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FORZWARD

The present study is part of a program of theoretical
and experimental research on hypersonic flow bteing conducted
by the Gas Dynamics Laboratory of the Department of Aeronautical
Engineering at the James Forrestal Research Center, Princeton
University. This study is sponsored by the Aeronautical Research
Laboratory, Wright Alr Development Division, under Contract
AF 33(616)-7629, "Research on Boundary Layer Characteristics in
the Presence of Pressure Gradients at Hypersonic Speeds", with

Capt. W. W, Wells and Col. A, Boreske as consecutive project officers.

The advice received from Prof. S. M., Bogdonoff was of great

assistance during the entire study,
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. ABSTRACT

A study was carried out in the Princeton University 3 inch hellium
\ hypersonic wind tunnel at a Mach number of |1.7 to examine the flow
i over a flat plate with disturbances lccated at a distance from the
feading edge. The leading edge Reynolds number was varled from |90
+o0 20,900. The disturbances, varying in shape from a 10° to a 300
wedge, a 90° step and one with a hemlcylindrical shape, were Investi-
gated over the leading edge Reynolds number range. Schlieren
photographs and detailed surface pressure distributions were
obtained to determine the location of fthe separation point and the

! pressure ratio across the separation region,
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NOMENCLATURE

d Distance from separation pressure rise
to corner at intersection of flat plate
and wedge or step

h Afterbody height
M Mach number
p Measured pressure on the mode! surface
Ps Measured pressure on the flat plate
-P. without any disturbance
Po Stagnation pressure
pi Free stream static pressure on tunnel axis
(varies with distance along axis)
Ap = p=p,
Re’ + Reynolds number based on leading edge thickness
! and free stream conditions *
T Leading evae thickness
X Distance from leading edge
84 Angle separated boundary layer makes
with flat plate surface
Oy Wedge angle

Streamwise coordinate, measured from the junction
of the flat plate and afterbody
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INTRODUCTION

The study of boundary layer separation has been the sub ject of
many studies, both theoretica! and experimental, during the past decade.
A considerable amount of work has been concernel with this phenomenon at
superson:c speeds (Refs, | to 6); but results at hypersonic speéds, where

the problem is compl!icated by entropy and pressure gradlients, Is quite

sparse. The present work is part of a long range program to study the

hypersonic boundary layer, its separation characteristics, and to deter-

mine the parameters involved. Tie work reported herelin was concerned

: with the simplest conditl ‘ns which could be generated, a two-dimensional
flow over a flat plate with variable thickness leading edge. The dis-

: turbances, located at a distance from the leading edge, were also

; two-dimensional and varied from a wedge to a 90° step. The optice!

; and surface pressure distribution studies were conducted at a free
stream Mach number of |1.7 using helium as the tect flui.,

f' The work of Ref. 7, which detailed the fl.x ¢ver the basic flat

plate with variable thickness leading edgss, was used as the base

EAR—

results, and the influence of the disturbances on these flows was the

4

subject of the present Investigation,

PR L My L s vaar

TEST FACILITIES AND MODELS

IR

g The test program was carried out .n the Princeton University hellum
hypersonic wind tunnel (Ref., 8, Flg. |). A :ontoured nozzle was used

which gave a Mach number of 1.7 + 0.25 over an axia! length of about

i A S B MR R
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7 inches. The tests were carried out at a stagnation pressure of
1000 psia with a stagnation temperature of about 75°F. For these
conditions, the free stream Reynolids number was 10% per inch. Running
times of several minutes were available to insure thermal equilibrium,
The model consisted of a flat plate with various-shaped after bodies
mounted on it, Fig. 2. The basic flat plate was made from & inch thick
flat ground stock, 2 inches wide and about 4 inches long. The leading
edge was formed by grinding a 10° wedge off the bottom surface and the
{eading edge Tthickness was varied by cutfing off material normul to the
test surface., Afterbodies were attached to the flat plate 2 inches from

(e}

the leading edge and consisted of wedges with angles of OO, IOO, 20 °

, 30
ard 90° (a step). 1In addition, a hemicylindrical step was also used
(Fig. 2b). All these afterbodies had a height of 0.2 inches and an addi-
tional afterbody of the 10° wedge was made with a height of 0.4 inches. .
The total length of the flat plate formed with the "0°" wedge was
4,27 inches. The joint between the plate and the afterbodies was sealed
with clear !lacquer to prevent leakage. When pressure distribution and
separation results were being obtained, the models were equipped with
side plates which completely enclosed the separated region (see Fig. 2a).
For optical studies, these side plates were removed. Their removal
noticeabl!y affected the measured pressure distribution so that the
optical studies can only be considered as quantitative.
Static pressure orifices were iocated along the center line of the
mocel, These orifices were connected to manometers using silicone oil
or mer~ury by means of copper tubing., The reference pressure for these

manometers was kept at about 20 mlcrons.

i N
i+ e s e onwe
, .
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i g' Schlteren photographs were taken of the flow about the body using

a two-mirror, on-axis spark system with a spark duration of about

| microsecond., A horizontal knlfe edge was generally used,

RESULTS AND DISCUSSION

ot s 2 v 3 0

Several investigations have been conducted on the phenomenon of

separation of a laminar boundary layer ahead of a step in a supersonic

boundary layer whose characteristics were well known. For the hypersonic

¥

1

1

! 8 stream, A unlform external stream existed and separation occurred in a
H

:

case, the problem is complicated by the fact that the boundary layer-

leading edge shock Interaction induces a flow field over the entire plate.

B2 ik B et AT

A

As the leading edge thickness Is Increased, the conditions over the plate

.
e emn et

PR pr s e peemprormresv gy e L SRS

of the boundary layer, the pressure gradient and level along the wall,

5k
% é; vary: for very thin leading edges the effects are primarily viscous, for
% % %j very thick leading edges the effects are due to the nose itself and are
i g ?E primarily Inviscld. At a glven station on the plate, a change in the
% : ?3 leading edge dimension results in changes in the thickness and profile

e kg vt

and the Mach number and normal entropy gradients at the outer edge of

the boundary layer.

At these hypersonic speeds, iitfle detalled experimental informa-
tion Is available on the ftwo-dimensional separation phenomenon. Some
data are ayallable for conditions ahead of a forward tacing step at a

Mach number of 6.5 In air (Ref. 9) and-some previous results from the

vt aemrrim o

Pri. zeton University Gas Dynamics Laboratory show the strong effects of

trailing edge flaps for Mach numbers up to I3 in hellum. The present

work is an attempt to repeat the well known systematic varlations of the
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supersonlc studies under hypersonic conditions with its attendant .
i leading edge complications.

In a previous paper (Ref. 7), the details of the flow over a flat

plate at a Mach number of 11,7 with leading edge thicknesses from

—

0.2x|0—3 to 2l.8x|0-3 Inches were obtained. The present paper con-
siders the same Mach number and range of lzading edge thlcknesses so

that the results of Ref, 7 are used as the "“no disturbance" case.

Some typlcal schlieren photographs of the flow over the flat plate
are shown in Fig. 3 and the measured pressure distributions In Flg. 4.

For each leading edge condition, the flow over the flat plate and the

ST P

% disturbance were studied for the various disturbvances.

n

i OPTICAL STUDIES
Schlleren phofographs were taken for each test conflguration

(without side plates). Some typical photographs are shown In

Flgures 5 to 7.

In Figuré 5, the effect of the disturbance on the flat plate with

L e —— e

o - SAY DAL

" +ad leading edge thickness Is seen. The three shocks, at the lead-~

dge, separation and reattactiment are well defined. The turning of

B

[Qprev—

the flow as indicated by the edge of the boundary layer is also quite

AW LE S

‘e

clearly seen. The separation point (as roughly defined by the Initial
Turning of the boundary layer) is seen 1o mové forward as the wedde
angle Is Increased,

Thé effect of the leading édge thickness on the flow over a flat

e

.
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plate with a 10° wedgé is stown In Flg. 6a, ¢, d. As the leading .

édge thickness Is Incréased, thé s&paration point moves ¢loser fo the ;
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Junction of the plate with the wedge. The shocks caused by the
+urnfng of the flow due to separation and reattachment ar. quite
distinct for the thin leading edge, but merge to form a single shock
for + = 21.8x10™ Inches.

For the same leading edge thickness, the io® wedge was changed
from 0.2 inches to 0.4 inches to evaluate the effect of the downstream
boundary of the wedge, Fig. 6b.

The other extreme for a disturbance on the flat plate was a 90° step,
or a forward facing step (Fig. 7). For the thin leading edge, the
separation starts close to the leading edge. In fact, for t = I.7xlO-3 {
Inches, [+ was imposslible to establish the flow (the tunne! would not
start). As the leading edge thickness Increases, the separation occurs
further back on the plate. In all cases, the reattachment seemed to be
at the top corner of the step.

The angle which the separated boundary layer makes with the flat

A Ven

plate was measured for all conditions. The separation angle, Qd , s

plotted against the forward propagation distance, d (Flg. 8). There

is considerable scattering of the data for leading edge thicknesses of

[,

5.Ix|()"3 Inches and less. The overall separation angle variation Is
from 3.5° to 8° for wedge angles from 10° to 90°. For leading edge
thicknesses equal to 5.lx!0_3 inches and less, the separation angle
seems to be independent.of the wedde angle for the same forward

propagation dlstance. However, as the leading edgs. thickness

S KA K 8

Increases, the separation anglé increases, and at a value of
+ =‘2!.8x10~3 inches, 9& Is approximately 502 more than the. value:

for the thin Jeadlﬁg edges. .
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It should be pointed out that the valuss of Gd were obtalned .
from pictures taken of the mode!l without side plates. Hence the data
should only be considered qualitative. However, as the Initial pressuée v
rise does not seem o be strongly affected by absence of the end plates
; (see next sectlion) the measured values of ed are a very good
§ approximation to those that would have been obtained were end piates used,
PRESSURE DISTRIBUTION STUDIES
i The pressures measured on the flat plate and afterbody are presented
| as the ratio of the measured pressure, p , to the Iocél tunnel pressure
, p; , as a function of the distance £ measured from the junction of the
] flat plate surface with the step., In order to keep the flow over the )
P surface free from three-dimensional effects, all pressure distributicn
studies were carried out with end plates sealed to the sldés of the .
model., The effects of the flow over thé plate with a 10° wedge with and
; without side plates Is shown In Flig. 9 and derger effects were fougd
f for stronger disturbances.
The detalled pressure dis+f?§u+loﬁs are summarized In‘Figs. 10
? to 12. In Fig. 10, fthe pressure distributions with & 10° wadge of two :
z, helghts for plate leading edge thicknesses of 0.2, 0.8 and 5.1x10™>
% Inches are presented. Since this iﬁ*éﬁétflEﬁ*Wa§'Thé weakest studied; »?
;;’; conslderable attention was pald to thé efféct of -dowhstream ‘drsﬂrp‘éncejs 3 §
& on the geparafion pherotiénon:and €6 two' wedge HETghts or Tengths were ; g :
examined: -As can-be séeh; althdugh' ;jri‘:'éfffééf 6f‘~‘-‘éj‘h:é’n*§jr‘ﬁ§~'€+’f§5f;Wé’dja'jei : : ? o
| helght was feund, |45 aftects vers.ralatively shallin-he Fagion bt R
3 Inferest. Theabsenceofanyeffgéfon fhe, presaurs.di stFTbutfon caused. o j
; 1 \ by ncreasiag the: 10° weidge: heigh‘f From.0:3 46 Gid Thches is cohsidered B ? ;
i IR : : T
. ')1¥§§§‘;%lﬁlf?%{§jﬂ o
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important In extending the above results to the general case of
sepafafion ahead of a wedge whose helght is greater than the boundary
layer thickness.

The calculated inviscid wgdge pressure based on free stream condi-
tions is shown on all the figures although a better prediction fs

obtained If the Mach number and static pressure at the separation -point

Is used, For purposes of clarity, the besginning of the pressure rlse
(deviation of the measured pressure from that found on the basic flat
plate) Is termed the '"separation point"., This is not actually the

"point" at which separation occurs, but separation does appear close
Yo thls polnt, as determined from oll trace studies. Between tho

separation point and the junction ofifhe wedge with the flat plate,

H

the pressure rises.slowly with an Inflectlion point In the curve
occurring close to the beginning of the wedge. The pressure gradient
on the wedge Is considerably greater than over the plate and exhibits
no strong varlation around the reattachment point. The pressure distri=-
butions for the various disturbances for each of the léading edge
thicknesses are shown in Fig. 1!, Choking of the funnel occurred for
all models at + = O.leo_3 Inches except for the T wedgeés,

The pressure distributions In the séparation regions In all cases
resemble those assoclated with pure laminar separation at supersonic
Mach numbers (Refs, 3 and 5). The pressuré rises as the boundary. layer
separates from the surface and then femélns‘ajmpg}fqgnsténf~q[qng,fhe
separation region until the upstream edge of ‘the disturbance Is

approached. A smalt dip In the. préssure curves Just béfore the dis~

turbance. Is typlcal for strong dlsturbances and Is assoclated. with: the

e A R PN R B R Ko 330 AT

i
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On a plate of

generation of a small secondary vortex in the corner.
given leading edge thickness, the forward propagation of separation is
strongly affected by the disturbance used (Figs. 10 and (1), For
example, In the case of Tt = I2;7xlé_3 Inches (Fig. 1id), fhe‘square

step causes the separation pressure risé 1.5 inches (or 7.5 step

lengths) ahead of the corner. Rounding the step or reducing the wedge
angle results in the beginning of separarion moving downstream until,

in the case of a 10° wedge, it liés only 0.4 inches ahead of the corner.
The beginning of separation moves downstream Into a reglon of Iincreased
Mach number and increased boundary layer thickneds. The gradients in
the reattachment region go up sharply as the disturbance gets stronger
(varying from the 10° wedge towards the step).

For a given wedge conflguration the leading edge thickness strongly

affects the forward propagation of separation, as shown in Fig. 2.

For example, In the case of a 30° wedgé (Fig., 12b) the pressure rise
occurs 1.5 Inches ahead of the cofner for t = O.8xl(\).;3 inchés. The

Mach number at the edge of the boundary layer at thé separation point

is about 8 (Réf., 7)., As the leading edge thickhess IS increased to
2I.8x10~3 ihches, thé separation méves back To a point 0.9 Ihches ahead
of the cornér. Af this positian, thé Mach number af the boundary layer
edge 15 about 3,5. In the case of a IOO’Wéﬂgé with + = 21.8x16™> inches
the séparation point has ioved back untll Thé pressuie Fisé aéross The
inferaction has o 1hflection polfit (Fig. I2a) and the separation reglon
has almost disdppearsd (Figs' 6d¥. i

For all disturbancés, the General frends were thé saiés blupfing

the ledding 6dge decreasel’ fhe extent &t the separated region. The
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separation point moves back towards the disturbance and occurs in a
reglon‘of lower Mach number. Blunting increases thé pressure level over
the plate and also resulfs in much stronger entropy variations outside
the boundery layer.

The forward propagation of separation or the pressure rise is
summarized in Fig. 13 with a plot of the forward propagation distance, d ,
versus log t . The lower limitations on leading edge thickness for the
20° and 30° wedges, and the rounded and square step models were caused by
tunnel choking. The 10° wedge results show a well established maximum
forward propagation for thin leading edges and what looks. I1ke a minimum
for thick leading edges. The curves corresponding to the other wedges and
steps appear to have the same form, and presumably would approach simllar
limits if the tunnel could be operated for the thin leading edges and the

tests were extended to even blunter leading edges.

PRESSURE RATIO ACROSS SEPARATION

The work done on separation of boundary layers in Supersonic flow
(Refs. 3 and 5 ) has shown that the pressuré ratio across separation
("plateau" pressure ratiod, the ratio of fhe maxinum preéssuré réached In the
disturbed plate) Is an important -parameter In describing the flow. In the
supersonic studies, thé undisturbéd flow resulted In a constant pressure
along. the-platé. In the présént:séries of tests, séparation ls super-
Imposed on- a. fayorableé préssure-gradiént -whose strength déepeénds on the
poslition of separation -afidion-the leading: edge: Thickiesss Undér these

eonditions, two pressure ratlos.can bé calculated: (1) nén=dimensionallzing

- by The'pressure-at thé:separation polit; and (2) noh=dimensionaiizing by

o
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the pressure on the undisturbed flat plate at corresponding streamwise

stations. Since, for some cases, there are strong variations in pressure

along the plate without the disturbance, the latter method was chosen.

The pressure ratio thus calculated is a measure of the local disturbance

caused by the wedge or step and such results are presented in Figs. 14 and

15, where P/PF p Is plotted versus x . Flgure l4a shows the effect of
’ .

varying wedge angie on the flat plate with a leading edge thickness
O.8xlO_3 inches. Simllar plofs for + = 5.1 and 2|.8x10-3 inches are

shown in Figs. 14b and l4c. The effect of varying leading edge thickness

for a given wedge or step configuration Is shown in Fig. 15 for the 10°
and 30° wedges and square step. In nearly all of the casés studied, the
pressure curves approach a plateau valud of pressure ratlo In the
separated region. Tﬁis valiue is reterred to as the "pressure ratio across
separatien", A plateau pressure is not reached for thé 10° wedge except
for the thinnest leading edge case and for several of the other configura-
tions although the gradients become quite small.

It is seen from Fig. 14 that, as the point of separation moves forward
on the given flat plate (into a region of lower M and reduced -boundary
layer thickness), the pressure ratio across separation 1s .Increased. For

example, on the flat plate with T = 5.1x107> Inches (Fig. 14b), the
pressure ratio increases from about 2.0 to 2.75 as the wedge ariglé 'I's
Increaséd from 20d o 992» This ¢ofrésponds. 1o ¢he,m§ésgned'bouﬂd§ﬁy
layer separation &ngle. . ‘(‘e;a);. »-1ﬁ,c_cggg_zﬁg:.tfﬁqmas‘? to :69 {Eig.. 9;

Figure }5 ;bgﬁéafhétgﬁééjtﬁglig@di@g;gdééﬂfhltkﬁ§5§ciSsIhq?éaé@ﬁsé@@‘

the -Mach number ‘at -Fhe: boundary.-| ayer-édge: 1§ decreaséd; thé separation-point
moves back and:the s6paration. pressuse catio-ds decreassd-fora: glvén wedge

of step. For example; in the case of thé-3quarée Step.(Fig, 15¢); the -
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pressure is 2.8 for t = 5.leO-3 Inches and is reduced to 2.35 at
t = Zl.8><I0”3 Inches.

In the case of the flat plate with a leading edge thickness of
2|.8><l(5-3 inches, he Mach number at the edge of the boundary layer is
known fo ve about 3 to 4 In the region where separation is occurring
(Ref, 7). Thus the pressure ratio across separation can be compared with
that presented by Gadd in Ref. 5 for separation at similar Mach numbers
In alr. Their results are shown in Fig. [4c for both laminar and turbulent
separation. The turbulent pressure ratio Is shown for the flow ahead of a
square step. The present tests show the pressure ratlo across sepaiation
to be higher than the laminar value (about 1.25) but less than the turbulent
value (between 2.9 and 3.7): the pressure ratio ahead of the square step
for t = 2!.8x|0-3 Inches is 2.35. A study is presently being conducted
to determine the detailed heat transfer on a similar flat pléte at a Mach
number of |2 In hellum. The preliminary results show a continuous!y decreas-
Ing heat transfer over the entire model indicating that a laminar boundary
layer exists on the surface., No detalled ressults have been obtalned on the
boundary layer once it has separated. From the schileren photographs of
the separated flow configurations, I+ Is not possible to state with cer-

tainty that the boundary layer Is laminar through reattachment, As the

. pressure ratio across separation seemed to be high for thé laminar casé and

- prEsent vork,

low for thé turbulent case, the boundary layer could possibly bé fransi=

tlonal through the separafion region. Further work on thé separated boundary

layer will be nécessary %o clarify this point. This uncsrtainty in the

boundary layer characteristics after separation (ses, for example, Flg. 7, &

and ¢€) Is-the major polnt which must quallfy the conclusions of the

= -
o
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CONCLUDING REMARKS

The separation phenomenon on a flat plate In hypersonic flow is
strongly dependent upon the leading edge conditions. The entire pressure .
distribution on the model can be changed by modifving the leading edge
thickness., Hence, separation can occur on the plate either at high Mach
numbers (occurring if the leading edge thickness is small) or low Mach
numbers (if the leading edge-thickness Is Iarge). It Is also important to
point out that the separation phenomenon +akes place in a favorable
pressure gradlent,

In the present study, the leading edge thickness was varied so that
the Mach number at the beginning of separation varied from 10 to 3. The
iength of the flat plate was kept constant and under most conditions, the
height of the disturbance was held at 0.2 inches. However, for the single
case of a 10° wedge this height was doubled and no effect of thls change
was noted in The separation-reattachment region. For a fixed leading edge
thickness and wedge height, the forward propagation of the separation point
Increased as the wedge angle increased.

The pressure ratio across separation {baséd upon thé undisturbéed flat
plate distribution) increased as the separation point moved towards the
léading edge. This was aocombIIShed el ther b§ Increasing the wedge angle
for fixed léading edge fhlckness or decreaslng the leading edgé thickness
for flxed wedge angle. The measured pressure raTios across separa?lon were
hlgher sthan those measured In air for fhe lamlnar case (a? fhe samé local
Mach humber aft +he separaTIon polnf) ‘but was: less than the corresponding

Turbulenf values.~

More defalled sfudles of Fhe. separafed boundary layer are requlred to-

defermlne whefher Translfion might beé affec 1hg “+he- presen?ed T8 11};

al?hough The boun"”” ':;ygr,gn;fhe tlat;gLajeﬁW§s.lﬁglﬁ§E@
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a) t =0.20 x 10> inches, h = .2 inches

b) + = 0.20 » 10”2 Inches, h = 0.4 inches

3

€) t =1.7 x 10" Inches, h = 0.2 inches

Figure 6.

4) + =2'.6 x 10°° inches, h = 0.2 inches

Schlieren photographs of the flow over a flat plate
and 10° wedge at M = 11.7 for various leading edge
thicknesses and wedge height
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° l I M, =1L7; P, 21000 p.s.i.
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. -Flgure 8, Varistion of boundary fayer separation angle o
wrfh forward propagaﬁon of separahon : :
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Figure 15¢; -Pressure-distribution in thé-separatéd reaion-
non-dimensionalized by unseparated flat plate
pressures; square step '
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