results are illustrated in Fig. 29,
where spanwise heat transfer variations of the order
of + 50% are found. Although these significant heat-
ing variations exhibit a regular spatial distribution,
the close correspondence between heat transfer peaks
and the edges of the regularly spaced adhesive tape
elements is noted.

More recently, the subject of striation heating has
been extensively investigated over flat plate / two-
dimensional configurations at Mach 6 and, to a lesser
extent, Mach 14 in [21,43,57]. A typical streamwise
evolution of the spanwise heat transfer distribution
over a 10° deflected ramp (corresponding to the ther-
mogram of Fig. 26b) is shown in Fig. 30. The
hinge line in this case is located at x=4 cm down-
stream of the model leading edge. Clearly, initial
disturbances are amplified through the reattachment
region, reaching a maximum spanwise heat transfer
variation, and subsequently decay towards a uniform
heat transfer distribution over the entire model span.
It is noted that the particular distribution, which
corresponds to a weak, low Reynolds number inter-
action, shows no characteristic spanwise wavelength
within the spatial resolution of the measurement,
and the heat transfer variations are rather irregular.

The importance of the initial leading edge distur-
bances and the persistence of their signature through
the disturbance amplification process in the reattach-
ment flow region in low strength, low Reynolds num-
ber interactions is illustrated in Fig. 31. Selected
spanwise heat transfer variations are shown over a
10° ramp for three model leading edges. In the for-
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mer two cases, a qualitative correlation is found be-
tween leading edge thickness variations and spanwise
heat transfer variations, whereas in the third case a
close correspondence is observed between spanwise
peaks in heat transfer and the edges of the additional
leading edge disturbances (similar to the data of Fig.
29 [52]). Again, very high peaks in heat transfer are
attained locally of up to 80% higher than the span-
wise mean heating level.

For stronger interactions and/or higher Reynolds num-
bers, it was observed in section 4.2 that striations
tend to be more regular (at least in spacing if not
in amplitude), whereas their streamwise extent is re-
duced (for a given geometry and initial disturbance
distribution). The streamwise evolution of the span-
wise heat transfer variations over the configuration
of Fig. 26e is depicted in Fig. 32 [43] showing more
regular variations than those of Fig. 30 and the ab-
sence of any qualitative correlation with the 40 ym
leading edge thickness variations shown in Fig. 31.
The hinge line of the 15° ramp is, in this case, located
at 9 cm downstream of the model leading edge. Sim-
ilarly, more regular striation patterns are observed
in the spanwise heat transfer distributions of Fig. 33
(41,59], particularly for the blunt leading edge, and
in the distributions of Fig. 34 [57] corresponding to
a weak interaction, low Reynolds number case with
also weak initial leading edge disturbances.

The streamwise extent and amplitude of striations
and the associated spanwise heat transfer variations
are better illustrated by plotting the bands between
the minimum and maximum streamwise heat trans-
fer distributions measured over the model span (ex-
cluding, of course, regions close to the model side
edges). For a given model leading edge (i.e. for a
given set of initial disturbances), typical results are
shown in Fig. 35 in the form of streamwise heat
transfer bands as a function of ramp deflection an-
gle, hinge line location and unit Reynolds number.
It becomes evident from Fig. 35 that significant
spanwise heat transfer variations commence in the
close vicinity of reattachment (corresponding closely
to the region of maximum streamwise pressure and
heat transfer gradients). It is also clear that the
streamwise extent of striations is decreasing with in-
creasing ramp angle and/or Reynolds number to the
hinge line.

From the designer’s point of view, however, the most
relevant aspect of striation phenomena is their influ-
ence on peak heating over the deflected control sur-
face. In this respect, the data of Fig. 35 show that
the mean streamwise heat transfer distribution tends
towards the predicted reference temperature turbu-
lent heating level on the deflected ramp and that,
as this level is approached, spanwise heat transfer
variations reduce to effectively zero. It is also noted
that the turbulent ramp heating level is hardly ex-

ceeded anywhere on the deflected ramp (within the
uncertainty of the prediction). It may, therefore, be
conjectured that the local turbulent ramp heating
level approximates well the upper limit of local span-
wise heat transfer peaks, and that the preceding dis-
cussion on the prediction of peak heating (sections
3.3 and 3.4) remains valid also in the presence of
strong streamwise striations. Consequently, the pro-
posed peak heating correlation may safely provide
estimates for the maximum (turbulent) heat transfer
that is to be anticipated on a deflected control sur-
face, on the condition that the local boundary layer
edge conditions are known as well as the local min-
imum boundary layer thickness in the peak heating
“neck” region.

These findings that striation heating does not exceed
significantly the local turbulent heat transfer are also
supported by the spanwise heat transfer data of [21]
at Mach 14, of [41,59] at Mach 10, and of [60] at Mach
7 and 8. Also, the fact that spanwise heat transfer
variations reduce to effectively zero as the mean heat
transfer level attains the local turbulent heating level
supports the proposition that steady streamwise stri-
ations may no longer be sustained when fully turbu-
lent flow is attained over the model span.

Finally, the influence of the model leading edge (ini-
tial disturbances) on the band between minimum and
maximum streamwise heat transfer distributions is
illustrated in Fig. 36 for a weak 10°, low Reynolds
number case, where the model leading edge thick-
ness and irregularities were found to be the most
important. Despite the strong dependence of the de-
tailed striation patterns, their amplitude and stream-
wise extent upon the detailed leading edge thickness
distribution, and the persistence, in some cases, of
significant spanwise heat transfer variations to the
trailing edge of the ramp (indicative of a rather in-
efficient laminar-turbulent transition in cases with
both weak initial disturbances and weak amplifica-
tion mechanisms), the local ramp turbulent heating
level is again hardly exceeded.

5 COMPUTATIONAL FLUID DYNAMICS:
RESULTS AND VALIDATION

5.1 General

The rapid progress achieved in recent years in the
field of Computational Fluid Dynamics (CFD), com-
bined with the strict requirements imposed in the de-
sign of new hypersonic vehicles, the lack of full simu-
lation capabilities in hypersonic ground test facilities
and the difficulties involved in flight testing, has pro-
moted the adoption of a new design philosophy that
heavily relies upon CFD for the direct analysis of
the flowfield at both flight and ground test condi-
tions, as well as for the development of techniques
for the extrapolation of ground test results to flight.
This type of evolution, however, towards the effective
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integration of ground testing, flight and computa-
tional results [68) (Fig.37) not only imposes stringent
requirements on the characterization and quality of
measurements, but also calls for an in-depth qualifi-
cation and validation of computational tools against
realistic and well documented test cases, before they
may be safely incorporated into the design cycle.

The specific problem of deflected control surfaces
and, more generally, of shock wave boundary layer
interaction (even over simplified geometric config-
urations) is particularly complicated as it involves
strong viscous effects and often extensive separated
flow regions. On the computational side, the sit-
uation may become critical with full Navier-Stokes
solvers, where computer time and memory storage
requirements can easily approach or exceed the ca-
pacity of computers currently available, particularly
when three-dimensional configurations with transi-
tional or turbulent flowfields and thermochemical ef-
fects are considered. An important problem with
computations, which has only recently received the
attention it deserves, is the need to demonstrate con-
vergence and grid independence of the solutions [69],
noting also that, with separated flows, criteria that
have been well established for simpler attached flow
situations may no longer be relied upon.

On the experimental side, it has become evident that
experiments oriented towards CFD code validation
are burdened with increased requirements insofar as
the quality and the type of the measurements, and
the definition of the flowfield, the geometry and the
boundary conditions are concerned [70,71]. The prob-
lem here is that a large portion of the experimen-
tal shock wave boundary layer interaction studies
dates back to an era where technological means were
limited and a semi-empirical engineering philosophy
prevailed. Consequently, very few experiments are
sufficiently well documented for code validation pur-
poses, the data are very limited relative to the detail
provided by CFD and, at hypersonic Mach numbers
in particular, flowfield measurements are scarce.

Nevertheless, the assembly of code validation ori-
ented databases has received significant attention in
recent years, and a respectable amount of data has
been systematically collected [72-74]) with the aid
of code validation workshops. Shock wave bound-
ary layer interaction test cases, exhibiting signifi-
cant separated regions, in two and three dimensions
and with laminar, transitional or turbulent bound-
ary/shear layers form a major part of these novel
databases. The bulk of the data, however, includes
surface measurements only and is for the moment
restricted to perfect gas cases, although some ef-
fort towards the examination of real gas effects has
recently commenced. A selection of the aforemen-
tioned shock boundary layer interaction test cases
will be discussed in the subsequent sections, aim-
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ing primarily to illustrate the difficulties related to
CFD validation and some of the remaining uncer-
tainties and limitations, but also to briefly exemplify
the potential of CFD in contributing towards the
detailed understanding of complex flow phenomena
and, eventually, towards bridging the gap between
the partial ground simulation and flight.

Before proceeding to the detailed examination of var-
ious test cases, a general remark may be easily made
on the geometric characteristics of high speed inter-
acting flowfields with the aid of CFD results on sim-
ple flat plate / two-dimensional ramp interactions.
Iso-Mach contours are shown in Fig. 38 for the Mach
14, 15° ramp case (corresponding to the rear ramp
surface heat transfer data of Fig. 15) as obtained
from an Euler computation and laminar and turbu-
lent* Navier-Stokes computations performed by W.
Haase [21,75]. In the inviscid case, a single oblique
shock forms at the hinge line of the deflected ramp
at a very shallow angle due to the high Mach number
of the oncoming flow.

In the case of the laminar computation, a significant
streamwise scale of the interaction is observed includ-
ing an extensive separation, despite the relatively
thin oncoming boundary layer and the shallow angle
of the separated shear layer and associated separa-
tion shock. In the turbulent computation, no separa-
tion is seen to occur in the vicinity of the hinge line
for this modest ramp deflection angle, but still the
interaction is found to have a significant streamwise
extent due to the much increased thickness of the on-
coming turbulent boundary layer. The result is that,
in both laminar and turbulent cases, the normal ex-
tent of this high speed interaction is very limited. In
the streamwise direction, however, it extends over a
significant distance on the deflected ramp, indepen-
dent of whether the approaching boundary layer is
laminar exhibiting a large separated region, or turbu-
lent remaining attached throughout the interaction.
Noting that the typical length of control surfaces on
lifting hypersonic vehicles is of the order of 10%-
20% of the forebody length, it is evident that such
shallow zones of shock wave boundary layer interac-
tion at high Reynolds numbers (and, hence, in the
weak viscous interaction regime) will strongly affect
the flowfield over the deflected control surface and
its effectiveness and heating, even when the oncom-
ing boundary layer is turbulent (having been tripped
near the nose of the forebody) and does not separate.

5.2 Planar two - dimensional fully laminar
interactions

This section will concentrate on shock wave lami-
nar boundary layer interactions over flat plate / two-
dimensional ramp configurations at hypersonic Mach

The turbulent computations have used the Cebeci-
Smith algebraic turbulence model, which is satisfac-
tory for attached flow computations.
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numbers. Amongst the early experiments with this
configuration were performed at Mach 6 in [76] with
an adiabatic or cooled wall. Some of the test cases of
[76]) were computed in the early 1970’s by the Navier-
Stokes solver of [77] with reasonable success. These
computations revealed, however, one of the major
problems still remaining with the computation of
high speed separated flows, namely the underpredic-
tion of the streamwise extent of the interaction and
of the separated region.

More recently, the adiabatic wall, Mach 6 data of [49]
over a 7.5° ramp configuration have been computed
by two Navier-Stokes solvers in [78]. The Reynolds
number based on the distance from the leading edge
to the hinge line was 400,000. The comparison be-
tween the measured and computed (over different
meshes) surface pressure distributions is shown in
Fig. 39 to reveal the strong dependence of the com-
puted extent of the interaction upon the grid resolu-
tion. Clearly, significant mesh refinement has been
necessary to arrive to grid-independent solutions. In-
dicatively, 50 mesh points in the streamwise direction
within the separated region, and 20-30 mesh points
in the wall normal direction within the boundary
layer at the separation point have been necessary to
adequately resolve the geometrical characteristics of
the interaction. In addition to mesh refinement, par-
ticular attention had to be devoted to the monitoring
of convergence, where it was noted that the location
of the separation point required much more itera-
tions and reduction of the residuals to converge than
standard L2-norm criteria, developed for attached
flows, would suggest. The movement of the separa-
tion point with iteration number and grid refinement
is illustrated in Fig. 40. It should also be noted that
preliminary attempts to compute a similar test case
but with a cold wall [49] has met with substantial
difficulties in correctly predicting the modest extent
of the interaction, which are believed to be related to
the inadequate resolution of the very thin oncoming
boundary layer under the combined high Reynolds
number and cold wall conditions of this test case [21].

Another early set of fully laminar, two-dimensional
test cases at a Mach number of 14 and a Reynolds
number (based on the distance from the leading edge
to the hinge line) of about 100,000 has been that of
[32] depicted in Fig. 7, which is also included in the
database of [73]. The well separated 24° ramp case
has been computed by a number of Navier-Stokes
solvers [79-83], whereas the unseparated case with a
15° deflected ramp has been computed by the parab-
olized Navier-Stokes code of [84]. The Navier-Stokes
computations, with their limited success, have again
demonstrated the importance of sufficiently resolv-
ing the near-wall region to correctly predicting the
extent of the interaction, but also the wall skin fric-
tion and heat transfer distributions. In fact, it will
be illustrated below that some computations involve

such coarse grids that, not only do they not capture
the extent of the interaction correctly, but also fail to
resolve adequately the velocity and, more often, the
temperature profile and, hence, yield poor skin fric-
tion and heat transfer predictions even in attached
flow regions.

Of particular interest among the computations for
the well separated case of [32] is the work of [79]. Fol-
lowing a grid dependence study with two-dimensional
computations, a grid-independent solution was ob-
tained which, however, strongly overpredicted the
streamwise extent of the interaction (Fig. 41). Then,
consultation with the experimentalists led to the con-
jecture that the experiment in question could be in-
fluenced by finite span effects due to the combina-
tion of a large separated region with a relatively
small aspect ratio (ratio of model span to distance
between the leading edge and the hinge line). Con-
sequently, three-dimensional computations were per-
formed which are seen in Fig. 41 to capture well the
measured extent of the interaction and the overall
pressure distribution. The lesson to be learned here
is that two-dimeonsionality must be demonstrated in
experiments with flat plate / two-dimensional ramp
configurations, in the sense that the measured center-
line distributions are not influenced by modification
of the side boundary conditions (change in model
span, addition of side fences, etc.). Also, it should be
noted that the question of side boundary conditions
arises in three-dimensional computations (similar to
the computation of the flow over three-dimensional
geometries, such as the swept ramp), where the most
significant finite span effect is believed to be that of
outflow through the sides of the model. In such cases,
the recommended approach is to extend the compu-
tational domain beyond the side of the geometry a
sufficient distance so as to allow for the application
of freestream flow conditions at the extended side
boundary.

In the aftermath of the first Antibes workshop [72a],
where it was realized that the compression ramp test
cases exhibited laminar-turbulent transition in the
reattachment region (section 5.3), in accordance with
the preceding discussion in section 3 and 4, new test
cases were defined for the second workshop [72b] to
ensure fully laminar flow over the interaction region.
Very low Reynolds number experiments at Mach 10
[85) were chosen for this purpose with ramp deflec-
tion angles of 15° and 20°. During the workshop
it was realized that the flow at such conditions falls
in the strong viscous interaction regime and is dom-
inated by the growth of the thick boundary layer
rather than the ramp-induced interaction. In fact, it
was found that the 15° ramp case was virtually un-
separated, whereas the 20° ramp case very close to
the effective incipient separation limit after the cri-
terion of Fig. 6 and the computational results that
were presented in [72b]. Consequently, the emphasis
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in [85] was placed on a 25° ramp case, exhibiting sig-
nificant separation, and the first comparisons with
computations are shown in [85]. It is noted that,
despite the low Reynolds number (30,000 based on
the distance between the leading edge and the hinge
line *), this case is of particular interest because of
the availability of quantitative electron beam fluores-
cence data in the flowfield (Fig. 42).

A further laminar test case at Mach 11.7 from the
database of [73) was considered in the workshop of
[72b]. The experimental data [86] are of interest as
they include skin friction measurements in addition
to wall pressure and heat transfer distributions. A
review of the comparison between the various com-
putations in [72b] and the experimental data of [86]
is provided in [21]. In general, the computations
have performed reasonably well for this moderate
Reynolds number (240,000 to the hinge line) well sep-
arated case, provided that attention was given to the
mesh resolution.

The laminar interaction Mach 14 data of [21], cor-
responding to the forward 15° ramp heat transfer
distribution of Fig. 15 and a Reynolds number to
the ramp hinge line of 450,000 have been computed
in [75,78). A comparison of the various computa-
tions with different mesh resolutions and the exper-
imental heat transfer data is shown in Fig. 43, to-
gether with a comparison between the computed iso-
density contours and the experimental schlieren pho-
tograph in Fig. 44. A grid independent solution
has been attained which is in good agreement with
the experimental data until the onset of transition
downstream of the boundary layer neck region on
the ramp (at approximately 0.12 m from the lead-
ing edge) that characterized the experiment. Indica-
tively, about 40 streamwise mesh points within the
separated region and about 50 points in the wall-
normal direction within the boundary layer at sepa-
ration were required to adequately resolve the extent
of the interaction in this case. The minimum wall-
normal mesh size in the finest (352x160) Dornier
mesh was 5x10~% m. It is also intersting to note
that the coarse mesh VKI computation on the 84x30
mesh with only 13 wall-normal mesh points in the
boundary layer at separation also fails to resolve the
thermal boundary layer and, consequently, yields an
underprediction of the heat transfer in the attached
flow regions both upstream and downstream of the
interaction.

Overall, concerning laminar perfect gas shock wave
boundary layer interactions over flat plate / two-
dimensional ramp configurations, the general con-
sensus is that they may be accurately predicted by
Navier-Stokes solvers, provided that sufficient atten-

It is noted that the Reynolds number to the hinge
line corresponding to the experiments of [85] is 30,000
as opposed to a value of 18,000 specified in [72b).
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tion is given to obtaining grid independent solutions
in cases exhibiting significant separation. This goal
has been demonstrated to be attained with reason-
able effort at low or moderate Reynolds numbers,
but certain difficulties remain with well separated
cases as the Reynolds number increases and, with
it, the grid refinement requirements (see, for exam-
ple, high Reynolds number laminar computations in
section 5.3) which often lead to numerical stabil-
ity problems. Evidently, the development of conver-
gence criteria and grid resolution criteria applicable
to super- or hypersonic separated flows is highly de-
sirable. As a final remark, the computation of blunt
flat plate / ramp geometries, such as the ones tested
in [41], imposes the additional need for the adequate
resolution of the bow shock, the small subsonic re-
gion around the leading edge and the resulting en-
tropy layer. Consequently, the efficient treatment of
such configurations may require the use of multiblock
solvers.

5.3 Planar two - dimensional transitional
interactions

The discussion in the previous sections illustrated
that the reattachment region on the deflected ramp,
that is associated with the presence of strong dis-
turbance amplification mechanisms (namely, adverse
pressure gradient and flow concavity), may provide
the grounds for the promotion of laminar-turbulent
transition. In fact, both the Mach 10 and Mach 14
two-dimensional ramp test cases considered in the
first Antibes workshop [72a] were found to be tran-
sitional with transition taking place very efliciently
in the close vicinity of reattachment*.

Comparisons between the measured and computed
heat transfer distributions for these two test cases
are shown in Figs. 45 and 46, respectively, after [87].
Dramatic differences are found among the various
computational results, all of which compare poorly
with the experimental data. In fact, there are two is-
sues of primary importance to be considered. First,
the question of grid dependence which at the time
of [72a] was not seriously addressed in any of the
computations, and is primarily responsible for the
large differences between the predictions of the loca-
tion of the separation point. Secondly, the experi-
ments exhibited laminar-turbulent transition in the
close vicinity of reattachment, which may have an
influence on the extent of the interaction and cer-
tainly has a significant effect on the heat transfer
distribution downstream of reattachment/transition.
The latter explains the significant discrepancies be-

The Mach 10 test case of [72a] corresponds to the
sharp leading edge data of [41] illustrated in Figs.
13 and 20, with a Reynolds number to the hinge line
of 2.1x10%. The Mach 14 test case corresponds to
the rear 15° ramp data of [21] illustrated in Fig. 15,
with a Reynolds number to the hinge line of 1.3x 108,
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tween computational and experimental results on the
ramp heat transfer distribution. Unfortunately, sim-
ilar scatter of the computational results on the Mach
10 sharp leading edge test case of [41] was found in
the second Antibes workshop [72b].

However, the computations of W. Haase presented in
[72b] for the latter Mach 10 transitional test case [88]
and in [75,78] for the Mach 14 transitional test case
provide some insight to the computational treatment
of transition. Noting that transition in these cases
takes place very rapidly in the close vicinity of reat-
tachment, it has been demonstrated that such tran-
sitional interactions may be computationally well ap-
proximated by running first a fully laminar computa-
tion and, subsequently, “switching on” a simple tur-
bulence model (e.g. the Cebeci-Smith model) in the
attached flow region downstream of reattachment.
Following the discussion in [78), such an approach is
expected to give the most adverse effects of the inter-
action. In particular, a grid-independent, fully lami-
nar computation is bound to yield the largest possi-
ble extent of the interaction, and the associated effect
on control effectiveness. The laminar computation
will also yield the minimum boundary layer thickness
in the boundary layer neck region at the downstream
end of the reattachment compression. Finally, this
minimum boundary layer thickness, combined with
a turbulent computation (starting from the laminar
solution at reattachment) will, in turn, yield an up-
per limit for the heat transfer on the ramp. These
conjectures are illustrated by the comparison of ex-
perimental and computed heat transfer distributions
in Figs. 47 and 48.

Before concluding this section, attention is drawn to
the fully laminar computations of [78] corresponding
to the Mach 14 transitional test case of [21] with a
Reynolds number to the hinge line of 1.3x10°8. Con-
trary to the lower Reynolds number (Reg = 450,000)
forward ramp case, also computed in [78] (Figs. 43
and 44), where a grid independent solution was demon-
strated, this was not possible at the higher Reynolds
number within the level of grid refinement performed
in [78]. The grid dependence results of Fig. 49, thus,
illustrate the aforementioned difficulties associated
with the establishment of grid independent solutions
at elevated Reynolds numbers and cold wall condi-
tions.

5.4 Planar two - dimensional fully turbulent
interactions

The preceding discussion provided indications that
the implementation of simple turbulence models in
Navier-Stokes computations may yield reasonable es-
timates of the turbulent heat transfer distribution
over attached flow regions, including high Mach num-
ber cases of transitional separated shock boundary
layer interaction, provided that transition is fixed to
the close vicinity of reattachment and turbulent flow

is limited to the attached flow region over the de-
flected ramp. In the case of fully turbulent inter-
actions, however, exhibiting significant separation,
the performance of computations may be impaired
not only by the.convergence and grid refinement is-
sues addressed above, but also by the insufficiencies
of available turbulence models [89)] in separated flow
situations. Turbulent shock wave boundary layer in-
teractions and the development of appropriate tur-
bulence models are treated in three other lectures in
this course [90-92]. The discussion here will, there-
fore, be limited to a brief reference to available flat
plate / two-dimensional ramp data (with a turbu-
lent interacting boundary layer) and related compu-
tations.

Experimentally, the assessment of [74] has shown.
that very few turbulent, super- or hypersonic flat
plate / two-dimensional ramp experiments are suited
for code and turbulence model validation purposes.
At hypersonic Mach numbers {34,93 and 33,46,73]
they involve mean wall pressure, heat transfer and
some skin friction measurements, but no flowfield
mean or fluctuating quantities that would be desir-
able for the proper validation of turbulence models.
A more recent Mach 5, 35° ramp turbulent test case
has been defined in [72a], where the experimental
surface pressure and heat transfer data were provided
by [94]. Finally, two sets of Mach 3 experiments from
the American and Russian literature are provided in
[74], which also include pitot pressure and hot wire
surveys of the flowfield.

Computationally, the limited performance of simple
algebraic turbulence models is illustrated in Fig. 50
by the comparison of two computations from [72a]
with the heat transfer data of [94], taken from the
synthesis of [87). Noting that, in the computations,
turbulent flow is assumed from the model leading
edge, whereas the experiment shows transition to
occur between 0.10 and 0.15 m downstream of the
leading edge (still upstream of the interaction), the
discrepancies found between computational and ex-
perimental results upstream of the interaction are
largely due to the poor choice of the effective virtual
origin of the flat plate turbulent boundary layer. The
features of the separated region and, subsequently,
the heat transfer distribution on the defiected ramp
are, however, very poorly predicted by the algebraic
models, indicating the need for more sophisticated
turbulence modelling in separated flow regions.

Still, recent investigations with two-equation turbu-
lence models [95,96], including compressibility cor-
rections, have also revealed significant difficulties in
the prediction of interacting flowfields exhibiting sep-
aration, although reasonable predictions for attached
turbulent flows were obtained.

Finally, application in [97] of the Baldwin-Lomax,
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k-w and Reynolds stress models to the Mach 3, 24°
ramp test case of [74] has provided evidence that the
performance of higher order Reynolds stress models
in the prediction of turbulent separated flows is no-
tably superior to that of two-equation models. This
is illustrated by the comparison between predicted

and measured pressure distributions in Fig. 51, whereby

the extent of the separated region is generally under-
predicted, except in the case of the Reynolds stress
model where it is somewhat overpredicted. Noting,
however, the comments of [74] that finite span effects
have been significant in this high deflection angle ex-
periment, the latter discrepancy is, at least partially,
due to three-dimensional effects that are neglected in
the computations.

5.5 Three-dimensional swept ramp interactions
Flat plate / swept compression ramp configurations
have thus far received little attention, and the two
sets of experimental results already used for code
validation are the Mach 10 transitional data of [94]
(that were used as a test case in [72a,b]) and the
Mach 3 turbulent data of [98] that are included in the
database of [74]. A limited amount of swept ramp
data at Mach 6 and 14, exhibiting laminar-turbulent
transition in the vicinity of reattachment are also
provided in {21]. The swept ramp case is computa-
tionally complicated by its three-dimensional charac-
ter (and the associated increase in the computational
effort), and by the need to properly define appropri-
ate side boundary conditions. The lateral extension
of the domain beyond the model side edges and the
imposition of freestreamn conditions at its edge is rec-
ommended on the basis of the arguments outlined in
section 5.2.

An illustration of the limited performance of three-
dimensional separated flow computations is given in
Fig. 52, by the comparison of measured [94] and
computed [99] streamwise heat transfer distributions
at various spanwise stations. There are three main
points to note. First, the 150x50x40 mesh em-
ployed in [99] is inadequate to resolve the attached
laminar boundary layer upstream of the interaction
and, hence, the computed heat transfer distribution
in this region is lower than the experimental data
and the laminar reference temperature predictions.
A grid refinement performed in {99] for a flat plate
computation has demonstrated this point. Secondly,
the ramp heat transfer distribution is significantly
underpredicted by the laminar computations, due to
the transitional nature of the experiment and the at-
tainment of turbulent flow downstream of reattach-
ment. In addition, the computations underpredict
the laminar ramp reference temperature predictions,
indicating the aforementioned boundary layer resolu-
tion problem. As for the overprediction of the extent
of the separated region, this is mainly due to the use
of a laminar computation relative to a transitional
experiment, although the poor mesh resolution and
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poor prediction of the oncoming flowfield may also
be responsible.

The turbulent Mach 3 cases have been computed in
[98,100] and the problem is addressed in detail in the
lecture of [92] in the present course. Although the ex-
perience with two-dimensional test cases has demon-
strated that transitional interactions (with transition
fixed to the reattachment region) may be satisfac-
torily predicted with simple turbulence models that
perform well in attached turbulent flow regions, the
current computational limitations in terms of com-
puter power and mesh resolution, combined with the
turbulence modelling limitations for interacting, sep-
arated turbulent flowfields, suggest that fully lami-
nar three-dimensional interaction data may be more
appropriate as a first step in the validation of three-
dimensional Navier-Stokes solvers. An effort to ob-
tain such well defined test cases is currently made in
relation to the forthcoming qualification workshops
planned for the end of 1994 and 1995 [101]. In this
context, the flat plate / swept compression ramp con-
figuration is no longer considered due to the inade-
quate definition of side boundary conditions by the
experimentalists. Instead the delta wing / deflected
flap configuration is found to be a more appropriate
three-dimensional geometry.

5.6 Interactions over axisymmetric body/flare
configurations

Following the extensive investigations of shock wave
boundary layer interactions with a flat plate as the
parent body, recent trends have favoured axisymmet-
ric configurations to eliminate the uncertainty of side
boundary conditions in quasi-two-dimensional exper-
iments. At the same time, there has been an evolu-
tion of European hypersonic research priorities from
very fundamental studies to applications-oriented ones
involving generic vehicle configurations. Although
there has been a number of axisymmetric body /
flare investigations including skewed flares (cite, for
example, [74]), the discussion here will be restricted
to the hyperboloid / flare configuration that has been
chosen as a test case for the forthcoming qualification
workshops [101].

The definition of the hyperboloid / flare geometry,
together with some first computations aimed to aid
the “design” of the experiments, is provided in [102].
The contour of the hyperboloid represents the wind-
ward centerline of the Hermes spaceplane at 30° an-
gle of attack (similar to the axisymmetric represen-
tation of the windward side of a double ellipse, il-
lustrated in Fig. 53), thus allowing to examine the
effects of realistic parameters, such as surface cur-
vature of the parent body and nose bluntness. The
nose bluntness, however, of the hyperboloid / flare
configuration, effectively corresponding to the mid-
plane radius of curvature of the stagnation region of
the spaceplane at 30° angle of attack, is smaller than
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the effective nose bluntness of the Hermes configura-
tion because of the actual nose shape of the space-
plane. The simulated flap (flare) is conical and at an
angle of 43.6° to the axis of the hyperboloid, which
corresponds to a deflection of just over 20° relative
to the inclination of the contour at the hinge line.

Experiments with this configuration are currently
underway in both “cold” and high enthalpy hyper-
sonic wind tunnels around Europe. On the basis of
the experience acquired thus far with shock bound-
ary layer interaction testing, experiments with suffi-
ciently low Reynolds number are included to warrant
fully laminar interactions.

Preliminary computational results at perfect gas con-
ditions (M = 8.7, Rer =~ 42,000) are shown in Fig.
54 in the form of pressure coefficient and Mach num-
ber contours [102], to illustrate the complexity of the
flowfield in the shock boundary layer and shock /
shock interaction region. Of particular interest is the
strong forebody shock which, in this case, interacts
first with the separation shock and shortly down-
stream with the reattachment shock. The second
shock/shock interaction is stronger and yields a sig-
nificant expansion towards the deflected flap which is
reflected upon impingement on the surface. Also of
interest is the continuous expansion along the fore-
body and its impact on the characteristics of the
shock wave boundary layer interaction in the vicin-
ity of the hinge line. The pressure and heat transfer
distributions corresponding to the case of Fig. 54 are
shown in Fig. 55, as computed independently by four
different codes [103-105). The aforementioned fore-
body expansion, the pressure plateau over the sepa-
rated flow region, and the pressure and heat transfer
rise on the flare are noted, as well as the reasonable
agreement between the four computations (all per-
formed on a rather fine mesh of 228120 points).

At different fiow conditions, of course, situations may
arise in which the separation and reattachment shocks
coalesce inside the forebody shock layer and, subse-
quently, the resulting flare shock interacts with the
forebody shock a significant distance downstream.
An example is shown in Fig. 56 [106], where pres-
sure contours are presented for the region near the
hinge line of the hyperboloid / flare, at flow condi-
tions corresponding to 77 km altitude of the reentry
trajectory of the Hermes spaceplane. At such high
enthalpy conditions, the thermochemical behaviour
of air becomes important as illustrated by the differ-
ent shock locations obtained in Fig. 56 with different
thermochemical models (frozen, chemical nonequilib-
rium and thermochemical equilibrium air).

A better illustration of thermochemical effects at high
enthalpy conditions is given in Fig. 57 by the corre-
sponding surface pressure and heat transfer distribu-
tions computed in [106). First, differences in temper-
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ature in the forebody shock layer, due to the thermo-
chemical behaviour of the air (frozen, chemical non-
equilibrium or thermochemical equilibrium), cause

important differences in the Mach number of the.

flow in the shock layer approaching the flare. Impor-
tant differences are, therefore, found in the surface
pressure recovery on the flare, whereby the frozen
(perfect) gas computation yields a lower pressure rise
than the equilibrium gas computation. More specifi-
cally, this is due to a lower temperature of the equi-
librium gas (caused by dissociation in the forebody
shock layer) and, consequently, a higher Mach num-
ber in the forebody shock layer. For similar reasons,
the extent of the separated region is reduced in the
case of thermochemical equilibrium. Secondly, im-
portant differences are detected in the heat trans-
fer distribution, but here the wall thermochemical
boundary condition also plays a role, in addition to
the thermochemical behaviour of the outer inviscid
flow.

To conclude this section, it is recalled that new high
enthalpy facilities have been constructed to support
the assessment of the effects of the thermochemical
behaviour of air at high enthalpy reentry conditions,
as these were illustrated above by the computational
results of [106]. This type of ground simulation, how-
ever, is faced with a variety of difficulties. First,
the complete ground simulation of flight conditions
is not possible, and a compromise between Mach and
Reynolds number simulation, on one hand, and total
enthalpy/velocity and thermochemical characteristic
lengthscale simulation, on the other, is necessary. A
further complication arises from the possible thermo-
chemical non-equilibrium in the freestream of ground
test facilities (caused by the rapid nozzle expansion),
which must also be accounted for in the interpreta-
tion of results. All in all, it is clear that, at high
enthalpy conditions, the interpretation of wind tun-
nel data and their extrapolation-to-flight becomes a
very complex task, which must rely heavily on well
qualified and validated computations.

In addition, computations are beginning to prove
useful and, in some cases, may become mandatory
for the design of successful experiments. For exam-
ple, the preliminary thermochemical non-equilibrium
computations of [107] and their comparison with cor-
responding perfect gas computations from [105] have
provided evidence that, with the current size of high
enthalpy tunnels and their operating pressure limita-
tions, significant difficulties may arise with the simu-
lation of thermochemical effects over wide angle ax-
isymmetric configurations, such as the hyperboloid /
flare. Specifically, the small scale of the model (im-
posed by tunnel size constraints on the base diame-
ter), combined with the relatively small nose blunt-
ness of the hyperboloid, may support chemical freez-
ing in the shock layer and, thus, inhibit the reve-
lation of thermochemical effects in the experiment.
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In this respect, the blunter double ellipsoid config-
uration (section 5.7) may be more appropriate for
the experimental assessment of such effects on shock
wave boundary layer interactions, at least as long as
significant scale and operating pressure limitations
remain in high enthalpy ground testing.

5.7 Interactions in the canopy region of space-
planes: the double ellipsoid configuration
The double ellipse (two-dimensional) and double el-
lipsoid (three-dimensional) configurations have been
widely investigated and included as major test cases
in both Antibes workshops [72] and in the forthcom-
ing ESTEC workshops [101], their relevance lying in
the determination of nose/canopy heating. Under
specific flow conditions and attitude (zero or low an-
gle of attack), the flow phenomena in the region of
the nose/canopy junction resemble closely the sit-
uation in the vicinity of deflected control surfaces.
This configuration may, therefore, provide further in-
sight to the shock wave boundary layer interaction
problem, with the additional complications of impor-
tant nose bluntness, surface curvature (of both the
“parent body” - nose, and the “deflected control” -
canopy), and three-dimensionality (in the case of the
double ellipsoid). A major interest of this geometry
lies in the revelation of thermochemical effects upon
the interaction, which are strongly present in high
enthalpy flowfields due to the significant nose blunt-
ness.

Still, emphasis has so far been placed on 30° an-
gle of attack cases (aimed to the study of canopy
heating during reentry; results are summarized in
[108)), in which configuration the canopy compres-
sion on the leeward side is rather weak due to the
combined angle of attack and viscous effects (Fig.
58 [109,110]). A more representative configuration,
in terms of the shock wave boundary layer interac-
tion in the canopy region, is the one at zero angle of
attack because it exhibits a stronger canopy shock
and an interaction between the bow shock and the
canopy shock near the body surface (Fig. 59 [111]).
Noting, however, the limited amount of double ellip-
soid data at zero angle of attack and that the bulk of
the viscous computations to date have assumed equi-
librium chemistry, with little effort placed towards
systematic comparisons between perfect (frozen) gas,
equilibrium and non-equilibrium chemistry results to
assess thermochemical effects on shock wave bound-
ary layer interactions, further progress in this area
is anticipated within the framework of the European
winged reentry vehicle program and the forthcoming
qualification workshops [101].

6 SUMMARY AND CONCLUSIONS

Shock wave boundary layer interactions are of par-
ticular importance to the design of the control sys-
tem of lifting ascent/reentry/cruise hypersonic vehi-
cles, because of their effects on control effectiveness
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as well as heating. Although, locally in the vicin-
ity of deflected control surfaces on hypersonic vehi-
cles, the effective Mach number of the interacting
flowfield is often supersonic rather than hypersonic
(due to forebody incidence, bluntness, etc.), super-
sonic flow investigations are not sufficient to resolve
design problems as they do not readily contribute
to some of the design issues that are specific to hy-
personic flight. Such issues include the additional
heating constraints to the design of control surfaces,
and the effects of the forebody entropy layer and the
interaction between the forebody and control shocks
on both control effectiveness and heating.

In terms of control effectiveness, the problem reduces
to the determination of the geometric characteris-
tics of the interacting flowfield and of the pressure
rise over the effective body shape in the vicinity of
the control surface. Whether the interaction is suffi-
ciently strong to promote flow separation or not, the
presence of viscous effects causes a modification of
the effective body shape which, in turn, may have a
profound influence on the pressure recovery over the
deflected control surface. In addition, the presence
of an entropy layer approaching the deflected control
surface, and the interaction between shocks near the
deflected control (e.g. between forebody, separation
and reattachment shocks) will further influence the
pressure distribution and, thus, control effectiveness.
The length of the deflected control surface is also
important in determining whether a full pressure re-
covery is achieved.

For simplified cases, like the flat plate / flat ramp
configurations discussed above, with thin boundary
layers, the pressure distribution may be determined
by combining inviscid oblique shock theory with the
free interaction theory, provided that the geometric
characteristics of the interaction are known. Thin
boundary layers, in such cases, imply rather sharp
pressure rises through separation and reattachment
and, thus, the overall pressure recovery may be well
approximated by the inviscid pressure rise through
a single separation shock and a single reattachment
shock. The interaction between the two, and the re-
sulting expansion or compression at their intersection
may be obtained through the inviscid double wedge
theory.

In more realistic cases, however, involving nonuni-
form oncoming flows (entropy layer), and thick bound-
ary layers, the pressure recovery over the deflected
control surface will stretch over a significant distance
relative to the actual length of the control surface
(in contrast to the aforementioned single separation
shock / single reattachment shock model). The res-
olution of such cases, when also adding the uncer-
tainties in determining the geometric characteristics
of the interaction, will likely require the performance
of specific Navier-Stokes computations or full simula-
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tion experiments. And noting that the uncertainties
in the determination of interaction geometric charac-
teristics are partly related to the transitional nature
of many interactions, which computer or wind tunnel
simulations fail to model for the moment, a designer
may eventually be forced to incorporate worst case
estimates in the design cycle (as, for example, the
maximum fully laminar extent of the interaction).

In terms of heating of the deflected control surface,
the detailed heat transfer distribution is not required
by the designer. Instead, an estimate of the peak
heating level on the deflected control is needed for
sizing the thermal protection system of the control
surface. The precise location of peak heating on the
surface is less relevant. Noting that peak heating oc-
curs at the end of the reattachment compression in
an attached flow region, the problem mainly reduces
to understanding the thickness and nature of the
reattaching boundary layer at the location of peak
heating, and the effective flow conditions at its edge.

For the simplified configurations considered herein,
and conditions corresponding to cold wall wind tun-
nel testing, the reference temperature concept has
been successfully applied to the prediction of the
ramp heat transfer distribution and to the devel-
opment of a peak heating correlation. For strong
interactions, and for cases where laminar-turbulent
transition was very efficiently promoted in the reat-
tachment region, it has been found that the bound-
ary layer thickness at the location of peak heating
may be well approximated by simple geometric ar-
guments, assuming a zero thickness at reattachment
(i.e. assuming the virtual origin of the reattaching
boundary layer to be located at reattachment). For
weaker interactions, or interactions involving a thick
oncoming boundary layer, this approach is bound to
yield too small a boundary layer thickness and, thus,
too high a peak heating estimate.

For more realistic cases, exhibiting strong pressure
gradients in the vicinity of peak heating (mainly due
to strong shock/shock interactions), and with hot
wall configurations (representative of flight rather
than wind tunnel conditions), the applicability of the
zero pressure gradient reference temperature theory
becomes questionable, and more sophisticated tools
may be required for the prediction of peak heat-
ing. Such pressure gradient effects, and the influ-
ence of realistic geometric shapes (involving blunt-
ness/entropy layers and surface curvature) upon the
validity of the proposed pressure interaction peak
heating correlation remain to be checked.

The formation of streamwise striations in reattach-
ing flow regions has been found to depend on a bal-
ance between the presence and strength of initial
disturbances (freestream turbulence, noise, geomet-
ric irregularities,...) and amplification mechanisms
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(strength of the interaction i.e. adverse pressure gra-
dient and flow concavity, Reynolds number,..). For
the class of flow and geometric conditions examined
herein, streamwise striations have been detected in
cases where the oncoming forebody flow was stable
and fully laminar, and have supported the occurrence
of laminar-turbulent transition on the deflected con-
trol. Upon attainment of fully turbulent flow, stria-
tions have dissipated and the spanwise heating vari-
ations damped to effectively zero amplitude.

Concerning striation heating, all available data indi-
cate that the macroscopic effects of striations may
be treated as an integral part of laminar-turbulent
transition. Despite the large spanwise heat trans-
fer variations detected in a number of cases, the lo-
cal turbulent heating level has consistently provided
a good approximation to the upper limit of heat
transfer peaks on the deflected control surface. Con-
sequently, a maximum turbulent estimate for peak
heating, corresponding to the minimum boundary
layer thickness and maximum pressure on the control
surface, such as the one given by the proposed cor-
relation, remains valid even in the presence of strong
striations. It is also noted that, similar to control ef-
fectiveness, the lack of adequate transition/striation
models, may again force the designer to rely upon
worst case estimates like the aforementioned turbu-
lent peak heating level.

Tripping the oncoming boundary layer has been pro-
posed as an effective way to minimize shock wave
boundary layer interaction effects on control effec-
tiveness and heating. The idea is that a turbulent
oncoming boundary layer will most likely remain at-
tached for typical control deflection angles, and this
will not be to the detriment of control heating if the
interaction with a laminar boundary layer is, anyway,
expected to promote laminar-turbulent transition. It
should be borne in mind, however, that a turbulent
oncoming boundary layer will be thicker than a lam-
inar one and, although there may be no separation,
the extent of the turbulent interaction may be similar
to the laminar case and not beneficial in terms of con-
trol effectiveness. Still in such a way, the minimum
boundary layer thickness on the deflected control sur-
face may be larger than in the transitional case (with
transition occurring at reattachment) and, therefore,
beneficial in terms of heating.

Clearly, the complexity of shock wave boundary layer
interaction phenomena, particularly over realistic con-
figurations, combined with the difficulties and mea-
surement insufficiencies in wind tunnel testing make
CFD a very important potential contributor to the
design of control surfaces. But, despite the signifi-
cant progress achieved in the field of Navier-Stokes
simulation of hypersonic separated flows with impor-
tant viscous-inviscid interactions, a number of diffi-
culties (resolution, accuracy, computational efficiency,
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...) and uncertainties in the quality of the results re-
main. Emphasis will, therefore, continue to be placed
on CFD code validation with the help of workshop
activities.

Although there is not much to be done with transi-
tion modelling (except for Large Eddy simulations),
more realistic (and less conservative) worst case esti-
mates may be obtained from reliable computations,
particularly when complex configurations are consid-
ered. Assuming that transitional interactions (with
transition occurring in the reattachment region) rep-
resent the most adverse case for both control effec-
tiveness and heating (which is not evident with com-
plex geometries), a computational strategy may be
proposed. First, a converged, grid-independent fully
laminar computation may be performed to provide
the maximum possible extent of the interaction (and
separation). Such a computation is also bound to
yield the minimum possible thickness for the reat-
taching boundary layer. Continuing, thereafter, by
“switching-on” a standard turbulence model in the
attached flow region downstream of reattachment will
provide a maximum possible turbulent heat trans-
fer peak on the control surface corresponding to the
minimum local boundary layer thickness. This ap-
proach has been shown to perform well with simple
flat plate/ two-dimensional ramp geometries, but re-
mains to be checked with more complex configura-
tions, such as the hyperboloid / flare.

Finally, it is rather early to comment on real gas ef-
fects upon shock wave boundary layer interactions.
Nevertheless, preliminary computational results have
demonstrated an indirect effect through the influence
of thermochemistry on the blunt forebody flow condi-
tions approaching the region of interaction. Clearly,
the situation may be significantly complicated if im-
portant thermochemical activity occurs within the
interaction, but no explicit results are yet available
in this area.
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M = 4, AOA = 15 degrees [20]
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Fig. 10 - Pressure distributions over flat plate and flat plate / 2D ramp configurations at Mach
14.2 with Rer = 1.8 x 10° and T,,/To=0.12 [21]
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Fig. 11 - Pressure distributions over flat plate and flat plate / 2D and swept ramp configurations

at Mach 14.2 with Rey = 1.8 x 106 and T,,/To=0.12 (8 = 15°) [21]
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with Rer=720,000 and T, /Tp=0.6 [21,43]
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Fig. 20 - Effect of entropy layer (leading edge blunt-
ness) on the heat transfer distribution over a flat
plate / 2D 15° ramp configuration at Mach 10 with
Rer = 2.1 x 10® and T, /Ty=0.26 [41]
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and comparison to recent Mach 6 data [43)
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Fig. 22 - Approximation to the growth length of the
reattaching boundary layer to the location of peak
heating [50]
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Fig. 23 - Correlation of laminar and turbulent peak
heating data referenced to laminar flat plate heating
level [21,43]
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Fig. 24 - Oil flow [41] (Mach 10) and sublimation [43]
(Mach 6) surface visualization of streamwise stria-
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Fig. 25 - Thermosensitive paint [59] (Mach 10) and infrared [60] (Mach 8.15) visualization of

streamwise striations
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Fig. 26 - Infrared thermograms over flat plate / 2D ramp configurations at Mach 6 with T, /To=0.6 [21,43]
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Fig. 27 - Infrared and sublimation observation of effect of leading edge perturbations on the
formation of striations over a flat plate / 10° ramp configuration at Mach 6 with Rer=320,000
and Ty, /To=0.6 [21,43] - =
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Fig. 28 - Streamwise evolution of spanwise pitot
pressure distributions in the boundary / shear layer
over a flat plate / 2D backward facing step configu-
ration [52]
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Fig. 29 - Spanwise heat transfer distribution in the
reattachment region on the flat plate / 2D backward
facing step configuration - with discrete perturba-
tions at leading edge [51,52]
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Fig. 30 - Streamwise evolution of spanwise heat transfer distribution over a 10° ramp configuration
at Mach 6, Re;=320,000 from thermogram of Fig. 26b (40 um leading edge) [21,43]
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Fig. 31 - Effect of model leading edge thickness and/or disturbance distribution on spanwise heat
transfer distribution on 10° deflected ramp at Mach 6, Reg = 320,000 [21,43]
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: : laminar and turbulent results, Rer = 1.3 x 10° [75]
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configuration at Mach 14.1 with Re;=105,000 and
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Fig. 40 - Evolution of the computed location of the
separation point with number of iterations and grid
refinement for the Mach 6, 7.5° ramp test case of Fig.
39 [78]
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Fig. 42 - Comparison of measured and computed pressure and heat transfer distributions, and

temperature and density profiles over a flat plate / 25° ramp configuration at Mach 10 with
Rer=30,000 [85]
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Fig. 43 - Comparison of measured and computed (laminar) heat transfer distributions over a flat
plate / 15° ramp configuration at Mach 14.1 with Re;=450,000 and Ty, /T¢=0.12 [75,78]
Fig. 44 - Comparison of computed (laminar) density contours with the schlieren photograph for
the Mach 14 forward 15° ramp test case of Fig. 43 [75]
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Fig. 45 - Comparison of measured and computed
(laminar) heat transfer distributions over a flat plate
/ 15° ramp configuration at Mach 10 with Rez =

2.1 x 10° and Ty, /T0=0.26 [87)
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1.3 x 106 and Ty, /To=0.12 [87]
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Fig. 46 - Comparison of measured and computed
(laminar) heat transfer distributions over a flat plate
/ 15° ramp configuration at Mach 14.1 with Rer =
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Fig. 47 - Comparison of measured and computed heat transfer distributions over the flat plate /
rear 15° ramp configuration at Mach 10 with Rey = 2.1x 106 and T, /T0=0.26 - laminar, turbulent
and transitional computations with turbulence model ”switched-on” at reattachment [88]
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Fig. 48 - Comparison of measured and computed
heat transfer distributions over the flat plate / rear
15° ramp configuration at Mach 14.1 with Rep =

1.3 x 106 and T,,/T(=0.12 - laminar, turbulent and
transitional computations with turbulence model

“gwitched-on” at reattachment [75,78)
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Fig. 49 - Comparison of measured and computed
(laminar) pressure distributions over the flat plate
/ rear 15° ramp configuration at Mach 14.1 with
Rer = 1.3 x 10% and T,,/T=0.12 - grid dependence
study [78]
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Fig. 50 - Comparison of measured and computed
(turbulent) pressure and heat transfer distributions
over a flat plate / 35° ramp configuration at Mach §
- algebraic turbulence models [87]
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Fig. 51 - Comparison of measured and computed
(turbulent) pressure distributions over an adiabatic
wall flat plate / 24° ramp configuration at Mach 3-
influence of turbulence models [97)
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Fig. 52 - Comparison of measured and computed
(laminar) heat transfer distributions over a flat plate
/ 30° swept, 15° ramp configuration at Mach 10, with
Reapes = 2.1 x 10° and Ty /T0=0.26 [94,99]
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Fig. 54 - Pressure and Mach contours around the
hyperboloid / flare configuration at Mach 8.7 [102]
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Fig. 55 - Comparison between predictions of the pressure and heat transfer
distributions over the hyperboloid / flare configuration at Mach 8.7 [103-105]
|
>

f Y Y r r T Y A

x/L
Fig. 56 - Pressure contours near the hinge line of the hyperboloid / flare config-
uration at Mach 25, Re;=120,000, T, =800 K, Too=192 K (flight conditions,
77 km altitude); left: frozen air perfect gas model; center: chemical nonequi-
librium air model; right: thermochemical equilibrium air model [106]
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Fig. 57 - Effects of thermochemical air model on the pressure and heat transfer
distributions over the hyperboloid / flare configuration at 77 km altitude flight
conditions [106]
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Fig. 58 - Temperature contours over double ellip-
soid configuration at 30° angle of attack, Mach 25 -
equilibrium gas computation [110]

Fig. 59 - Temperature contours over double ellip-
soid configuration at zero angle of attack, Mach 6.6
- equilibrium gas computation [111]
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The course also provided a focussed review of recent progress for swept interactions in
both laminar and turbulent flows, including discussions on the following topics:

— flowfield structure

— scaling and similarity laws

— effect of shock strength on flow features

— effect of shock generator geometry for a given shock strength

— experimental techniques for investigating swept interactions, particularly optical

techniques
— contributions of numerical simulations to the understanding of swept interactions.

An indepth coverage of the effects of turbulence and turbulence modelling on the
flowfields and other related phenomena resulting from swept-shock-wave/boundary-layer
interactions is also provided in these notes.

The material assembled in this report was prepared under the combined sponsorship of the
AGARD Fluid Dynamics Panel and the von Kérmén Institute (VKI) for Fluid Dynamics. It
was presented as an AGARD FDP/VKI Special Course at the VKI, Rhode-Saint-Genése,
Belgium, 24th—28th May 1993.
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