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Chapter 1 

Introduction 

Computational Fluid Dynamics (CFD) has developed to the point where the flow field around practical 
aircraft and missile configurations can be described fairly realistically. Although problems related to the 
numerical accuracy (grid refinement) and turbulence modeling still limit the application of these codes, their 
use today is an integral part of aircraft development and design. Before a specific code can be used with 
confidence, it is essential to validate the code (to test the capability of the code to describe the physics of the 
flow correctly) or to calibrate the code (to establish the usefulness and reliability of the code for practical 
design applications). An essential part of the validation process is a comparison of the CFD code with the 
experiment. 

In 1979 AGARD’s Fluid Dynamics Panel established Working Group 4 to compile a number of suitable 
experiments for such a comparison. This has resulted in AGARD AR-138 (together with an Appendix 
published in 1984). The Working Group limited its scope at that time to two-dimensional airfoils, slender 
bodies and wingbody configurations. Some of the test cases have been used extensively in the past and are 
still used today. Since the publication of AR-138, CFD methods have improved considerably. More complex 
geometrical configurations with much more complex flow fields can now be calculated in fine detail. As a 
result of this, detailed experiments that cover a wider range of flow types and geometries are required for 
CFD validation. Many experiments that suit these needs have been made, but the results are not always 
easily accessible. For that reason AGARD FDP decided in 1990 to establish another Working Group on 
“The Selection of Experimental Test Cases for CFD Validation”. The first meeting of the Working Group 
took place in Amsterdam in the fall of 1990 and 7 meetings later the working group members retumed to 
Amsterdam for their final meeting. 

In the very beginning of the Working Group, it was decided to concentrate mainly on “validation” rather 
than “building b lock  or “calibration” experiments. Hence, the Working Group limited its scope of interest 
to the flow around generic configurations of practical interest. A questionnaire was sent out to request test 
cases. In total, over 100 questionnaires were retumed. Out of these, 65 were objectively selected for a more 
detailed written report and subsequent evaluation by the working group members. As a result of this 
evaluation, 39 test cases were selected for inclusion in this report. 

The report has been split up in two volumes. Volume I provides a review of the theoretical (chapter 2 )  and 
experimental (chapter 3) requirements, followed by a general introduction to the test cases (chapter 4), a 
two-page summary of all test cases (chapter 5)  and finally a discussion and some recommendations for the 
future (chapter 6). The detailed information on the 39 test cases can be found in Volume 11. Accompanying 
this is a set of floppy disk‘s where the relevant data of all test cases have been compiled. This set of floppy 
disks can be obtained upon request through national distribution centers (see Annex). 

The Working Group found it difficult to select reliable test cases. The inclusion of a test case within the data 
base does not automatically guarantee good quality. The Working Group takes no responsibility for the 
fitness or othenvise of the data base information, or for any decisions made thereafter on the basis of that 
infoimation. In fact, it is felt that the usefulness and reliability of a particular test case can only be judged 
after a comparison of theory and experiment. For that reason, AGARD FDP would appreciate it very much 
if the experience with the particular test cases could he reported to the Chairman of AGARD’s FDP TES- 
Committee on “Wind Tunnel Testing Techniques”. A standard form for this can he found at the back of this 
report. 
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In the Working Group, chaired by A. Elsenaar, both theoreticians and experimentalists were represented. 
Two subcommittees headed by E.G. Waggoner and P.R. Ashill formulated the requirements from the point 
of view of CFD development and experiment, respectively. Other active members of the group were 
J. Muylaert, D. Jones, V. Schmitt, H. Komer, E. Stanewsky, M. Onorato, U. Kaynak, M. Burt, S .  Lekoudis, 
E. H. Hirschel and D. Brown. C. Hirsch followed the activities of the Working Group on behalf of the 
Propulsion and Energetic Panel (PEP). 



Chapitre 1 

Introduction 

L‘a6rodynamique num6rique (CFD) a 6volu6 au point ob les champs d’6coulement autour de configurations 
rkelles d’a6ronefs et de missiles peuvent &re repr6sent6s de facon assez fidkle. Bien que l’application des 
codes soit toujours limit6e par certains problkmes li6s B la pr6cision numkrique (finesse des maillages) et B la 
mod6lisation des tourbillons, leur emploi aujourd’hui fait partie intkgrante du processus de conception et de 
d6veloppement des akronefs. Avant de pouvoir utiliser un code donn6 avec confiance, il est indispensable 
soit de le valider (tester la capacit6 du code B d6crire correctement la physique de 1’6coulement), soit de le 
v6rifier (6tablir l’utilit6 et la fiabilit6 du code en vue d’applications concrktes). L’un des 616ments essentiels 
de processus de validation est la comparaison du code CFD avec des r6sultats expkrimentaux. 

En 1979, le Panel AGARD de la dynamique des fluides a cr66 le groupe de travail No. 4, qui avait pour 
mandat de dresser une liste d’expkriences permettant de faire une telle comparaison. Ce travail a d6bouche 
sur la r6daction du document AGARD AR-138 (et d’une annexe publike en 1984). Le groupe a 
volontairement limit6 le domaine de ses recherches aux profils akrodynamiques bidimensionnels, aux corps 
effiMs et aux configurations voilure/fuselage. Certains des cas d’essai ont 6t6 trks largement utilisks daus le 
pass6 et le sont toujours. Les m6thodes CFD se sont considkrablement amkliorees depuis la publication du 
AR-138. Aujourd’hui, le calcul d6taill6 de configurations g6om6triques beaucoup plus complexes, aux 
champs d’kcoulement plus complexes, est tout A fait faisable. Par condquent, des expkriences couvrant une 
gamme plus large de types d’kcoulement et de geomktries sont demandkes pour la validation CFD. Bon 
nombre d’expkriences r6pondant B ces critbes out 6t6 r6aliskes, mais l’accks aux r6sultats pose souvent des 
problkmes. Pour ces raisons, en 1990, le Panel AGARD de la dynamique des fluides a d6cidk de cr6er un 
autre groupe de travail, sur d e  choix de cas d’essai expkrimentaux pour la validation CFDn. Le groupe s’est 
r6uni pour la premikre fois a Amsterdam en automne 1990. Sept reunions plus tard, les membres sont 
retoum6s B Amsterdam pour la r6union finale. 

Au tout d6but des travaux de ce groupe de travail, il a et6 d6cid6 de porter l’effort principal sur ala 
validation>) plutat que sur des exp6riences du type amodulairex ou dtalonnagea. Par conskquent, le groupe 
de travail a limit6 son domaine d’int6rSt aux kcoulements autour de Configurations genkriques d’int6r2t 
pratique. Uu questionnaire a 6t6 diffus6 afin de recueillir des cas d’essai. En tout, plus de 100 questionnaires 
ont 6t6 retoumks, dont 65 ont 6t6 s6lectionnks objectivement en vue de l’etablissement d’un rapport 6crit 
plus d6tailM pour &valuation ultkrieure par les membres du groupe. Suite A cette Lvaluation, 39 cas d’essai 
ont 6t6 choisis pour incorporation dans le pr6sent rapport. 

Le rapport est en deux volumes : le volume I donne un a p e r p  des besoins thkoriques (chapitre 2) et 
exp6rimentaux (chapitre 31, suivi d’une introduction g6n6rale aux cas d’essai (chapitre 4), un r6sum6 de 
l’ensemble des cas d’essai de deux pages (chapitre 5) et finalement d’un debat qui d6bouche sur des 
recommandations pour l’avenir (chapitre 6). Le d6tail des 39 cas d’essai est donn6 au volume 11. Le rapport 
est accompagnk d’un jeu de disquettes contenant les donn6es appropri6es B tous les cas d’essai. Ces 
disquettes sont disponibles B la demande auprks des centres de distribution nationaux (voir l’annexe). 

Le groupe de travail a 6prouvk des difficult& pour choisir des cas d‘essai fiables. La presence d’un cas 
d’essai dans la base de donnees ne repr6sente pas la garantie systkmatique de sa qualit6. Le groupe de travail 
n’accepte aucune responsabilitk ni de lajustesse, ni de tout autre qualit6 des informations contenues dans la 
base de donnkes, ni de toute d6cision prise ultdrieurement sur la base de ces informations. En effet, les 
auteurs sont de l’avis que l’applicabilitk et la fiabilitk d’un cas d’essai donn6 ne peuvent &re apprecikes 
qu’aprks avoir confront6 la th6orie et l’expkrience. Pour ces raisons, le Panel FDP de 1’AGARD aimerait que 
des retours d’information concemant des cas d’essai particuliers soient adresds au Pr6sident du comit6 
AGARD FDP TES sur ales techniques d’essais en soufflerien. Un fomulaire B cet effet est joint ce 
rapport. 
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I Dans ce groupe de travail, qui &it prksidk par A. Elsenaar, les thkoriciens ont kti reprksenttk, aussi bien 
que les expkrimentalistes. Les objectifs du point de vue du dkveloppement CFD et des expkriences ont 6t6 
difinis par deux comit6, prksides par E. G. Waggoner et P. R. Ashill respectivement. Panni les autres 
membres actifs du groupe on distingue J. Muylaert, D. Jones, V. Schmitt, H. Komer, E. Stanewsky, 
M. Onorato, U. Kaynak, M. Burt, S .  Lekoudis, E. H. Hirschel et D. Brown. C. Hirscb a suivi les activitks du 
groupe pour le compte du Panel AGARD de Propulsion et d’knergktique (PEP). 
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C h a p t e r  2 

C F D  R e q u i r e m e n t s  for Co 

b y  

e Val ida t ia  

E. G. Waggoner (NASA-LaRC, USA) 
M. Burt (BAe, UK) 

S. Lekoudis (ONR, USA) 
U. Kaynak (TUSAS, Turkey) 

E. H. Hirschel (DASA, Germany) 
H. K6mer (DLR, Germany) 

1.0 INTRODUCTION 

Computational Fluid Dynamics (CFD) is a tool 
which is becoming increasingly more important 
for aerodynamic research and aerospace vehicle 
design and development throughout the world. 
Significant improvements in solutions tech- 
niques, geometric surface representations, 
modelling of complex physics, grid generation, 
computer processing power and post-solution 
graphics have contributed to this elevation. 
Coupling of CFD, ground based experimentation, 
and flight test has resulted in a powerful triad. 
Within this triad, each component is able to 
play a complementary role to the other con- 
stituents. 
in this triad, the question of solution confi- 
dence must he fully addressed. In essence, that 
is the intent of this document. Herein will he 
addressed the elements one would use to scru- 
tinize a computational method in order to de- 
termine a level of confidence in the method. 

Bradley '  and Marvin
2 

set the stage for this 
process and their work, we feel, has "aged" 
well. 
for something only six years old but progress 
comes quickly in a relatively young, rapidly 
developing technology such as CFD. Bradley 
discussed the CFD development cycle and de- 
scribed Phase V in this cycle as mature capa- 
bility. This involves "...increasing the under- 
standing and verificafion of the code's sensi- 
tivities to grids, convergence characterisrics, 
spacial accuracy, reliability, robustness. ease 
of use, and cost effectiveness." Marvin pre- 
sented definitions of code validation and caii- 
hration which have become accepted standards 
and were relied on to provide guidance for the 

For CFD to become an equal partner 

Aged may appear to he an odd description 

effort reported herein. For completeness, 

Marvin ' s2  definitions will he repeated. 

CFD code validarion: Detailed surface- and 
flow-field comparisons with experimental data 
to verify the code's abiliry 10 accurafely model 
the critical physics of the f low. Validation can 
occur only when rhe accuracy and limirations of 
the experimental data are known and thor- 
oughly understood and when the accuracy and 
limitations of the code's numerical algorithms, 
grid-density effects, and physical basis are 
equally known and understood over a range of 
specified parameters. 

CFD code c a l i b r h :  The comparison of CFD 
code results with experimental data f o r  realis- 
tic geometries that are similar to the ones of 
design interest, made in order to provide a mea- 
sure of the codeS ability f o  predict specific pa- 
rameters thaf are of importance lo rhe design 
objectives wirhout necessarily verifying that all 
the features of the f low are correctly modeled." 

As evident by the existence of this document 
there is increasing attention being given to CFD 
validation on many fronts; by researchers, code 
developers, and applied aerodynamicists. 
While incredible progress has been made in 
CFD in the recent past, there still exist some 
crucial areas of code development and applica- 
tions that one might consider significant harri- 
ers or inhibitors to CFD maturation: turbu- 
lence modelling, transition to  turbulence, sur- 
face modelling and grid generation, computer 
power, and algorithmic efficiency. 

It is the objective of this effort and the intent of 
this chapter to present a structured framework 



6 

for assessment and evaluation of candidate 
validation experiments. However, beyond that 
objective our vision is that this framework will 
he used as a guide for those who will design 
validation experiments in the future. 
Subsequent sections describe the CFD evalua- 
tion process, the CFD modelling process and 
relationship to validation, a description of ex- 
periments useful for CFD code validation, a de- 
scription of the process used by the CFD re- 
quirements subgroup of Working Group 14, and 
the requirements tables. 

2.0 THE CFD EVALUATION PROCESS 

The evaluation of a CFD code's current capabil- 
ity and realizable potential is a critical phase 
of the total development cycle, serving many 
purposes such as: - 

physics and geometric configurations that 
the code, in its current form, can predict to 
an adequate standard of accuracy. - Determining the optimum way in which 
the code, in its current form, can be em- 
ployed to predict airflows of high interest 
to and payback for the design engineer. - Establishing the requirements for future 
developments and evaluations of the code. 

Establishing the requirements for im- 
proved systems to support the code and its 
usage, such as computing platforms, grid 
generation and post-processing. 

Determining the categories of flow 

Hence, any evaluation study should address and 
satisfactorily answer at least some of the fol- 
lowing questions. - Does the code behave in a reliable and 

consistent manner? 

sults are acceptably free from non-physical 
or numerical inaccuracies? 
* What physical processes does the code 
model in a practical sense? 

Will the code be able to be used with 
confidence? 

- on radically new configurations? 
- on derivative geometries only? 

Does the code predict with adequate accu- 

- detailed features of the flow field, e.g. 
velocity maps? 

Can the user have confidence that the re- 

- 
racy all or only some of the following: 

- geometric surface parameters, e.g. 
p r e s s u r e ?  
- integrated effects, e.g. forces and mo- 
ments?  

* 

using pre-defined techniques, to better 
model the gross effects of the observed 
physical behavior? - 
tive of: 

Can the results of the code be modified, 

Is the code affordable from, the perspec- 

- computing time and memory? 
- elapsed time? 
- manhours of effort? 

Clearly, a code can be of practical value. albeit 
more limited than might be desirable, to a de- 
sign engineer even if it only partially satisfies 
the above questions. After all, the competent 
engineer will use whatever tools are at his or  
her disposal that are most appropriate to the 
required cost, timescale and quality of the so- 
lution to the problem under consideration. 
With CFD codes, as with other sources of data, 
it is important that the engineer knows the 
limits of their capabilities and competences so 
that these can be respected or  only knowingly 
breached .  

2.1 Def in i t ions  

Definitions and supporting notes tn describe 
various levels of a code's proven competence are 
proposed. These are intended to clearly distin- 
guish between many terms which are often used 
in a synonymous or hazy way, by outlining the 
different concepts attributed to each. These 
take and build on those definitions suggested 
by R. G .  Bradley in his opening address to the 
AGARD FDP Symposium on "Validation of 

1 
Computational Fluid Dynamics" in May 1988 . 
In turn, they help to identify the unique re- 
quirements that CFD method evaluation imposes 
on wind tunnels, models, measurements, accu- 
racy and engineers. 

2.1.1 Cons is ten t  CFD code 

A code which has been proven, beyond reason- 
able doubts, to be computing the correct solu- 
tion to its governing mathematical equations 
m d  demonstrating characteristics in keeping 
with the equations discretization. Frequently, 
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2.1.5 Cal ib ra t ed  C F D  code  

A code which, for some design-critical flows 
about realistic geometries, has been demon- 
strated to give acceptable results for certain 
specified parameters without its total capabil- 
ity being either known or necessarily fully cor- 
rect. Such a code cannot be used in a care-free 
manner for these geometry/flow combinations 
but strictly within the limits of the current 
level of calibration. 

2.1.6 Eng inee r ing  C F D  code  

A code which, when used in isolation, cannot 
provide results of sufficient accuracy but, by 
judicious adjustments based on observation or 
CFD, can produce results of some benefit to the 
design engineer. The adjustments might be 
made, based on a priori rules, from experimen- 
tal observation to modify: 

* the input boundary conditions 
* 

r a m e t e r s  
the computed flow variables or output pa- 

Respective examples of such adjustments are 
the prescription of a measured free transition 
line and the modification of surface pressures 
if viscous effects are not fully modelled. 
Alternatively, adjustments may be derived from 
results of a different CFD code, typically one 
having superior physical modelling but inferior 
geometric capability. The code's original 
shortcomings may be attributable to many fac- 
tors such as: 

* insufficient physical modelling 
* relaxation of attainable accuracy to 

- improve turn-around time or robust- 
n e s s  
- fit within available hardware limita- 
t i ons .  

After adjustments, such a code may still only 
be able to provide a good measure of incremen- 
tal effects rather than absolute accuracy, but 
this may be both sufficient and economical. 

2.1.7 Accuracy  

Throughout the definitions above, the term 
"accuracy" has been used in rather a loose way, 
often accompanied by the qualifier "adequate". 
This is to a certain extent deliberate as the 

there will be insufficient computing power or 
memory available to completely prove consis- 
tency. In such cases, one should establish the 
code's ability to deliver sensible and sometimes 
pre-definable trends with changes to solution 
parameters such as: 

grid density - artificial viscosity - convergence enhancerslaccelerators 

This is discussed further in Section 3.0. 

2.1.2 C F D  code  va l ida t ion  

The comparison of a consistent CFD code with 
suitable and sufficiently detailed surface 
andfor flow-field measurements to verify the 
code's ability to accurately model the critical 
physical mechanisms of the flow, for ranges of 
the salient parameters which have a dominant 
effect on those mechanisms. 

Validation can only occur when: . the accuracy and limitations of the com- 
plete experimental set-up are quantified 
and thoroughly understood 

the code's achievable consistency and 
physical basis are known over a range of 
specified parameters. 

2.1.3 Val ida ted  C F D  code 

A code whose accuracy and range of validity has 
been determined by detailcd comparison with 
suitable CFD validation experiments so that it 
may be applied, with a high degree of confi- 
dence and without recourse to further calibra- 
tion, directly to a geometry and flow condition 
which would be expected to exhibit the same or 
similar physical mechanisms and processes. 

2.1.4 C F D  code  ca l ib ra t i on  

The comparison of a consistent CFD code with 
experimental data measured on realistic geome- 
tries, similar to those of design intercst, to 
determine the code's level of competence in 
predicting specific parameters important to the 
design objectives, without necessarily verifying 
that all the features of the flow are correctly 
modelled.  
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overall level of accuracy required from a CFD 
code is dependent on the nature of the problems 
to which it is being applied. For example, the 
prediction of drag force and drag-rise Mach 
number on a commercial aircraft needs to he 
considerably more accurate than, say, the 
maximum lift and it's attendant incidence on a 
military aircraft, yet both are critical flows in 
their own right. In some cases, requirements on 
absolute accuracy can be relaxed as long as the 
change due to increments in Mach number, in- 
cidence or geometry is modelled correctly. 

2.2 Impac t  of CFD Evaluat ion on  
M e t h o d s  a n d  E x p e r i m e n t s  

Using the above definitions, a CFD code can and 
probably will, at any one time, be validated for 
some flows and only calibrated or used within 
an engineering procedure for others. 
entirely sensible and may he a result of several 
factors including: - insufficient physical modelling within 

the code 
* the current status of evaluation of the 
code - lack of suitable experimental data for 
evaluat ion - insufficient computing facilities 

This is 

Consider as a typical example a single-block, 
structured, Reynolds-averaged Navier-Stokes 
code, featuring an algebraic zero-equation 
model of turbulence. An evaluation of this code 
for wing flows might conclude that the code can 
be considered: 

validatcd for attached flows over isolated 
wings 

calibrated for mildly separated flows over 
isolated wings - suitable for providing viscous adjust- 
ments to an engineering CFD procedure for 
atlached flows about more complex configu- 
r a t i o n s  

Additionally, it may he determined that further 
effort is required on the turbulence modelling 
and solution efficiency to improve both accu- 
racy and turn-around. 

The experiments described within this report 
are all considered to be suitable for the valida- 
tion of CFD codes in terms of the type of flow 

and geometry investigated, the documentation 
available, data accuracy and data availability. 
Many will likewise be suitable for code cali- 
bration, especially the more complex configu- 
rations which most resemble actual aircraft. 
This is not to say that such configurations are 
not suitable for code validation. Although the 
availability of flow field data may be strictly 
limited, making validation as defined above 
very difficult to achieve, a pragmatic approach 
should prevail. It is advised that, providing the 
inherent flow mechanism has been proven by 
comparison with flow field measurements on a 
simpler geometry, it will suffice to demonstrate 
only that the CFD code can adequately predict 
the effects of that flow mechanism on the rele- 
vant part of the configuration surface. 

3.0 T H E  CFD PROCESS AND T H E  
RELATIONSHIP  TO VALIDATION 

Most modern computational fluid dynamics de- 
velopments are based on solving a set of partial 
differential equations which describe the con- 
servation of some primary flow variables in 
time and space. 
equations of interest have extremely few aua- 
lytic solutions. Thus, all computational meth- 
ods are based on numerical solutions of the dis- 
cretized governing equations through some it- 
erative process using fast digital computers. 
Indeed, these computational fluid dynamics 
(CFD) codes are helping to set the pace of devel- 
opment of computing hardware, in terms of 
speed of operation and available memory. 

It must be accepted that the 

3.1 T h e  Compu ta t i ona l  A p p r o a c h  to  
F l u i d  P h y s i c s  M o d e l l i n g  

The majority of CFD codes presently under de- 
velopment are modelling either the Euler equa- 
tions or an approximation to the Navier-Stokes 
equations. Most will attempt to simulate flow 
in all three spatial dimensions but many will 
be restricted to flow in two dimensions only, 
the most popular being no lateral flow (airfoil) 
and no circumferential flow (axisymmetric 
body). A brief, qualitative overview of these 
sets of equations is given below. 
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still statistically modelling smaller-scale 
t u rbu lence .  

The Euler conservation equations are solved, 
with each augmented by further terms describ- 
ing vorticity creation, transport, diffusion, and 
dissipation. The exact formulation of the vis- 
cous terms are highly dependent on the viscous 
model chosen: however, in all cases, they intro- 
duce further flow variables, such as turbulent 
kinetic energy. This creates a closure problem 
resolved to some level of satisfaction by the 
viscous model. Note that the Euler equations 
are recovered from the Navier-Stokes equations 
by removing all viscous terms. 

The general approach to the numerical simula- 
tion and solution of either set of equations is 
reformulation into a discrete boundary-value 
problem (with discrete initial conditions 
specified). This implies that the solution will 
he computed only at a finite set of points within 
a suitably hounded flow field and that each 
point will partially or wholly represent the 
flow in a single volume or contiguous set of vol- 
umes to which the point belongs. These volumes 
are generally irregular polyhedra, fitted to en- 
tirely fill the flow field. They are represented 
by the co-ordinates of their vertices to form the 
flow field grid. Thus, the partial differential 
equations are discretized to represent the val- 
ues of all the primary flow variables and their 
derivatives at the grid points only. Initial val- 
ues are set at all points, with suitable user-de- 
fined boundary conditions interpolated to those 
points which form the boundary. 
nonlinear partial differential equations is then 
solved through an appropriate algorithm. 
Absolute convergence of the solution is reached 
when the inflow - outflow balance within each 
volume, calculated after each iteration, is zero. 
In practical terms, convergence is accepted 
when this balance falls by a pre-defined factor. 
Between absolute and practical convergence one 
encounters the accuracy limiting characteris- 
tics of the computer being used for the solution. 
From the primary flow field variables at the 
grid points, further parameters of interest, 
such as static pressure, local Mach number, 
shear stress, and temperature, can be computed 
through standard formulae and a full set of in- 
formation at any point within the flow field 
derived using suitable interpolation tech- 
n i q u e s .  

The set of 

3.1.1 E u l e r  e q u a t i o n s  

The Euler equations, which model exact invis- 
cid, rotational flow, seek to conserve the scalars 
of mass and energy (or enthalpy) and the vector 
of momentum. The equations feature density, 
energy, pressure and velocities either singly or 
in combinations in derivatives with respect to 
time and the base of spatial directions. In 
these conservative formulations the Euler 
equations allow the capture of flow disconti- 
nuities such as shocks, slip surfaces, and vor- 
tices. To close the system of equations, the 
equation of state for a perfect gas is invoked 
which gives, for 3-D flows, six equations for the 
six unknown primary flow variables. 

While the Euler equations describe inviscid 
flows, in order to simulate viscous phenomena 
codes can be coupled to the Euler solvers which 
solve the boundary layer equations. The solu- 
tions to each set of equations are strongly cou- 
pled and iterated until convergence of the two 
solutions is reached. 

3.1.2 N a v i e r - S t o k e s  e q u a t i o n s  

Direct Numerical Simulation (DNS) of the 
Navier-Stokes equations involves solving the 
exact set of the Navier-Stokes equations on a 
sufficiently fine grid such that all length and 
time scales are properly resolved. 
Theoretically, this results in solving the flow 
in sufficient detail to capture the smallest tur- 
bulent eddy. As a result of the immense com- 
putational resources required, these computa- 
tions are not currently practical. Current 
Navier-Stokes solvers typically employ equa- 
tions which model viscous phenomena in the 
flow. There are many approximations to the 
viscous terms with, as a general rule, the more 
easily solvable being the least physically accu- 
rate. The most often used viscous models in- 
clude, in order of complexity: 

th in- laver  with viscous effects restricted 
to thin shear layers close to the gcometric 
su r f ace .  - Revnolds-averaged with all mean and 
fluctuating viscous effects statistically av- 
eraged over time. 
* large eddv simulation which resolves the 
larger viscous eddies numerically while 
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3.2 E r r o r s  I nhe ren t  in C F D  Codes 

The various processes involved in defining the 
governing equations in a suitable form and sub- 
sequently numerically solving them due to 
specified boundary and initial conditions are 
each the source of a number of errors. It is im- 
portant that both code developers and users ap- 
preciate how these errors arise, their possible 
effects on solution accuracy and what measures 
can hc taken to minimize them. 

At the AGARD FDP Symposium in Spring 1988, 
J.  W. Boerstoel gave an invitcd paper on 

"Numerical Accuracy Assessment" . His paper 
was a summary of the then current state-of-the- 
art. It largely concentrated on inviscid flows 
and the various options that can be taken dur- 
ing CFD code development, with their conse- 
quences on accuracy. The paper also proposed 
setting certain requirements on the attainable 
accuracy of codes. It is not stated whether the 
quantified crror bands have been set as goals 
for numerical accuracy (achievable relative to 
in-the-limit computations), physical accuracy 
(CFD relative to cxperimcntal) or both simulta- 
ncous ly .  

In the present context and in the spirit of this 
discussion, the intent of this section will he to 
identify possible sources of error without get- 
ting into the technical details of CFD code de- 
velopment. No attempt has been made to set ac- 
curacy goals. 

Approximations and errors of varying magni- 
tude and significance are prevalent at every 
stage of the CFD solution process. Some are 
caused by simple human error, such as ill- 
posed mathematics, incorrect computing logic 
or  just plain errors in the source code. These 
can be eliminated by better quality control but 
most errors and approximations would still re- 
main even if the CFD developer were perfect. 
They tend to impact more on numerical accu- 
racy rather than physical accuracy and can he 
classified into particular aspects of CFD code 
development, namely: 

* grid generation - discretization of the governing equations 

condi t ions  - solution techniques 

3 

discretization of the initial and boundary 

* post-processing 

These are considered in turn and, in some 
cases, questions are posed which the code de- 
veloper or evaluator should seek to satisfacto- 
rily address. The types of 'approximation and 
error described are a sample and in no way 
could he regarded as a comprehensive list. 

3.2.1 G r i d  gene ra t i on  

The grid generated in the flow field about the 
configuration of interest is a source of several 
errors. These tend to arise largely in the 
treatment of the governing equations, boundary 
conditions and solution technique. However, 
there are relatively few sources of errors in the 
generation of the grid coordinates themselves 
hut include: 

* body surface representation 
resolution of physical scales 
resolution of boundary conditions 

* interpolation of flow variables 
* orthogonality with respect to flow direc- 
t i o n  

3.2.2 Govern ing  e q u a t i o n s  

Physical and numerical inaccuracies are intro- 
duced by the choice of governing equations and 
in thcir discretization, respectively. Typical 
physical approximations are listed below. 

m i c e  of eover-s 
As previously described, there is a choice be- 
tween similar sets of governing equations de- 
pending on the level of modelling of viscous ef- 
fects, rotational effects and entropy changes. 

G a s  s t a t e  a-s 
The assumption of a perfect gas is typical but 
may not be strictly valid throughout the flow 
f ie ld .  

E m o i r i c a l  mode l s  of n hvs ics  
Many physical models for complex phenomena 
such as turbulence and combustion are based on 
empirical formula, fitted to observed behavior. 

D o u n d a r v  l ave r  t r a n s i t i o n  
Transition between laminar and turbulent flow 
states is another phenomenon for which the ex- 
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acteristics, inflow and outflow mass flow rates, 
and homogeneous wall boundary conditions. 

F r e e -a i r  . *I C o r r e c t i o n  t e c b n i g u e s  
CFD codes are often run as "free-air" rather 
than "model in-tunnel" simulations. 
Comparisons are then made against experimen- 
tal data which have been corrected to account 
for tunnel interference. Frequently, the cor- 
rection techniques are based on more approxi- 
mate and less appropriate methods than those 
being validated. 

b e t w e e n  in i t i a l  . . .  a n d  h o w  d: 
arv c o  n d i t i o n s  
The choice of initial conditions applied 
throughout the flow field can often lead to nu- 
merical solution difficulties. In some cases, 
there will be incompatibility between the ap- 
plied initial and boundary conditions, which 
will take some time to dissipate. 

A simple post-processing check on the accuracy 
of the implementation of the boundary condi- 
tions can be used to determine if they are still 
satisfied. If conditions at  important bound- 
aries such as surface or inlet planes are not 
properly satisfied, the overall solution is 
likely to be in proportionate error. 

act mechanisms are not well understood and 
consequently not capable of being accurateiy 
model led .  

Discretization of the governing equations is the 
source of many different errors as a result of 
the various approximations that can be made. 
Some of the more obvious sources include: 

formal accuracy and grid density 
* truncation errors - choice of differencing schemes - flow field discontinuities - highly stretched and skewed grids 

3.2.3 B o u n d a r y  a n d  in i t i a l  cond i t i ons  

It is within this general category that experi- 
menters can have the greatest influence and 
provide the most help to the CFD validation 
process. It is reasonably accurate to say that 
code developers will know the most likely 
sources of inaccuracy and the relative magni- 
tudes of resulting errors associated with many 
aspects of code development. However, tbe im- 
pact of errors resulting from boundary condi- 
tions i s  often not fully recognized until code 
validation or calibration begins in earnest. 

- face 
The surface geometry, usually available numer- 
ically at  discrete points, must be interpolated 
to the required surface grid definition. A par- 
ticular source of error can be due to incorrectly 
locating the intersection of two surfaces, e.g. a 
wing-body junction. Surface slopes and curva- 
tures are typically derived numerically and are 
often the source of significant error. 

f h o u n d a  r v  cn n d i t i o n s  C o m o a t i b i l i t v  o 
The conditions imposed at the far-field bound- 
aries must be adequate in number, sufficient in 
detail and compatible with the flow conditions. 
Over-specification of boundary conditions, es- 
pecially of the downstream boundary, can force 
the code to respond in an unnatural manner. 
When required boundary conditions are not 
available or have not been measured adequately 
for validation purposes, the code user may have 
to make certain assumptions about the hound- 
ary conditions to be applied. Typical examples 
include wind tunnel wall boundary layer char- 

. . .  

3.2.4 So lu t ion  t e c h n i q u e s  

There are three major and fundamentally dis- 
tinct aspects of solving the posed flow problem 
which will each introduce errors and approxi- 
mations into the solulion: iterations to the final 
mathematical solution, convergence efficiency 
enhancement, and assessment of convergence. 

I t e r a t i o n  to  t h e  f i n a l  m a t h e m a t i c a l  
S o l u t i o n  
Most codes advance to the final solution by 
time-marching and attention will be concen- 
trated on this approach. 
accurately be advanced at a rate, equivalent to a 
time step length, which will satisfy the relevant 
stability criteria. This is controlled by the 
non-dimensional Courant-Friedrichs-Lewy 
(CFL) number. Many codes will have CFL as a 
user specified parameter which therefore can 
be a source of error. Time-marching is usually 
achieved by either an integration scheme, typi- 

The solution can only 
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ficd by multi-stage Runge-Kutta, or an implicit 
approximate factorization method. Care must 
bc taken in ordcr to not introduce errors wbcn 
cmploying eithcr method. 

C o n v e r e e n c e  effLcaencv enhancement 
In ordcr to influence aircraft design by com- 
puting complex problems in acceptably small 
timescales, advanccd CFD codes must be both 
computationally efficient and robust. To this 
cnd a host of artifices to enhance stability, op- 
erating speed and convcrgcncc ratc arc uscd. 
Thrcc of the most popular schcmes and their 
attcndant approximations arc: 

Local time stcnning - In a time accurate 
marching schemc, the information in all cells 
within the grid is updated at each iteration. 
Whcn only steady flow is requircd, time-accu- 
racy is relaxed and the solution is advanced in 
cach cell at a rate appropriate to the local 
conditions. The user should be assured that the 
code produces the same final results as the 
equivalent time-accurate scheme. 

Multi-grid - 
solution convergence, the concept of multi-grid 
is oftcn introduced. Within a single iteration, 
th is  involves an initial solution on the full input 
grid and then, in a cycle of pre-determined 
pattern, further solutions are computed on a 
number of rcspcctivcly coarser grids. This 
tcchnique allows both low and high frcqucncy 
disturbanccs to dissipate quickly. While the 
computational savings can be significant, various 
numerical crrors may be introduced as a result 
of interpolation between different level grids, 
discretization on coarse grids and coarse 
rcprcsentation of boundary conditions. The code 
developcr must be convinced that the final 
results arc of acceptable numerical accuracy for 
the multi-grid cycle pattern and levels adopted. 

Mult i-s tar t  - A tcchnique similar to multi- 
grid, but where the solution is started on a 
coarse grid for a prcdetcrmined number of it- 
erations or levcl of convergence and then 
transfcrrcd to subscqucntly finer grids to con- 
tinuc. The resulting error sources are similar 
to thosc for multi-grid. 

Other schcmes not directly associatcd with so- 
lution iteration are used to enhance stability, 

. .  

To make large improvements to 

solution throughput andlor convergence rate, 
such as: 

* artificial dissipation/viscosity 
* enthalpy damping and residual averaging 
* blocked grids - grid adaptation 

Each of these schemes can also introduce errors 
into a solution. 

of con v e r  w e  
The final act in computing a flow solution is to 
judge when satisfactory convergence has been 
achicvcd. 
will depend on the governing equations under 
consideration and the solution algorithm cho- 
sen. However, a misguided assessment of con- 
vcrgcnce can result in some aspects of the flow 
field solution being poorly predicted. It is 
common to determine convergence against a 
number of standard parameters: 

The exact guidelines for each code 

- - surface pressures at selected points and cuts - overall forces and moments 
* number of supersonic points 
* heat transfer rates - total pressure and total temperature at 
the body surface 

maximum and average cell residuals 

circulation for lifting wings 
mass, momentum, and energy balances for 

internal flows 

By plotting the variation of the above against it- 
eration, timesteps or cycles and comparing 
against pre-defined acceptance criteria, one 
may infer convergcnce. These parameters will 
convey at very different rates, and hence con- 
vergence should be judged against those pa- 
rameters that the user deems important for the 
application at hand. 

3.2.5 P o s t - p r o c e s s i n g  
The graphical representation of the CF'D code's 
mtput is not always recognized as a source oc- 
casionally of large errors and misinterpreta- 
tion. 
by the code at specific grid points. 
bc interpolated to the particular points re- 
quired by the code user and where flow vari- 
ables are stored at ccll centers, extrapolation to 
thc surface geometry is also necessary. 
Frequently, such techniques use only relatively 
crude averaging or weighting algorithms. If the 

Primary flow variables are only computed 
These must 
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Are streamwise or crossflow waves most ampli- 
fied? Are standing or running waves dominant? 
What mechanism induces transition? 

post-processing is a commercially available 
software package, the exact nature of these 
techniques will probably not be known. 
Additionally, the graphical representation 
draws a continuous, usually piece-wise straight 
line through discrete point data which can 
yield a distorted view of local gradients and 
peak values and associated locations. 

4.0 EXPERIMENTS FOR CFD CODE 
V A L I D A T I O N  

Following a generally accepted categorization, 

first suggested by Bradley', there is a distinc- 
tion between various types of experiments, such 
as :  

flow physics experiments 

calibration experiments 
. physical modelling experiments 

* validation experiments 

Each type of experiment has different needs 
and associated requirements concerning test 
facility, model technique and measuring tech- 

n ique  , Nevertheless, many experiments be- 
long to more than one category baving different 
purposes. Within this report, validation exper- 
iments or experiments which can be used for 
validation of CFD codes are reported and com- 
mented on. 

In order to clarify the nomenclatures used 
herein, the different test-types will be de- 

scribed based on Marvin's
2 

definitions in con- 
cise form using an example for each. 

2 

4.1 Flow Physics Experiment 

An experiment designed to provide insight into 
a fundamental physical phenomenon in order 
that the phenomenon may be more accurately 
computed in a code. A typical example for a 
flow physics experiment is the investigation of 
laminar boundary layer instabilities. A swept 
flat plate would be used with a pressure drop 
imposed by an airfoil at incidence above the 
plate forming a channel flow with acceleration, 

Muller and Bippes . Such an experiment givcs 
information on the nature of the transitional 
flow and answers specific questions, such as: 

4 

4.2 Physical Modelling Experiment 

An experiment designed to provide guidance 
towards or verification of some modelling pro- 
cess being used in a code. A good example for a 
physical modelling experiment i s  the Bachalo- 

Johnson experiment . Current algebraic turbu- 
lence models show significant shortcomings in 
the shock-boundary-layer treatment in tran- 
sonic flow. A special test model consisting of a 
cylindrical body fitted with a circular arc sec- 
tion similar to an airfoil has been built up. 
Shock-wave interaction of different strenglhs 
could be studied by varying free-stream Mach 
number. The investigation led to an improved 
turbulence model for transonic wings. 

In order to help differentiate between a CFD 
calibration and validation experiment a de- 
tailed definition of each type of experiment 
will first be proposed with an example imme 
diately following. 

5 

4.3 CFD Calibration Experiment 

An experiment that has been carried out on a 
geometry, whose shape and flow physics are 
sufficiently similar to those of design interest, 
to measure parameters considered important for 
those designs to a qnantified and acceptable 
level of accuracy. Data suitable for code cali- 
bration may well also have fulfilled the criteria 
of a CFD validation experiment. More usually, 
calibration will be based on a model of greater 
geometric complexity mcasnring only limited 
surface pressures andlor total forces and mo- 
ments. Such an experiment. often conducted to 
support aircrart project design, would also be 
used in developing and evaluating engineering 
CFD procedures. The current procedure for the 
prediction of transition from laminar to turbu- 
lent flow is a good example of a calibration ex- 
periment. 
linear stability theory combined with experi- 
mental findings from wind tunnel and/or flight 

tests . The location of transition found in the 

This is the eN procedure based on 

6 
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cxpcriment is correlated to the amplification of 
instability waves in thc laminar boundary layer 
calculated by stability theory. This leads to 
somewhat univcrsal N-values. 

4.4 CFD Validation Experiment 

An experiment that is dcsigned to provide 
suiiicicntly detailed mcasurcd data for the de- 
vclopment and/or verification of the physical 
reprcscntation used in a CFD code . This re- 
quires that the data be taken and presented in a 
form and level of detail consistent with CFD 
modelling requirements and that the accuracy 
and limitations of thc experimental data be 
thoroughly documented and understood. Such 
cxpcriments may nced to measure quantitativc 
data on the gcomctric surface, within the flow 
ficld and on the outer boundary to adequately 
dcfine and record the salient physics. An ex- 
ample of a validation experiment is the test of a 
transonic wing whcre all  information is givcn to 
check the salient features typical for the flow 
on the configuration. Salient features of such a 
flow are boundary-layer transition, shock po- 
sition, shock-boundary layer interaction, 
trailing-edge flow, and leading- and trailing- 
edge separation. 
computing these flows, the experiment must 
provide surfacc-measurements in detail. This 
includes pressure distributions, surface flow 
visualization and boundary layer characteris- 
tics. Furthermore, flow ficld measurements in 
sclected scctions are helpful. 

An urgent requirement for a validation experi- 
ment is the proper definition of thc complcte 
boundary conditions of the experiment. This 
means that the accurately measured contour of 
the model must be available as well as inflow 
and outflow conditions. Furthermore, the wall 
corrections applied should be well proven or 
wall boundary conditions should be quantified. 
Additionally, information concerning the sup- 
port system and/or the effects of the support 
systcm should be known. 

Beyond surface and flow field data, information 
about intcgrai parameters (lift, drag, pitching 
moment) is often useful. Drag and pitching- 
momcnt arc excellent sensors of the quality of 
ihc CFD solution. 
fields arc computed well but these overall val- 

To validate methods capable of 

It may happcn that flow 

ues deviate significantly or vice versa. That is 
while local agreement might be quite good, 
small errors integrated over the field become 
large. Hence, it is important to have availablc 
experimental data of sufficient detail that in- 
fcrenccs and guidance can be gleaned from the 
comparisons with computations regardless of 
how "good" or "bad" the comparisons are. This 
allows the question, "Is the code reproducing 
the major physical phenomena of the flow?", to 
be answered. 

These requirements highlight another impor- 
tant point. A thorough examination of the test 
cases presented in this report shows that ideal 
test cases arc indeed rare. In fact, some of the 
tcst cases only fulfill minimum requirements. 
This reinforces the need for good futurc vali- 
dation experiments performed in qualified test 
sections with proper measuring techniques. 

5.0 CATEGORIZATION OF REQUIRE- 
MENTS FOR VALIDATING CFD CODES 

Validation of any of the previously discusscd 
CFD formulations of fluid flow so that they can 
be applied to different configurations with a 
rcasonable level of confidence, necessitates 
comparison with rcliablc expcrimcntal data. 
The data must be available for variations in 
those flow and configurational parameters 
which have a significant impact on the physical 
phenomenon under investigation. The most 
common variables are Mach number and config- 
uration attitude, usually incidcncc, with 
Reynolds number added for viscous dominated 
flows. Specific geomctry of the configuration is 
also important for many phcnomena, such as 
boat-tail angle for body separations or leading- 
edge radius for wing vortex flows. To verify 
that the CFD codes are predicting the desired 
physical features to a suitable level of accuracy 
requires that particular types of measurements 
are made. Paramount for almost all flows is 
surface pressure in the regions of that phe- 
nomenon's cause and effect. Flow field vcloci- 
ties are also important for many phenomena, 
espccially in regions of high shear or relatively 
large cross-flow, Surface and flow field visual- 
ization, although giving only a qualitative ap- 
preciation of the flow, are desirable complc- 
ments and in some cases may be mandatory 
when other measurements are lacking. For 
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phenomenon and geometry at transonic condi- 
tions the flow field is significantly influenced 
by Mach number. 

After the dependent and independent variables 
were identified for each geometrylspeed regime 
subset, the next task was to identify the neces- 
sary Darameters to he measured in order to 
document the physics of interest. For instance, 
one may he interested in vortex burst (the de- 
pendent variable) on a delta wing. 
identify the primary variables (independent 
variables) which influence the phenomenon as 
Reynolds number, Mach number, incidence and 
leading-edge sweep and radius. Within the 
context of code evaluation, what parameters 
would one need to measure to capture the 
physics associated with the phenomenon? For 
this case we could identify wing surface pres- 
surcs, off-body pressures and velocities, on- 
and off-surface flow visualization and inte- 
grated forces and moments as those parameters. 
With these measurements available from an ex- 
periment, one could evaluate the results avail- 
able from a computational method and draw 
valid inferences relative to the prediction of 
the flow phenomenon. 

Finally, the necessary parameters have been 
prioritized. Priorities are assigncd to the mea- 
surement parameters necessary to identify each 
physical phenomenon using the following key: 

We can 

A - Essential 
B - Important 
C - Desirable 

For single component configurations, such as 
isolated wings in transonic flow, it is important 
to measure additional information at the far 
field boundaries of the experiment to better 
define the exact test conditions for CFD code 
validation. When extending validation towards 
complex configurations, this is less of a ne- 
cessity as the code's performance will have al- 
ready been determined for the physical phe- 
nomena present on the relevant simple configu- 
r a t i o n s .  

A series of tables has been prepared which pre- 
sents for each combination of geometrylspeed 
regime a list of physical phenomena of interest, 
the primary "drivers" of the associated 
physics, the parameters necessary to measure 

example transition location for secondary sepa- 
ration. Overall forces and moments, measured 
through balances installed outside the wind 
tunnel or inside the model, give broad indica- 
tions of how well a CFD code performs. These 
are therefore more appropriate to evaluation of 
a previously validated code on a different con- 
figurational layout. 

From the above discussion, one can certainly 
imagine an almost overwhelming problem of 
identifying specific requirementslphenomenon 
relationships for code validation. The sub- 
committee which addressed the computational 
requirements for validation experiments ap- 
proached this rather formidable problem by 
breaking the overall requirements down into 
more easily manageable subsets. The most ob- 
vious grouping was by various types of geome- 
tries of interest. The subcommittee identified 
five classes which should he addressed: 

Airfoils 
3-D wings, where in general 

Aspect ratio > 6, LE sweep < 34" 
* Aspect ratio < 6, 35" < LE Sweep < 55" 

Aspect ratio < 3, LE > 55", taper 
Delta type wings, where in general 

ratio < 0.25 
* Slender bodies - Complex configurations 

Within each of the general classification of ge- 
ometries we identified various phvsical Dhe- 
nomena  of interest to the code evaluator for 
three speed regimes; subsonic, transonic and 
supersonic. Significant effort went into includ- 
ing as many physical phenomena as possible for 
each geometrylspeed regime subset. An exam- 
ple of a phenomenon of interest is the 
shockboundary layer interaction on an iso- 
lated wing at transonic speeds. 

After the phenomena were identified, the Q& 

marv flow variables which significantly influ- 
ence or "drive" the flow physics associated with 
the phenomenon were identified. One may 
classify the primary flow variables as indepen- 
dent variables and the phenomena as dependent 
variables. These variables were sometimes 
found to be functions of the speed regime. For 
example, for attached subsonic flow on an air- 
foil the flow is only minimally influenced by 
freestream Mach number. Howevcr, for the same 



the physics and a priority for the parameters. 
It is rccognized that many of the experiments 
within this database fall well short of providing 
all the information considered appropriate for 
full validation. The purpose of thc tables is 
two-fold.  

1) To guide uscrs of the databasc towards 
thosc experiments that best fulfill thc in- 
formation requirements. 
2) To assist those associated with develop- 
ing and designing experiments in formulat- 
ing CFD validation experiments. 

Figure 1 presents a guide to be used with the 
accompanying Tables 1-13. 
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TABLE CONFIGURATION FLOW REGIME 

1 1  
1 2  
1 3  

Measurement Priority: A - Essential 
B - Important 
C - Desirable 

Isolated wings Supersonic 
Slender bodies Supersonic 

3-D Multi-component Supersonic 

Figure 1 - Identification of salient physics and required measurements 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 1: CONFIGURATION : A i r f o i l s  Flow Regime: Subsonic 

1 I I I 1 

I MEASUREMENT 
PRIORITY I NECESSARY PARAMETERS FOR 

PHYSICS TO BE MEASURED I PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS I PHYSICAL 

PHENOMENON I 
Attached Flow I * Reynolds number I I * Surface pressures A - Boundary layer characteristics I - Turbulence measurements 

I I I * Boundary layer transition location I A 
I - Reynolds number I * Surface pressures A I 

Boundary layer . Flow visualization on the surface 
transition and - Leading-edge section geometry, - Boundary layer characteristics 

Flow visualization on and off the surface 

All flows ane pressures 
lane conditions 

€3 
A 
B 

A 
A 

C 
B 
A 
B 
B 
C 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 2: CONFIGURATION : Isolated Wings Flow Regime: Subsonic 

4ttached Flow 

Boundary layer 
transition and 
leading-edge bubble 
seDaration 

MEASUREMEN7 
PRIORITY I NECESSARY PARAMETERS FOR 

PHYSICS TO BE MEASURED I PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS I PHYSICAL 

PHENOMENON 

Reynolds number 

- Reynolds number 
+ Mach number 

Leading-edge geometry, especially 
section radius and sweep - Freestream turbulence 

Trailing-edge 
separation 

All flows 

- Surface pressures 
Boundary layer characteristics - Flow visualization on the surface 

Balance forces and moments - Turbulence measurements 
1 .  Boundary layer transition location 

Surface pressures 
Boundary layer characteristics - Flow visualization on the surface 

Balance forces and moments 
I Fluctuation measurements. surface 

and field 
Reynolds number - Surface pressures A 
Section geometry, especially at Boundary layer/flow field A 

Trailing-edge sweep * Flow visualization on and off the surface A 
Balance forces and moments C - Boundary layer transition location A 

- Inflow and outflow boundary conditions * Aeroelastic deformation 0 
Section and planform geometry - Wind tunnel wall boundary layer C 

the trailing edge characteristics 

Wall boundary conditions 

Incidence data (wall mounted models) 

As for airfoils, plus 

A I :  
0 I C I 
C I B 

I 1. Support geometry I C 
Definition: In general, Wing = Aspect ratio > 6, LE sweep c 35" or Aspect ratio < 6,35" < LE sweep < 55" 



N IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 0 

TABLE 3: CONFIGURATION : Delta Wings Flow Regime: Subsonic 

- Surface pressures 

of the vortices 

Flow visualization on the surface 
Flow field velocities in the region * 

- Balance forces and moments 
* Surface pressures 

Off-body pressures and velocities - Flow visualization on and off the surface 
* Balance forces and moments 

As for airfoils, plus 
Aeroelastic deformation 

data (wall mounted models) 
Boundarv laver transition location 

- Wind tunnel wall boundary layer 

PHYSICAL 
PHENOMENON I 

A 
A 
A 

B 
A 
A 

A I  B 
BIC 

B 
C 

AIB 

Vortical flow I formation 

Vortical flow burst t 
All flows 

Definition: In 

PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS 

Reynolds number - Leading-edge sweep and radius 

* Reynolds number 
Mach number 
Leading-edge sweep and radius 

* Wall boundary conditions 

- Support geometry 

Inflow and outflow boundary conditions 
Section and planform geometry 

Incidence 

?neral, delta wing = Aspect ratio < 3, LE s 

I MEASUREMENT 
PRIORITY I NECESSARY PARAMETERS FOR 

PHYSICS TO BE MEASURED 

I _  

Support geometry I C I 
!ep z 55", taper ratio < 0.25 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 4: CONFIGURATION : Slender Bodies Flow Regime: Subsonic 

NECESSARY PARAMETERS FOR 
PHYSICS TO BE MEASURED 

* Surface pressures 

* Balance forces and moments 

Boundary layer characteristics 
* Flow visualization on the surface 

MEASUREMENT 
PRIORITY 

A 
A 
B 
C 

PHYSICAL 
PHENOMENON 

httached Flow 

smooth surface 

PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS 

- Reynolds number 

Separations from 
- Reynolds number 

Turbulence 

* Boundary layer transition location 
* Surface pressures 

Boat-tail separation 

Base flow separation 

All flows 

- Boundaiy layerlflow field 

- Flow field velocities off the surface - Flow visualization on and off the surface 
* Balance forces and moments - Boundarv laver transition location 

characteristics 

Reynolds number - Afterbody geometry - Turbulence - Jet pressure ratio, if appropriate 

- Reynolds number 
Afterbody geometry - Turbulence 

* Jet pressure ratio, if appropriate 

* Wall boundary conditions 

- Body geometry 
Inflow and outflow boundary conditions 

Support geometry 
Incidence 

, ,  
Turbulence measurements I B - Surface pressures A 

* Flow visualization on and off the surface A I ; :  - Boundary layer characteristics 
Jet oarameters. if amrooriate . .  , - Turbulence measurements I B 

* Surface pressures A - Base area pressures 
* Off surface velocities - Metric afterbody forces and moments 
* Flow visualization on and off the surface 
* Jet parameters, if appropriate - Turbulence measurements 

Wind tunnel wall pressures 
Exit plane pressures - Inlet plane conditions 
Model geometry, as tested 
Support geometry 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 5: CONFIGURATION : 3-D multi-component Flow Regime: Subsonic 

PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS 

- Reynolds number 
Incidence 
Detailed geometry - Mass flows 

N N 

~ 

NECESSARY PARAMETERS FOR MEASUREMENT 
PHYSICS TO BE MEASURED PRIORITY 

Surface pressures A - Boundary layer characteristics A - Flow visualization on and off surface C 
Boundary layer transition location B 

PHYSICAL GEOMETR’I 
PHENOMENON FEATURES I 

- Reynolds number 
Incidence 

- Surface pressures A - Flow visualization on and off surface B 

- Flow visualization on and off surface 
Boundary layer transition location 

Reynolds number 
Incidence 
Detailed geometry 

A 
B 

I - Surface pressures - Flow field in wake I - Flow visualization on and off surface 

- Mach number Surface pressures 

Reynolds number - Surface pressures 

Incidence Flow visualization on and off surface - Detailed geometry 

Mach number 

Detailed geometry 

Balance forces and moments - Incidence Flow visualization on and off surface 

1 A 
A 
C 

A 
c 

A 
B 
C 

1-  Boundary layer transition location I B 
Reynolds number I * Surface pressures A I 
Incidence 1 -  Flow field velocities I B I 
Detailed geometry 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 6: CONFIGURATION : A i r f o i l s  Flow Regime: Transonic 

PHYSICAL 
PHENOMENON 

4ttached Flow 

PRIMARY VARIABLES WHICH NECESSARY PARAMETERS FOR MEASUREMENT 
DRIVE THE FLOW PHYSICS PHYSICS TO BE MEASURED PRIORITY 

- Reynolds number Surface pressures A 
Mach number - Boundary layer characteristics A 

Flow field velocities in the region B 
of the shock 

Turbulence measurements B 
I I * Boundary layer transition location I A 
I - Revnolds number I Surface pressures A 

Boundary layer 
transition and 
leading-edge bubble 
separation 

- Ma’ch number - Flow visualization on the surface 
* Leading-edge section geometry, Boundary layer characteristics 

especially radius - Fluctuation measurements, surface 
Freestream turbulence and field 

B 
A 
B 

Reynolds number 
Mach number 
Trailing-edge section geometry 

- Reynolds number - Mach number 

Wall boundary conditions 
Inflow and outflow boundary conditions 

Incidence 

- 
0 Section geometry 

Trailing-edge 
separation 

Surface pressures A - Boundary layer/flow field A 

- Flow visualization on and off the surface C 
Turbulence measurements B - Boundary layer transition location A 
Surface pressures A 
Boundary layer/flow field A 

* Flow visualization on and off the surface C - Turbulence measurements B 
Boundary layer transition location A 
Wind tunnel wall pressures B - Exit plane pressures B 
Inlet plane conditions C 
Model geometry, as tested A 

characteristics 

characteristics 
Shock /boundary 
layer interaction 

All flows 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 7: CONFIGURATION : Isolated Wings Flow Regime: Transonic 

PHYSICAL 
PHENOMENON I 

N 
P 

NECESSARY PARAMETERS FOR MEASUREMEN7 
PHYSICS TO B E  MEASURED PRIORITY I PRIMARY VARIABLES WHICH 

DRIVE THE FLOW PHYSICS 

Trailing-edge 
separation 

Boundary layer 
transition and 
leading-edge bubble 
separation Freestream turbulence 

Leading edge geometry, especially 
section radius and sweep 

and field - Reynolds number Surface pressures A - Mach number - Boundary layer/flow field A 

- Trailing edge sweep - Flow visualization on and off the surface A 
* Balance forces and moments C 

* Trailing-edge section geometry characteristics 

- Surface pressures 
* Boundary layer characteristics 
* Flow field velocities in the region 

of the shock 
* Flow visualization on the surface - Balance forces and moments - Turbulence measurements 

Shock /boundary 

- Boundary layer transition location - Surface pressures 

- Boundary layer transition location A 

* Reynolds number Surface pressures A 
Mach number - Boundary layer/flow field A 

* Boundary layer characteristics 
* Flow visualization on the surface - Balance forces and moments - Fluctuation measurements, surface 

characteristics 
* Flow visualization on and off the surface - Turbulence measurements - Balance forces and moments 

A 
B 
C 

layer interaction 

- Wall boundary conditions - Inflow and outflow boundary conditions - Section and planform geometry 

Boundary layer transition location I A 
As for airfoils, plus 

Aeroelastic deformation B 
Wind tunnel wall boundary layer 

I I. SuoDort aeometrv I data (wall mounted models) I 
I 1 .  Incidence 1-  Support geometry I C 

Definition: In general Wing s Aspect ratio > 6, LE sweep c 35" or Aspect ratio c 6, 35" < LE sweep c 55" 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

~~ - Reynolds number 
* Mach number - Leading-edge sweep and radius 

Reynolds number 
Mach number 
Leadinq-edqe sweep and radius 

TABLE 8: CONFIGURATION : Delta Wings Flow Regime: Transonic 

Surface pressures - Flow visualization on the surface 
Flow field velocities in the region 

Balance forces and moments 
Surface pressures 
Off-body pressures and velocities - Flow visualization on and off the surface 

of the vortices 

I MEASUREMENT 
PRIORITY I NECESSARY PARAMETERS FOR 

PHYSICS TO BE MEASURED I PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS I PHYSICAL 

PHENOMENON I 
I Vortical flow 
formation L I Vortical flow burst 

A 
A 
A 

B 
A 
A 

A I  B 

I I 
- -  I B1 C 1. Balance forces and moments 

1 Reynolds number I Surface pressures A I 
Shock-vortex 
interaction I 
All flows 

Mach number 
Leading-edge sweep and radius 
Thickness and camber distribution 

* Wall boundary conditions . Inflow and outflow boundary conditions 
Section and planform geometry 
Support geometry 
Incidence 

Off-body. pressures and velocities 
Flow visualization on and off the surface - Balance forces and moments 

As for airfoils, plus - Aeroelastic deformation 
Wind tunnel wall boundary layer 
data (wall mounted models) 

Boundary layer transition location 

A 
A 

BI C 

B 
C 

A I  B 

I I I I - Support geometry C 
. .  I 

Definition: In general, delta wing = Aspect ratio c 3, LE sweep > 55", taper ratio c 0.25 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 9: CONFIGURATION : Slender Bodies Flow Regime: Transonic 

Reynolds number 
* Mach number 

Reynolds number - Mach number 
Turbulence 

I I I 1 

* Surface pressures A - Boundary layer characteristics A 
Flow field velocities in the region C 
of the shock - Flow visualization on the surface B 

Balance forces and moments C 
Boundary layer transition location A 

* Surface pressures A - Boundary layer characteristics A 
Flow field velocities off the surface 
Flow visualization on and off the surface 

B 
A 

* Balance forces and moments B - Boundarv laver transition location A 

MEASUREMEN1 
PRlO RlTY I NECESSARY PARAMETERS FOR 

PHYSICS TO BE MEASURED I PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS I PHYSICAL 

PHENOMENON I 

Flow field velocities above the surface A - Flow visualization on and off the surface B 

- Boundary layer transition location A - Boundary layer characteristics A 
* Surface pressures A 

1. Flow visualization on and off the surface A - Boundary layer characteristics A - Jet parameters, if appropriate A 
Turbulence measurements B 

Balance forces and moments BIG 

Attached Flow 

Separations from 
smooth surface 

I I I - Turbulence measurements I B 
I * Revnolds number I .  Surface Dressures A 

, .  

Vortex-shock 
interaction 

Mach number 

Boat-tail shock 
and separation Afterbody geometry 

N 
01 

(cont 'd)  



Reynolds number 

* Afterbody geometry 
Turbulence 
Jet pressure ratio, if appropriate 

Base flow separation - Mach number 

- 
- Wall boundary conditions 

- Body geometry 
All flows Inflow and outflow boundary conditions 

Support geometry - Incidence 

- Surface pressures A - Base area pressures B 
* Off surface velocities B - Metric afterbody forces and moments B 
* Flow visualization on and off the surface AIB 

Jet parameters, if appropriate A - Turbulence measurements A 
Wind tunnel wall pressures B 

* Exit plane pressures B 
* Inlet plane conditions C 

Model geometry, as tested A - Support geometry C 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 10: CONFIGURATION : 3-D multi-component Flow Regime: Transonic 

* Flow fielb velocities 
Flow visualization on and off surface 
Boundary layer transition location 

N m 

B 
A 
B 

PHYSICAL 
PHENOMENON I 

- Mach number 
* Incidence 

Juncture flow r- 

Surface pressures A - Flow visualization on and off surface C I 

e Vortex-vortex 
interaction 

* Wake impingement, 

vortex burst 
impingement, 
influence on r downstream 

influence on 
downstream 
com onent 
Vortex and 

corn onent l- 
interaction 

Attached and 
separated 
flows 

GEOMETRY 
FEATURES 

Ning + 
' body 
b pylon, 

store/ 
nacelle 

fling + 
* body 
* wing 

Wing + - wing 

Wing + 
* body 

wing 
* fin 

Wing + 
* pylon, 

store 
General 
multiple 
components 

PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS 

- Reynolds number - Mach number 
Incidence 
Detailed geometry 

NECESSARY PARAMETERS FOR 
PHYSICS TO BE MEASURED 

Surface pressures 
Boundary layer characteristics - Flow visualization on and off surface 
Boundary layer transition location 

MEASUREMENT 
PRIORITY 

I - Surface pressures - Flow visualization on and off surface I - Reynolds number 
* Mach number 

Incidence I A 
B 

* Detailed geometry I I - Reynolds number I - Surface pressures A I 
Mach number 
Incidence I A I - Flow visualization on and off surface I C 

- Flow field in wake 

- Detailed geometry I Boundary layer transition location I 0 
Revnolds number I .  Surface Dressures A I 
Mach number 

* Incidence - Detailed geometry 

- Detailed geometry I I - Revnolds number I * Surface Dressures A l 
Mach number - Incidence 

* Balance iorces and moments I Flow visualization on surface 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 11: CONFIGURATION : Isolated Wings Flow Regime: Supersonic 

NECESSARY PARAMETERS FOR 
PHYSICS TO BE MEASURED 

I Surface pressures 
I Boundary layer characteristics 
t Flow field velocities in the region 

of the shock 
Flow visualization on the surface 

b Balance forces and moments 
p Turbulence measurements 
p Boundary layer transition location 
b Surface pressures 
v Boundary layer characteristics 

- Balance forces and moments 

5 

Flow visualization on the surface 

Fluctuation measurements, surface 
and field - Surface pressures - Boundary layer/flow field 

- Flow visualization on and off the surface 
* Balance forces and moments 

characteristics 

MEASUREMEN' 
PRIORITY 

A 
A 
C 

B 
B 
C 
A 
A 
A 
B 
C 
B 

A 
A 

AIB 
C 

PHYSICAL 
PHENOMENON 

Attached Flow 

Boundary layer 
transition and 
leading-edge bubble 
separation 

PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS 

Reynolds number 
Mach number 

* Reynolds number - Mach number 
Leading edge geometry, especially 
section radius and sweep . Freestream turbulence 

- Boundary layer transition location I A - Surface Dressures A 

Trailing-edge 
separation 

Crossflow shock 
/boundary layer 
interaction 

. Reynolds number 
Mach number . Section geometry, especially at 
the trailing edge 

Trailing edge sweep 

Reynolds number - Mach number 

(cont 'd)  

- Boundaiy layerlflow field 
characteristics - Flow visualization on and off the surface 

Turbulence measurements 
Balance forces and moments 
Boundary layer transition location 

N 'D 

A 

A 
B 
C 
A 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

Vortical flow 
formation 

TABLE 11 (cont'd): CONFIGURATION : Isolated Wings Flow Regime: Supersonic 

- Reynolds number - Mach number 

. 

Vortical flow burst - Mach number Off-body' pressures and velocities A - Flow visualization on and off the surface AIB - Balance forces and moments BIC - Reynolds number - Surface pressures A 
Shock-vortex Mach number + Off-body pressures and velocities A 

1 interaction - Thickness and camber distribution * Flow visualization on and off the surface A 

NECESSARY PARAMETERS FOR 
PHYSICS TO BE MEASURED I PRIMARY VARIABLES WHICH 

DRIVE THE FLOW PHYSICS I PHYSICAL 
PHENOMENON I 

I I I B1 c I - Balance forces and moments 1 

I MEASUREMENT 
PRIORITY 

All flows . Inflow and ouiflow boundary conditions - Aeroelastic deformation ' 

* Section and planform geometry * Wind tunnel wall boundary layer - Leading-edge radius and sweep - Incidence Surface temperature andlor heat 
Support system transfer measurements - Surface thermal auantities for hiah 

data (wall mounted models) 

- Surface pressures - Flow visualization on the surface 
* Flow field velocities in the region 

of the vortices 

A 
A 
A 

I I I Balance forces and moments I B 
I Revnolds number I * Surface Dressures A I 

* Reynolds number 
Leading-edge shock - Mach number I for sonic and suoer- I Surface pressures A I A  * Flow field velocities in the region I of the shock 
sonic leading edges I I - Flow visualization on and off the surface I BIA 

I - Wall boundary conditions I As for transonic airfoils, plus I 
B 
C 

A 

I 
- I supersonic flows I I 

Wing = Approximately a delta, arrow, or cranked delta type planform Definition: 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 12: CONFIGURATION : Slender Bodies Flow Regime: Supersonic 

PHYSICAL 
PHENOMENON 

ittached Flow 

kparat ions from 
"0th surface 

:rossflow-shock/ 
Ioundary layer 
nteraction 

30W shock 

3ase flow separation 

PRIMARY VARIABLES WHICH 
DRIVE THE FLOW PHYSICS 

Reynolds number 
Mach number 

Reynolds number 
Mach number 
Turbulence 

Reynolds number 
Mach number 

Reynolds number 
Mach number 

Reynolds number 
Mach number 
Incidence 
Afterbody geometry 
Turbulence 
Jet pressure ratio, if appropriate 

NECESSARY PARAMETERS FOR 
PHYSICS TO BE MEASURED 

- Surface pressures 
Boundary layer characteristics - Flow field velocities in the region 
of the shocks . Flow visualization on and off the surface 
Balance forces and moments 
Boundary layer transition location 
Surface pressures - Boundary layer characteristics - Flow field velocities off the surface 
Flow visualization on and off the surface 
Balance forces and moments 
Boundary layer transition location - Turbulence measurements - Surface pressures - Boundary layer characteristics - Flow field velocities above the surface - Flow visualization on and off the surface - Balance forces and moments . Boundary layer transition location - Surface pressures - Flow field velocities in the region 
of the shock 
Flow visualization on and off the surface - Surface pressures - Base area pressures - Off surface velocities - Metric afterbody forces and moments 

I. Flow visualization on and off the surface - Jet parameters, if appropriate - Turbulence measurements 

A EASUREM EN 
PRIORITY 

A 
A 
C 

B 
C 

A 
A 
A 
B 

B l C  
A 
A 
C 

B 
A 
B 
B 
B 

A/ B 
A 
B 

(co 



w IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS N 

All flows 

TABLE 12 (cont'd): CONFIGURATION : Slender Bodies Flow Regime: Supersonic 

* Wall boundary conditions Wind tunnel wall pressures B 
Inflow and outflow boundary conditions - Exit plane pressures B - Body geometry * Inlet plane conditions C - Incidence - Model geometry, as tested A - Support geometry - Support qeometry C 



IDENTIFICATION OF SALIENT PHYSICS AND REQUIRED MEASUREMENTS 

TABLE 13: CONFIGURATION : 3-D multi-component Flow Regime: Supersonic 
~~ ~ 

PHYSICAL GEOMETRY PRIMARY VARIABLES WHICH NECESSARY PARAMETERS FOR MEASUREMENT 
PHENOMENON FEATURES DRIVE THE FLOW PHYSICS PHYSICS TO BE MEASURED PRIORITY 

* Juncture flow Wing + - Reynolds number Surface pressures A 
* body Mach number Boundary layer characteristics A - pylon, - Incidence Flow visualization on and off surface C 

store/ - Detailed geometry Boundary layer transition location B 

Vortex-vortex Wing + - Reynolds number Surface pressures A 
interaction * body Mach number * Flow visualization on and off surface B 

Wake impingement, Wing + . Reynolds number Surface pressures A 
influence on down- wing * Mach number - Flow field in wake A 
stream component - Incidence Flow visualization on and off surface C 

Detailed geometry - Boundary layer transition location B 
Vortex and vortex Wing + * Reynolds number * Surface pressures A 
burst impingement, * body - Mach number * Flow field velocities B 
influence on down- wina - Incidence Flow visualization on and off surface A 

nacelle Mass flows 

* wing - Incidence 
Detailed geometry 

- 
stream component I fin I * Detailed geometry I - Boundary layer transition location I 0 
Multiole bodv lw ina  + 1. Mach number I .  Surface Dressures A 

~ ~I~ 

interaction pylon, Incidence * Flow visualization on and off surface C 

* Attached and General - Reynolds number Surface pressures A 
separated flows multiple Mach number - Balance forces and moments B 

components - Incidence Flow visualization on and off surface C 

store - Detailed geometry 
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CHAPTER 3 

REQUIREMENTS FOR EXPERIMENTS FOR CFD VALIDATION 

P R Ashill (DRA, Bedford, UK), 
D Brown (formerly of IAR, Ottawa, Canada), 

J Muylaert (ESTEC, Holland), 
M Onorato (Politecnico di Torino, Italy), 

V Schmitt (ONERA, France) 
and E Stanewsky (DLR, Germany) 

1.0 INTRODUCTION 

Validation of CFD requires, among other things, comparison 
between predictions of the methods and data from 
carefully-controlled and well-defined experiments. The wind 
tunnel is generally favoured for this purpose because it allows 
detailed measurements to be made in a controlled 
environment at a cost that is relatively low compared with 
that of a comparable flight experiment'. Against this must be 
set the fact that there are a number of potential problems 
associated with wind-tunnel testing that need to be considered 
in experiments for CFD validation. This chapter deals with 
the requirements which should be satisfied before a 
wind-tunnel experiment can be considered for this task. It is 
aimed primarily at experimenters contemplating CFD 
validation experiments in the future, particularly those who 
are new to the field. However, it is hoped that this chapter 
will also be useful to the theoretician in providing an 
understanding of the limitations of experimental work. 
Validation experiments are unlikely to fit within a rigid 
framework and will depend on a number of factors such as 
the background and experience of the persons performing the 
experiment as well as the requirements of the originators of 
codes. However, all validation experiments need to satisfy 
certain conditions as outlined below: 

1 Defi i t ion of the flow. This requirement deals 
with the definition of all aspects of the flow around the model 
in the test section, and is considered in Section 2.0. 

2 Reliability of data. Evidence of the reliability of 
the data is clearly of considerable importance in convincing 
the potential user that the experiment can be trusted to be 
used for validation. Examples of this are repeatability of data 
within and between test series and the reliability of correction 
procedures. This requirement is considered in Section 3.0. 

3 Data accuracy. This aspect has been addressed by 
AGARD Working Group 15 'Wind Tunnel Data Quality'. 
The studies by this Group have shown that the most serious 
source of uncertainty is bias or systematic errors in 
corrections, for example, for wind-tunnel wall constraint and 

~-~ ~~ .................................... 

' Flight experiments will be made only in special cases, where lhe 

model support interference. Bias and random errors in 
instrumentation can be quantified precisely whereas bias errors 
associated with these corrections are less easily defined. Since 
this is related to the issue of data reliability, it is considered 
in Section 3.0. 

The discussion will be confined to those experiments for 
which real-gas effects can be ignored. 

2.0 D E F I N I T I O N  OF F L O W F I E L D  AND 
BOUNDARY CONDITIONS 

2.1 The  Wind Tunnel 

In the consideration of wind-tunnel-related information needed 
for a well defined experiment and the assessment of the 
quality of a potential experimental data set, it is necessary to 
distinguish between the empty tunnel and the tunnel with the 
model installed. Naturally, the empty tunnel excludes the 
model. However, depending on the process used to determine 
support correction, the empty tunnel may include any support 
system and, for two-dimensional testing, a wake rake. The 
empty-tunnel requirements derive from the flow quality 
needed for computer-code validation and the accuracy with 
which characteristic parameters describing test conditions and 
the test section flow environment must be determined. 
Similarly, tunnel requirements with the model installed are 
essentially associated with the assessment of the boundary 
conditions and free-stream parameters, ie, parameters of the 
nominally undisturbed flow, which are possibly affected by the 
presence of the model. 

2.1.1 The  empty tunnel 

The main issues to be considered are the flow quality in the 
test section and the empty tunnel calibration. The flow quality 
is described by the spatial uniformity of the flow and the flow 
unsteadiness resulting from vorticity, noise and temperature 
spottiness. The tunnel calibration generally establishes the 
relation between the undisturbed flow in the test section, eg 
the Mach number distribution whose average is the 
"free-stream" Mach number, and a reference condition, eg, 
the plenum pressure, which can he measured during the actual 
model test. 
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the model installed. Such reference conditions are, for 
instance, the total pressure and temperature in the settling 
chamber, the pressure in the plenum chamber andlor the 
static pressure at a tunnel wall position upstream of and 
undisturbed by the model*. These pressures and 
temperatures will he used to predict the (average) free-stream 
parameters, Mach number, Reynolds number, static pressure 
and temperature, within the test volume during the actual 
tests. A similar procedure is used for adaptive wall tunnels 
except that the wall pressures and wall displacements 
measured with the model present are generally utilized 
together with the stagnation conditions to determine the 
undisturbed free-stream parameters. 

The empty-tunnel calibration should also include the 
determination of the test section wall pressure distributions 
for both conventional and adaptive-wall wind tunnels. This 
enables irregularities in the distributions to he detected, eg, 
due to orifice damage, and allows the assessment of the 
extent and magnitude oftlie upstream influence of the support 
structure andlor the wake-rake. These disturbances must be 
accounted for in the actual model tests by correcting the 
measured wall pressures accordingly. 

Free-stream Darameter accuracy requirements 

The accuracy with which characteristic free-stream 
parameters must he determined is based on the desired 
accuracy in drag prediction of AC, = 0.0001. According to 
Ref 1, these accuracies are: 

Stagnation pressure Apt = O.O005p, 

Stagnation temperature AT, = O.O05T, 

Mach number AM = 0.001 

This requirement is derived from the need to achieve the 
required accuracy in drag at drag-rise conditions, taken as 
corresponding to dC,/dM = 0.1. 

Angle of attack (or yaw) Au = 0.01" 

This ensures that the drag requirement is met at a typical 
cruise lift coefficient (0.5). Thus, for aircraft configurations 
with somewhat lower cruise lift coefficients (eg supersonic 
transports), this requirement might possibly be relaxed. 

The empty tunnel calibration must he sufficiently precise to 
ensure that these requirements are met. 

Flow uniformity 

Parameters describing the (steady) flow within the test section 
are the static and total pressures, the temperature, the Mach 
number and the flow angle. Variations in these parameters 
throughout the test volume must stay within certain limits in 

* This requirement may be relaxed if methods for correcting for wall 
interference are used that are 'autocorrective' in character, ie the 
correction allows for the disrurbance effect of the model on the flow 
at the reference pressure tapping (see Section 3.4).  

order to meet the accuracies in model pressures, forces and 
moments required for computer-code validation. These limits 
are, of course, dependent on the speed regime, the geometric 
model configuration and the flow phenomenon under 
consideration. Here, only the most stringent requirements are 
presented - indicating, however, where these requirements 
may be relaxed - using the information given in Refs 1 and 2. 

For force and moment measurements on complete and half 
models the following requirements are derived, based mainly 
on an accuracy in drag prediction AC, = 0.0001 mentioned 
above: 

Spanwise, (deviation from mean, 
along wing mid-chord line) 

Flow Curvature < 0.03" /chord 

The value for maximum variation of upwash was determined' 
by using classical wing theory to calculate the effect of such 
a spanwise variation for configurations suitable for subsonic 
transport aircraft, ie with high aspect ratio wings (A = 12). 
and at a typical cruise lift coefficient (C, = 0.6). The quoted 
variation can also be used for somewhat lower aspect ratio 
wings provided that the lift coefficient is smaller in the 
proportion (A)". The value for flow curvature was found 
independently from calculations of aerofoil wave drag and of 
tailplane trim drag'. Where there are doubts, the experimenter 
should perform calculations for the known angle variations 
over the proposed model to ensure that the drag requirement 
is met. 

Mach number 

Axial variation over model 
length (gradient) 

This requirement comes from a study of buoyancy drag'. 
Unfortunately, a rigorous theoretical analysis does not appear 
to he possible to determine the requirement for the variation 
over the test volume. In Ref 2 it is proposed that the peak to 
peak variation should he 

A u  < 0.1" 

AM < 0.0006M (Ref 1) 

AM < 0.001 (M < 0.9) 

AM < 0.008 (1.0 < M < 1.3) 

Temperature 

AT = i l K  (Ref 1) 
AT, < 0.25K (Ref 2) 

Total pressure 

Ap, < O.O05p, 

Further requirements 

In the case of surface pressure measurements, the variation in 
static pressure within the test volume should not exceed a 
value corresponding to ACp = 0.001. For boundary layer 
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The vorticity requirement is judged to be conservative and 
even considered adequate for basic experiments on transition. 

Recent improvements in the screen and honeycomb design of 
the settling chamber of the AEDC 16-foot transonic wind 
tunnel have shown a large effect on transition location on the 
AEDC 10"-cone, resulting in a remarkable agreement with 
free-flight data. From this observation it was conclude8 that 
noise must only be of minor intluence on transition location, 
at least for free-stream Mach numbers less than 1.1. It seems 
that the issue of the effect of noise on transition location is 
still not resolved (see Ref 5 )  and that, depending on Mach 
number and power spectra, the requirements on wind tunnel 
noise put forward above may be unnecessarily restrictive. The 
requirement on flow unsteadiness can also be relaxed for 
conventional tests where the free transition location has been 
determined experimentally. 

Dynamic experiments (Buffet tests) 

Pressure fluctuations 

Disturbance frequency content 

Free-stream unsteadiness may cause a global unsteadiness of 
the flow about the model. Unsteadiness of the model flow, 
eg, due to shock oscillations, may, however, also be 
self-induced and should therefore be predicted by appropriate 
(unsteady) computational methods. In order to distinguish 
between forced and self-induced oscillations, it is necessary to 
provide not only information on the free-stream unsteadiness 
but also on fluctuating quantities of the model flow (see also 
Section 3.5). 

Conchdine  remarks on flow aualitv and  accuracy 

It is likely that not all the (stringent) requirements on flow 
quality and accuracy quoted in the preceding sections can be 
met by contemporary wind tunnels6. For instance, it is 
believed that, currently, flow angle (including wall 
interference) cannot be determined with an accuracy of 
Aa = 0.01". which is needed to limit the error in drag 
coefficient to AC, = 0.0001, It is therefore extremely 
important that information on flow quality, data accuracy and 
wall-interference effects be provided with data sets so that the 
influence of deviations from these requirements can be 
assessed. 

2.1.2 Model installed 

For the validation of CFD it is essential to know the exact 
flow conditions at the boundaries of the test volume 
surrounding the model either to determine the tunnel-wall 
corrections (Section 3.4) or as boundary conditions for the 
flow solution. These boundaries generally include the inflow 
and outflow planes of the test volume and the test section 
walls, Fig 1. 

Inflow and outflow planes 

In subsonic flows the influence of the model may extend so 
far upstream that the inflow into the calibrated test volume is 
disturbed; in that case measurements must be carried out 
within the inflow plane to determine the distribution of 

< p ' > / q  < 0.5% 

[nF(n)]" < 0.002 

studies, the variation in total pressure should not exceed 
Apt = i-O.O02p,. All other requirements remain the same. 

For aerofoil and slender body tests the above requirements 
are restricted to a smaller test volume surrounding the region 
of the model centre line. The requirements may, furthermore, 
be relaxed for configurations where drag prediction is not the 
main issue and where the determination of pressures, forces 
and moments associated with separation phenomena (beyond 
drag rise) is more important (eg slender bodies, low aspect 
ratio wings). In supersonic flow it is necessary to ensure that 
there are no local discontinuities within the test diamond 
(position of the model) due to compression and/or expansion 
waves originating in the tunnel upstream of the test section. 

Flow unsteadiness 

Unsteadiness of the oncoming flow may affect the flow 
development on the model in three distinct ways: i) via the 
influence on the boundary layer transition location, ii) by 
affecting the development of a turbulent boundary layer and 
iii) as a driving force for an overall unsteadiness of the flow 
about the model, causing, for instance, shock oscillations and 
variations in aerofoil or wing trailing edge conditions. 

For turbulence levels of present-day wind tunnels, 
free-stream unsteadiness is generally not a critical parameter 
when tests are conducted with fixed transition and sufficient 
run time is provided, ie 0.5 sec for static force and moment 
measurements and 1 sec for static pressure tests'.'. However, 
unsteadiness becomes important for tests with free transition 
or when specific tests, such as laminar flow control (LFC) 
measurements, unsteady measurements (buffet tests) or 
measurements of turbulent boundary layers, are being 
conducted. These investigations will determine the wind 
tunnel flow quality requirements. 

Turbulent boundary laver measurements (with fixed 
transition] 

Velocity fluctuations, all 
three components (vorticity) < u' > /U, < 0.1 % 

Temperature spottiness < 0.5K 

Pressure fluctuations (noise) < p ' > / q  < 2% 

The last value is based on observations' which demonstrate 
the insensitivity of turbulent boundary-layer development to 
noise. The vorticity criterion' derives essentially from the 
requirement to determine skin friction within * O . l % .  The 
upper limit for temperature spottiness of 0.5 K is given here 
because temperature variations convected through a transonic 
or supersonic contraction lead to similar velocity fluctuations. 

Free transition tests 

Velocity fluctuations, all 
three components (vorticity) < u' > /U ~ < 0.1 % 

Temperature spottiness < 0.5K 

Pressure fluctuations (noise) < p ' > / q  < 0.1% 
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characteristic flow parameters. In the inflow plane, CFD 
methods always require the quantity u + 2a/(y - 1), the 
velocity components v and w and entropy S = In(p/p'). Here 
u is the streamwise component of velocity in the Cartesian 
system (u,v,w) and a is the local speed of sound. For 
supersonic flows, the quantity u - 2a/(y - 1) is required in 
addition. Effectively, this means that, for all flows, 
information is required of all three velocity components, 
static pressure and density (or temperature) at the inflow 
plane. If the flow between the tunnel reservoir and the 
inflow plane may be considered isentropic and if, as usual, 
the reservoir pressure and temperature are measured, the 
measurements at the inflow plane may be restricted to flow 
speed and direction. However, for wall boundary layers, 
additional measurements of total pressure will be necessary 
(see below). The accuracy of flow speed and direction may 
be inferred from information given in Section 2.1.1. For 
practical reasons, detailed measurements such as those 
described above may not be possible, and the assumption will 
then often be made that the flow at the inflow plane is 
uniform, ie u = constant, v = w = 0. Furthermore, the 
value of u will be inferred from a measurement of static 
pressure at a neighbouring orifice at the wind-tunnel walls. 
In this event, calculations should be made using, for 
example, classical wall interference theory to establish 
whether or not the flow induced at the inflow plane by the 
model and its images beyond the tunnel walls conforms to the 
requirements for uniformity specified in Section 2.1.1. 

At the uutklow plane CFD methods need the quantity u - 
2a/(y - I )  if the flow is subsonic and no information if the 
tlow is supersonic. For subsonic 'free-air' flows in two 
dimensions, CFD users frequently prefer to specify static 
pressure at the outflow boundary, because static pressure 
tcnds to its undisturbed value far downstream, whereas the 
quantity u - 2a/(y - 1) does not downstream of a shock. In 
three-dimensional flows, static pressure does not tend to its 
undisturbed value far duwnstream owing to the presence of 
a trailing-vortex sheet. Solutions for such flows obtained in 
this way are therefore incompatible with the outflow 
boundary conditions, but the effect on the solution in the near 
field may not be serious if the outflow plane is sufficiently 
far downstream of the test article. By the same argument, it 
may be sufficient to supply only a measurement of static 
pressure at a wall orifice near the outflow planes. However, 
for porous-wall wind tunnels, this measurement cannot be 
used since the plenum air (at a different stagnation pressure) 
mixes with the air in the main flow, thereby affecting the 
static pressure far downstream. 

Wall conditions 

In tests on three-dimensional configurations, flow conditions 
along or near the walls must he known if the data are not 
corrected for wall interference. For porous-wall wind 
tunnels, problems can arise owing to the complex nature of 
the flow near the walls. In this region, air returning to the 
working section is at a lower stagnation pressure than that of 
the main flow as noted above. However, if the measurement 
surface is displaced from the walls such that the Stagnation 
pressure is equal to that of the main flow, then it is possible 
to define the (transpiration) boundary condition from 
measurements of static pressure (to give density) and flow 
direction to give normal velocity Measurements of static 

pressure alone are insufficient, although, frequently, these are 
the only measurements made at the boundary. The 
measurement of flow direction is a demanding task, requiring 
great care. For solid-wall wind tunnels, on the other hand, 
flow direction is essentially defined by the condition of no 
flow through the walls. For this reason it is recommended that 
solid-wall wind tunnels should he used for validating 'in 
tunnel' CFD methods. 

In two-dimensional (aerofoil) tests, information similar to that 
above is generally only required for the top and bottom walls. 
However, if a) the aspect ratio of the test set-up is 
insufficiently large (see Section 3.4.1). b) the influence of the 
interference between model flow and the sidewall boundary 
layer affects the flow at the measuring station of the model, 
and c) the data are not corrected for sidewall effects, pressure 
distributions and effective flow angles (or at least the initial 
boundary layer conditions) on the sidewalls must be 
determined and provided. 

The accuracy of the wall measurements must be such that the 
accuracy requirements outlined in Section 2.1.1 are met. The 
characteristic wall parameters for a wind tunnel with solid, 
adaptive walls are static pressure coefficient and wall 
deflection, n. Tentatively, it is suggested that ACp < 0.002 
and An < 0.0003!, where P is the wave length of the error 
in wall shape. (See also Section 3.4 on the reliability of 
corrections). 

Wall boundary layers 

The boundary-layer displacement thickness along the test 
section walls added to the fixed wall geometry constitutes the 
effective wall contour. In the empty tunnel the influence of 
the wall boundary layer development on the tlow within the 
test volume is generally minimized by wall divergence or 
other means and is reflected in the flow uniformity 
(gradients). The boundary-layer development is, however, 
affected by the model @Ius wall interference) tlowfield and 
the initial boundary-layer conditions (displacement thickness, 
shape factor) at the inflow plane must be provided in the 
following cases: 

Three-dimensional uncorrected experiments for 
which only geometric boundary conditions are 
given. 

Two-dimensional experiments where sidewall effects 
have not been assessed and corrected. 

Under these circumstances it is, of course, preferable to be 
able to make use of the measured effective boundary contour 
for computer-code validation. 

2.2 Model and Supports 

The definition of the model refers primarily to model shape 
and surface finish. For CFD validation it is less important that 
the model conforms to a particular design than that the shape 
is well defined, provided the physical features of interest are 
represented. The definition of model shape will normally be 
carried out as part of the routine process of inspecting the 
model before testing. The accuracy of this procedure 
determines how well the model shape is specified. It is 
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difficult to give general rules as to the required accuracy. As 
is well known, transonic flows are sensitive to small changes 
in shape and so it can be expected that, for such flows, the 
ordinates will need to be specified to a high degree of 
accuracy. Experience based on the use of CFD methods for 
calculating transonic viscous flows over aerofoils', suggests 
that the ordinates need to be measured to within ~ 0 . 0 0 0 1 c ,  
where c is local chord, to ensure that errors in drag 
coefficient are less than 0.0001. For an aerofoil of 152mm 
(6in) chord, this implies a measurement tolerance of 
*0.016mm (+0.0006in). Errors in the form of waves of 
lengths not much less than 10% chord can be tolerated, but 
steps, gaps and discontinuities in slope should be avoided as 
far as possible. According to Steinle and Stanewsky', 
experience suggests that discontinuities in slope should not 
exceed 0.1 '. Maximum height of steps should conform to the 
requirement usually laid down for surface finish' ie 

UJIh < 5 ,  

where U, is wall friction velocity and h is excrescence (step) 
height. For tests at high Reynolds numbers on small models 
this may he difficult to achieve with current methods of 
manufacture. This criterion should be satisfactory for 
preventing premature transition in laminar flows over 
aerofoils. However, it is unlikely to be adequate for swept 
wings in regions where a laminar boundary layer is subject 
to cross-flow instabilities. 

For tests at low speed and at supersonic speed, the shape 
requirements defined above can be relaxed considerably. 
However, errors in flap and slat gaps, overlaps and angles 
can have significant effects on maximum lift coefficient and 
lift-drag ratio at low speed. Experience on this aspect appears 
limited, but some unpublished experimental work at the 
Defence Research Agency (DRA), Farnborough, UK suggests 
that, if the error in maximum lift coefficient is to be kept 
below 0.1%, the errors in slat position and angle should be 
less than 0.01% and 0.05', respectively. Recent CFD studies 
of a particular case at ONERA showed that a variation of 
flap angle of 0.1" resulted in a change of lift of 0.1%. 
whereas the same slat-angle variation gave only a lift 
variation of 0.02%. Experimenters should assess the 
sensitivity of maximuin lif t  and lift-drag ratio to errors in slat 
and flap settings. 

Invariably, models are equipped with orifices for the 
measurement of surface static pressure. These holes can 
affect the flow in both turbulent and laminar boundary layers. 
In flows with natural transition, holes can have a 
particularly-large effect on transition position'. The effects 
can be particularly severe if the pressure lines are not sealed 
so that there is a net inflow or outflow into the holes. Care 
should be taken to ensure that the model is properly sealed. 
This places considerable demands on the care needed in 
designing models for tests at high speed and high pressure 
where the loads on the model may cause gaps to appear 
between components of the model with the possibility of 
leaks occurring. 

During the test, the shape of the model will change to some 
degree depending on the loads it experiences, the material 
used in its manufacture and its moments of inertia. Clearly, 
this deformation needs to he known if a satisfactory 

correlation with CFD is to be obtained. Spanwise variation of 
local twist of a wing should be known to within 0.1". For 
transonic flows it will be necessary to know the change in 
camber ordinate to better than 0 . 0 0 0 2 ~ .  This matter is dealt 
with again in Section 3.4 in the context of the reliability of 
corrections. 

With current technology, models have to be supported by 
physical means in the working section of the wind tunnel. 
Thus the supports inevitably influence the flow around the 
model, and ways must be found to account for this either by 
an appropriate correction procedure (see Section 3.4.2) or by 
modelling the effect in the CFD method. The latter approach 
may not be possible because of the complexity of the flow 
induced by the supports but, if it is, the support geometry 
should be specified accurately. 

As with the model shape, supports will distort under load 
during a test with the consequence that model angle of 
incidence may he affected. Allowance for this effect may be 
made either by prior static-calibration, combined with 
measured loads, or by fitting an incidence-measuring 
transducer in the model to measure angle of incidence 
directly. With either method, the aim should be to achieve 
measurement of angle of incidence to within +0.01". 

2.3 Boundary Layer State 

The usefulness of wind tunnel data for CFD code validation 
will be enhanced if the boundary layer on the model is well 
defined. 

A full statement as to the geometry, type and location of the 
boundary layer trip, if used, is required, in addition to obvious 
parameters such as the Reynolds number for the model. For 
excrescence trips, details of the geometry of the trip should 
include mean and standard deviation of both the height of the 
trip and the distribution of particles. Evidence should be 
included that the boundary layer trip is effective in provoking 
transition just downstream of the trip. Furthermore, an 
estimate (or, if possible, a measurement) of the increment in 
boundary-layer momentum thickness across the trip should be 
included. Further, desirable information would include surface 
temperature and stream properties, if different from air. 
Boundary layer measurements with pitot and static probes 
should be supported with a statement as to the accuracies with 
which stagnation and static pressures are known. Desirable 
maximum values are 0.1 % of free-stream stagnation pressure 
and local static pressure on the model surface. In addition, in 
tests on three-dimensional models, an indication should be 
given of the accuracy of any measurement of flow angle 
within the boundary layer. Where necessary, corrections 
should be applied for probe-support interference, probe 
displacement errors and static-hole errors (see also Section 
3.4.4). Where skin friction is measured using either surface 
pitots or hot films, estimates should he made of errors in the 
calibrations of the devices. 

Wind-tunnel data obtained from models with free-transition 
are often subject to a transition region that is ill-defined and 
that varies in position and width across the span. Furthermore, 
such tlows are sometimes found to he unrepeatable due to 
their sensitivity to various factors, including model 
imperfections. These problems apply especially at the low 
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values of Reynolds number encountered in many wind 
tunnels and explain why boundary-layer transition is 
generally "fixed" in wind-tunnel tests. An undesirable effect 
of boundary-layer trips placed near the leading edge of wings 
is an excess thickening of the boundary layer at the trailing 
edge. However, for CFD validation, this is preferable to the 
uncontrolled and sometimes unrepealable boundary-layer state 
arising from free transition. The exception to this rule is 
where transition occurs in a narrow region close to the 
leading edge. for example, at high Reynolds number or 
following the reattachment of a laminar short bubble. Where 
this is the case, evidence should he presented showing the 
position and streamwise extent of transition. 

The position of any attachment and separation lines should be 
defined, and, if possible, a description of the flow topology 
should be presented (see eg Ref 9). 

2.4 Flowfield 

The precise definition of a flowfield requires flow vector and 
scalar quantities to he determined at a series of points. 
However, measurement, using conventional probe techniques, 
is necessarily an average over a zone of non-zero size. The 
difference between this average and the corresponding point 
value will depend on spatial variations of the flow quantities 
in the region of the point. Furthermore, the measuring device 
may affect the flow being measured, displacing the 
streamlines locally. Thus, depending on the ilow, it may be 
necessary to correct the data for non-zero probe or hole-size 
effects (see Section 3.4.4). Where possible, flow 
visualisations or alternative measurement techniques should 
be used to determine whether or not the measurement device 
has a serious effect on the flow. 

As well as correcting the data to a point it is necessary to be 
able to define the position of the point accurately, particularly 
in regions where the flow is changing rapidly with position, 
eg within shear layers. The desired accuracy depends on the 
type of flow but it should he such that the errors in total and 
static pressures are less than 0.1% of free-stream total 
pressure. Requirements for precision in determining flow 
angle will depend on the reasons for the measurement. For 
example, if measurements are being made in the wake of a 
finite wing to determine overall drag, a high precision will be 
needed'O, typically +0.02". This requirement can be relaxed 
considerably for measurements needed to validate CFD 
predictions of flow angle. In the determination of probe 
position, allowance needs to be made for static aeroelastic 
distortion of the probe supports. 

In regions of rapidly-changing flow quantities, such as 
boundary layers and shock waves, it is necessary to ensure 
that there are sufficient measurement points to define the 
flow adequately. For example, in a boundary layer, the 
number of points should he chosen to ensure that both 
boundary-layer displacement and momentum thicknesses can 
he determined from integrations across the layer with an 
accuracy of better than 1 %. Surface static-pressure 
distributions should be such that the surface pressure 
distribution i n  the region of the shock is adequately defined, 
ie at an interval of 2% to 3% chord. Increasing the density 
of pressure points should also be considered in regions where 

boundary-layer displacement effects are relatively large, eg 
near the trailing edge and possibly near transition. 

Laser anemometers are non-intrusive and therefore avoid the 
problems associated with intrusive measurement techniques. 
However, there are a number of factors to be appreciated for 
critical measurements with laser anemometry including, spatial 
resolution and accuracy, particle properties, and signal 
sampling and processing. These factors depend on laser beam 
conditioning, detector geometry, registration accuracy, the 
properties and dynamics of scattering partides, signal 
sampling and signal processing. Several of these qualities are 
likely to have influences on each other. For example, laser 
beam geometry controls not only fringe size, thus having a 
direct effect on the accuracy of the velocity measurement, but 
it also has an effect on the shape and size of the measurement 
volume, and hence will influence sampling. Again, pdrtides 
which are ideally suited to rapidly-accelerating flows may 
have their signals swamped by those from larger particles 
carrying unreliable or erroneous information. 

The errors associated with these factors or with the procedures 
used to correct for any of them should he determined and 
presented with the data. 

3.0 

3.1 Data Repeatability 

An important indication that a wind-tunnel test is reliable is 
that the data are repeatable both within and between test 
campaigns. Factors affecting repeatability are described 
below: 

1 Within a test campaien 

Flow steadiness and variability 

Where the flow is unsteady (eg due to flow separations or 
oscillating shock waves), devices suitable only for measuring 
steady flows may give unrepeatable data. It is possible to 
overcome this problem by appropriate filtering o r  averaging 
of the output of the measuring device". However, the filtered 
or averaged signal may not necessarily correspond to the true 
time-averaged signal. Some filtering is necessary to eliminate 
system noise but, if it is necessary to provide additional 
filtering or to perform averaging, this should be 
acknowledged. Where possible, unsteady measuring devices 
should be used to supplement the information supplied by 
steady instrumentation (see also Section 3.5).  Similar remarks 
apply to the effects of model vibration. 

Tunnel temperature 

Variations in model temperature, following changes in tunnel 
temperature, may affect the signals from strain-gauge devices. 
Normally, these devices are 'compensated' in some way to 
allow for temperature variation, but, in experiments aimed to 
give data of high accuracy, periodic checks need to he made 
to ensure that the errors from this source are within acceptable 
limits, eg AC,<O.O001. 

Large departures in tunnel temperature may result in the 
model being, thermally, far from equilibrium and may cause 

RELIABILITY AND ACCURACY OF DATA 
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3.2 Internal Consistency of Data 

As part of the process of verifying the experiment, it is 
desirable to be able to demonstrate that the data are internally 
consistent. Evidence that this is so contributes towards 
building confidence in the data. As an example of a check for 
internal consistency, measurements of surface pressures are 
often accompanied by overall-force measurements made by 
some form of balance. Consistency between these two sets of 
measurements may be demonstrated by comparing overall 
forces and moments obtained by integrating the surface 
pressures with those determined by the balance. The 
comparison of drag is complicated somewhat by the need to 
include allowance for skin friction when determining drag 
from pressures. In addition, this is a particularly severe test of 
the accuracy and distribution of pressure measurements 
because of the known sensitivity of pressure drag to errors. 
On the other hand, experience of testing wing-body 
configurations16 suggests that it should be possible to 
demonstrate consistency of the two measurements of lift 
coefficient to within at least iO.01. 

Another example is of the use of inverted testing with 
complete models. Comparison between data obtained from 
these tests with those taken from the more normal erect testing 
shows whether or not: 

a) correct allowance has been made for the upwash or 
downwash in the empty working section; and 

b) such interactions as there are between balance components 
have been properly accounted for in the balance calibration. 

In addition, where angle of attack is obtained by calibration of 
sting deflection against load, this procedure provides a check 
of the coefficients used for balance and sting stiffnesses. 

3.3 Redundant Measurements 

One measurement method may be sufficient to determine a 
particular flow quantity, but correlation with other (redundant) 
measurements is considered to be a desirable feature of a CFD 
validation experiment. A typical example is the measurement 
of surface skin friction using the surface-pitot technique, on 
the one hand, and by inference from velocity profiles on the 
other. Another example is the use of flow visualisations to 
provide a check of measurements made of surface flow angle, 
for example, by using flow probes. Differences between the 
two interpretations may be a measure of uncertainty in both 
methods. Details should be provided of comparisons between 
different methods and, where there are differences, some 
indication should be given of the likely source. 

3.4 Reliability of Corrections 

If an aim of the tests is to provide data relevant to a free-air 
flow about a rigid air vehicle then corrections have to be 
applied for a number of effects including: 

1) Wind-tunnel wall interference 

ii) Support interference. 

the model temperature to differ significantly from that for 
adiabatic conditions (recovery temperature). In this event, the 
boundary layers may be affected”, particularly where the 
flow is laminar or transitional. Therefore the ranges of the 
ratio of model surface temperature to recovery temperature 
should be quoted. 

Humidity 

In locally or globally supersonic flows, humidity has been 
shown to have a significant effect on pressures”, and, if 
measures are not taken to control humidity, repeatability of 
pressure measurements may be unsatisfactory. For such 
experiments, the range of dew-point temperatures at 
atmospheric pressure during the test should be quoted. 

Flow contamination 

Dust particles, ice particles (in cryogenic tunnels) and oil 
can be the cause of poor repeatability in experiments where 
there are long reaches of laminar flow on the model”. 
Repeated impacts on the model by particles can roughen the 
surface and ’trip’ an otherwise laminar boundary-layer with, 
consequently, a large effect on drag. Where such a problem 
is expected (and it is difficult to avoid altogether in 
high-speed wind tunnels), measures should be taken to 
monitor the transition fronts on the model or to note 
inconsistent variations of drag with lift or Mach number. The 
problem is likely to be less severe when boundary-layer 
transition is fixed close to the leading edge, but, nevertheless, 
should be monitored. 

2 Between test campaigns 

Factors affecting repeatability between test campaigns are 
those given above along with: 

Model build 

Lack of repeatability from this source may be taken to be 
evidence that the model shape is not properly defined for 
CFD validation. 

Boundary-laver state 

The importance of ’fixing’ boundary-layer transition in tests 
at sub-scale Reynolds numbers has been noted in Section 2.3. 
However, it is well known that it is difficult to repeat precise 
details of transition trips and that this may give rise to poor 
repeatability of drag measurements. Conversely, good drag 
repeatability between test entries is evidence that 
boundary-layer transition is fixed in a controlled manner”. 

Wind tunnel 

Changes in the flow characteristics of the wind tunnel are 
normally accounted for by periodic re-calibrations but, if not, 
repeatability between test series may not be satisfactory. This 
remark applies particularly to flows with separation from 
smooth surfaces or with natural transition. 

Good agreement between data from tests in different wind 
tunnels on the same model can be taken as evidence of a 
well-defined experiment and sound test techniques. 
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iii) 
and 

iv) 

3.4.1 Wind-tunnel wall interference 

Blockage and  lift interference 

In the context of calculating wall interference, the importance 
of measuring the 'wall' boundary conditions and the inflow 
and outflow conditions of the working section is well 
understood and has been referred to in Section 2. Currently, 
there are several methods for calculating wall interference 
using measured boundary conditions. It is expected that these 
methods will be preferred to 'classical' methods using 
assumed boundary conditions for data correction in 
experiments suitable for CFD validation. The modern 
methods can be divided into two types; the model 
representation (or 'one variable') type".'8.'9,20 that, as the 
name suggests, requires some form of model representation 
but needs only one component of perturbation velocity near 
the walls and the other that does not need a model-flow 
simulation but requires both the normal and streamwise 
components of velocity close to the walls ('two component' 
or 'two variable' type)2'.22.2'. 

For flows with shock waves, model representation methods 
based on linear theory should be treated with caution where 
the theory is used to determine the strengths of the 
singularities defining the model. Non-linear approaches have 
been developedi4.", hut even these are probably not 
satisfactory for flows with strong shock waves and regions of 
separation 

Otlier sources of uncertainty in both types of method arise 
from: 

1) 

i i) 
outflow conditions . 

iii) Errors in the streamwise component of velocity 
perturbation caused by using the linear version of Bernoulli's 
equation. 

iv) Effect of the model and the associated images 
beyond the wind-tunnel walls on the reference pressure 
tapping far upstream which will cause errors in the 
corrections of methods that are not 'autocorrective' in 
natureN8. 

Where possible, checks should be made using analytical 
methods to evaluate the errors arising from these sources. 
Regarding the inflow and outflow conditions (ii), the 
uncertainties from this source will depend on the length of 
working section relative to working section height or width, 
becoming increasingly important as working-section length 
decreases. The method used for inferring these conditions 
should he described. For two-dimensional flows, it is not 
necessary to use the linearised form of Bernoulli's equation 
and therefore the errors from this approximation, referred to 
in iii), can readily be determined. On the other hand, the 

Aeroebdstic distortion of the model and its supports, 

Intrusive effect of measuring equipment. 

Sparseness of the pressure data at or near the walls. 

Lack of reliable information about the inflow and 

determination of streamwise velocity increments from 
pressures in three-dimensional flows is more difficult, 
involving the solution of Euler's  equation^^^^? 

As with the inflow and outflow conditions, the effect iv) above 
becomes larger, for a given model, as working-section length 
decreases. It also depends on the disturbance flowfield of the 
model. This effect is accounted for by methods with 
'autocorrective' features'8. 

In the case of solid-wall tunnels, where the normal velocity 
at the walls is essentially defined by the condition of no flow 
through the walls, a limited number of wall-pressure 
measurements can he used to determine the strengths of the 
singularities representing the model. Thus, for solid-wall wind 
tunnels, it is possible to reduce the uncertainty associated with 
the simulation of the model flow field. Experience with this 
approach for tests on aerofoils with embedded transonic flows 
has been favourable" and the method, originally proposed by 
Goethert", is in routine use in at least one high-speed tunnel". 
For tests in solid-wall tunnels on high-lift configurations with 
regions of separation, representation of the model flow 
becomes more difticult. 

This difficulty may he overcome by using a two variable 
method which, as already mentioned, does not need a model 
representation. For solid-wall tunnels, the streamwise-velocity 
component is inferred from wall static pressures, as before, 
and normal velocity is effectively defined by the no-flow 
condition at the walls, as noted above. On the other hand, the 
normal-velocity component cannot be determined easily for 
porous or slotted-wall tunnels, although some encouraging 
progress is being madelo. 

The current generation of two variable methods is based on 
the idea that the wall-interference velocity potential Satisfies 
the small-perturbation equation. This can be shown to be so if 
either a) the flow near the model corresponds identically to a 
free-air flow (or is 'correctable'), or b) the wind-tunnel flow 
itself satisfies the small perturbation equation, or c) the flow 
Mach number is everywhere close to zero in the wind tunnel. 
Thus where a) applies, the method is valid for transonic flows, 
and the errors associated with non-linear effects only arise as 
a result of linearisation of Bernoulli's equation to infer 
streamwise velocity at the walls from wall pressures. 

Numerical theoretical studies" suggest that, for a solid wall 
tunnel of square cross section, the error in the correction 
obtained with a two variable method can be reduced to below 
1% if there are at least 100 static pressure holes distributed 
evenly around and along the tunnel walls within about a tunnel 
breadth either side of the model datum. However, this aspect 
needs to he studied for each wind tunnel, and similar 
consideration needs to be given to the measurement of the 
position of the walls for flexible-wall tunnels3'. 

Section 2.1 prescribes accuracies that should he achieved in 
the measurement of wall pressures. With current measurement 
methods, it should be possible to achieve bias errors less than 
the specified value ACp = 0.002. There will also he random 
errors in the wall pressure measurement depending on the 
flow quality of the wind tunnel. Repeatability checks should 
establish if this source is important or not. However, studies 
in a low-speed tunnel suggest that wall-induced velocities 
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given by two-variable methods are insensitive to this form of 
error owing to the averaging effect of the integration process 
used in the methodz6. 

The methods can be used by the experimenter to assess 
whether or not the flows are correctable. Excessive variation 
of wall-induced velocities in the region of the model is 
potentially the most serious source of error. The concept of 
‘correctability’ is difficult to define because it depends on the 
type of flow and on the model configuration and it is difficult 
to lay down general rules. Ideally, the variations in 
wall-induced velocities in the test volume should conform to 
the requirements for flow uniformity laid down in Section 
2.1, but it is suspected that few experiments will meet all 
these criteria. However, information should be provided on 
the quantities noted in Section 2.1 so that a judgement can be 
made as to whether o r  not the experiment can be corrected 
to ’free-air’ conditions. It is possible that some experiments 
will provide data which, for certain conditions, can be 
considered correctable but, for others, will only be suitable 
for validating model-in-tunnel CFD methods. For example, 
supercritical flows are much more sensitive to variations in 
wall-induced velocities than subcritical flows. 

Sidewall boundary-layer interference 

The effect of the growth of the wall boundary layers on the 
flow in the working section is partly allowed for in the 
calibration of the empty tunnel. However, the wall boundary 
layers are altered when the model is in the wind tunnel, and 
this change may need to be taken into account, for example, 
by adjusting the normal-velocity condition at the tunnel walls, 
as noted in Section 2.1. Experience with application of a 
two-variable method to two-dimensional flows, with regions 
of transonic flow contained within the tunnel working 
section”, indicates that the errors arising from the change in 
boundary-layer thickness on the upper and lower walls can 
probably he ignored for flows of this type. The situation as 
regards the sidewall boundary layers is more complex. 
Approximate methods are available for correcting for this 
effect in the case of two-dimensional aerofoils’2~’’~’*’i. 
Alternatively, the corrections might he obtained by 
performing tests with aerofoils of differing aspect ratios, 
allowing interference-free values of flow quantities to be 
determined by extrapolation. Calculations by two of the 
approximate  method^^'.^' are shown in Fig 2 for a free-stream 
Mach number of 0.7 and for the ratio of wall boundary-layer 
displacement thickness to semi-span ratio, 26*lb, 0.02. These 
calculations suggest that an aspect ratio in the region of 4 
would ensure that AM < 0,002. However, more recent 
theoretical studies36.” indicate that this value is an 
underestimate for transonic flows. This point is illustrated in 
Figs 3 and 4 .  For the CAST 7 aerofoil, Fig 3 shows 
comparisons between predictions by one of the approximate 
theories and by a CFD method for transonic flows3’ in which 
coupling is included between the inviscid flow and the 
sidewall boundary layer. The agreement between the two 
approaches appears reasonable at the lower of the two Mach 
numbers shown (0.6), where the flow over the model is 
subcritical. However, for supercritical flows at the higher 
Mach number (0.71). the CFD method predicts significantly 
larger values of the correction and suggests that model aspect 
ratios of over 8 are needed to ensure that the magnitude of 

the correction is below 0.002. Fig 4 illustrates a comparison 
between the CFD method of Ref 36 (which is similar to that 
of Ref 37) and two of the simplified methods for the Boeing 
A4 aerofoil. In this case, there is a supercritical-flow region 
above the upper surface and, as before, the CFD method 
predicts corrections that are higher in magnitude than those of 
the approximate methods. This indicates that the approximate 
methods need to he used with caution either to correct data for 
sidewall effects or to design future experiments on aerofoil 
models. 

The use of sidewall suction may allow lower values of aspect 
ratio to be used”. To some extent the effect of the sidewall 
boundary layers is accounted for in pressure measurements 
made on the centre-line of the roof and floor. For a solid-wall 
tunnel, roughly one third of the Mach-number increment is 
allowed for by a wall-interference method using wall 
pressures”. 

Depending on the type of aerofoil pressure distribution, 
compressivelexpansive disturbances may be caused by the 
interaction between the model and the sidewall boundary layer 
in the region of the aerofoil nose. These disturbances may 
affect the flow on the centre-line, depending on the local 
Mach number of the flow above the aerofoil and the model 
aspect ratio”. Such effects may limit the usefulness of the data 
for CFD validation and should he suppressed by the use of 
wall suction or end plates”. Where they have not been 
eliminated, attention should he drawn to their presence, 
usually indicated by undulations in the pressure distribution in 
the supercritical-flow region. 

An effect of sidewall boundary layers that has not been widely 
acknowledged is their influence on the development of the 
boundary layers on the model. Sidewall boundary layers 
induce a convergenceldivergence in an otherwise two- 
dimensional flow at the centre-line of an aerofoil model. This 
alters the development of the boundary layer, which needs to 
be taken into account. Estimates of corrections for this effect 
could be made using one or other of the methods described 
above, together with a method for calculating boundary layers 
with allowance for convergence or divergence. 

It is conceivable that some tests with models of ’low’ aspect 
ratio with, consequently, ’large’ sidewall effects may not be 
suitable for validating CFD codes for two-dimensional flows. 
These tests may, nevertheless, he suitable for validating codes 
for modelling three-dimensional flows. However, experiments 
of this sort will only be useful if information is provided on 
the boundary layers on the sidewall in the empty tunnel. 

Techniques for correcting half-model data for sidewall effects 
seem to be lacking. All that is done at present is to minimise 
the effect as far as is possible, by displacing the model 
centre-line from the sidewall by a small distance”. This 
provides some allowance for the inward displacement of the 
model reflection plane by the wall boundary layer. However, 
this change does not ensure zero interference since there 
remains the interaction between the model and the wall 
boundary layer. One basis for determining the accuracy of the 
half-model technique is to compare data so obtained with those 
from a complete model at comparable Reynolds number (after 
allowing for any differences in aeroelastic distortion between 
the two models). Evidence of the success of such comparisons 
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would bc useful in assessing the value of the half-model 
technique for providing data suitable for CFD validation. 
Where this has not been done, the technique may, 
ocvertheless, he useful in assessing a code's ability to model 
the effects on the flow of changes in wing shape or of Mach 
number and Reynolds number. Details should he provided of 
the boundary-laycr state on the sidewall in the empty tunnel. 

Evidence should be documented in future CFD validation 
studies to support claims about the accuracy of the 
wall-correction methods used based on studies such as those 
described above. Details should be provided of i) the type of 
methods, ii) the measurement techniques used to determine 
the flow conditions at or close to the tunnel walls, as well as 
at the inflow and outflow boundaries, and iii) the number and 
distribution of thesc flow measurements. Information should 
also be provided on boundary-layer displacement thickness in 
the region o f  the model and on any control of the sidewall 
boundary layer (eg suction quantities). Data should be 
provided on both the corrections applied and the residual 
variations in wall-induced velocities in the measurement 
region. The aim should be to determine Mach number and 
angle of incidence to within fO.OO1 and +0.01', 
respectively. 

3.4.2 Support interference 

As noted above, it is usual to correct data for support 
interference. Such corrections may not be necessary if the 
CFD method to be validated is able to simulate the effects of 
tlie support. However, tlie ultimate aim of CFD must he to 
model free-air flows and so correction of data for support 
interference is regarded as desirable. Furthermore, the flows 
in tlie region of the model-support junctions are generally 
complex and so CFD methods may not be entirely 
satisfactory for representing such flows. On the other hand, 
where the supports have been designed to give low 
interference, CFD methods can probably be used with some 
confidence to determine corrections for support 
interferen~e'~. When making such corrections it is important 
to remember to allow for the interference between the 
supports and the tunnel walls. 

The rear sting or blade supports used in high-speed testing 
can have a significant effect on the flow over the part of the 
model closest to the support, ie the rear part of the body. A 
correction to drag for this effect is normally determined using 
the twin-sting technique4'. However, where methods for 
predicting wing drag of a complete configuration are being 
assessed, i t  may be possible to allow for this effect by the use 
of body-alone tests as a datum". 

Where corrections for support interference are made, their 
magnitude should he stated and some indication be given of 
tlie variation of support-induced velocities over the model. 

3.4.3 Aeroelastic distortion 

Aeroelastic distortion due to static loads on the model is an 
important effect in tests performed at high speed on models 
with thin lifting surfaces. This is particularly true of tests in 
pressurisedwind tunnels. The local twist of a wing should be 
known to within 0.1". and, for transonic flows, camber 
ordinate needs to he defined to better than 0 .0002~ .  

Aeroelastic distortion of flap and slat gaps, overlaps and 
angles could he an important factor which would need to be 
taken into account in tests on high-lift configurations. If 
possible the aeroelastic distortion should be measured when 
the model is under load during the test. 

3.4.4 Intrusive effect of instrumentation 

The effect of the measuring device (together with its support 
system) on the flow being measured needs to be taken into 
account. Examples include the effect of static-hole size on the 
pressure being measured on a model. Empirical methods of 
correcting for this effect are a~a i l ab le" .~  and may be readily 
applied. Other examples include the influence of probes on the 
flow field, including the displacement effect of pitot 
 probe^^'.^. Evidence should be provided that these effects are 
either negligible or have been allowed for in the data 
correction process. The possibility should be considered that 
the instrument may have more serious effects on the 
development of the model boundary layer than might he 
inferred, for example, from surface static pressure 
measurements4'. As noted above, boundary layers are 
particularly sensitive to three-dimensional disturbances. In all 
cases, corrections for probe and static-hole interference should 
be quoted and the uncertainty in the correction noted. 

3.5 Influence of Flow Unsteadiness 

Flow unsteadiness exists to some degree in all wind tunnels. 
As noted in Section 2.1 the consequence may be that a basic 
model flow unsteadiness is provoked (eg shock oscillations). 
Two issues arise from this: 

i) Assuming that the time-averaged or 'steady' flow can be 
measured accurately, can these steady data he used to assess 
a code for steady flows? 

ii) Can the measuring system measure the steady component 
with the required accuracy? 

The answer to the first issue is that it probably depends on the 
magnitude and type of flow unsteadiness. Therefore some 
indication should he given of any model-induced flow 
unsteadiness. Without some indication o f  any unsteady-flow 
effects, it is possible to be misled into believing that the data 
are genuinely applicable to a steady flow. For example, an 
aerofoil with a shock oscillating hack and forth will appear to 
have a steady pressure distribution with a gradual pressure 
rise. As mentioned above this misapprehension can he 
prevented if unsteady-flow, measurement devices are fitted. 
Where this is not possible, repeatability of the data may he 
used as basis for assessing whether or not the flow is steady 
(as noted in Section 3.1). Unfiltered signals should also be 
studied and, if a dynamic calibration of the instrument is 
available, some estimate of the unsteady pressures or forces 
should be made. 

Regarding the second issue, the influence of flow unsteadiness 
on the accuracy of the steady data depends on the degree of 
conditioning of unsteady signals. For CFD validation, the 
most accurate representation of steady data possible is 
required; this makes a critical assessment of the degree to 
which unsteady effects intrude on the measurement of steady 
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It would appear that oscillation of the model on its elastic 
supports is a significant source of unsteadiness. If model 
accelerations introduce uncertainties in the balance output 
which cannot he dealt with satisfactorily by electronic 
filtering, compensation for the model motion may possibly he 
performed by using measurements from accelerometers within 
the model. However, this may only be possible if the balance 
is calibrated dynamically. Again details should he given of 
evidence of any unsteady-flow effects that may have corrupted 
the measurements. 

3.6 Flow Sensitivity 

Certain flows are known to be sensitive to Mach number or to 
angle of incidence and are thus likely to he unduly affected by 
errors in these parameters. Examples of such ilows include 
those with regions of shock-free, supercritical flow and those 
close to the onset of large scale separation or flow breakdown. 
It would he useful for the experimenter to provide evidence of 
the sensitivity of the flows by comparing data for the chosen 
case with data for neighbouring conditions. On the basis of 
this comparison, it should he possible to decide if the chosen 
flow is suitable for CFD validation. 

3.7 Fidelity of Flow Visualisations 

Until fairly recently, flow visualisation was regarded as a 
qualitative aid to understanding flows. However, with the 
development of digital-image proce~sing'~ of video or 
photographic records, flow visualisation has emerged as an 
important quantitative basis for validating CFD. With flow 
visualisations, the flow-field or flow region is recorded as a 
continuous field rather than as a series of records at discrete 
points. Thus a considerable amount of information is obtained 
relatively quickly and cheaply. Furthermore, tlow visualisation 
methods can reveal subtle features of the flow not readily 
apparent with other methods, especially for three-dimensional 
flows. In recent years there have been developments in 
methods for visualising CFD flow predictions to assist in the 
interpretation of the solution. Thus visualisations of real flows 
may he used to validate CFD flow visualisations derived using 
computer graphics. 

As with other measurement techniques, care has to he taken 
to ensure that the method does not affect the flow being 
measured. Conventional methods of surface-flow visualisation 
rely on the response of liquids or coatings to wall shear or 
temperature. Patterns and flow directions inferred by such 
methods need to be treated with caution. The liquid particles 
move in a way that depends on the balance between their own 
gravitational, inertial and viscous forces, on the one hand, and 
the pressure forces and wall shear stresses, on the other. If the 
liquid is too viscous or the flow is approaching separation, 
there may be an accumulation of liquid that could affect the 
flow50. Where there are doubts, liquids of different viscosities 
should be tried, and the results should he compared with data 
from other measurement methods. As well as giving details of 
the techniques used., experimenters should provide evidence 
that such precautions have been taken. Another important 
issue is the lack of response of surface-flow methods to 
unsteady-flow effects. Thus, where other measurements 
indicate that the flow is unsteady, surface-flow visualisations 
should be interpreted with care. 

data important. In the following, the implications for the 
measurement of pressures and overall forces are considered. 

la) Surface pressure measurements 

Traditionally, steady measurements of model surface pressure 
have been obtained by means of small-diameter orifices (0.2 
- 0.5") connected by small-bore tubing to pressure sensors. 
The length of the tubing may vary enormously (from about 
0.5m for two-dimensional aerofoil models to more than 20m 
for sting-mounted models in a large working section). The 
damping characteristics of the connecting tubing may have a 
pronounced effect in determining the steady pressure, and, in 
some cases, the effects of tubing connection will introduce 
measurement uncertainties that are unacceptable for code 
validation. 

It is generally true that the closer the transducer to the 
measurement orifice, the more accurate the measurement. 
However, it is worth pointing out that, when absolute 
transducers are used, periodic re-calibration is necessary 
which may cause problems. This difficulty may he overcome 
by the use of differential transducers which may be calibrated 
in situ by the use of a reference or calibration pressure 
applied to one side of the transducer. 

(b) Field pressure measurements 

Field pressure measurements have grown in importance with 
the need to validate field predictions by CFD methods. 
Similar comments to those for surface pressure measurements 
apply about the need for instruments of high response to 
allow the fullest possible scope for electronic filtering. This 
implies that pressure transducers should be mounted as close 
as possible to the sensing head. Spurious unsteady signals due 
to probe vibration should he avoided by the use of 
sufficiently stiff supports. Here a compromise has to he 
found between the need for data that is sufficiently steady and 
for small corrections for probe interference. 

Experimenters should give details of the type of pressure 
system used, providing details of any filtering and averaging 
as well as any evidence of unsteady-ilow effects that may not 
he represented properly in the measurements. 

(c) Force measurement 

Unwanted dynamic response from models, support systems 
and wind-tunnel balances may be avoided by designing each 
system so that it is as stiff as possible. The system should be 
such as to ensure that the frequency response is well removed 
from those of any expected aerodynamic excitation. Since all 
eventualities cannot be foreseen, methods for damping 
vibrations may have to be considered". 

Most wind-tunnel balance systems are based on strain gauges, 
usually resistive, and steady-state readings are obtained by 
applying low-pass filtering to the output prior tn digitkation. 
There are some differences of opinion between various test 
centres as to the cut-off frequency to he employed but these 
are invariably well below the frequencies of Stream pitch and 
yaw angle oscillations. 
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Tuft or mini-tuft visual is at ion^^^ indicate the angle of the flow 
at some, undefined position between the wall and the edge of 
the boundary layer. From this point of view, this technique 
is thought not to be useful for CFD validation, although it 
can, of course, he helpful in understanding the flow. 

For the visualisation of flow fields, the flow is usually seeded 
with foreign particles; the density of these particles should he 
as close as possible to that of air. Details should therefore be 
provided of the seeding technique used. In addition, 
information should he supplied about the illumination used 
and the width of any light sheets used with the aim of 
visualising flows in  planes. 

Where flow visualisation i s  used to detect boundary-layer 
transition, care should he taken to ensure that the technique 
does not cause premature transition. 
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CHAFTER 4 

INTRODUCTION TO THE DATA 

1.0 CLASSIFICATION OF TEST CASES 

The test cases have been classified in matrix form (see 
table 1) according to the flow regime and the 
geometry of the configuration. The subsonic, 
transonic and supersonic flow regimes are covered. 
Five classes of geometries are considered and they are 
shortly described below: 

class A: two-dimensional airfoils 

class B: three-dimensional wings designed for 
predominantly attached flow conditions as 
can he found on high aspect ratio 
transport type wings and fighter wings of 
moderate sweep 

class C: slender bodies, typical for missile type 
configurations 

class D: delta wings characterized by a conical- 
type of vortex flow caused by leading 
edge separation 

class E: complex configurations, either complex 
in a geometrical sense or resulting from 
complicated interactions between 
different kinds of flow. 

The reader is referred to Chapter 2 for a detailed 
description of the typical flow phenomena for each of 
the matrix elements. In the same section various types 
of experiments are distinguished. Generally speaking, 
the experiments of the classes A to D can be 
considered as "validation experiments", meant to 
validate the physics of the flow as represented in the 
CFD code. The experiments are most often made for 
"generic shapes", geometrically simple shapes that 
still represent the basic flow physics. It has heen the 
aim of the working group to 
select either cases with detailed flow field information 
(to allow an in-depth 
comparison) or cases that give less information hut 
over a wide range of flow conditions (that include the 
"rise and fall" of typical flow phenomena). The flows 
of class E are generally (hut not exclusively) of the 
"calibration type". They are meant to test the 
capability of the CFD method for a particular, very 
realistic configuration. 

2.0 TEST CASE SELECTION 

In Chapter 5 an overview is given of all test cases 
selected by the working group. Each case is presented 
on two facing pages. The right side gives a concise 
view of the experiments indicating the basic geometry 
and some typical data. On the opposing page a short 
evaluation of the particular case is presented. The 
evaluation summarizes the purpose and points of 
interests of the experiment as perceived by the 
working group and provides comments on the 
suitability for CFD validation. This information will 
allow you to make a first selection of test cases that 
suit your needs. 
After a first selection one can refer to the "Test Case 
Descriptions" given in Volume I1 of the working 
group report. They provide much more detailed 
information. These descriptions have been compiled 
by those who did the experiment. It is clearly the 
responsibility of the researcher that executed the 
experiment to provide relevant and correct 
information. It is hoped that the "Test Case 
Descriptions" provide sufficient information to judge 
if a particular test case meets the requirements of the 
CFD code developer. If the information is not 
considered sufficient, the reader can always refer to 
the references listed at the end of the "Test Case 
Description" (section 8). 

It is of course up to the reader to set criteria for the 
selection of suitable test cases. Nevertheless, it may 
he useful to recall some of the possible considerations. 
Is one interested in an in-depth study of the physics 
involved? In that case detailed field information is 
mandatory. But it is equally possible that one wants to 
verify if a particular code is able to predict the change 
of characteristics (caused by the "driver" of the 
physics of the flow; see Chapter 2) over a range of 
conditions. In the latter case the experimental 
information is most often limited to pressure and force 
data. The tables 1-13 of Chapter 2 are specifically 
aimed at assisting in this selection. 
Another important aspect is the choice between "free 
air" and "in tunnel" calculations. In many experiments 
considerable effort has heen spent to provide tunnel 
wall and support interference corrections such that the 
experimental data can be corrected to "free air" 
conditions. In other cases, this interference problem is 
circumvented by specifying the test case including the 
conditions on the tunnel walls and the support 
geometry. In the latter case the code must of course 



52 

he capable of handling these (test case dependent) 
boundary conditions. 
The working group devoted considerable time to judge 
the submitted test cases. First of all i t  was considered 
if the case was of sufficient interest for the CFD 
developer. Roughly speaking, only those cases were 
selected for a further evaluation that provided: 
0 sufficient flow detail (e.g. flow field 

measurements) for a limited number of flow 
conditions or configurations 

and/or: 
0 more general information (surface pressures, 

overall forces, wake drag) for a wide range of flow 
conditions or configurations. 

Following this first selection, a more detailed 
experimental evaluation was made on the basis of the 
"Test Case Descriptions". To this end the working 
group defmed a list of "serious flaws" : 
- transition location or region not known 
- transition fixing disturbance not quantified 
- reference or free stream condition ill-defined 
- (if data corrected for tunnel wall interference) 

corrections are not sufficiently well defined or are 
ohtained by unaccepted methods 

- (if data uncorrected for tunnel wall interference) 
tunnel wall boundary conditions are not known 

- model and support geometry not sufficiently 
specified. 

In many cases the test case originators were contacted 
again by (a memher of) the working group to ask for 
corrections, clarifications or additional information. 
However, one should realize that it is impossible to 
judge from the available information if a particular 
case is "flawless", if such a perfect experiment exists 
at all. Clearly, the working group was not in a 
position to "stamp" the test cases with a definitive 
quality mark. Nevertheless, it is the expectation of the 
working group that the test cases included in this 
report are generally of high quality. If problem arise 
with the application of the data, the reader is 
requested to contact the test case originator (see 
section 6.1 of the "Test Case Description"). Also, the 
AGARD Fluid Dynamics Panel would like to have 
some form of "feedback" from the user (see below). 

3.0 now TO GET THE DATA 

The evaluation sheets of chapter 5 ,  together with the 
detailed "Test Case Descriptions" provided in Volume 
2, will give you sufficient information on the extent 
and usefulness of the test cases. A complete set of 
data is available on a set of 9 3.5" floppy disks in 
compressed form in ASCII code. One should 
"unpack" the data before use (information is provided 
on the disks). The complete set of floppy disks can be 
obtained from AGARD's National Distribution 

Centers in exchange for a sealed package of 9 
formatted 3.5" floppy disks. A list of the addresses of 
these centers as well as detailed instructions how to 
obtain the data is provided in the Appendix at the end 
of this report. In principle, the "Test Case 
Description" together with the floppy disk should give 
sufficient information for the test case to be used. If 
required, additional information can 'he  obtained 
directly from the person responsible for the 
experiment (see the "Test Case Description", section 
6.1). 
In general, it is recommended that you contact the test 
case originator and, if possible, keep him informed of 
the results of your comparison. The working group 
feels that this feedback will help to stimulate a fruitful 
interaction between theoreticians and experimentalists. 
It is also recommended to communicate your 
experiences with the AGARD Fluid Dynamics Panel, 
in particular to the chairman of the TES-Committee 
on "Windtunnel and Testing Techniques" (see address 
in Appendix). The TES-Committee would like to 
receive your positive or negative comments on the 
completeness and the value of particular test cases. 
Based on your information AGARD might consider 
follow-on activities like an update of the present 
report or the organisation of a workshop. However, it 
should also be made clear that AGARD is not in the 
position to give you any technical assistance or to 
mediate between you and the test case originator. 

4.0 SUMMARY "CFD VALIDATION 
USING AGARD FDP SELECTED 
TEST CASES" 

S AGARD REPORT AR-303 
E 
L 
E SELECTION 

CONSULT CHAPTER 5 FOR A PRELIMINARY 

C 
T 
I 
0 

CONSULTTHE D m A I L E D  QUESTIONNAIRES P O L .  Il)  
AND ADDITIONAL REFERENCES IF REQUIRED 

N .. 
APPROACH LOCAL AGARD DISTRIBUTION CENTER 
FOR FLOPPY DISK (SEE APPENDW AND/OR TEST E 

V CASE ORIGINATOR FOR DATA 
A 
L 
U CASE ORIGINATOR 
A 

COMMUNICATE YOUR EXPERIENCES WITH THE TEST 

T 
I AGARD FDP TES-COMMITTEE 
o 

COMMUNICATE YOUR EXPERIENCES WITH THE 

N POSSIBLE FOLLOW-UP FROM AGARD 
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WG14 

SUBSONIC TRANSONIC SUPERSONIC RNAL 
TEST 

CASES 
A-1. A-3, A-4 A-2, A-6, A-I 

2-D A.9, A-13 A-5. A-8, A-10 
Ailfoils A- l l ,  A-12 

d 

WG14 I TFST I I I SUBSONIC TRANSONIC SUPERSONIC RNAL 

CASES 
A-1. A-3, A-4 A-2, A-6, A-I 

2-D A.9, A-13 A-5. A-8, A-10 
Ailfoils A- l l ,  A-12 

d 

E-1, E-2, E-5 E 
Complex 
configumions E-6, E-7 

B-1.B-3. B-4 
B-5.B-6 

3-D High Arpea 
Ratio Wings 

C-1, C-5. C-6 c-2, c-3. c - 4  

E-3. E-4, E-8 ~ - 8  
E-9 

D-1. D-4 
D-5 D-1.D-5 D-2.0-3 
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CHAPTER 5 

SUMMARIES OF THE TEST CASES 

by 
Martin Burt 

British Aerospace (Defence) Ltd 
Preston. Lancashire, England 

The very large number of test case reports made available and the considerable depth of information 
that each contains can make the search for the most appropriate test cases extremely difficult. 
Therefore, to make the information in Volume 2 more accessible, a brief summary of each test case 
report has been made. Together, these are intended to form a detailed index. 

Each test case summary that follows is to a standard format. For ease of use. this is spread over two 
facing pages with information grouped under the headings 

CASE NUMBER 
the reference number for the test case used throughout this report 

TITLE 
as provided by the author(s) 

~ 

AUTHOR(S) 
those who have contributed this test case 

ORGANISATION 
the affiliation(s) of the author(s) 

PURPOSE OF THE TEST 
reasons why the tests were originally conducted 

SIGNIFICANT POINTS OF INTEREST 
reasons why this dataset has particular appeal for CFD code validation 

NOTES OF CAUTION 
information that should also be considered prior to the choice of  a test case 

SUITABILITY FOR CFD CODE VALIDATION 
the ways in which the authors consider the dataset can be most appropriately used for 
validation purposes 

FLOW FEATURES IDENTIFIED 
the dominant physical mechanisms I phenomena that are demonstrated by this test case 

GENERAL ARRANGEMENT 
diagram of the model, sometimes also illustrating flow, tunnel or support information 

CONFIGURATION DETAILS 
further information on the models shape. including dimensions and surface-based 
measurement device locations as appropriate 

FLOWS MEASURED 
the model and tunnel conditions for which data are presented. with information on the types 
of measurements taken 

MISCELLANEOUS INFORMA JION 
such as references in open literature. previous use of  model and data, details of the wind 
tunnel in which the model has been tested 
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CASE NUMBER A-I 

~ TI TLE 2-D AEROFOIL (VA2-1) TESTS INCLUDING SIDE WALL BOUNDARY LAYER MEASUREMENTS. 

AUTHORS W BARTELHEIMER, KH HORSTMANN, ORGANISATION DLR BRAUNSCHWEIG, 
W PUFFERT-MEISSNER GERMANY 

PURPOSE OF THE TEST 
The test was conducted to orovide insiaht into and data on ~ ~~~~ 

- the development chakacteristics o f  a side wall boundary layer in the presence of a supercritical 
ae rofoi I 

- the spanwise variation of surface pressure on the aerofoil model especially close to the side wall 
The cruise design condition of the aerofoil is Mach 0.73, 1.5’. 

SIGNIFICANT POINTS OF INTEREST 
1 There are substantial and accurate tunnel wall data available 

~ ~ ~ ~~ 

2 .  

3.  

The successful tripping of transition on the aerofoil has been inferred, from earlier tests on the same 
model at the same flow conditions using the infrared image technique. 
The spanwise variation in surface static pressure distribution has been extensively measured, to 
ascertain 3-0 effects across the ‘2-0’ configuration. 

NOTE OF CAUTION 
1. The temperature variation during a run is rather large so that adiabatlc conditions are not reached. 

SUITABILITY FOR CFD CODE VALIDATION 
All essential information on the wind tunnel and model geometry needed for CFD code validation is 
available. The data are suitable only for ‘in-tunnel’ computations, as the tunnel was configured with solid 
walls throughout testing. Gridding aspects shouid be generally straightforward. The dataset is of special 
interest as the test can be considered as a simplified body-wing (or wing-pylon) junction configuration, with 
a great deal of data suitable for checking turbulence modelling performance in the junction reglon. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- the change in established boundary layer profiles due to the presence of a second surface. 
- attached flow over the aerofoil, with shocks and, at the highest incidence, a small post-shock 

separation bubble 

MISCELLANEOUS INFORMATION 
1. The model has been tested in the 0.34m x 0.611- transonic wind tunnel (TWB) at DLR Braunschweig. 

The test section has solid walls. 
A different model of the VA-2 airfoil section has been tested at NASA Ames. as reported in Test Case 
A-12. They share one 
common flow condition, namely 

Mach number = 0.73 
Reynolds number 
Incidence = 1.5” 

2.  
The two models have the same chord length but different aspect ratios. 

= 6 x I O 6  
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CASE NUMBER A - I  

GENERAL ARRANGEMENT 

10 

.O 

I 

LOU\TIW OF BOUNDARY LAYER UEASUREMENTS ON SIDE WALL 

CONFIGURATION DETAILS 
The aerofoil has a 13% thick, suDercritical section, with 

Chord = 200 mm 
SDan = 340 mm 

FLOWS MEASURED 
Data are available for the following three conditions 

Mach number = 0.73 
Reynolds number = 6.0 x I O 6  
Incidence = 0.0, 1.5, 3.0' 

At all three conditions, the following have been measured 
- Aerofoil static surface pressures at 

- 53 chordwise locations - 31 upper surface taps, 22 lower surface taps 
- 8 spanwise locations at 1.5Oincidence (0.6, 2.9. 5.9, 11.8. 2 5 . 5 ,  41.2, 50.0, 58.8% tunnel width. from 

the side wall) 
- 5 spanwise locations at 0.0 and 3.0" incidence (2.9, 5.9, 11.8, 58.8% tunnel width, from the side 

wall] 
- Tunnel wall pressures (centre-line of top and bottom walls, 23 taps each] 
- Tunnel boundary layer (total pressure) profiles at 13 side wall locations 
- Surface oil flow visualisation 

There was no measurement of model surface boundary layer data 
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CASE NUMBER A-2 

~ TITLE MEASUREMENTS ON A TWO-DIMENSIONAL AEROFOIL WITH HIGH-LIFT DEVICES 

AUTHOR I R M MOlR ORGANISATION DRA FARNBOROUGH, UK 

PURPOSE OF THE TEST 
The purpose of these tests was to improve the understanding of low-speed flows over wings with high-lift 
systems of varying geometric complexity, by making detailed measurements of static pressures on ail 
relevant surfaces and of total and static pressures in the boundary layers and wakes. 

SIGNIFICANT POINTS OF INTEREST 
1. All three confiaurations tested share a common mainolane and leadina edae slat oeometrv. with - ~" 1 , .  

single-, double- and triple-slotted trailing edge flaps. 
The aspect ratio of the model is relatively large (3.6) and suction has been applied to the side wall 
boundary iayers. Consequently, the flows are believed to  be substantially two-dimensional, with little 
influence of the side walls. 
Surface pressures have been measured on the model at two spanwise stations :one is along the wing 
centre whilst the other is close to the tunnel roof. A wake traverse has been measured at each 
condition tested. plus a number of boundary layer traverses. 
Data are available for each configuration at both low and high angles of incidence. 

2 .  

3. 

4. 

NOTES OF CAUTION 
1. 

2 .  

Aeroelastic deformation was not measured on any component. However, the mainplane was rigidly 
mounted and the high lift devices are fixed to this by 10 brackets to minimise any such distortions. 
The data are corrected for both solid blockage and the effect of wall constraint on the angle of 
incidence. It wil l therefore be necessary to 'uncorrect' the data prior to computing 'in tunnel' 
calculations. 
The effects of the slat and flap support structure on the two-dimensionality of the flow are not known. 
The Reynolds numbers tested are not large and strips to trip transition were fixed only t o  the wing 
structure. At high incidences, upper surface transition is forward of the trip due to a short laminar 
bubble near the leading edge. 

3. 
4.  

SUITABILITY FOR CFD CODE VALIDATION 
The data are intended to  be used for 'in tunnel' CFD code validation. Wall boundary conditions are well 
defined as the wind tunnel in which the tests were conducted had solid walls. Since the effects of the 
sidewall boundary layers are believed to be negligible, i t  may be possible either to ignore them or to avoid 
imposing the 'no-slip' condition in code vaiidation. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- strong interaction between wakes and the boundary layers o f  downstream elements, inducing 
- higher suction peaks and overail loads 
- thickening and premature separation of the boundary layers 

MISCELLANEOUS INFORMATION 
1. The tests were conducted in the early 1970s as Dart of the UK National High Lift Programme. 
2.  The model has been tested in the 3.96m x 2.74m wind tunnel at BAC Weyiridge (since transported to 

BAe Warton). The test section has solid walls. 
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CASE NUMBER A-2 

GENERAL ARRANGEMENT +' - 

I Slat + single-slotted flap 

I -.----- 

Slat + double-slotted flap Y 

e- 
I \ 

Slat + triple-slotted flap 

CONFIGURATION DETAILS 
There are three different flap arrangements attached to a common main section and leading edge slat (at 
25" droop), namely 

Single-slotted - Flap camber of 20" 
Double-slotted - Overall flap camber of40" 
Triple-slotted - Overall flap camber of 67.5" 

The overall configuration has dimensions 
Chord = 0.7635 m (retracted) 
Span = 2.743 m 

There is a considerable number of surface pressure holes, covering all sides of each element 

FLOWS MEASURED 
The conditions for the eight cases available are 

Flap type Veloclty Reynolds No Incidence 

Single 67.0 mls  3.52 x I O 6  4" 
Single 67.0 mls  3.52 x I O 6  20" 
Double 54.9 mls  2.88 x 106 3" 
Double 54.9 mls  2.88 x 106 17' 
Double 54.9 mls  2.88 x 106 19" 
Triple 54.9 mls  2.88 x 106 3" 
Triple 54.9 mls  2.88 x 106 15" 
Triple 54.9 m/s 2.88 x 106 17" 

For each case. the following data are recorded 
- model surface pressures 
- wake traverse of total and static pressures. via a rake aligned to the modei wake 
- between 1 and 7 boundary layer traverses of total and static pressures normal to the surface 
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CASE NUMBER A-3 

TI TLE INVESTIGATION OF THE FLOW OVER A SERIES OF 14%-THICK SUPERCRITICAL 
AEROFOILS. 

AUTHOR P R ASHILL ORGANISATION DRA, BEDFORD, UK 

PURPOSE OF THE TEST 
The experiments were conducted to investigate the aerodynamic characteristics of a family of 14% thick 
supercritical aerofoils with differing types of rear pressure loading, over a wide range of Reynolds number. 
The main aim was to obtain an improved understanding o f  viscous effects in regions of severe adverse 
pressure gradient, as found on aerofoils with significant rear camber or at the foot of shock waves. 

SIGNIFICANT POINTS OF INTEREST 
1 .  All aerofoils tested share a common section over the first 65% chord. 
2. The aspect ratio of the model is relatively large (3.9) and consequently the flows should not be 

strongly influenced by the side wall boundary layers. 
3. Transition fixing has been achieved through the air-injection technique. 
4. Static pressure has been measured along the model centreline and the tunnel roof and floor. A 

pitot-static rake has measured wake pressures 2 chords downstream of the model. Off-centre model 
pressures are available to check for 3-D effects. 

NOTE OF CAUTION 
1. The solid tunnel walls and the large chordltunnei height ratio (0.26) imply that the data are strictly 

not correctable. However. some of the test cases have either no or  only weak shocks and, in these 
cases, it is considered that wail effects may be allowed for by a camber correction which is specified. 

SUITABILITY FOR CFD CODE VALIDATION 
All data are suitable for 'in tunnel' CFD code validation, with tunnei walls represented either as solid or 
by the measured wall pressure distributions. A correction to the aerofoii camber is suggested for five of 
the nine cases, to enable free-air computations to be made. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- turbulent boundary layers in severe adverse pressure gradients 
- interactions between these boundary layers and the inviscid flow 
- shock waves on the upper surface with, in some cases, associated separations 

- convex ... pressure gradient becomes increasingly severe 
- relaxing .. pressure gradients decrease near the trailing edge 
- two-part . . .  pressure gradient increases in two distinct stages 

The cases cover three basic classes of pressure distribution as the trailing edge is approached, namely 

MtSCELLANEOUS INFORMATION 
1. 
2 .  

The test case has been reported in AGARD-CP-437. Vol 1, Paper 4 (1988) and in ICAS-88-3.10.2 (1988). 
The model desianation is Model 2058. 

3. 

4. 

Aerofoil 5234 has a blunt (0.5% chord) trailing edge : all other sections presented have a sharp 
trailing edge. All sections have a nose radius to chord ratio of 0.0144. 
The model has been tested in the 2.44m x 2.44m subsoniclsupersonic wind tunnel at DRA Bedford. 
The test section has soiid walls. 
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CASE NUMBER A-3 

GENERAL ARRANGEMENT 

R A E  Section 

5 2 2 5  

5229  0.5 

5230  
0.5 

0.6 h 

'Convex' 

'Relaxing' 

1 5 2 3 6  0.5 

CONFIGURATION DETAILS 
There are four different trailing edges fitted onto a common aerofoil front end (leading edge to 65% chord). 
The model size is 

Chord = 0.635 m 
Span = 2.438 m 

There are 50 centreline and 11 off-centre pressure holes on the model 

FLOWS MEASURED 
The nominal conditions, for which model surface and wake traverse pressures have been measured. are 

Aerofoi I Mach No Reynolds No Lift Coefficient 
~ 

5225 
5225 

0.600 
0.735 

20.0 x 106 0.433 
6.0 x I O 6  0.4031*). 0.659 

~~~~ 

5225 0.735 20.0 x 106 0.407; 0.640 
0.735 6.0 x I O 6  0.443. 0.706 5230 

5236 0.735 6.0 x I O 6  0.410 
5234 0.735 6.0 x I O 8  0.434 

The wake rake has 2 static and 91 pitot tubes 

(*) Mean-flow boundary layer measurements were also recorded at this single condition 
- velocity profiles at 4 lower surface locations 
- skin friction (13 locations on the upper surface, 11 on the lower surface) 
- static and total pressures at 99% chord (off both surfaces) 
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CASE NUMBER A-4 

~ TITLE SURFACE PRESSURE AND WAKE DRAG MEASUREMENTS ON THE BOEING A4 AIRFOIL IN 
THE IAR 1.5 x 1.5 m WIND TUNNEL FACILITY. 

AUTHORS D J JONES, Y NlSHlMURA ORGANISATION IARINRC, OlTAWA, CANADA 

PURPOSE OF THE TEST 
The tests were commissioned primarily to provide accurate surface pressure data for CFD code validation 
purposes on a typicai supercriticai (10.2% thick) airfoil section. 

SIGNIFICANT POINTS OF INTEREST 
1. The model has a high aspect ratio (4.5) and is mounted between flow splitter plates installed to limit 

the size and influence of the side wail boundary layers. 
All tests have been conducted at the relatively high chord Reynolds number of 14 x I O 6 .  
Estimates have been made of 

2. 
3. 

- the effect of the transition trip on drag coefficient 
- the model's aeroelastic deformation at the chordwise station where pressures are measured 

4. Considerable effort has been made to apply realistic corrections to the data for tunnel interference. 

NOTES OF CAUTION 
1 .  
2 .  

The flow angularity in the empty tunnel is not recorded. 
It is advised that data from certain pressure holes be ignored due to either faulty equipment or  
proximity to transition trips 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered suitabie only for 'free air' CFD code validation. as the tunnel upper and lower 
walls are oorous due to slanted holes. It is advised that comDutations be comoared with exoerimental data 
at the same values of CL as the true lncldence of the model'to the onset flow is not precisely known 

FLOW FEATURES IDEN TIFIED 
The dominant flow ohvsics identified are ~ ~~ ~~ 

- subcriticai attached flow 
- supercritical attached flow. with severe adverse pressure gradients over the rear of the airfoil 
- the gradual development of trailing edge separation (pressure divergence) at the highest values of 

onset Mach number and lift coefficient. 

MISCELLANEOUS INFORMATION 
1. The test case has been reoorted In NRC Reoort LTR-HA-5X5I0205. Mav 1992 
2. The model has been tested in the 1 .5m~x  1.5m pressurised trison'ic w;nd tunnel at IAR. Ottawa. The 

test section has perforated upper and lower walls, at 2 %  porosity. The model had solid endplates 
mounted near the tunnel sidewalls. 



CASE NUMBER 

GENERAL ARRANGEMENT 

63 

A-4 

0 

The Boeing A4 Airfoil Showing the Nominal Positions of Pressure Orifices 

CONFIGURATION DETAILS 
The model has the following dimensions 

Chord = 0.305 m 
Span = 1.358 m (between splitter plates) 
Nose radius = 1.67% chord 

Surface pressures are measured through 70 holes at a station close to  the model centreline, with drag 
force coefficient available through downstream wake rake measurements. 

FLOWS MEASURED 
A total of 96 flow cases are provided, for several CL in the range -0.1 to 0.7, at each of 10 Mach numbers 
(in the range 0.60 to 0.81). 13 premium cases of interest have been identified by the authors, namely 

Mach Number = 0.60 
= 0.70 
= 0.72 
= 0.74 
= 0.76 
= 0.77 
= 0.78 
= 0.79 
= 0.80 
= 0.81 

CL = -0.024 
= 0.330, 0.709 
= 0.724 
= 0.736 
= 0.734 
= 0.733 
= 0.717 
= 0.717 
= 0.661, 0.696 
= 0.524, 0.588 

for model surface pressures and overall fo rcehoment  coefficients 

There are no measurements in the model surface boundary layer. 



CASE NUMBER A-5 

2-D AILERON EFFECTIVENESS STUDY 

AUTHORS V D CHIN, C J DOMINIK, ORGANISATION MCDONNELL DOUGLAS CORP, 
F T LYNCH, D L RODRIGUEZ CALIFORNIA, US 

PURPOSE OF THE TEST 
The tests were carried out to determine the influence of Reynolds number, Mach number and incidence 
on aileron effectiveness at moderate transonic conditions. 

SIGNIFICANT POINTS OF INTEREST 
1. Model surface Dressures and overall forcelmoment coefficients are available over a wide range of 

chord Reynolds number, to a maximum of 25.0 x I O 6 .  Appropriate transition disk sizes have been 
chosen for each Reynolds number up to 15.0 x IO6 : the 25.0 x I O 6  case has free transition. 
Data are available in two forms : corrected for tunnel floor and roof only and corrected for all four 
walls. 
Lift and pitching moment are available both from integrated surface pressure distributions and from 
balance measurements : drag force is derived from wake rake measurements. 

2. 

3. 

NOTES OF CAUTION 
1 There are some reservations on the accuracv of some of the correction techniaues emDloved. It is ~ 

suaaested that the dataset can be more meeninsfully used for analysing trends rather'than strictly ~. 
quantitative comparisons. 

2. The hiohest Revnolds number tests were conducted without transition t r im inq devices and the 
transition point was not determined. However, previous tests on the same airfoilmeasured (via hot 
films) that transition occurs very close to the leading edge for both surfaces. 
The model has a relatively low aspect ratio (1.5). 3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data should only be used to validate CFD codes assuming 'free-air' conditions only. Lift coefficient 
varies in a non-linear wav with aileron deflection. esDeciallv as Revnolds number increases, and this 
should therefore be a sign;ficant challenge for CFD codes 

FLOW FEATURES IDENTIFIED 
The dominant flow DhvSiCs identified are 

I 1  ~~ 

- transonic flow with shocks of moderate strength, some leading to mild trailing edge separation 
- lift decrements linear with upwards aileron deflection, as the upper surface flow loses speed, and 

possibly becomes subcritical 
- lift increments non-linear with downwards aileron deflection, due to increased flow velocities and 

their influence on shocks and separations induced by adverse pressure gradients 

MISCELLANEOUS INFORMATION 
1. 
2. 
3.  

The airfoil designation is McDonnell Douglas DLBA032 
The test case is published in 'MDC k4752, January 1990' 
The model has been tested in the 0.38m x 1.5m 2-D High Reynolds Number Test Facility at IAR Ottawa. 
The test section has porous top and bottom walls, with 0.5% to 6 %  porosity, and porous sidewalls to 
allow boundary layer bleed. 
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CASE NUMBER A-5 

GENERAL ARRANGEMENT 

aileron hinae line 

Y'Deflected Aileron 

0 Pressure Orifice 

CONFIGURATION DETAILS 
The supercritical section has a simple aileron that smoothly fits into the mainplane geometry (with a small 
gap of  0.254mm). The aileron can be set to fixed deflections of 

-2. -5" (trailing edge up) 
1, 2, 3, 4, 5" (trailing edge down) 

The overall configuration has dimensions 
Chord = 0.254 m 
Span = 0.381 m 
Hinge-line = 75% chord 

There are 80 surface pressure holes, mainly arranged on the aileron an 
upper surface shock. 

the range of positions of the 

FLOWS MEASURED 
269 separate cases have been tested, whose conditions are given by 

Mach number Reynolds No Aileron deflection (") 

0.717 5.0 x 106 0, 2, 3. 4 
-5 , -2 ,0 ,  1, 2, 3.4, 5 0 717 

0 717 25 0 x 106 0 2 3 4 5  
15 0 x 106 

0.747 15.0 x lo6  - 5 , - 2 , 0 , 1 , 2 , 3 , 4 ,  5 

with a sweep of up to 12 incidences in the range -0.5 to 3.0' (in increments of  order 0.25") for each of  the 
above. Those cases highlighted by the figures in the main report are considered to make a good subset 
of data for a limited validation. 

Surface pressures, force and pitching moment coefficients (balance and integrated pressures) and drag 
force (wake rake) are available for all 269 cases. 

There are no measurements in the model surface boundary layer. 
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CASE NUMBER A-6 

~ TITLE INVESTIGATION OF AN NLF(1)-0416 AIRFOIL IN COMPRESSIBLE SUBSONIC FLOW, 

AUTHORS P GUNTERMANN, G DIET2 ORGANISATION RWTH-AACHEN, GERMANY 

PURPOSE OF THE TEST 
The test was conducted to provide physical insight into and data on the effects of Mach number and 
Reynolds number on natural laminar flow, especially the location oftransition The airfoil was designed for 
general aviation applications at incompressible flow conditions. 

SIGNIFICANT POINTS OF INTEREST 
1. Many different techniques have been used to both measure and visualise the flow over the airfoil 

upper surface, including boundary layer and wake measurements, especially for the premium case 
(Mach 0.50). 
Transition is free in most cases and its location has been determined from multi-sensor hot-film data. 
Where transition is fixed, the effectiveness of the trip has been verified by the disappearance of the 
laminar separation bubble. 
There is a considerable number repeated cases and redundant measurements. 

2. 

3. 

NOTES OF CAUTION 
1. The tunnel has a fairlv hiah turbulence level (UD to 0.7%1 
2. 
3. 

The model aspect rat;o of2.0 is relatively smali. 
The tunnel boundary layer thickness is typically 10% chord, but its growth is controlled by adaptive 
upper and lower walls. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered suitable for both 'in tunnel' and free air' calculations 

FLOW FEATURES IDENTIFIED 
The dominant flow DhvSiCS identified are 

- natural transition 
- laminar separation bubbles on the upper surface 

MISCELLANEOUS INFORMA TION 
1. Tests have also been carried out t o  investigate the effects of small surface changes on the location 

of transition and separation. 
A different model o f the  same geometry has been previously tested at NASA Langley (1981) 
The model has been tested in the 0.4m x 0.4m Transonic Wind Tunnel at RWTH Aachen. 

2. 
3. 
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CASE NUMBER A-6 

GENERAL ARRANGEMENT 

NLF( 1)-0416 

Above: Cross-section of the NLF(1)-0416 
Below: Part of the ground-plan of the model with the positions 
of the hot-film sensors and pressure taps 

CONFIGURATION DETAILS 
The aerofoil has a 16% thick section, with 

Chord = 200 m m  
Span = 400 mm 

There are 32 pressure taps on the upper surf: 
on the upper surface, equally spaced from 10. 

i d  18 
3 68% 

the lower 
ord. 

Jrface. There are also 24 hot-films 

FLOWS MEASURED 
Data are available for the following 34 test case conditions 

Mach number Incidence ("1 Measurements taken Transition state 

0.18, 0.30, 0.40, 0.50, 0.60 0.0 a,c 
0.30 -3.0 (1.0) 5.0 a.d,e 
0.40 -3.0 (1.0) 5.0 a,b 
0.50 -3.0 (1.0) 5.0 a s . e  
0.50 0.0 a,b.c,d.e 
0.50 0.0 a,b,c,d.e 

Free 
Free 
Free 
Free 
Free 
Fixed 

where a = airfoil surface pressures. tunnel top and bottom wall pressures, drag force. 
b = 
c = 
d = upper surface transition location, via multi-sensor hot-film 
e = 

upper surface boundary layer and wake regions, via pressure probes, LDA and Hot Wire 
flow-field visualisation above airfoil, via colour schlieren and differential interferometry 

upper surface flow visualisation, via liquid crystals I oil 

Reynolds number varies from 0.8 x I O 6  (at Mach 0.18) to 2.3 x I O 6  (at Mach 0.6) 
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CASE NUMBER A-7 

TITLE EXPERIMENTS IN THE TRAILING EDGE FLOW OF AN NLR 7702 AIRFOIL. 

AUTHORS L H J ABSIL, 
D M PASSCHIER 

ORGANISATION DELFT UNIVERSITY OF TECHNOLOGY, 
THE NETHERLANDS 

PURPOSE OF THE TEST 
The tests were conducted to provide reliable and very detailed experimental measurements o f the  complex 
flow physics in the trailing edge region of a typical supercritical aerofoil. These are considered suitable 
for the development of turbulence models and the validation of CFD codes. 

SIGNIFICANT POINTS OF INTEREST 
1. There is a very considerable range and coverage of different measurement techniques on the surface 

and in the near-surface flow-field, at a single low-speed condition. Many redundant measurements 
have been made. 

2. The fluctuating LDA data are presented in many different forms, including Reynolds stresses, 
skewness and kurtosis. The accuracy tolerances quoted for these data are relatively small. 

3. Any slight rises in tunnel temperature during a test run are compensated for by adjustments to tunnel 
speed, to maintain a constant Reynolds number. 

4. The two-dimensionality of the flow is well established. 

NOTES OF CAUJION 
1. The model aspect ratio is relatively small at 2.1, with no control applied to the tunnel sidewall 

boundarv lavers. However. measurements taken at other stations on the model show spanwise 
, I  

variations to be insignificant. 
There is no information given on the state or  size of the tunnel wall boundary layers within the test 
section. 
Transition is fixed only on the airfoil lower surface (at 30% chord). The upper surface exhibits a large 
laminar separation bubble close to the leading edge. 

2. 

3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are suitable for 'in tunnel' calculation 

FLOW FEATURES IDENTlFlED 
The dominant flow physics, identified in the region 94% to 106% chord, are 

- upper surface boundary layer is near separation. 
- lower surface boundary layer is developing in a mildly unfavourable I favourable pressure gradient. 
- the two boundary layers merge into a highly asymmetric wake. 

MISCELLANEOUS INFORMATION 
1. The test case has been reported in Delft University of Technology report LR 446 (1990) and also in 

NLR TP 90353L (19901. ~~ 

2. 
3. 

More data have'been measured recently further upstream on the airfoil. 
The model has been tested in the 1.8m x 1.25m low-speed, low turbulence LST wind tunnel at Deifi 
University of Technology. 
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CASE NUMBER A-7 

GENERAL ARRANGEMENT 

I . "  
XiC . %  .h  . I I  

CONFIGURATION DETAILS 
The dimensions of the 14% thick model are 

Chord = 0.600 m 
Span = 1.250 m 

The trailing edge included angle is 12.0". 

Steady surface pressure is measured at 149 ta 
leading edge and 74 each on the upper and lower surfaces. 

long a constant ction of the model, with 1 at the 

FLOWS MEASURED 
Data are available for 1 test condition only, namely 

Mach No = 0.10 
Velocity = 35.0 m/s 
incidence = 4.0° 
Reynolds No = 1.47 x I O 6  

In addition to surface pressure measurements, the following boundary layer and wake data are available 

Upper surface - 8 traverses normal to the surface 
- 
- 

- 
- 
- 

Wake - 8 traverses normal to the freestream 
- 
- LDA at all traverses 
- 

in the region 94.72% to 100% chord 
LDA, Hot Wire (cross) and Preston tubes at all traverses 

in the region 93.78% to 100% chord 
LDA and Preston tubes at al l  traverses 
Hot Wire (single) at first and last traverses 

in the region 100% to 106% chord 

Hot Wire (cross) at one traverse only 

Lower surface - 7 traverses normal to the surface 
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CASE NUMBER A-8 

TITLE lWO-DIMENSIONAL 16.5% THICK SUPERCRITICAL AIRFOIL NLR 7301. 

AUTHOR S 0 T H HAN ORGANISATION NLR, THE NETHERLANDS 

PURPOSE OF THE TEST 
The tests were conducted to imurove the understandina o f  SuDercritical flows and to Drovide a reliable ~ ~ ~~~ 

dataset for CFD code validation for both attached and weakly separating flows. A prime aim was the study 
of Reynolds number effects (at constant values of lift coefficient) to assist engineers in scaling from tunnel 
to flight conditions. 

SIGNIFICANT POINTS OF INTEREST 
1. The model has a high aspect ratio (4.0) and, with a typical boundary layer displacement thickness of 

7". side wall effects should be small with a maximum Mach number uncertainty of 0.003 at 
transonic conditions. 
Transition is fixed only for the high-speed tunnel entries, but trip effectiveness has been verified. The 
low speed tests have been made with free transition. with upper surface transition being pressure 
gradient dominated. 
This configuration has already been included in report AGARD-AR-138, on an earlier, smaller-scale 
model (lower Reynolds number). Testing has also been carried out at very large Reynolds number 
(up to 30 x 106) for the same model at Lockheed Georgia, US. Figures and descriptions of the 
differences in measurements between these and the present test are given. 

2. 

3.  

NOTES OF CAUTION 
1. To prevent excessive aeroelastic deformation of the model, two streamlined support struts are fitted 

to the lower surface (off-centre). Corrections to incidence angle for bending and torsion deformations 
are made. 
The experiment has not measured any surface boundary layer data, which may have been useful in 
explaining the causes of any possible differences between test and prediction. 

2. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are intended to  be used for 'free air' computations only, since the tunnel roof and floor are 12% 
slotted, with static pressures measured along their centre-lines. It is recommended that experimental and 
predicted results be compared at constant values of lift coefficient. 

F-O,N FEA,T.uRES ~DEIVT IF IED 
.e com nanl 'OGV cnys cs are 
- nearly shock-free flow at design conditions 
- substantial adverse pressure gradients off-design, that can lead to trailing edge separation on the 

upper surface and near-separation in the lower surface cove region. Note that the trailing edge 
separation observed at the lowest Reynolds number is not present at the highest Reynolds number. 

- Reynolds number effects on maximum lift. drag (including drag creep) and surface pressure 
distributions. 

MISCELLANEOUS INFORMATION 
1. 
2. 

The test case has been reported in NLR TR 87001L (1987). 
The model has been tested in the 2.0m x 1.6m High Speed (HST) wind tunnel at NLR Amsterdam. The 
test section has slotted top and bottom walls with a 12% open area and solid sidewalls. 
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CASE NUMBER A-0 

GENERAL ARRANGEMENT 

220 $1 5 

Main pressure section 

Model with instrumentalion 

CONFIGURATION DETAILS 
The dimensions of the model are 

Chord = 0.500 m 
Span = 2.000 m 

i5 

Y c 
Steady surface pressure is measured at 67 holes along the model centre-line, with 36 along the upper 
surface and 31 along the lower surface. Transducers in the nose region have a wider range than those 
further aft  

FLOWS MEASURED 
Data are available for 170 test conditions. There are 104 low-speed cases with naturai transition. largely 
to determine Reynolds number effects at high values of CL. 

Mach No = 0.12 Reynolds No = 4 . 5 0 ~  I O 6  CL = 27values 
= 0.20 = 2.85 x I O 6  = 18 values 
= 0.20 = 4.50 x I O 6  = 20values 
= 0.20 = 6.00 x 106 = 17values 
= 0.30 = 4 5 0 x  I O 6  = 22values 

Likewise, there are 67 high-speed cases with fixed transition at 2 Reynolds numbers. Of these. 45 give 
sweeps of CL for constant Mach number and 30 give sweeps of Mach number for constant CL ( 8  cases are 
common). 

, 
Mach No = 0.60 Reynoids No = 3.60 x I O 6  CL = 15values 

= 0.60 = 12.50 x I O 6  = 14values 
= 0.745 = 3.60 x I O 6  = 9 values 
= 0.745 = 12.50 x I O 6  = 7 values 

CL = 0.30 Reynolds No = 3 . 6 0 ~  I O 8  Mach No = 8values 
= 0.46 = 3.60 x I O 8  = 7 values 
= 0.30 = 12.50 x I O 6  = 8 values 
= 0.45 = 12.50 x I O 6  = 7 values 

! 

~ 

For each case, surface static wake rake and tunnel wall pressures are available. The wake rake is 
positioned 400" behind the model and has 79 pitot and 2 static pressure probes. 

No model boundary layer data have been measured. 
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CASE NUMBER A-9 

TITLE LOW-SPEEDSURFACE PRESSUREAND BOUNDARY LAYERMEASUREMENTDATAFORTHE 
NLR 7301 AIRFOIL SECTION WITH TRAILING EDGE FLAP. 

AUTHORS B VAN DEN BERG, J H M GOODEN ORGANISATION NLR, NETHERLANDS 

PURPOSE OF THE TEST 
The tests have been conducted on a geometrically simple multi-component model 

- to assess the influence of control gap size on the interaction between the wing and flap elements. 
- to orovide sufficient data to allow limited validation of inviscid and viscous CFD codes. 

SIGNIFICANT POINTS OF INTEREST 
1. The modei has a reiatively large aspect ratio (of order 3.8) 
2, 

3. 

4. 

Flowfieid mean (boundary layers and wing wake) and fluctuating (wing wake only) velocity profiles 
have been measured at 3 incidences, with tolerances on data accuracy specified. 
Surface pressures and boundary layer data are measured in two NLR tunnels of similar dimensions. 
with very good repeatability demonstrated. 
Testing has been conducted over a wide range of incidence, from zero to beyond stall. Blowing 
boundary layer control was applied on tunnei walls to avoid premature stall at model-wall junctions. 

NOTES OF CAUTION 
1. The relatively large airloads on the flap, attached to the wing via small brackets, induces model 

deformations in both axial (control gap decreases by 0.2% chord) and rotational (flap angle 
decreases by 0.2-0.3") directions. 
All tests were made with free transition. Transition position and the location of the laminar separation 
bubble has been determined at three incidences. 

2. 

SUITABILITY FOR CFD CODE VALIDATION 
Data are well suited for CFD validation and have already been used for this purpose. Tunnel wall 
interference effects are small and consequently the data can be used for 'free-air' calculations 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- interaction between attached flows on the wing and flap elements 
- mixing of the wing wake and flap upper surface boundary layer 

It is important to note the second of these is only observed on one of the two flap settings 

MISCELLANEOUS INFORMATION 
1. The test case has been previously used in GARTEUR TP-013 
2. The modei has been tested in the two wind tunnels. namely 

- the 3m x 2m LST tunnel at NLR Amsterdam 
- the 3m x 2.25m LST tunnel at NLR Noordoostoolder 
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CASE NUMBER A-9 

- - 
! Mach number = 0.185 

Reynolds number = 2.51 x 106 
Incidences = 0 to 16", in 1" increments 1 

I 
! Flap setting = 200 

At all conditions, the following have been measured 
- Wing static surface pressures at 52 chordwise locations - 26 upper surface, 26 lower surface taps 
- Flap static surface pressures at 26 chordwise locations - 13 upper surface, 13 lower surface taps 
- Surface oil flow visualisation 

Moreover, at nominal incidences of 6 .  10 and 13". more in-depth measurements have been made, namely 
- Wing boundary layer and wake mean velocities at 16 stations 
- Turbulent stresses at 5 stations in the wing wake 
- Skin friction (through three different methods) 
- Drag force, via wake rake 

GENERAL ARRANGEMENT 

Airfoil and flap section with the positions of static-pressure holes and boundaty layer measuring stations 

CONFIGURATION DETAILS 
The aerofoil has a 16.5% thick suDercritical section, with 

Chord = 570 mm 
Soan = 2000 - 2250mm 
Fiap = 32% chord 
Flap gap = 1.3% and 2.6% chord 

FLOWS MEASURED 
Data are available for a sinale incidence traverse at the followina conditions 
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TITLE DATA FROM THE GARTEUR (AD) ACTION GROUP 02 -AIRFOIL CAST7lDOAl EXPERIMENTS. I 
CASE NUMBER A-IO 

AUTHORS A MIGNOSI, J P ARCHAMBAUD ORGANISATION ONERAICERT, FRANCE 
E STANEWSKY DLR GOlTINGEN, GERMANY 

PURPOSE OF THE TEST 
A series of tests has been performed in many facilities, with two major objectives 

- to gain a better understanding of  the different forms of wind tunnel interference and their magnitudes 
- to provide data for appraising current methods of correction and devising improved procedures. 

To this end, a single airfoil has been tested in seven wind tunnels, with special emphasis on evaluating the 
three-dimensional interference effects associated with the side wall boundary layer. Of these tunnels, five 
were conventional with either perforations or slots whilst two had adaptive walls. 

The data given below are only for the ONERA T2 adaptive wall tunnel. in which relatively high levels of 
accuracy were achieved with well-defined boundary conditions measured. 

SIGNIFICANT POINTS OF INTEREST 
1. The model has been tested in the ONERA T2 cryogenic wind tunnel, allowing data measurements at 

a relatively high Reynolds number of 6 x IO'.  
Transition has been fixed on both surfaces, with the trip effectiveness verified by varying the trip 
height until an increase in drag and a decrease in lifl were observed. 
The tunnels top and bottom walls are adaptive for zero blockage and lift interference, with their 
shapes and pressure distributions during testing recorded. 

2. 

3. 

NOTES OF CAUTION 
None. 

SUITABILITY FOR CFD CODE VALIDATION 
The test case is well suited to 'free-air' computations, due to the elimination of some errors by wall 
adaption and the careful correction for side wali effects. In addition, measured boundary conditions on the 
solid tunnel walls allow for independent 'in-tunnel' calculations to be made. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- transonic flow at a shock-free design 
- subsonic drag creep and transonic drag rise 
- shock I boundary layer interaction, sometimes inducing moderate or  massive separations 
- moderate-to-strong adverse pressure gradients, sometimes inducing trailing edge separation 

MISCELLANEOUS INFORMATION 
1. 
2, 

The airfoil is designed to be shock free at Mach 0.73 and 0" incidence, corresponding to CL = 0.573. 
The model has been tested in  the 0.39m x 0.37m T2 wind tunnel at ONERAICERT, Toulouse. The 
tunnel has solid adaptive top and bottom walls and solid side walls which, at the t ime oftesting, gave 
a working section of 0 . 4 0 1 ~  x 0.38m. 
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CASE NUMBER A-IO 

GENERAL ARRANGEMENT 

Maxi" thickness: 11.8 % at 35 %c 
Base thickness: 05 % 

Pressure orifice locations 

CONFIGURATION DETAILS 
The aerofoil has a 11.9% thick supercritical section, with 

Chord = 200 mm 
Span = 400 mm 

There is a total of 103 pressure taps arranged close to  the model centre-line. These are evenly split 
between upper and lower surfaces and are more densely situated close to  the leading edge. 

FLOWS MEASURED 
Data are available at 13 flow conditions. comprising incidences sweep at three Mach numbers and a Mach 
number sweep at a constant incidence. The'nominal conditions are 

Mach number = 0.60 Incidence = 0: 1, 3" 
Mach number = 0.70 Incidence = 0, I. 3" 
Mach number = 0.75 Incidence = -1, 0.  1" 

Incidence = 0" Mach number = 0.60. 0.70, 0.73, 0.75. 0.76, 0.77, 0.78 

Al l  tests are conducted at a nominal Reynolds number of 6 x I O 6 .  

The following measurements and derivations are available for each flow condition 
- airfoil surface pressures 
- integrated pressure drag, lift and pitching moment 
- total and static pressures in a wake-rake survey one chord downstream of tk 

a total drag force 
- adaptive tunnel wail profiles and pressures (91 per wall). 
- airfoil surface oil flow visualisation 
- corrected freestream Mach number and lift, pressure drag and pitching moment 

trailing edg 

There are no measurements within the aerofoil boundary layer. 

giving 
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CASE NUMBER A-I1 

TITLE OATISA AIRFOIL DATA. 

AUTHORS A M RODDE, J P ARCHAMBAUD ORGANISATION ONERA CHATILLON, FRANCE 

PURPOSE OF THE TEST 
The tests were conducted primarily to study Reynolds number effects on the performance of an airfoil 
typical of transport aircraff wings. 

SIGNIFICANT POINTS OF INTEREST 
1. The model has been tested in the ONERA T2 cryogenic wind tunnel allowing data measurements over 

a very wide range of  Reynolds number. 
2. Transition has been fixed. with the trip effectiveness verified by oil visualisation at the lowest 

Reynolds number tested. 
3 The tunnels too and bottom walls are adaotive. with their shape and uressure distribution during 

testing recorded. 
There are two premium flow cases. where the boundary layer (aft of the shock) and both mean and 
fluctuating flowfield velocities have been measured using probes and LDA respectively. 

4. 

NOTE OF CAUTION 
None. 

SUITABILITY FOR CFD CODE VALIDATION 
Havino aoolied corrections for side wall effects, the data are considered to be suitable for ’free-air’ - I ,  

calculations Data without side wall corrections to support ‘in-tunnel’ calculations are not included 

FLOW FEATURES IDENTIFIED 
The dominant flow ohvsics identified are 

I ,  - transonic flow with shock - boundary layer interaction 

MISCELLANEOUS INFORMATION 
1 The airfoil desion ooint is Mach 0.73. C, = 0.65 , ~ -  ~ ~~~ 

2. 

3. 

The model has been tested in the 0.39m x 0.37m T2 wind tunnel at ONERAICERT, Toulouse. The 
tunnel has solid, flexible top and bottom walls and solid side walls. 
Some conditions have been repeated on a larger scale model in the ONERA S3MA wind tunnel. with 
good repeatibility of overall forces demonstrated. 
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CASE NUMBER A- I1  

GENERAL ARRANGEMENT 

LOCATION OF PRESSURE HOLES 

CONFIGURATION DETAILS 
The aerofoil has a 12.3% thick supercritical section, with 

Chord = 150mm 
Span = 390 mm 

There is a total of 56 pressure taps arranged close to the model centre-line, with 37 on the upper surface 
and 19 on the lower surface. 

FLOWS MEASURED 
Data are available at a single Mach number for ranges of both incidence and Reynolds number 

Mach No Incidence ("1 Reynolds No Measurements 

0 73 
0 73 

I 0 73 
0 73 

1.15 
3.0 

1.15, 2.0, 3.0 
1.15, 2.0 

3, 6, 11, 15, 20 x I O 6  
3. 6 .  11. 15 x I O 6  

3 x 106 
3 x 106 

where a = airfoil surface pressures, 

b = wake survey 
c = 
d = 

adaptive tunnel wall profiles and pressures (91 per wall) 

mean boundary layer velocities at 60% and 95% chord (both are behind the shock) 
mean and fluctuating flow-field velocities in vertical and horizontal traverses 
above the upper surface 
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CASE NUMBER A-I2 

TITLE A SUPERCRITICAL AIRFOIL EXPERIMENT. 

AUTHORS G G MATEER, L A  HAND, ORGANISATIONS NASA AMES, USA 
H L SEEGMILLER and 
J SZODRUCH MBB, BREMEN, GERMANY 

PURPOSE OF THE JEST 
The test has been conducted to provide a comprehensive database for the validation of numerical 
simulations. To this end, transonic testing in a solid wall wind tunnel was chosen to give more precisely 
defined farfield boundary conditions. 

SIGNIFICANT POINTS OF INTEREST 
1. Several different measurement techniques were employed for surface pressures at 3 spanwsie 

stations (to verifv two-dimensionalitvl. mean and fluctuatina flowfieid velocities, airfoil surface 
visualisation and'tunnel wall pressures. The various methods are described in some detail in the 
relevant Test Case Description. 

2. Transition is fixed and has been verified by comparison with some further runs made without 
transition. Tripping is seen to have a large effect at the lowest Reynolds numbers. 

3. There has been a careful analysis made of errors in mean and time-averaged parameters measured 
using LDV. 

4. Repeatability within and between test campaigns is good. There are several instances of redundant 
measurements to verify trailing edge separation and upper surface shock position. 

5. The top and bottom tunnel wall displacements are given in terms of separate boundary layer, suction 
and streamwise curvature (due to  the model) corrections. 

6. Drag force on the airfoil has been calculated from LDV data and sidewall pressure measurements 
rather than by the traditional Pitot-static wake rake. 

NOTE OF CAUTION 
1. Total temperature is not controlled during testing and typically decreases by 11°K during a run of 

90-120 secs duration. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered suitable for 'in-tunnel' CFD calculations, as the tunnel has solid walis and 
pressures on ail four walls have been measured Although the data are not corrected, side wall boundary 
layer suction has been applied and the top and bottom walls have been contoured to simulate as closely 
as possible 'free-air' conditions 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- transonic attached flows 
- separations close to the trailing edge 

MISCELLANEOUS INFORMATION 
1 .  The modei designation is MBB VA-2. which has been designed for high l i f t .  low drag and moderate 

rear loading . 
The four authors have published some initial results. for a single angle of attack. in AlAA 87-1241 
(1987). 
The model has been tested in the 0.406m x 0.610m High Reynolds Number Channel Ii at NASA Ames. 
The test section has solid walls with suction slots upstream of  the model. 
A different model o f  the VA-2 airfoil section has been tested by DLR. as reported in Test Case A-I 
The two models have the same chord length but different aspect ratios. They share one common flow 
condition, namely 

2. 

3. 

4.  

Mach number = 0.73 
Reynolds number 
Incidence = 1.5" 

= 6 x I O 6  
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CASE NUMBER A - I 2  

GENERAL ARRANGEMENT SIDE VIEW 

I B 
i 

CONFIGURATION DETAILS 
The airfoil has a 13% thick section and dimensions of 

Chord = 200 m m  
Span = 406 m m  

There are 80 surface pressure holes on the complete model, comprising 
- 31 at 50% span. upper surface 
- 29 at 50% span. lower surface 
- 11 at 25% span, upper surface 
- 9 at 75% span, upper surface 

FLOWS MEASURED 
Data are available for the following 19 te: 

Mach number Incidence ('1 Reynolds number Measurements 

0.73 
0.75 
0.78 
0.80 

0.5, 0.9, 1.5 6 x 106 a b  
0.5. 0.9, 1.5 6 x I O 6  a.b 
0.5, 0.9. 1.5 6 x I O 6  a.b 
0.5. 0.9, 1.5 6 x I O 6  a.b 

0.73. 0.78, 0.80 
0.73, 0.75, 0.78, 0.80 

1 .o 
1 .o 

6 x I O 6  
2 x 106 

C 
d 

where a = airfoil and tunnel wall pressures. 
surface flow visualisation 
flowfield velocities at a vertical plane 1.50 chords downstream of the trailing edge 
flowfield velocities at a vertical plane 0.04 chords downstream of the trailing edge 
flowfield velocities at several vertical planes above the upper surface 

b = 
c = 
d = 

There are no specific measurements of the model boundary layer. 
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CASE NUMBER A-I3 

~ TITLE TWO-DIMENSIONAL HIGH-LIFT AIRFOIL DATA FOR CFD CODE VALIDATION. 

AUTHOR G W BRUNE ORGANISATION BOEING COMMERCIAL AIRPLANE 
GROUP, SEATTLE, US 

PURPOSE OF THE TEST 
The tests were carried out to provide a complete dataset for the validation of 2-D multi-element airfoil 
computer codes. To this end, the four elements represent a typical transport wing section in a high lift 
configuration. with take-off settings. 

SIGNIFICANT POINTS OF INTEREST 
1. Considerable emohasis has been olaced on acauirina data of  oroven hiah oualitv. In oarticular. I ,  ~~ ~~ 

redundant measurements have been made o f  airfoil li< boundar); layer mean velocity and' Reynolds 
stresses. 

2. Flow two-dimensionality has been verified through surface visualisation and a comparison of 
boundary layer profiles at several spanwise stations. 

3. The intrusive flowfield measuring equipment has no discernable effect on surface pressures. 
4.  Transition is fixed on the upper surfaces of the leading edge flap and the main airfoil elements. The 

effectiveness of the trips has been verified at high incidence by both sublimation and acoustic 
measurements. 

NOTES OF CAUTION 
1. The locations of natural transition on the elements have not been determined. However, this probably 

does not have a strong influence on the flow physics under investigation. 
There can be large temperature changes during a tunnel run. Typically, changes of 25'K occurred 
when taking boundary layer measurements. 
The effects of the slat and flap support structure on the two-dimensionality of the flow are not known. 
Likewise, the aeroelastic distortion of these eiements is not specified. However, both effects are 
expected to be small for these test cases. 

2. 

3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are corrected for tunnei wall effects to simulate 'free-air' conditions. The author advises that the 
data be used to validate compressible or  incompressible two-dimensional high-lift computer codes 
employing a model for confluent boundary layers. A model for massive fiow separation is not considered 
necessary. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- confluent boundarv lavers on the u m e r  surfaces of the confiauration , .  , .  - 
- attached flows 
- laminar separation bubbles on the upper surface o f the main flap element 

MISCELLANEOUS INFORMATION 
1. 
2. 
3. 

The model designation is Boeing Model TR-1332. 
The test case has previously been reported in AlAA 83-0566 (1983). 
The model has been tested in the 1.52m x 2.44m low speed Boeinq Research Wind Tunnel. The test 
section has solid walls with blowing slots upstream o f i h e  model and in each turntable. 



GENERAL ARRANGEMENT 

Geometry of Boeing Model TR-1332 

CONFIGURATION DETAILS 
The airfoil has a 11.3% thick section in the nominal ’flaps retracted’ configuration and has dimensions 

Chord = 0.6096 m 
Span = 1524 m 

The three flaps have fixed settlngs (gaps and overlaps) with angles relative to the main airfoil chord of 
Leading edge flap = 572“ 
Main flap = 126” 
Aft flap = 149” 

There are 77 surface pressure holes on the complete model comprising 
- 19 on the leading edge flap 
- 32 on the main element 
- 15 on the main flap 
- 11 on the aft flap 

FLOWS MEASURED 
Data are available for a wide range of incidence at Mach 0.11 and a chordal Reynolds number of 1.55 x - 
106. 

Incidence (”) Measurements 

0. 1. 2.  4. 6 .  8 a.b 
9 a.b.c 

10 a.b 
12 a.b.c 
14 a.b 
15 a,b.c.d 

16, 18, 19. 20 a.b 
21. 22, 23, 24 a.b 

where a = airfoil lift force and pitching moment (balance), drag force (wake rake) 
b = surface pressures 
c = 
d = boundary layer turbulence data 

boundary layer mean velocity profiles (6  traverses on main element, 1 on main flap) 
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CASE NUMBER 8-1 

TITLE MEASUREMENTS OF THE FLOW OVER A LOW ASPECT RATIO WING IN THE MACH NUMBER 
RANGE 0.60 TO 0.87 FOR THE PURPOSE OF VALIDATION OF COMPUTATIONAL METHODS 

AUTHORS M C P FIRMIN, M A MCDONALD ORGANISATION DRA, FARNBOROUGH, UK 

PURPOSE OF THE TEST 
The tests were conducted 

- to gain an improved understanding of the flows over a moderately swept wing as buffet and 
separation boundaries are approached, 

- to provide a comprehensive set of good quality data for CFD code validation 

SIGNIFICANT POINTS OF INTEREST 
1. Considerable wing surface and tunnel wall measurements have been taken over a wide range of 

subsonic and transonic Mach numbers, at constant Reynolds number, and small increments of (low) 
incidence. 
A substantial coverage of boundary layer data and wake mean flow velocity profiles is also available 
for four flow conditions 
The wing is representative in shape of a subsonic combat aircraft but exhibits flows also pertinent to 
the higher aspect ratio wings of transport aircraft 
Surface and boundary layer information have been checked for accuracy by considerable repeat tests 
and by redundant measurements. 

2. 

3. 

4 .  

NOTES OF CAUTION 
1. Boundary layer transition is fixed by small roughness elements, which may need to be accounted for 

in computations by an increment in boundary layer momentum thickness at the transition trip. The 
size ofthis roughness has been calculated from the highest local Mach numbers on each surface and 
may have resulted in ’overfixing’ at some conditions. 
Forces and moments have been deduced from surface pressure integrations only. 
There is no tunnel wall boundary layer control. with an average of 5mm displacement thickness at the 
model mounting position. 

2. 
3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are intended to be used for ’in tunnel’ computations, using either the detailed tunnel wall 
oressure distributions or the solid wall assumotion as a far-field boundarv condition. Free-air corrections 
are available but not advised, as they are boih large and non-uniform across the wing especially at the 
higher Mach numbers. Four premium cases are identified : each has distinctly different flow features. with 
extensive boundary layer and wake measurements to assess turbulence modelling performance in some 
detail. 

FLOW FEATURES IDENTIFIED 
The dominant flow ohvsics. identified bv manv measurina techniaues. are , ,  , .  - attached turbulent boundary layers featu’ring severeadverse pressure gradients with. in some cases, 

trailing edge separation 
- shock waves on the upper surface, in some cases. with shock-induced separation and re-attachment 

prior to the trailing edge 
The cases with shock-induced separation and re-attachment are considered reminiscent of the flow 
physics demonstrated on aerofoil RAE 2822, Case 10, which is proving a stern test of turbulence modelling 
capability. 

MISCELLANEOUS INFORMATION 
1 
2 
3 

The model designation is M2155 
Some of the test case data has previously been published in DRA Farnborough TR 92016 (1992) 
The model has been tested in the 1 83m x 2 44m wind tunnel at DRA Farnborough 
has solid walls with some slots at its downstream end 

The test section 
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GENERAL ARRANGEMENT 
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B-1 

Plan view of model showing upper surface pressure plotting positions 

CONFIGURATION DETAILS 
The wing planform is shown above, mounted directly off the tunnel model. There are 8 major chordwise 
pressure stations on the upper surface, with a total of 308 pressure holes. The lower surface has 5 major 
chordwise pressure stations, with a total of 161 pressure holes. Boundary layer profiles are measured by 
traversing probes from within the wing model. 

FLOWS MEASURED 
For all the flows tabulated below, the Reynolds number is 4.1 x I O 6 .  based on mean chord 

Mach Incidence (O )  

4.0 4.5 3.5 3.0 2.5 2.0 number - 1.5 ~ 

~ - - - - - 

0.60 a 
0.70 a 
0.72 a 
0.74 a 
0.76 a 
0.78 a 
0.79 
0.80 a 
0.81 
0.82 a 
0.83 a 
0.84 C 
0.85 C 
0.86 b 
0.87 a 

a 
a 
a 
a 
a 
a 
a 
b 

b 
b 
b 
b 
a 

a 
a 
a 

a 
a 

C 

C 

b 
a 
b 
a 
a 

a a 
a a 
a a 
a a 
a a 
a a 

a a 

a a 
a a 
a a 
a a 

a 
a 
a 
a 
a 
a 

a 
a 
a 
a 
a 

a 
a 
a 
a 
a 
a 

a 
a 
a 
a 
a 

where a = wing surface and tunnel wall pressures. 
b = 
c = 

wing surface and tunnel wall pressures, oil flow visualisation. 
wing surface and tunnel wall pressures, oil flow visualisation, 
boundary layer and wake mean velocity profiles, skin friction. 
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CASE NUMBER 6-2 

TITLE A DETAILED STUDY OF THE FLOW OVER ROUNDED LEADING EDGE DELTA WINGS IN 
SUPERSONIC FLOW. 

AUTHOR M J SIMMONS ORGANISATION DRA, BEDFORD, UK 

PURPOSE OF THE TEST 
The tests were conducted to gain an improved understanding of the flows over rounded leading edge, thin 
wings in supersonic flow. The Mach number is representative of the sustained supersonic manoeuvre 
design point, and the range of lift coefficients tested includes those typical of this design point. 

SIGNIFICANT POINTS OF INTEREST 
1. The model is very large, which has facilitated 

- attaining a high value of Reynolds number 
- accurate machining of the highly curved leading edges 
- measuring detailed flowfield data above the wing upper surface 

2. 
3. 

4. 

The data allow the accuracy of CFD methods in assessing the effects of wing camber to  be assessed. 
Surface and field flow visualisations. using oil flow and laser light sheet techniques respectively, have 
also been recorded, for the higher values of lift coefficient only. 
Transition is fixed on both the body and the wing upper and lower surfaces. 

NOTES OF CAUTION 
1. The assessment of overall forces poses some difficulty because the flow over the body is affected by 

the interaction between the body and the sidewall boundary layer. This has been overcome by 
subtracting body-alone forces and moments from those of the wing-body configurations to  derive 
notional wing overall forces and moments, which are presented within the dataset. 
No allowance has been made for the effect of variation of aeroelastic deformation across the span. 
However, the wing was very stiff and, consequently, aeroelastic distortion is believed to be 
insignificant. 

2. 

SUITABILITY FOR CFD CODE VALIDATION 
Since the tests were performed at supersonic free-stream speeds and the configuration was totally 
enclosed bv the Mach diamond. the data are suitable for validatina 'free-air' CFD codes for the wina-bodv 
configurations. The overall forces I moments from the experiment should be compared wzh the 
differences in predicted forces 1 moments between a wing-body computation and a body-alone 
comDutation. 

FLOW __ FEATURES ID€- 
-ne aom nanl  I OVI pnys cs are 

- attached flows at the leading edges 
- highly-swept shock waves on the upper surface with turbulent boundary layer I shock wave 

interaction. in some cases leading to shock-induced separation 

MISCELLANEOUS INFORMATION 
1. 
2. 

The designations of Wings A and C are Model 2205 and Model 2217 respectively. 
The test case has previously been published in two parts in RAE TM Aero 2092 (1987) and RAE TM 
Aero 2202 11991) 

3. The model'has 'been tested in the 2.44m x 2.44m subsoniclsupersonic wind tunnel at DRA Bedfora. 
The test section has solid walls. 
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CASE NUMBER 0-2 

GENERAL ARRANGEMENT 

Balance 
c e n t r e  l ine - Moment r e f .  point ( X / C O  = 0.7) t CO 

I_ O . l c 0  

! ~ o d y  centre line 
--- -- ----- 

plane 
1.51~0 = 2707.Omm (106.6ins) 

r - m 

CONFIGURATION DETAILS 
Two configurations of the wall mounted half-model are available 

Wing A (4% thick, highly cambered and twisted) on a simple body 
Wing C (4% thick, no camber or twist) on a simple body 

1. 
2. 

There are 9 spanwise rows of surface static pressure holes, totalling about 300 on each wing. There are 
also 28 holes along the body centre-line. 

FLOWS MEASURED 
For both Wing A and Wing C. flow conditions are 

Mach number = 1.605 
Reynolds number = 12.7 x I O 6 .  based on centre-line chord 
CL = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 

(incidences between 0 and 13') 

Measurements recorded at all conditions are 
- wing and body surface Cps. 
- 5 component balance forces I moments (no CY) 

with the following additional data at CL = 0.2, 0.3 and 0.4 only 
- oil filament flow visualisation, 
- laser vapour screens. 

There are no measurements of the model surface boundary layer. 
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CASE NUMBER 8 -3  

TITLE PRESSURE DISTRIBUTIONS MEASURED ON RESEARCH WING W4 MOUNTED ON AN 
AXISYMMETRIC BODY. 

AUTHOR J L FULKER ORGANISATION DRA, BEDFORD, UK 

PURPOSE OF THE TEST 
The tests were conducted to gain an improved understanding o f the flows over and pressure distributions 
on supercritical section wings suitable for a transport aircraft These included an assessment of the 
influence of Reynolds number on the flows and measurement of  overall drag ievels. 

SIGNIFICANT POINTS OF INTEREST 
1. Two models of the same nominal geometry have been tested 

- a wall mounted haif-model 
- a rear sting mounted complete model 

although the complete model has a shortened afterbody to allow for the sting mounting 
The wing at cruise (Mach 0.78, CL=0.32) has many typical and important supercritical flow features 
including, on the upper surface 

2. 

- a shock-free compression on the inner wing 
- a weak shock wave on the outer wing 
- substantial rear loading from root to  tip 

The flows measured range from those that are subcritical and attached to those just beyond buffet 
onset. 
Both models are large, which has allowed high values of  Reynolds number to be attained. 
Transition trip effectiveness has been checked on the complete model through drag measurements 
over a range of Reynolds number. 

3. 
4. 

NOTES OF CAUTION 
1. The effect of  the interaction between the model and the sidewall boundary layers for the half model 

is unknown, which may affect the quality of the comparison between predictions and measurements 
for this configuration. 
Although the models are geometrically similar, they have different aeroelastic deformations for a 
given combination of Mach number and Reynolds number. Thus, when specifying the geometries for 
CFD codes, different changes in shape need to be applied for each geometry. 
Boundary layer transition was fixed by means of small roughness elements applied sparsely on the 
wing. This may necessitate a small modification to CFD codes to include the effect of  this roughness 
on the boundary layer. 

2. 

3.  

SUITABILITY FOR CFD CODE VALIDATION 
A s  there is a significant variation in wall-induced upwash across the span of both the half-model and 
complete-model wings, the data should strictly be used for 'in tunnel' CFD code validation. The tunnel 
walls are solid and typical boundary layer displacement thicknesses are known, so that the wall boundary 
conditions are well defined. Tunnei roof and floor static pressures are ais0 available as an independent 
check on the accuracy of the representation of these boundary conditions. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics are 

- Attached turbulent boundary layers featuring adverse pressure gradients 
- The interaction of these boundary layers and the inviscid flow 
- Shock waves on the upper surface with, in some cases, shock-induced separation on the outer wing 

which extends to the trailing edge. 

MISCELLANEOUS INFORMA TlON 
1. The half-model and comDlete-model desianations are Model 873 and Model 2063 resDectivelv 
2. The model has been tested in the 2.44m"x 2.44m subsoniclsupersonic wind tunnel at DRA Bedford. 

The test section has solid walls. 
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CASE NUMBER 8-3  

GENERAL ARRANGEMENT 

/I 

W4 FULL MODEL 

W4 HALF MODEL 

CONFIGURATION DETAILS 
Two configurations are presented for the same basic geometry 

Wing and body half-model, mounted on the tunnel wall 
Wing and body full model, mounted on a balanced sting 

1. 
2. 

The full model is 0.425 of  the half-model scale and nominally differs only in the afterbody region 

There are 7 chordwise rows of surface static pressure holes. totalling 252 on each model (161 on upper 
surface, 91 on lower surface). 

FLOWS MEASURED 
On the complete model, 

Mach number = 0.780 
Reynolds number 
Incidences = -0.500, 0.060, 1.523, 2.049" 

= 5.8 x I O 6 ,  based on geometric mean chord 

(giving CL = 0.347 to  0.670) 
Surface pressures and overall 6 component forces I moments have been measured. Tunnel wall 
pressures are also available. 

On the half model, 
Mach number = 0.781 
Reynolds number 
Incidences = -0.815, -0.277, 1.462, 2.095" 

= 13.3 x I O 6 ,  based on geometric mean chord 

(giving CL = 0.343 to 0.732) 
Surface pressures and overall 5 component forces I moments have been measured (no drag force). 
Tunnel wall pressures are also available. 

There are no measurements of  surface boundary layers on either model 



88 

CASE NUMBER 8-4 

DLR-F4 WING BODY CONFIGURATION, 

AUTHOR G REDEKER ORGANISATION DLR BRAUNSCHWEIG, GERMANY 

PURPOSE OF THE TEST 
The tests were carried out in three major European wind tunnels 

- to provide good quality data for validating CFD codes on a modern transport aircraft. 
- to assess the ability of contemporary wind tunnels to predict typical aircraft performance at and near 

design conditions 

SIGNIFICANT POINTS OF INTEREST 
1. The same model has been tested in ONERA. ORA and NLR wind tunnels that are of similar size. The 

full set of flow conditions presented has been run in each tunnel. 
Both the balance and pressure measurements show remarkable overall repeatability between the 
three tunnels, demonstrating the excellent reliability of the data. 
Transition is fixed on the wing upper and lower surfaces and on the body nose and is optimised for 
each wind tunnel. The effectiveness of the trips has been verified in all cases. 
An aeroelastic deformation of the wing relative to the body axis has been calculated (at the design 
condition), with a tip washout of 0.43". 

2. 

3. 

4. 

NOTES OF CAUTION 
1. The stina mountina and S U D U O ~ ~  structure differs in each case, with different ventral fin Z-stings used 

at ONEKA and NLR and a n  axisymmetric rear-mounted sting at ORA. 
Discrepancies between the three tunnels have been measured on overall pitching moment (up to 
0.015 at the same C,) although trends with increasing CL are very similar. This may be due to the 
different influences of the different sting arrangements. 

2. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered essentially free of wall interference. All information to validate CFD codes 
assuming 'free-air' conditions are provided 

FLOW FEATURES IDENTIFIED 
The dominant flow physics are 

- supercritical attached flow on the upper surface of a sweptback wing, with weak shocks 
- a double shock pattern on the inboard region o f the wing 
- trailing edge separation in the region of the trailing edge crank 
- junction flow at the sharp corner between the wing and body 

MISCELLANEOUS INFORMATION 
1. 
2 .  

3. 

4. 

The design condition is Mach 0.75, CL = 0.50. 
The geometry has been selected by the GARTEUR Action Group AGO1 and reported in GARTEUR 
TP-018 (1983). 
An aeroelastic deformation of  the wing relative to the body axis has been calculated (at the design 
condition), with a tip washout of 0.43". 
The three wind tunnels where testing has been conducted are 

- the 2.44m x 2.44m pressurised subsoniclsupersonic wind tunnel at DRA Bedford. UK The test 
section has solid, flexible walls. 

- the 2.00m x 1.60m HST high speed wind tunnel at NLR Amsterdam, The Netherlands. l h e  test 
section has slotted top and bottom walls, with a 12% open area ratio, and solid side walls. 

- the 1.77m x 1.75m S2MA wind tunnel at ONERA Modane, France. The test section has perforated 
top and bottom walls, with a maximum 6% porosity, and solid side walls. 
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CASE NUMBER 8-4 

GENERAL ARRANGEMENT 

Dimensions in mm 

CONFIGURATION DETAILS 
The supercritical wing has the following nominal characteristics 

leading edge = 27.1' 
trailing edge = On (inboard of 40% semispan), 18.9" (outboard of 40% semispan) 
dihedral = 4.8' 

span = 1171.3 mm 
aspect ratio = 9.5 

The body is a generic representation of a modern airliner, with a blunt-nosed forebody with cockpit, a 
sloped underside to the tapered afterbody and a cylindrical centre section (on which the wing is 
low-mounted). It has principal dimensions of 

length = 1192 mm 
max diameter = 148.4 mm 

There are 7 spanwise pressure measuring stations, each with 23 upper and 13 lower surface holes. There 
are also 22 holes on the upper and lower body centre-lines that overlap the wing-body junction region. 

FLOWS MEASURED 
Surface pressure and overall 6-component force and moment balance data are available from all three 
tunnels for all the flow conditions below. Surface oil flow visualisations have been made on the wing 
surfaces during testing at NLR and ONERA. 

Forces and moments 
Mach number = 0.60, 0.75, 0.80 
Incidence range = -4" to I O "  
Configurations = 2 - wing-body, body alone 

Surface pressures 
Mach number = 0.60. 0.70. 0.75. 0.76. 0.77. 0.78. 0.79. 0.80. 0.81. 0.82 fat C, = 0.501 
CL = 0.30, 0.40, 0.50: 0.60' (at Mach'0.75) 
Configurations = 1 - wing-body 

All testing has been at a Reynolds number of 3.0 x I O 6 ,  based on wing mean chord (141.2 mm) 

No wing surface boundary layer has been measured 



CASE NUMBER B-5 

TITLE DLR - F5 : TEST WING FOR CFD AND APPLIED AERODYNAMICS, 

AUTHOR H SOBIECZKY ORGANISATION DLR, GOlTINGEN, GERMANY 

PURPOSE OF THE TEST 
One ofthe major objectives ofthe tests was to provide accurate data and well-defined boundary conditions 
to validate CFD codes for supercritical flow. As such, sufficient measurements have been taken to 
completely formulate this viscous flow boundary value problem. The wing was also intended to be a 
selected case from a whole family of analytically denned configurations, needed to aid in the development 
of aerodynamic design and optimisation strategies and methods. 

SIGNIFICANT POINTS OF INTEREST 
1. 
2. 

Transition is natural with its location determined by acenaphtene sublimation. 
All data measured have been converted into analytical form, to ensure good interpolation to CFD code 
data points. This includes the geometry and other boundary conditions, transition location and 
pressure distributions. 
The wind tunnel has solid wails and consequently a considerable number of parameters has been 
measured on all boundaries. 

3. 

NOTES OF CAUTION 
1. No overall force and moment data have been measured directlv 
2. 
3. 

?he flow physics of this test case are extremely complex in the region of transition and the shock. 
The choice of parameters to be used to represent the boundaries in CFD calculations requires very 
careful consideration. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are intended only to be used for ’in tunnel’ calculations. In employing the test case for CFD 
validation, attention must be paid to two issues 

- Transition occurs within a small laminar separtion bubble induced by the shock. This tests a code’s 
ability to model transitional shock - boundary layer interaction and the consequences this has for the 
properties of the reattached turbulent boundary layer (for more details, see AGARD-AR-224, Chapter 
4.6).  

- There is an expansion of the now inside the test area around the trailing edge of the vertical splitter 
plate on which the wing is mounted. This causes the static pressure at the exit plane to decrease 
towards the splitter plate. Since this has an effect on the flow about the model, the static pressure 
distribution in the exit plane must be taken as a boundary condition. 

F LO *N Z U R E S a N  T l F S  
aom nant ~ I O K  p n p c s  are 

- swept wing flow, with a large root fillet avoiding a vortex at the wing apex 
- laminar I transitional I turbulent flow 
- a small laminar separation bubble at the shock - boundary layer interaction 

i t  must be stressed that the flow physics is very complex within the local region o f the  shock at the higher 
incidence. 

MISCELLANEOUS INFORMATION 
1. The wino section is desianed to have shock-free laminar flow at Mach 0.78 - I 

2 .  The test case has previously been published, in conjunction with some CFD calculations, in 
AGARD-CP-437 (1 988). 

3. The model has been tested in the 1.00m x 1.00m TWG wind tunnel at DLR Gottingen. The tes! section 
has slotted top and bottom walls. which were closed throughout these tests. and solid side wa!ls. 

4. A second set of tests with DLR-FS has been conducted in 1990 at other flow conditions. 
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CASE NUMBER 0-5 

GENERAL ARRANGEMENT 

CONFIGURATION DETAILS 
The winq has a 13% thick symmetric section and the followinq characteristics 

- 20"-leading edge sweep 
- 12" trailing edge sweep 
- aspect ratio of 9.5 

There are 10 spanwise pressure measuring stations, each with 20 upper and 3 lower surface holes 

FLOWS MEASURED 
Data are available at two flow conditions 

Mach number = 0.82 [at the inlet plane) 
Reynolds number 
Incidence = 0.0, 2.0" 

= 2.0 x I O 6 .  based on the wing aerodynamic mean chord of 170" 

The following data have been measured for both flow conditions 
wing surface - static pressure at 230 locations 

splitter plate - static pressure at 87 locations 

tunnel walls - static pressure at 67 locations 

inlet flow plane - total and static pressure 

- flow visualisation 

- 

- 

- temperature 
- flow angles 

- temperature 
- flow angles 
- wake profiles 

boundary layer profile (at inlet and exit planes) 

boundary layer profile [at inlet and exit planes) 

exit flow plane - total and static pressure 

A tip-mounted accelerometer monitors buffet onset and root bending moment is  measured by strain 
gauges. 

No wing surface boundary layer data have been measured, 
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CASE NUMBER 6-6 

TITLE LOW ASPECT RATIO WING EXPERIMENT. 

AUTHORS M OLSEN, H L SEEGMILLER ORGANlZAJlON NASA AMES, USA 

PURPOSE OF THE JEST 
The test has been conducted to provide a comprehensive database for the unambiguous validation of CFD 
codes in transonic flow. To this end, a solid wall wind tunnel was chosen to give more precisely defined 
farfield boundary conditions and a half model mounted directly onto a side wall to eliminate sting and 
support interference. 

SIGNIFICANT POINTS OF INTEREST 
1. The top and bottom tunnel walls were diverged at 0.11" relative t o  tunnel centerline to account for 

tunnel empty boundary layer growth. These were instrumented with 48 pressure taps extending 
about 3 root chords upstream and downstream of the model centerline. The straight tunnel side walls 
also contained 56 pressure taps. 
Axial and vertical mean velocities and Reynolds stresses have been measured in 6 vertical planes 
above and in the near wake region of the wing. These data were obtained at the premium flow case, 
nominally Mach 0.775. 5' incidence and a Reynolds number o f  13.5 x 106. 

3. Testing has been conducted at very high Reynolds numbers for the size of model. This has been 
achieved by operating at high total pressures. 

4. Boundary layer profiles at the inflow plane are demonstrated to be independent of the model 
incidences tested. Redundant measurements of inflow plane velocities show good correlation. 

5. Aeroelastic deformation has been measured using the LDV system. Wing tip bending deformation 
was measured at 0.5mm, with insignificant twist, at the highly loaded premium case. 

2. 

NOTES OF CAUTION 
1. Transition is natural and the location of transition inferred from surface oil flow patterns (at the higher 

two incidences). In general, the location i s  within 2% local chord increasing to 6% in the tip reGon. 
Note that the influence of the oillchalk mixture used for visualisation on the flow and its transition 
location has been judged from surface pressure comparisons to  be negligible. 
Total temperature is not controlled during testing and can decrease by up to 30°K during a run. In 
general. variations are less than 5°K during data acquisition t ime and this information is recorded. 
Note that the LDV data are normalised with respect to the Instantaneous freestream velocity (or  
speed of sound) to directly compensate for large drifts that can occur during data acquisition. 
No overall force and moment data are available. 

2.  

3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered only suitable for 'in-tunnel' CFD calculations and are therefore uncorrected. The 
tunnel has solid walls, also with pressures measured on all four walls, to allow a choice of far-field 
boundary conditions. All data required for an 'in tunnel' calcuiation have been measured to a good level 
of accuracy. The authors state that many of the cases in the lower Mach number and incidence ranges 
have been satisfactoriiy predicted by 'free air' inviscid codes. 

FLOW FEATURES IDENTIFIED 
The dominant flow ohvsics identified are 

, I  

- subcritical attached flow 
- supercritical flow with a multiple shock structure 
- supercritical flow with leading edge vortex separation 

MISCELLANEOUS INFORMATION 
1 The authors have previously published details of the experiment in the AlAA Journal, Vol 31 No I O ,  

01744 11993) 
2. The model has been tested in the 0.406m x 0.610m High Reynolds Number Channel / I  at NASA Ames. 

The test section has solid adaptive top and bottom walls and solid side walls. The suction slots 
upstream of the model have been blocked throughout the tests. 
Data are also available for ranges of  Mach number and incidence at a lower nominal Reynolds 
number of 7 x IO6 .  

3. 
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CASE NUMBER 8 - 6  

GENERAL ARRANGEMENT 

....** . .*.*...*............* . 1 . i + . uppa uppa&Lowasurfaa SItrfaoc only 

CONFIGURATION DETAILS 
The wing has a symmetric and untwisted NACA 64A010 section across the span, with 

Asoect ratio = 3.2 Taoer ratio = 0.25 
Leading edge = 36.9" 

and a root chord of 254 mm. 
Trailing edge = 0" 

There are 128 upper surface pressure holes on the half model, distributed across 5 spanwise stations 
(30% 50% 70%, 80% 90% span). There are a further 4 pressure holes on the lower surface to help 
determine flow symmetry conditions. 

FLOWS MEASURED 
Data are available at the following 41 nominal flow conditions, representing 22 complete test points 

Mach number Incidence ("1 Reynolds number Measurements 

0.60 -8. -5, -2. 0. 2, 5, 8 12.0 x 106 a 
0.65 -8, -5, 5, 8 12.7 x I O 6  a 
0.70 -8, -5, -2, 0, 2 13.1 x I O 6  a 
0.70 
0.725 
0.75 
0.75 
0.775 
0.775 
0.775 
0.80 
0.80 

5, 8 
8. -5. 5. 8 

13.0 x I O 6  
13.5 x I O 6  

a.b 
a . . ,  

-8, -5. -2. 2 13.7 x I O 6  a 

-8, -5. -2, 2 13.8 x I O 6  a 
5, 8 13.8 x I O 6  a.b 

8 13.5 x I O 6  a.b 
5 13.5 x I O 6  a.b.c 

5, a 14.0 x I O 6  a.b 
-a, -5, -2. 0, 2 14.0 x I O 6  a 

where a = wing surface and tunnel wall pressures, 
tunnel inflow plane velocity and boundary layer profiles 
upper surface oil flow visualisation. with some limited side wall data b = 

c = flowfield mean velocities and turbulent stresses 
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CASE NUMBER C-1 

TITLE WIND-TUNNEL INVESTIGATION OF THE APPEARANCE OF SHOCKS IN THE WINDWARD 
REGiON OF A BODY WiTH CIRCULAR CROSS-SECTION (KREISRUMPF) AT INCIDENCE. 

AUTHOR HESCH ORGANISATION DLR KOLN-PORZ, GERMANY 

PURPOSE OF THE TEST 
The test was undertaken to investiaate whv shocks form on the windward side of a slender bodv at 
incidence in moderate supersonlc flow, by measuring surface pressures every 3" circumferentlaily at 11 
longitudinal stations down the body Oii flow and schlieren photographs augment these data (on a smaller 
calibre model) 

I SIGNIFICANT POINTS OF INTEREST 
1. A very extensive map of surface static pressure has been measured at each flow condition, and good 

repeatability has been demonstrated. 
Aeroelastic distortion has been accounted for within the overall incidence value. 
The effect of transition has been checked. This is a sensitive issue on slender bodies and most tests 
were carried out with free transition which occurs at the nose-cylinder junction. Checks were made 
with transition fixed on the nose with the influence on the major flow features under investigation 
being very slight. 

2. 
3. 

NOTE OF CAUTION 
None. 

SUITAB/L/TY FOR CFD CODE VALIDATION 
Ail essential information on the wind tunnel and model geometry needed for CFD code validation is 
available. The Dremium case is around 16' incidence, where comDuted shocks in the flowfield can be 
compared with schlieren photographs. 
turbulent conditions, with gridding aspects generally considered to  be straightforward. 

The data are 'suitable for "free-air' calculations assuming fully 

FLOW FEATURES IDENTIFIED 
The shock in front o f the primary separation of a circular cross-section body at a range of moderate angles 
of attack detaches and bends towards the windward region. at certain combinations of supersonic Mach 
numbers and incidence (Mach 1.5, 17"). The close mapping of  surface pressure (every 3" circumferentially) 
allows these flow features to be identifled with confidence. The effects of fixing transition have been 
ascertained and are small. 

MISCELLANEOUS INFORMATION 
1~ The model designation is 'Kreisrumpf' 
2. Different nose shapes have also been tested but do not change the observed flow phenomena 

significantly. 
3. The test case has previously been reported in DLR-FB-90.15 ( in  German) and ESA-TT-1226 (in 

English). 
4. The model has been tested in the 0.6m x 0.6m TMK wind tunnei at DLR Koln-Porz The test section 

has solid walls 



GENERAL ARRANGEMENT 
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CASE NUMBER C - I  

/ 

I I I 

- I N  inslrumented section 

8 

Bodv diameter 1D) = 4 0 m m  

r I 

Bod; length { L j  = 316 mm 
Nose length (LN) = 140 mm 

' 

Surface pressure has been measured every 3' circumferentially at 11 axial stations in the middle region 
of the cylindrical body. 

R / D =  (INID)'+ . 2 5  

FLOWS MEASURED 
Surface pressure data are available for 

Mach number = 1.5 
Reynolds number = 1.2 x I O 6 .  based on body diameter 
Incidences = 8 values, in the range 9 to 23" 

with limited schlieren and oil flow visuaiisations recorded. 

No model boundary layer data have been measured 

Measurement plone 
1 2 3 L 5 6 7 8 9 1 0 1 1  

I 

11 measurements 

3.5 0 

CONFIGURA TlON DETAILS 
The model is sting mounted from the rear and has dimensions 

105: 

900- 

60"' 

View from reoi for an angle 
of the roll mechonism V=e 
O = L O m m  

30015* 
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I CASE NUMBER C-2 

TITLE THREE-DIMENSIONAL BOUNDARY LAYER AND FLOW FIELD DATA OF AN INCLINED 
PROLATE SPHEROID. 

I 
AUTHOR H-P KREPLIN ORGANISATION DLR GOTTINGEN, GERMANY 

PURPOSE OF THE TEST 
This low speed test was conducted to study the development of three-dimensional boundary layers on 
smooth fuselage-type bodies. A 6 : l  prolate spheroid was chosen as the flow pattern at incidence is 
characteristic of fuselage and missile shapes, whilst both its shape and the surface Dressure distribution 
(according to potential flow assumptions) are given by analytic expressions 

SIGNIFICANT POINTS OF INTEREST 
1. 
2 .  

The model has been tested in two tunnels over a very wide range of Reynolds number. 
Comprehensive and detailed information has been measured to determine 

- boundary layer development, including transition and separation 
- attached and separated flow structures, with both fixed and free transition. 

3. The Dosition of natural transition and the effectiveness of forced transition has been verified using 
surface hot film sensors. 
Part of the test programme reported here has previously featured in AGARD-AR-255 4. 

NOTE OF CAUTION 
1. Tunnei wall pressures are not available. High Reynolds number testing has taken place in an 

open-jet facility. 

SUITABILITY FOR CFD CODE VALIDATION 
All essential information on the wind tunnels and model geometry needed for CFD code validation is 
available. The data are suited for 'in-tunnel' computations and the author considers the data can be 
corrected for 'free-air' using conventional techniques in AGARDograph 109. The breadth and depth of data 
on the behaviour of the boundary layer. including laminar-turbulent transition, make it a good candidate 
for developing and evaluating turbulence models. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- attached 3-0 boundary layers, leading to smooth surface separations 
- boundary layer thickening 
- leeside vortices at high incidence 

MISCELLANEOUS INFORMATION 
1. The test case has Dreviouslv been widely reDorted, such as AGARD-CP-342, paper 14 (1983) . .  
2. 

3.  

Independent data'checks have been made on streamlines and flow angles at the surface and 
boundary layer velocities, through comparison of different measurement techniques. 
The two wind tunnels in which the model has been tested are 

- the 3m x 3m Low-Speed (NWG) wind tunnel at DLR Gottingen 
- the 4.5m x 3.5m F1 wind tunnel at ONERA Fauga-Mauzac 
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CASE NUMBER C-2 

GENERAL ARRANGEMENT 

a = l200mm 
b =  200" 

CONFIGURATION DETAILS 
The body is a 6 : l  prolate spheroid, with circular cross-section and 

Length = 2400 mm 
Diameter = 400 mm (maximum) 

FLOWS MEASURED 
Comprehensive data are available for 3 flows 

Parameter ~ Case 1 Case 2 ~ Case 3 

Mach number 
Reynolds number 
Incidence 
Transition 

0.16 0 13 0.23 
7.7 x 106 6 5 x I O 6  43 0 x I O 6  based on model lenath 
10.0" 30.0" 30.0" 
tripped free free 

The following parameters have been measured 
- Surface pressures at 42 taps along an axial meridian, rotated to approximately 50 circumferential 

positions (all cases) 
- Boundary layer (mean) velocity profiles at 4 axial locations (case 1 only) 
- Flowfield (mean) velocity vectors at several axial locations (cases 2 and 3 only) 
- Wall shear stress (skin friction) at 12 axial locations (all cases) 
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CASE NUMBER C-3 

FORCE AND PRESSURE DATA ON AN OGIVE-NOSED SLENDER BODY AT HIGH ANGLES OF 
AlTACK AND DIFFERENT REYNOLDS NUMBERS. 

AUTHOR K HARTMANN ORGANISATION DLR GOTTINGEN, GERMANY 

PURPOSE OF THE TEST 
The tests are Dart of a larger effort to establish a database of experimental measurements for missile 
configurations 'including va;ious control surface arrangements. These tests were conducted to  provide 
reliable incompressible data for a simple axisymmetric body in isolation and also to  contribute to  the 
understanding of physically complex 3-D vortex flow separations. 

SIGNIFICANT POINTS OF INTEREST 
1. 
2 .  

3. 

4. 
5. 

Tests have been made over very large ranges of incidence (up to 90"). 
A wide range of parameters has been recorded including an extensive set of dynamic pressure 
spectra. 
There are two models : one is equipped for surface pressure measurements, the second for flow 
visualisation and overall forces and moments. 
The modeis have been tested at considerably different levels of freestream turbulence. 
The influence of two key drivers, namely Reynolds number and body roll angle, on the pattern of the 
leeside vortices has been determined. 

NOTES OF CAUTION 
1 The tests were carried out with free transition and the transition location has not been explicitly ~ ~~~~~ ~ ~ ~ 

determined. The assumption can be made that transition is caused by adverse pressure gra'dients 
and that its location corresponds to these gradients. 
The two models have the same nose configuration but different afterbody lengths. 
At high incidences, blockage becomes large. Note that the model position is adjusted via the support 
so that the instrumented part remains in the undisturbed region of the open jet. 
The accuracy level of the force and moment balance is relatively low. 

2. 
3. 

4. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are, in general, suitable for CFD code validation assuming 'free-air' conditions, but attention must 
be Daid to certain issues. The blockaae in the ouen-iet wind tunnels is less than 1% at 45' incidence. but 
rises to almost 10% at go", so the data must 'be considered with increasing caution above, say, 60" 
incidence. The data are not corrected for wall interference but a global correction can be applied for the 
open-jet boundary using conventional techniques in AGARDograph 109. 

FLOW FEA TURES_,DEIVTIFIED 
Tnc dom ni ln l  I o w  pnys cs aenl I ed are 

- laminar, transitional and turbulent boundary layers 
- symmetric and asymmetric flow separation leading to leeside vortices of symmetric and asymmetric 

pattern 

MISCELLANEOUS INFORMATION 
1. The influence of body roll position has been measured at several other incidences. 
2. The two wind tunnels in which the model has been tested are 

- the 3.00m x 3.00m Low-Speed (NWG) open-jet wind tunnel at DLR Gottingen 
- the 3.25m x 2.80m Low-Speed (NWB) open-jet wind tunnel at DLR Braunschweig 

3. Flowfield visualisation, via hydrogen bubbles, has also been conducted on a third model o f the same 
shape in the Water Towing tank at Gottingen (WSG). 
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CASE NUMBER C-3 

GENERAL ARRANGEMENT 

r 
- a  
I 

D =ZOO" 

CONFIGURATION DETAILS 
Each bodv is axisvmmetric, with a tangent ogive nose shape and a cylindrical afterbody. The bodies have 
the following dimensions 

. . 

Diameter = 200 mm (maximum) 
Nose length = 600 mm 
Total length = 2800 mm (pressure model) 

= 2200 mm (force and moment model) 

There are 360 static pressure holes on the body surface. There are 24 taps, circumferentially distributed 
at equal spacings, at each of 15 axial stations down the body length but clustered towards the nose. 
Dynamic pressures are measured by 16 Kulite transducers at 2 further axial stations. 

FLOWS MEASURED 
Comprehensive data are available for 10 flow conditions at zero body roll 

Velocity (m/s) Incidence ("1 Reynolds number 

20 
30 

30, 35, 50, 55, 90 
30. 35. 50. 55. 90 

0.25 x 10' 
0.38 x I O 6  

60 30, 35, 50, 55. 90 0 74 x I O 6  
30 35, 37 5. 90 0 40 x I O 6  
60 35 3 7 5  90 0 71 x I O 6  
20 
57 
20 
20 
0.1 

-5.(2.5),90 
-5.(2.51.90 

0.26 x I O 6  
0.76 x 106 .~ I .  

30 0.26 x I O 6  
55 0.25 x I O 6  

0.005 x I O 6  30. 50, 80 

Measurements 

a 
a 
a 
b 
b 
C 

C 

d 
f 
e 

Tunnel 

NWG, NWB 
NWG. NWB 
NWG. NWB 

NWG 
NWG 
NWG 
NWG 
NWG 
NWB 
WSG 

~ 

where a = static surface pressures 
b = dynamic surface pressures 
c = overall body forces and moments 
d = flowfieid velocities 
e = flow visualisation, via hydrogen bubbles 
f = flow visualisation. by laser light sheet 

In addition, local force has been derived from surface pressure integrations for a range of body roll angles 
(0" to  360" in 30' increments) at two further flow conditions 

Velocity (m/s) Incidence (9 Reynolds number Tunnel 
20 
60 

55 
55 

0.25 x I O 6  NWG, NWB 
0.73 x I O 6  NWG, NWB 

No measurements of surface boundary layer data have been made. 



CASE NUMBER C-4 

~ TITLE ELLIPSOID-CYLINDER MODEL 

AUTHOR D BARBERIS ORGANISATION ONERA CHATILLON, FRANCE 

PURPOSE OF THE TEST 
The test was conducted to obtain detailed experimental data of  boundary layer evolution and separation 
on a simple blunt-nosed body, to allow a better understanding of the underlying physical mechanisms to 
be gained. 

SIGNIFICANT POINTS OF INTEREST 
1. Flowfield mean velocities and turbulent stresses (via LDA) and boundarv laver mean velocities (via . .  

a 3-hole probe) have been measured at the premium flow case at 20'. 
All tests have been conducted with natural transition, with the location to turbulent flow determined 
by acenaphtene sublimation. 
Two geometrically identical models have been manufactured and tested. .One is used to measure 
surface pressures and boundary layer data whilst the other is  used for surface flow visualisation and 
I D A  measurements. 

2. 

3.  

NOTES OF CAUTION 
1. 
2. 

No overall forces or  moments have been measured. 
There are neither surface nor off-body measurements on the highly curved nose of the body fie. the 
first 20% of body length). 

SUITABILITY FOR CFD CODE VALIDATION 
No corrections have been made to simuiate 'free-air' conditions. The stina is sufficientlv small and - 
removed from the regions where measurements are taken to give negligible interference 

FLOW FEATURES IDENTIFIED 
The dominant flows identified within these tests are 

- a thick boundary layer 
- 3-D turbulent separation on a smooth surface, leading to a well detached primary vortex 
- a local flow separation near the model nose, which induces a sudden transition to turbulent flow 

The model has a flat base inclined at 45' to better stabilise the separartion over the rear part of the body 

MISCELLANEOUS INFORMATION 
1. The model desianation is ECR. 
2 The model h a s  been tested in the 180m x 140m F2 low speed wind tunnel at the ONERA 

Fauga-Maurac Centre The tunnel walls are sohd 



101 

CASE NUMBER C-4 

GENERAL ARRANGEMENT 

340 11 50 ,Rotating Part 

XG3' 4's Pressure Taps along a Meridian Line 

Dimensions in mm 

CONFIGURATION DETAILS 
The body consists of a half prolate ellipsoid nose mounted on a cylindrical main body, with the following 
dimensions 

Total bodv lenoth = 1600 m m  (nose to mid-point of inclined base) 
Nose length I = 800 m m  
Max diameter = 200 m m  

Pressure is measured at 46 equally spaced taps along one meridian, from approximately 20% to  70% body 
length. Most of the model can be progressively rotated about its major axis, to  achieve a very dense 
coverage (at an interval of' l '  circumferentially). 

FLOWS MEASURED 
All testing has been conducted at one low-speed condition 

Velocity = 50 m / s  
Reynolds number = 5.60 x I O 6 ,  based on total body length 

Measurements have been taken across the following incidence range 

Incidence (") Measurements 

20 a h c  
22, 24. 26, 28, 30 a 

where a = surface pressure measurements 
b = flowfield mean velocities, turbulent stresses (LDA) 
c = boundary layer mean velocities (probe) 



CASE NUMBER C-5 

~ TITLE SUPERSONIC VORTEX FLOW AROUND A MISSILE BODY. 

AUTHOR D BARBERIS ORGANlSATlON ONERA CHATILLON, FRANCE 

PURPOSE OF THE TEST 
The test was conducted to provide a consistent description of the supersonic flow about a typical 
ogive-nosed axisymmetric missile body at moderate incidences. As an integral part, an experimental data 
base for the validation of  CFD codes has been measured. 

SIGNIFICANT POINTS OF INTEREST 
1. All flow cases have been conducted with natural transition and with transition fixed one calibre 

downstream of the body nose. It has been verified using acenaphtene that transition occurs at this 
trip at all incidences tested. 
A large amount of surface and flowfield pressure measurements, plus surface oil flow visualisation, 
has been taken for all 8 cases. in particular, 4 to 7 flowfield planes have been surveyed using a 5-hole 
probe, with 400 - 900 data points in a leeward quadrant. 
The laser tomoscopic technique has been used to view the flowfield at one flow condition. 
Two identical models have been manufactured and tested. One is instrumented to measure surface 
pressures whilst the other is used for surface and flowfield visualisation (with only a small number 
of pressure taps to ensure correlation between models). 

2. 

3. 
4. 

NOTES OF CAUTION 
1. The locations of natural transition are not stated for the 4 flow cases presented. but flow remained 

laminar along the entire body at zero incidence 
The incidence of  the model is measured optically, to a tolerance of  0.1". 
No corrections have been applied to the data. 

2. 
3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are not stated by the author as being suitable for 'in-tunnel' calculations and no tunnel wall 
pressures or displacements have been measured. Also, the raw data have not been corrected to simulate 
'free-air' conditions 

Care has been taken to accurately determine the primary separation line of each vortex. 

FLOW FEATURES IDENTIFIED 
The dominant flows identified within these tests are 

- boundary layer separations leading to vortex formation 
- re-attachment of  the vortices 
- symmetric vortical structures 

MISCELLANEOUS INFORMATION 
1. The model has been tested in the 0.30m x 0.30m ONERA S5Ch wind tunnel, in which the walls are 

solid 
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CASE NUMBER C-5 

GENERAL ARRANGEMENT 

Explored Cross-Sections I 
I 

Investigated Domain r--x M = 2  / a  

CONFIGURATION DETAILS 
The axisymmetric models are sting mounted from the rear and has dimensions 

Body diameter = 30-mm 
Body length = 270 mm 
Nose length = 90" 

There are 17 pressure taps along one meridian of the surface pressure measuring model, at a regular 
spacing of 15 mm. The model was progressively rotated about its major axis to measure pressures along 
a great number of different meridians (this has been used to help gauge flow symmetry). 
The surface flow visualisation model has 3 pressure taps only. 

FLOWS MEASURED 
Al l  testino has been conducted at Mach 2.0 at a Revnolds number of 0.16 x I O 6 .  based on body diameter 
A wide range of  data is available for 8 cases 

Incidence (") Transition Measurements 

5 Natural 
5 Fixed 

10 Natural 
10 Fixed 
15 Natural 
15 Fixed 
20 Natural 
20 Fixed 

a.c,d:e 
a.d.e 

a.c.d.e 
a,d.e 

a.c.d.e 
a.d.e 

a.c,d,e 
a,b.d.e 

where a = surface flow visualisation 
b = flowfield visualisation (via a laser tomoscopic system) 
c = flowfield visualisation (schlieren) 
d = surface pressure measurements 
e = flowfield pressure measurements 

No model boundary layer data have been measured. 



CASE NUMBER C-6 

TITLE TEST DATA ON A NON-CIRCULAR BODY FOR SUBSONIC, TRANSONIC AND SUPERSONIC 
MACH NUMBERS. 

AUTHOR P CHAMPIGNY 

PURPOSE OF THE TEST 
The test was undertaken primarily to provi 

ORGANISATION 

a data base for !he validatic 
of non-conventional shape covering a typical flight envelope. 

ONERA CHATILLON, FRANCE 

of 3-D CFD codes for a missile 

SIGNIFICANT POINTS OF INTEREST 
1. The slender body model has been tested over a very wide range of Mach number, from low subsonic 

to high superson-ic flows. 
The model was large, allowing relatively high Reynolds numbers to be attained. 
The model geometry is analytically defined by four simple splines. There is a significant boat-tailing, 
ogival in shape. 

2. 
3. 

NOTES OF CAUTION 
1. The tests were all made with natural transition and the location of transition has not been determined 

during these tests. Nevertheless, from other tests on the same geometry, it seems that the transition 
has only a minor effect on the flow features and resulting forces, in supersonic flow. 
The tunnel turbulence and noise levels at the highest Mach number (Mach 4.5) is not known. 
No corrections have been applied to the data. 

2. 
3. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are not considered by the author as suitable for 'in-tunnel' calculations. However, the raw data 
have not been corrected to simulate 'free-air' conditions. The sting and support geometry is available. 

FLOW FEATURES IDENTIFIED 
The dominant flows identified within these tests are 

- large separated zones 
- strong vortices 

even at low incidences, due to  the lenticular cross-sectional shape of the body 

MISCELLANEOUS INFORMATION 
1. The model desianation is the PPF bodv. ~~ " 
2. The model has been tested in two tunnels, namely 

- the 1.76m x 1.75m ONERA S2MA wind tunnel, in which the walls were perforated, with 2.9% open 
area ratio (subsonic, transonic and supersonic conditions). 

- the 0.80m x 0.76m ONERA S3MA wind tunnel, in which the walls were solid (supersonic 
conditions). 

Flowfield measurements have also been made on a 30% scale model at Mach 2.0, in the ONERA 
S5Ch wind tunnel. 

3. 
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CASE NUMBER C-6 

280 
1 

GENERAL ARRANGEMENT 400 r c( 
rv  I I 
. I  ... 

I. 1200 

S P k  T A / 6 >  ,s 

! 
.. cross-section - 

CONFIGURATION DETAILS 
The body is sting mounted from the rear and has dimensions 

Body length = 1200mm 
Body width (max) = 240 mm 
Body depth (max) = 80" 

There are 207 pressure taps on the upper surface. These are mainly grouped at 11 pressure stations down 
the body from 4.2% to 99.4% body length, with some additional taps on the centre-line. 

FLOWS MEASURED 
Surface pressure data are available for the following 15 cases 

Mach number Incidence ("1 Sideslip (O )  Reynolds number Wind Tunnel 

0.40 0. I O .  20 0 
0.40 0 10 
0.90 0, I O ,  20 0 
0.90 0 10 
2.00 0. 10. 20 0 
2.00 
4.50 
4.50 

No model boundary layer data have been measured 

12.5 x I O 6  S2MA 
12.5 x I O 6  S2MA 
20.5 x I O 6  S2MA 
20.5 x 106 S2MA 
17.5 x 10' S2MA 
1 7 5 ~ 1 0 ~  S2MA 
18 6 x 106 S3MA 
18 6 x I O 6  S3MA 



CASE NUMBER D- l  

TITLE WIND TUNNEL TEST ON A 65 DEG DELTA WING WITH A SHARP, ROUNDED OR DROOPED 
LEADING EDGE - THE INTERNATIONAL VORTEX FLOW EXPERIMENT. 

AUTHOR A ELSENAAR ORGANISATION NLR, NETHERLANDS 

PURPOSEOFTHETEST 
The tests have been conducted to provide detailed information, over a wide range of Mach number and 
incidence, on 

- the development of vortex flows shed from a generic delta wing 
- their influence on the wing surface pressure distribution 

The test programme was aimed at assisting the validation of CFD codes, primarily Euler methods 

SIGNIFICANT POINTS OF INTEREST 
1. The model has been tested with both rounded and sharp leading edge profiles, the latter with and 

without a small canard attached. 
Testing has been conducted over a very wide range of  Mach number. 
The configurations are sting mounted, with the common supporting body mounted almost entirely 
underneath the wing and with no protrudence ahead of the leading edge. 
The development of the different flow-field phenomena has been mapped with increasing incidence. 
from attached to  post-burst flow. 

2. 
3. 

4. 

NOTES OF CAUTION 
1. Tests were conducted with free transition throughout, on al l  components. Very small laminar regions 

have been observed on the wing upper surfaceclose to the apexand on the fuselage nose. However, 
a test with transition fixed close to the apex showed no discernible effect on wing surface pressures. 
Elastic deformation has not been measured, but is assumed to  be negligible. 2. 

SUITABILITY FOR CFD CODE VALIDATION 
Data are corrected to  'free air' conditions. In the HST tests, tunnel pressures have been measured on the 
slotted walls as an additionai check. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified in the tests are 

- vortex flow at transonic conditions. with cross-flow shocks and a terminating rear shock 
- a full-span separation for the sharp leading edge wing 
- a part-span separation for the rounded leading edge wing 
- vortex burst and subsequent flow-field breakdown at high incidence 

MISCELLANEOUS INFORMATION 
1. The tests form part of an international cooperative experimental programme involving the 

Netherlands, the US, Sweden and Germany. Upper surface flow-field velocities have been measured 
( in  addition to surface pressures at comparable stations) on a smaller scaie model, as described in 
Test Case D-4. 
Summary papers have been published in AGARD-CP-437 (1987) and AGARD-CP-494 (1990). 
The model has been tested in two tunnels, namely 

2. 
3. 

- The 2.0m x 1.6m high speed wind tunnel (HST) at NLR Amsterdam. The test section has slotted 
top and bottom walls, with a 12% open area ratio, and solid sidewalls. 

- The 1.2m x 1.2m supersonic wind tunnel (SST) at NLR Amsterdam. The test section has solid 
walls. 
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CASE NUMBER D-I  

GENERAL ARRANGEMENT 

CONFIGURATION DETAILS 
The 5 %  uncambered wings have the following common characteristics 

- 65' leading edge sweep 
- 0" trailing edge sweep 
- 0.15 taper ratio 

and a total span of 480 mm. 

The 5% biconvex canard has the following characteristics 
- 60" leading edge sweep 
- 35' trailing edge sweep 
- 0.40 taper ratio 

There are 3 lateral pressure measuring stations on the wing, located at 30%. 60% and 80% root chord, 
with of order 30 pressure holes per station (mainly on the upper surface). The canard has no 
instrumentation. 

FLOWS MEASURED 
Surface pressures and 3-component force and moments are available at the following nominal conditions 
for the sharp and rounded leading edge wings 

Mach number Incidence (") Sideslip (') Reynolds number 

0.40 0. 5. 10. 15. 20. 21. 22. 23. 24. 25 . . . , ,  
0.70 
0.85 
1.20 0. 5. 10 

0 ;  5; I O ,  15, 20s 21, 22, 23, 24, 25 
0. 5. I O .  15, 20, 21, 22, 23, 24, 25 

1.30 
1.70 
2.20 
3.00 
3.90 

4 8, 10 
4. 8,  10 
4, 8, 10 
4, 8, 10 

4 

0 
0 
0 
0 
0 

9.0 x 106 
9.0 x 106 
9.0 x 106 
7.0 x I O 6  

15.5 x I O 6  
15.5 x I O 6  
19.0 x 106 
28.0 x I O 6  
42.5 x I O 6  

and for the sharp leading edge wing with canard 

Mach number Incidence (") Sideslip (9 Reynolds number 

0.40 
0.85 

I O .  20 
10, 20 

- 5 ,  0, 5 
-5, 0, 5 

9.0 x 106 
9.0 x 106 

Surface (oil flow) and flow-field (schlieren) visualisations have also been recorded. Reynolds number is 
based on the wing root chord. There are no measurements of surface boundary layers or wake. 
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CASE NUMBER D-2 

TITLE DELTA-WING MODEL. 
~ 

AUTHOR D BARBERIS ORGANISATION ONERA CHATILLON, FRANCE 

PURPOSE OF THE TEST 
A detailed study has been made of the incompressible flow around a highly swept delta wing across a 
large range of incidence, to provide reference data for validating and evaluating numerical codes. The 
tests were also designed to help determine the fundamental rules governing the development of vortex 
sheets. 

SIGNIFICANT POINTS OF INTEREST 
1. All flow cases have been conducted with natural transition. The location of transition is observed on 

the surface flow visualisations at the inflexion in the separation lines. The location depends on the 
Reynolds number and incidence of the model. 

2. Surface pressures and flowfield velocities have been measured at a relatively large number of 
positions, with many taps on both the pori and starboard wings to check for flow symmetry. Surface 
and flowfield visualisation is also available. 
The laser tomoscopic technique has been used to view the flowfield at all flow conditions. 
The support mechanism ensures that the model remains in the centre of the tunnel at all incidences. 

3. 
4. 

NOTE OF CAUTION 
1. Two modeis have been built and tested : one was used for surface pressures and flowfield velocities, 

the second for surface flow visualisation. They share a common planform size but are of different 
thicknesses. 

SUITABILITY FOR CFD CODE VALIDATION 
No corrections have been made for simulating ‘free-air’ conditions. Incidence corrections are available 
and are typically 7 - 8% of the geometric incidence, but none has been made for additional wall, sting or 
support interference 

Care has been taken to accurately determine the primary separation line of each vortex. 

FLOW FEATURES IDENTIFIED 
The dominant flows identified within these tests are 

- development of primary and secondary vortex structures 
- vortex breakdown at the highest incidence tested 

MISCELLANEOUS INFORMATION 
1. The testino has been nreviouslv reDorted in La Recherche Aerospatiale NO 1989-6 
2 The mode: has been iested in ihe i 40m x 1 8Om F2 low-speed solid wall wind tunnel at the ONERA 

Fauga-Mauzac Centre. 
The model has also been tested in the F1 tunnel at ONERA Fauga-Maurac (surface and flowfield 3. 
pressures) and a smaller scale modei in the S2L wind tunnel at ONERA Chalais-Meudon (surface and 
flowfieid pressures, 3-D LDA). 



GENERAL ARRANGEMENT 

Pressure Hole Numbers 
Left Right 

CONF/GURATION DETAILS 
The wing has a sharp leading edge, swept at 75" with flat upper and lower surfaces and a chamfer of 15" 
on the lower side of the leading edge. The wing has dimensions of 

Chord = 1450 mm 
Span = 777 mm 
Thickness = 30 mm (visualisation) 

= 22 mm (surface pressure) 

There are 9 pressure measuring stations (at constant chord positions) totalling 252 pressure taps. These 
are arranged on the upper and lower surfaces for 4 stations and on the upper surface (port side) for the 
remainder. 
The surface flow visualisation model has 9 pressure taps only. 

FLOWS MEASURED 
A wide range of data is available for 10 cases 

Velocity (m/s) Incidence ("1 Reynolds number Measurements 

24 
24 
40 
40 

10.15.25,30 2.4 x 106 a.b,c 
20 2.4 x 106 a.b.c.d 

10,15,25,30 4.0 x 106 a,b,c 
20 4.0 x 106 a.b.c.d 

where a = surface oil flow visualisation 
b = flowfield visualisation (via a laser tomoscopic system) 
c = surface pressure measurements 
d = flowfield velocity measurements 

No model boundary layer data have been measured 



CASE NUMBER 0-3 

TITLE EXPERIMENTAL INVESTIGATION OF THE VORTEX FLOW OVER A 76/60-DEG DOUBLE DELTA 
WING. 

AUTHORS N G VERHAAGEN, ORGANISATION DELFT UNIVERSITY OF TECHNOLOGY, 
J E J MASELAND THE NETHERLANDS 

PURPOSE OF THE TEST 
The tests were conducted to provide data on the vortex interaction downstream of the strake-wing leading 
edge kink of a doubie-delta wing for 

- understanding the underlying physical mechanisms 
- vaiidating CFD codes 

SIGNIFICANT POINTS OF INTEREST 
1. There is a very considerable range and coverage of different parameters on the upper surface and 

in the fiow-field above it. The premium test case is at 20" incidence. 
2. Transition is not fixed but its position can be judged from the inflexion of the secondary separation 

line in the surface oil flow visualisations. 
3. Flowfield velocities and total pressures are measured above the wing on a very fine grid, typically 

with lateral and normal spacings between points of only 2". 

NOTE OF CAUTION 
1. The surface pressures have been measured at a higher Reynolds number (3.4 x I O 6 .  based on root 

chord) than the overall forces and the flow visualisations (1.4 x IOs) or the flow field velocities (2.0 x 
IO6 ) .  This should be remembered when estimating where transition occurs and comparing results 
from different sources. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are suited to 'free-air' calculations. 
interference and strut distortion under ioad have all been applied to the data. 

Corrections for lift interference, blockage, strutlsupport 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified, on the wing upper surface, are 

- formation of primary vortices from the sharp leading edges of both the strake and the wing. 
- interaction of the two vortices. with the outboard movement of  the strake downstream of  the leading 

edge kink. 

MISCELLANEOUS INFORMATION 
1. The model desianation is LSW Model 144 
2. 
3. 

The test case has been reported in AlAA 91-3208 (1991). 
The model has been tested in the 1.8m x 1.25m low-speed, low turbulence LST wind tunnei at Delft 
University of Technology. 



CASE NUMBER D-3 

GENERAL ARRANGEMENT I!\- S E C T I O N  A-A 

/ I \  2 
1 
I 

SECTION B-B 
t = 0.03~ 

L 
I 

I "r 
CONFIGURATION DETAILS 
The dimensions of the 'flat-plate' double-delta wing model are 

Root chord = 667 mm 
Span = 552 mm 
Thickness = 20" 
Leading edge kink = 50% root chord 

There is a lower surface chamfer of 72.9". normal to the leading and trailing edges 

Surface pressure is measured at 485 taps. These are distributed across the full span at 1 station ahead 
of  the leading edge kink, 1 at the kink and 10 aft o f the  kink. 

FLOWS MEASURED 
Different parameters have been measured at one of three low Mach numbers (and consequently at 
proportionately different Reynolds numbers), namely 

Incidence (9 Measurements 

-2, -1, 0, 1, 2, 4 c,e 

10 a,b.c.e 

15 a.b.c 

20 a,b.c.d.e 

25 a.b.c.e 

12, 14 e 

16, 18 e 

22, 24 e 

where a = flowfield visualisation (laser lightsheet, 9 planes) - at Mach 0.08 only 
b = surface visualisation (oil flow) - at Mach 0.08 only 
c = overall forces and moments - at Mach 0.08 only 
d = flowfieid velocities and pressures (5-hole probe, 5 planes) - at Mach 0.12 only 
e = upper surface pressures - at Mach 0.20 only 

There are no measurements of the wing boundary layer or  wake. 
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CASE NUMBER D-4 

TITLE WIND TUNNEL TEST ON A 65 DEG DELTA WING WITH ROUNDED LEADING EDGE - THE 
INTERNATIONAL VORTEX FLOW EXPERIMENT. 

AUTHORS K HARTMANN, K A EUTEFISCH, ORGANISATION DLR GOTTINGEN, GERMANY 
H PSZOLLA 

PURPOSE OF THE TEST 
The tests were conducted to provide numerical data for 

- the validation of Euler and Navier-Stokes codes 
- the detailed study of vortex flow-Reld development 

Thus, the prime feature of these tests is the measurement of mean flow-field velocities above the leeward 
surface, in the region o f the  vortices shed from the leading edge. 

SIGNIFICANT POINTS OF INTEREST 
1. 3-component velocity measurements and plane visualisations have been made in the flow-field 

above the upper surface, to aid in the physical understanding of the premium flow case. 
Surface pressures are available for a range o f  Reynolds number at two incidences. This range can 
be extended to higher values by considering the same Mach number and incidence cases of Test 
Case D- I .  
The model is mounted at a position measured as being sensibly free from sting interference. 

2. 

3. 

NOTES OF CAUTION 
1. Tests were conducted with free transition throuahout and the transition location has not been 

explicitly determined. However, it is believed that, at the Reynolds numbers tested. this occurs 
sufficiently close to the leading edge to assume the flow is effectively turbulent. 
Lift interference and blockage corrections have not been applied as they are inferred as negligible 
from the Test Case D- I  results. It should be noted that all four tunnel walls are perforarted with an 
open area ratio of 6%. 

2. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered essentially interference free and thus suitable for 'free air' calculations, but see 
the second note of caution above. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified in the tests are 

- vortex flow at subsonic and transonic conditions, with embedded shocks 
- part-span and full-span leading edge vortex separations, depending on incidence 
- vortex burst and subsequent flow-field breakdown at high incidence 
- unsteadiness of the vortex burst location 

MISCELLANEOUS INFORMATION 
1. The tests form part of an international cooperative experimental programme involving the 

Netherlands, the US, Sweden and Germany. Upper surface pressure distributions have also been 
measured on larger scale models, for a greater range of flow conditions and geometries. as 
described in Test Case D-I.  
Flow-field data have also been measured with a canard mounted, but the data are not presented here. 
The modei has been tested in the I m  x I m  TWG transonic wind tunnel at DLR Gottingen. The test 
section has perforated wails with a 6% open area ratio. 

2. 
3. 
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CASE NUMBER D-4 

I L 

CONFIGURATION DETAILS 
The 5% uncambered wino has the followino characteristics 

- 65" leading edge sw;?ep 
- 0" trailing edge sweep 
- 0.15 taper ratio 

and a totai span of  333 mm. 

There are 3 lateral pressure measuring stations on the upper surface of the wing, located at 30% 60% 
and 80% root chord, and one longitudinal station at 55% semispan. There are a total of 60 pressure holes. 

" 

FLOWS MEASURED 
Surface pressures and 3-component force and moments are available at the following nominal conditions 
for the rounded leading edge wing 

~~ Mach number Incidence (") Reynoids number 

0.85 -1. 0. 1. 2 (2) 22 2.4 x I O 6  

0.85 -1. 0. 1. 2 (2) 10 7.0 x I O 6  
0.85 10, 20 2.4. 4.6 x I O 6  
0.85 10 7.1 x I O 6  
0.85 20 4.5 x 106 
0.85 10, 15, 20 6.0 x 106 

0.85 -1. 0. 1. 2 (2) 20 4.5 x 106 

Measurements 

a 
a 
a 
b 
b 

d 
C 

where a =- 6-component forces and moments 
b = surface pressures. 
c = LDA flow-field velocities (3-components) measured in planes at 60% and 80% root 

chord, with of order 300 data points per plane. 
Laser light sheet flow-field visualisation in pianes from 20% to 120% root chord 
oil flow pictures (measured in the DLR Gottingen high speed wind tunne!) d = 

and Reynolds number is based on wing root chord. There are no specific measurements of the surface 
boundary iayers or  wake. 
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CASE NUMBER D-5 

TITLE INVESTIGATION OF THE FLOW DEVELOPMENT ON A HIGHLY SWEPT CANARDlWlNG 
RESEARCH MODEL WITH SEGMENTED LEADING- AND TRAILING-EDGE FLAPS. 

AUTHOR D R STANNILAND ORGANISA TlON ARA, BEDFORD, UK 

PURPOSE OF THE TEST 
The test series forms part of an investigation 

- to investigate the aerodynamic coupling between canard and wing on a configuration with a realistic 
manoeuvre design point (Mach 0.90, CL=0.45) 

- to validate wing design methods and the CFD codes used therein 

SIGNIFICANT POINTS OF INTEREST 
1. There is a wide range of flow conditions for which extensive surface pressure data are available 
2. One canard has a b i lance installed to measure component force and moment. 

NOTE OF CAUTION 
1. No flowfield measurements or visualisation are made available to verifv the Daths of vortices 

emanating from the body, canard and wing. 

SUITABILITY FOR CFD CODE VALIDATION 
All essential information on the wind tunnel and model aeometrv needed for CFD code validation is ~~ ~ ~ 

available. The very closely 
coupled canard and wing surfaces might present grid generation problems, especially on structured 
meshes. The physical nature of the vortices shed from the (undeflected) segmented wing leading edge 
may restrict the use o f  the dataset to the attached flow conditions only. 

The data are corrected and thus only suitable for 'free-air' calculations. 

FLOW FEATURES IDENTIFIED 
The dominant flow ohvsics identified are 

/ I  ~~ 

- attached flows with high suctions at the leading edge for incidences up to about 8". 
- beyond this, a leading edge vortex structure develops at moderate subsonic speeds. 
- as Mach number increases, this is preceded by a shock-induced separation on the outer wing with. 

at supersonic conditions, a cross-flow shock and subsequent separation. 
- the canard sheds a leading edge vortex which delays the formation of the wing vortex. 

Note that, in all cases, the wing vortex breaks down into a series of part-span vortices. shed from the apex 
of each segmented leading-edge flap, even though these are all at a uniform angle with all gaps sealed. 

MISCELLANEOUS INFORMATION 
1. The model designation is M165. 
2. The model has been tested with leading and trailing edge flaps deflected (including both positive and 

negative settings). with the canard mounted in different positions and with an additional tailplane. 
3. A survey of the flowfield above the wing has been carried out using a seven hole probe at a few 

selected conditions but the results are not included here. 
4. The model has been tested in the 2.74m x 2.44m Transonic Wind Tunnel at ARA Bedford. The test 

section has perforated walls with a 22% open area ratio. 
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CASE NUMBER D-5 

GENERAL ARRANGEMENT 

/ 
WITH RADIUSED 
CORNE& 
MODULAR BUILD 
AROUND CANARD. 
REMOVABLE TOP 
CAP FOR ACCESS 

PORT CANARD 

/-  
LOW MOUNTING ON BODY. 
ALTERNATIVE L.E./T.E. PIECES, 
L.E.- 4 SEGMENTS 
T.E. - 2 SEGMENTS 
ALL PIECES PRESSURE 
PLOTTED - 6 STATIONS 
FORT WING U.S. TUBES 

SQ. SECTION. 
WITH A 

TAILPLANE 
FIXATION 
FOR A 3 
SURFACE 

CONFIGURATION 

CONFIGURATION DETAILS 
Data are available for two configurations 

- Datum wing and fuselage 
- Datum wing, fuselage and canard (at zero setting) 

The wing leading edge and trailing edge controls are not deflected 

There is a considerable number of  pressure tappings covering all components 
- 
- 
- 

There are also 8 pressure tappings in the fuselage base 

The port wing upper surface has 6 static pressure stations, each with 29 pressure holes. 
The starboard wing lower surface has 6 static pressure stations, each with 26 pressure holes 
The starboard canard upper surface has a row of 6 pressure holes at 94% chord. 

FLOWS MEASURED 
For each of the two configurations, surface pressures and overall forces and moments (from a 
6-component balance) are available for 

- a Mach number sweep at an incidence of  nominaily 8". namely 

Mach 0.70, 0.80, 0.85, 0.90, 0.95, 1.20, 1.35 

at Reynolds numbers in the range 5.7 x I O 6  to 6.6 x 106, based on wing mean aerodynamic chord 

an incidence sweep at a constant Mach number of 0.90, at approximately - 

5.0, 6.0, 8.0, 10.0. 12.0, 15.0" 

In addition, for the second configuration, 3-component canard force and moments are measured at all flow 
conditions. 

There are no measurements of the model boundary layer or  wake. 
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CASE NUMBER E-1 

TITLE SUBSONIC FLOW AROUND US-ORBITER MODEL 'FALKE' IN THE DNW. 

AUTHORS R RADESPIEL, A QUAST 
D ECKERT 

ORGANISATION DLR BRAUNSCHWEIG, GERMANY 
DNW, NETHERLANDS 

PURPOSE OF THE TEST 
The test was conducted to Drovide sufficient data for the validation of CFD codes for re-entrv vehicles in 
the landing configuration at'high Reynolds number. 

SIGNIFICANT POINTS OF INTEREST 
1. The confiauration is a laroe-scale full model of the US-Orbiter. with all maior aeometric ComDonents _. I _  

faithfully ;eproduced. 
The successful tripping of transition has been adequately verified. 
There is substantial information about the fidelity of the tunnel flow and both tunnel and support 
interference. 

2. 
3. 

NOTES OF CAUTION 
1. 
2. 

Data would need to be 'uncorrected' by standard means to  enable 'in tunnel' computations. 
There is a relatively limited amount of surface pressure data available, at three spanwise stations 
on the wing and fuseiage upper and lower surfaces only, although these readily identify the main 
physical flow mechanisms 

SUITABILITY FOR CFD CODE VALIDATION 
All essential information on the wind tunnel and model geometry needed for CFD code validation is 
available The data are considered suitable for both 'free air' and 'in-tunnel' comoutations. as the wails 
of the wind tunnel in which the model has been tested are solid 

FLOW FEATURES IDENTIFIED 
The dominant flow physics found in the tests are 

- vortical flows with significant Drimaw and secondarv separations on the upaer surface of the highly 
straked, low-mounted wing 

MISCELLANEOUS INFORMA TION 
1. 
2. The test case has been previously reported in DLR-I6 I l l -89/32 and DLR-I6 129-89/37 (both in 

3. 
4.  

The model designation is 'Falke'. 

German). 
Tunnel flow quality and support effects are well quantified. 
The model has been tested in the 8m x 6m DNW wind tunnel at Emmeloord, the Netherlands. The test 
section has closed walls. 



GENERAL ARRANGEMENT 

Pressure holes 1 

pressure holes 2 

pressure holes 3 

CONFIGURATION DETAILS 
The model is an accurate 1 : 5.427 scale of the US Space Shuttle, with dimensions 

Overall length = 6.820 m 
Overall height = 2.620 m 
Fuselage length = 6.039 m 
Wing span = 4.360 m 

Reynolds number is based on a reference chord of 2.222 m. There are no geometric variations. 

FLOWS MEASURED 
The conditions for the seven cases available are 

Mach No Reynolds No Incidence (“1 Sideslip (‘1 Measurements 

0.176 9.0 x 1 0 6  5.28 0.0 a.b,d 

0.174 9.0 x 106 16.12 0.0 a.b.c,d 
0.171 9.0 x 106 21.10 0.0 a.b,c,d 
0.311 16.0 x 106 10.60 0.0 a.b,d 
0.172 9.0 x 106 21.54 -5.0 a,b 
0.172 9.0 x 106 21.54 5.0 a.b,d 

0.175 9.0 x 106 10.65 0.0 8,b.d 

where 
a 
b = overall forces and moments 
c 
d 

= 

= 
= 

model upper surface pressures (3 spanwise stations, totalling 110 holes) 

oil flow visualisation. on the wing and fuselage upper surfaces only 
infra-red photography, on the wing and fuselage upper surfaces only 

There are no measurements in the model surface boundary layer 
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CASE NUMBER E-2 

~ TITLE PRESSURE DISTRIBUTION MEASUREMENTS ON AN ISOLATED TPS NACELLE. 

AUTHORS R KIOCK AND 
W BAUMERT 

ORGANISATION DLR BRAUNSCHWEIG AND 
DLR GOlTINGEN, GERMANY 

PURPOSE OF THE TEST 
The investigation was conducted to obtain static pressure distributions on all major components of an 
isolated Turbine-Powered Simulator specifically for CFD code validation. This was an initial phase of a 
wider programme targetted at wing-body-pylon-engine configurations, including Ultra-High-Bypass 
engines. 

SIGNIFICANT POINTS OF INTEREST 
1. 
2 .  
3. 
4. Static pressure has been measured on several internal and external components. whilst total 

The geometry of the nacelle is based on the GE CF6-5OC2 configuration. 
Major engine components are represented by a two-stage fan and a three-stage turbine 
Pressurised air is used to drive the engine across a wide rpm range. 

pressure and temperature has been measured at two internal planes. 

NOTE OF CAUTION 
1. The tests were made with free transition and the location of transition was not determined. It IS 

advised that this is overcome by assuming that transition occurs at 
- the position of the steep pressure rise (X = 82mm to  X = 92mm), on the inside of the intake 
- the position of maximum nacelle diameter (X = 171mm), on the outside o f the  intake 

and that the nows over the core cowl and plug are fully turbulent. 
development over the outside of the nacelle is not very sensitive to transition iOCatiOn. 

It is believed that the flow 

SUITABILITY FOR CFD CODE VALIDATION 
As wall interference is negligible, the test cases are suitable for 'free-air' computations. Isentropic 
conditions can be assumed. ie. total Dressure remains constant (as is assumed in the analysis of the 
experimental data) 

FLOW FEATURES IDENTIFIED 
The dominant fiow ohvsics identified are 

I 1  

- mixing of multiple flows 
- attached flows over the intake and fan cowl 

external, cold fan and cold turbine 

MISCELLANEOUS INFORMATION 
1. 
2. 
3 .  
4. 

The model designation is TPS441. 
The 'performance' of the model is compared with that of the real engine. 
The test case has previously been reported at ICAS 1990 (Vol 2, pages 1277-1289). 
The model has been tested in the 3m x 3m Low-Speed NWG wind tunnel at DLR Gottingen. 
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GENERAL ARRANGEMENT 
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I 
E-2 

ZD intake 
L Z x p  

Fan Cowl  
36xp Core Cowl TPS Plug 

3 1 x p  9 X P  

CONFIGURATION DETAILS 
The comolete nacelle is 465.7mm lona. with a maximum external diameter of 170mm. which allow fan 
blades oi 127" diameter. The intake highlight area is 13710 mmz. The nacelle is  attached to a small 
symmetric pylon mounted on a vertical sting. 

FLOWS MEASURED 
Ten flows have been recorded at zero incidence 

Nominal freestream velocitv = 20 m l s  Enaine rom = 27000, 36000, 45000 
= 40 m l s  
= 60 m l s  

= 27000; 36000; 45000 
= 18000, 27000, 36000, 45000 

Reynolds number is approximately 'freestream velocity x IO4', based on the maximum nacelle diameter. 

Static pressures are measured on 
intake and fan cowl 3 rows totalling 78 tappings 
core cowl 5 rows totalling 31 tappings 
TPS plug 3 rows totalling 9 tappings 

with total pressure and temperature recorded in the flowfield at two planes downstream of the fan and 
turbine respectively. 

There are no measurements of model internal or external boundary layers 
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CASE NUMBER E-3 

~ TITLE SINGLE-ENGINE TAIL INTERFERENCE MODEL. 

AUTHOR B L BERRIER ORGANISATION NASA LANGLEY, USA 

PURPOSE OF THE TEST 
The model was designed to determine the effect of empennage interference on the drag of a generic 
axisymmetric afterbody. with test data to provide extensive surface pressures for CFD code evaluation. 

SIGNIFICANT POINTS OF INTEREST 
1. The model is very much larger than standard transonic models, due to the dimensions of the tunnel 

facility. The afterbody I S  representative of a single-engine fighter. with a con-di nozzle setting and 
no base area. This is tested clean and with empennages (vertical and horizontal) in three different 
positions. 
There is a considerable number of pressure holes on the afterbody and in the root regions of the 
emgennaaes. Draq force on the external afterbody surface is measured directly through a metric 

2. 

balance <ut internal nozzle thrust is not included. 
Transition StriDs are aml ied  to all comuonents and their effectiveness has been verified using a 3. 
standard NASA procedure. 
Tests have been conducted both with jet off and jet on (over a wide range of nozzle pressure ratios) 
at zero incidence for subsonic, transonic and supersonic conditions. 

4.  

NOTES OF CAUTION 
1. No data correction has been made for the 5% thick ‘wing’ sting and its support. This is attached to 

the underside of the bodv umtream of the afterbody and empennages. Its effect on the surface 
measurements taken c a h  be’ judged by comparing pressures from ihe top and bottom centreline 
stations on the afterbody. 
No flowfieid measurements or visualisations are available to determine jet o r  wake characteristics. 2. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are corrected to simulate ’free-air’ conditions for CFD code application. There is only a very 
limited amount of data available on the disks accomDanvinQ this AGARD database, with the remainder 
reported in tabular or graphical formats in unclasslfied NASA reports Jet exhaust boundary conditions 
are given by a nozzle pressure ratio (determined via a rake inside the nozzle) and a jet total temperature 

FLOW FEATURES IDENTIFIED 
The dominant flow physics found in the tests are 

flow separation on the afterbody 
the interaction of the jet (both fully- and under-expanded) and the external flow 
the interaction of the empennages and afterbody (junction and wake flows). 

MISCELLANEOUS INFORMATION 
1 Additional model aeometrv variables, such as afterbody contour, tail span and nozzle setting. have 

been tested and a;e available in graphlcal form 

Research Center 
2 The model has been tested in the 155ft x 1 5 %  octagonai Transonic Tunnel at NASA Langley 

The test section is siotted with a nominal open area ratio o f  4% which allows 
boundary layer suction at supersonic conditions. 
The test case forms Dart of the AGARD Fluid Dvnamics Panel WG17 experimental database, against 3. 
which advanced Navier-Stokes codes are being evaluated 
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CASE NUMBER E-3 

GENERAL ARRANGEMENT / I 
I 
i 
I 

S t a .  7 1 . 7 0  

S l a .  40. 89  

CONFIGURATION DETAILS 
The model is tested in four different geometric configurations, namely 

- body alone 
- body with forward tails 
- body with aft tails 
- body with staggered tails (horizontal tails aft, vertical tail forward) 

The body has an ogival nose and the following major dimensions 
Length = 71.70 inches 
Diameter = 7.34 inches (body maximum) 

= 2.75 inches (nozzle exit) 
Boat-tail = 20" (nozzle exit) 

There are 257 surface pressure holes on the body, arranged along the port side at several circumferential 
angles (some of these may be covered in some configurations by the attachment of the tail surfaces). 
There are also 20 pressure holes in the root region of the vertical tail and 10 in the root region of each 
horizontal tail. Note that the horizontal tails and the verticai tail are of slightly different shapes. 

FLOWS MEASURED 
Surface uressures and overall force data are available at the followina nominal conditions for each of the 
four configurations above 

Mach Number Incidence ("1 Nozzle Pressure Ratio Reynolds Number 

0.60 0.0 1.0. 2.0, 3.0. 5.0 18.0 x I O 6  
0.60 -3.0, 0.0, 3.0, 6.0, 9.0 1 .o 18.0 x I O 6  
0.90 0.0 1.0, 2.0, 3.0, 5.0 22.4 x I O 6  
0.90 -3.0, 0.0. 6.0 1 .o 22.4 x I O 6  
0.95 
0.95 

0.0 
-3.0. 0.0. 3.0. 6.0 

1.0, 2.0, 3.0, 5.0 
1 .o 

23.0 x I O 6  
23.0 x I O 6  , , .  

1.20 0.0 1.0, 2.0. 4.0, 6.0, 8.0 24.0 x I O 6  
24.0 x I O 6  1.20 -3.0, 0.0, 3.0. 6.0 1 .o 

Note that the highest nozzle pressure ratio has not been tested for the forward tails configuration at Mach 
1.20. There are also ink flow surface visualisations at transonic Mach numbers, mostly jet-off. 

There is no measurement of model surface boundary layer data: 
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CASE NUMBER E-4 

TITLE TWIN ENGINE AFTERBODY MODEL. 

AUTHOR D J WING ORGANlSATlON NASA LANGLEY, USA 

PURPOSE OF THE TEST 
The model was designed to determine the effect of empennage position on the drag of a generic 
twin-engine (side-by-side) afterbody featuring twin vertical tails, with test data to provide extensive surface 
pressures for CFD code evaluation. 

SIGNIFICANT POINTS OF INTEREST 
1 .  The model is verv much iaraer than standard transonic models. due to the dimensions of the tunnel 

facility. The 
axisymmetric con-di nozzles are at a dry power setting and have a small base area. There is a deep 
gully between the engines, terminating in a zero base area edge. 
There is a considerable number of pressure holes on the afterbody and t h e  external part of the 
nozzles. but none on the empennages. Drag force on the external afterbody surface has also been 
measured (directly through a metric balance) but is not included here. 
Transition strips are applied to all components and their effectiveness has been verified using a 
standard NASA procedure. 
Tests have been conducted both with jet off and jet on (over a wide range of nozzle pressure ratios) 
at zero incidence in still air and for subsonic, transonic and supersonic conditions. There are 
additional jet off and jet on tests at incidence. 

The aierbody i s  reasonably representative of a ' modern twin-engine fighter. 

2. 

3. 

4.  

NOTES OF CAUTION 
1. The wing tip support system was designed to give a more realistic aircraft flowfield over the afterbody 

than that from conventional blade-mounted suooorts. Interference of the winas on the metric 
I ,  ~~ ~~~~ ~ 

I 

afterbody is considered a real effect rather than support interference, and should be modelled. Note 
that the wing cross-sectional variation is not conventional but is designed to give sufficient support 
strength. 
No flowfield measurements or visualisations are available t o  determine jet or wake characteristics. 
No surface flow visualisation measurements have been made. 

2. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are corrected to simulate 'free-air' conditions for CFD code application. There is Only a very 
limited amount of data available on the disks accompanying this AGARD database, with the remainder 
reported in tabular or graphical formats in unclassified NASA reports. Jet exhaust boundary conditions 
are given by a nozzle pressure ratio. A full representation of the geometry including the wings is required 
for all cases, and should additionally include the side supports for the higher Mach numbers. 

F L O W  FEPTbRES lDElvT.FIED 
Tnc oom matit 1 ovi pnys cs  iounu n w e  !ests are 

- flow separation on the afterbody 
- the interaction between the lets (both fully- and under-expanded) and also with the external flow 
- the interaction of the empennages and afterbody (junction and wake flows) 

MISCELLANEOUS INFORMATION 
1 .  Lift and drao force are also available from a widely available NASA reDort. 
2. The modei-has been tested in the 15.5ft x 15.5 f t  octagonal Transonic Tunnei at NASA Langley 

Research Center. The test section is slotted, with a nominal open area ratio of 4%. which allows 
boundary layer suction at supersonic conditions. 
The test case forms part of the AGARD Fluid Dynamics Panel WG17 experimentai database, against 
which advanced Navier-Stokes codes are being evaluated. 

3. 
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CASE NUMBER E-4 

GENERAL ARRANGEMENT 

CONFIGURATION DETAILS 
The model is tested with the empennages mounted in six different combinations, namely 

- horizontal tails in mid-position - vertical tails in forward, mid or aft positions 
- horizontal tails in aft-position - vertical tails in forward, mid or aft positions 

The body is representative of a high speed heavy combat aircraft (with faired air inlets) and has 
dimensions 

Length = 1747.4 mm 
Max width = 254 mm 
Max depth = 127" 
Nozzle base diameter = 50.5 mm (internal), 56.7 m m  (external) 
Nozzle boat-tail = 12.95" 

The horizontal and vertical tail surfaces are typical moderately swept, low aspect ratio surfaces. 
difference between forward and aft tail positions is approximately 10% of body length. 

There are 120 surface pressure holes arranged all around the afterbody (some of these may be covered 
,n some configurations by the attachment of the tail surfaces). There are a further 60 pressure taps on the 
external nozzle surfaces. 

The 

FLOWS MEASURED 
Surface pressures are available at the following nominal conditions for each of the six configurations 

Mach Number Incidence (") Nozzle Pressure Ratio 

0.0, 0.6, 0.8, 0.9, 1.2 
0.6, 0.8, 0.9, 1.2 

0 1.5, 2.0. 3.0, 3.46, 4.0. 6.0, 8.0 
0. 4. 8 1.0, 3.46 

Reynolds number varies with Mach number from 3.0 x I O 6  to 4.4 x IO6. based on the wing mean 
aerodynamic chord of 444 mm. 

There is no measurement of model surface boundary layer data 
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CASE NUMBER E-5 

TI TLE STOVL CFD MODEL TEST CASE. 

AUTHOR K R ROTH ORGANISATION NASA AMES, USA 

PURPOSE OF THE TEST 
The model was designed and tested for the purpose of validating CFD codes for low-speed powered lift 
applications, through a systematic variation of significant flow parameters. 

SIGNIFICANT POINTS OF INTEREST 
1. The configuration is a simplified (60") delta wing and blended fuselage geometry which nevertheless 

retains the aerodynamic and propuls'ive interaciions important for powered lift aircraft. There are two 
body lower surface nozzies issuing ambient. high pressure air. 

2. A wide range of surface and flowfieid (probe) measurements are available, including unsteady 
pressures close to the nozzle exits. 

3. Considerable repeat runs were made, including different orientations of the model in the tunnel. 
4. Tests have been conducted both with jet off and jet on, up to Mach 0.18 
5. Force, pressure and detailed flowfield surveys have been made at one specific condition. 

detaiied test case is representative of decelerating transition or  a short landing approach. 
This 

NOTES OF CAUTION 
1 
2 

Transition on both the wings and body is free and positions of transition have not been measured 
The model surface is Dainted and liahtlv sanded to orovide a level of rouahness 

I ,  

3 .  There is a relatively I'imited amount of surface pressure data available, i t  three spanwise stations 
on the wing and fuselage upper and lower surfaces only, although these readily identify the main 
physical flow mechanisms. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered suitable only for 'in-tunnel' computations, as pressures have not been measured 
on the solid walls of the tunnel. All information essential for CFD code validation is available, with special 
attention paid to determining the jet exit conditions (total pressure distribution and temperature) at 
tunnel-off conditions. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics found in the tests are 

- transition from hover into forward flight 
- the interaction of the two lift jets and the (flat) lower surface of the wing-body. 
- the interaction of the lift jets and the wing upper surface vortices. 

MISCELLANEOUS INFORMA TION 
1. Testing on this model has been published in AIAA-91-1731. 
2. The model has been tested in the 2.13m x 3.05m Number 1 wind tunnel at NASA Ames. The test 

section has solid walls 
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CASE NUMBER E-5 

GENERAL ARRANGEMENT 

}-76.20 -1 

Sketch of the STOVL CFD Model. Top and side views. 
Dimensions are in centimeters. 

T 
11.81 
I e 

CONFIGURATION DETAILS 
The model is a simDlified blended wing-body configuration, featuring two identical center-line jet nozzles. 
The major dimensions are 

- 

Overall length = 0.7620 m 
Wing span = 0.6858 m 
Overall height = 0.1181 m 
Nozzle width = 0.0305 m 
Nozzle separation = 0.2032 m 

There are no neometric variations. There is a considerable number of  surface Dressure holes, with 88 taps - - - ~  ~~ ~ 
~ 

on the upper surface, 63 clustered radially around the front jet, 62 similarly clustered around the rear jet 
and 68 more on the wing lower surfaces. 16 taps. largely near the jets. measure unsteady pressures. 

FLOWS MEASURED 
Testing has been conducted both with jets-off and jets-on at the following conditions 

Dynamic Pressure (KPa) Nozzle Pressure Ratio 

0.00 
0.72 
0.96 
1.20 
1.44 
1.68 
1.92 
2.15 
2.39 

7 values 
0.0 + 5 values 
0.0 + 2 values 
0.0 + 3 values 
0.0 + 7 values (* )  
0.0 + 2 values 
0.0 + 1 values 
0.0 + 3 values 
0.0 + 7 values 

The rear nozzle pressure ratio is always slightly greater than that at the front nozzle. Each test is  for an 
incidence traverse of maximum range -10 to + Z O O .  The maximum Mach number is  0.18 

Force and surface pressure measurements are available for all cases. Flowfield pressures, measured on 
several vertical planes, are available for a single NPR and Mach number condition only (") 

There is no measurement of model surface boundary layer data 
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CASE NUMBER E-6 

~ TITLE LOW-SPEED PROPELLOR SLIPSTREAM AERODYNAMIC EFFECTS. 

AUTHOR I SAMUELSSON ORGANISATION FFA, BROMMA, SWEDEN 

PURPOSE OF THE TEST 
The testing was carried out for two purposes 

- to  gain some better physical insight to the complex aerodynamic interference phenomena due to the 
slipstream from a highly loaded propellor washing over downstream surfaces 

- to  provide sufficient surface and flowfield data for evaluating suitable 3-D CFD codes. 
Only geometric variations are made in the tests reported. with freestream conditions and propellor pitch 
and power settings nominally constant. 

SIGNIFICANT POINTS OF INTEREST 
1. The orooellor is considered to be reoresentative of  modern turbooroo commuter aircraft. at a scale , .  

of  1 : 5 ,  Propellor pitch at 75% propeilor radius is 29". 
Flowfield pressure and velocities have been measured by 5-hole probes at a considerable number 
of  points at three axial planes downstream of the propellor disk. 
Different measurement techniques for the propellor thrust and torque show good consistency. 
Propellor-off surface pressure data have been measured to allow propellor effects to be isolated. 

2. 

3 .  
4. 

NOTES OF CAUTION 
1. The side support structure is close to the wing tip and may have some interference effect. However, 

no surface pressure measurements are taken on the outer two-thirds of the wing span and so the 
effects on these data should be small. 

2. Transition is free and the location of transition is not known. The author does not know if this is 
significant for this flow type and the results obtained. 

3. There are relatively large tolerances on the estimated accuracy of  both the freestream conditions and 
the measured data parameters. 

SUITABILITY FOR CFD CODE VALIDATION 
The data are considered suitable onlv for 'free-air' comoutations. Classical lift interference and blockaae 
corrections have been applied, resu'lting in reductions' in freestream velocity, flowfield velocity and t i e  
propellor advance ratio of order 2 %  

FLOW FEATURES IDENTIFIED 
The dominant flow DhYSiCS found in the tests are 

- complex interact-ion of the swirling propellor slipstream with downstream surfaces 
- increased total pressures in the slipstream 
- asymmetric flows and large asymmetric surface loadings 

MISCELLANEOUS INFORMA JlON 
1. Testina on this model has been aublished in ICAS-90-3.13 (1990) 
2 .  

3. 

VariatGns in propellor power settings and in configuration incidence and sideslip angles have also 
been tested but are not available here. 
The model has been tested in the circular 3.6m (diameter) LTI low speed wind tunnel at FFA Bromma. 
The test section has solid walls. 
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CASE NUMBER E-6 

GENERAL ARRANGEMENT 

T 

I 

- 

CONFIGURATION DETAILS 
The propellor is common to  all four configurations tested. It has been fitted to two closed nacelles of 
different cross-section, which are in turn tested in isolation or  mounted on an unswept, untwisted, 10% 
thick wing, giving 

Configuration 1 - propellor + axisymmetric nacelle 
Configuration 2 - propellor + axisymmetric nacelle, with a mid-mounted wing 
Configuration 3 - propellor + high-sided nacelle 
Configuration 4 - propellor + high-sided nacelle. with a low-mounted wing 

Principal dimensions are 
Propellor diameter = 640 mm 
Nacelle length = 1124 mm (including spinner) 
Wing chord = 500 mm 
Wing span = 2060 mm 

with a propellor to wing leading edge distance of  435 mm. 

FLOWS MEASURED 
Each of the four configurations has been tested at the same nominal flow and propellor running conditions. 
namely 

Mach number = 0.15 
Reynolds number 
Incidence = 0" Power coefficient = 0.23 
Thrust coefficient = 0.23 

with the following measurements taken 

= 1.7 x I O 6 ,  based on a reference length of  1672 mm 

Configuration Propellor Measurements 

1 On 
1 off 

2. 3, 4 on 
2, 3. 4 off 

a. b 
a 

a.c 
a 

where a = surface pressures (wing and nacelle) 
b 
c 

= 
= 

flowfield velocity and pressure at 45, 150, 560, 960 mm downstream of the propellor 
flowfield velocity and pressure at 45. 560, 960 mm downstream of the propellor 

There is no measurement of model surface boundary layer data. 
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EXPERIMENTAL DATA ON THE AERODYNAMIC INTERACTIONS BETWEEN A HELICOPTER 
ROTOR AND AN AIRFRAME. 

AUTHORS J G LEISHMAN, NAI-PEI BI ORGANISATION UNIVERSITY OF MARYLAND, USA 

PURPOSE OF THE TEST 
The experiments were conducted to provide a better understanding of the origins of rotor I airframe 
aerodynamic interactions on helicopters and other rotary wing aircraft in both hover and low-speed 
forward flight. As such, the rotor has been tested with both body and wing components [singly and in 
combination). This has isolated some interference mechanisms for evaluation of CFD codes. 

SIGNIFICANT POINTS OF INTEREST 
1. A aeneric helicouter confiouration. with a reuresentative. fullv articulated four blade rotor system, has 

be'kn tested. 1n'addition.-five combinations' of the helicopter components have also been tested to 
better isolate configuration interference effects. 
There is a considerable amount of  data measured at a very large number of  flow and rotor conditions. 
The authors have added a large section to the Test Case Description to  categorise typical results and 
the physical effects ObseNed. 

2. 
3. 

NOTES OF CAUTION 
1. 
2 .  

No details are given of flow transition. 
No indication of the tunnel interference is given, even though the rotor disk to tunnel cross-section 
area ratio is a relatively high 27% 

SUITABILITY FOR CFD CODE VALIDATION 
The data are not corrected for tunnel, sting and support interferences nor blockage. Pressure taps on each 
sidewall can be used to aauoe the constrictina influence that the solid tunnel walls miqht have on the 

- 1  

rotating flow and whether codes should be run 'in tunnel' or 'free air'. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics found in the tests are 

- strong rotor tip vortices 
- a highly energetic vortical wake, which washes over the body and rear wing 
- vortex / surface impingement phenomena, such as locally high adverse pressure gradients and flow 

separations 

MISCELLANEOUS INFORMATION 
1. The authors have reuorted the test case in AlAA 93-0871 (1993). 
2. The model has been tested in the 3.36m x 2.36m Glenn 'L Martin Wind Tunnel of the University of 

Maryland. The test section is solid, with some parts able to  be removed for hover and low advance 
ratio testing. 
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CASE NUMBER E-7 

GENERAL ARRANGEMENT 

CONFIGURATION DETAILS 
The model is tested in the followina six combinations 

- isolated body 
- isolated rotor (with minimal body fairing) 
- body I rotor (no blades) 
- body I rotor 
- rotor I isolated rear wing 
- body I rotor I rear wing 

The components have the following characteristics 
Blades - diameter of 1650 mm. rectangular planform, 12' l inear nose down twist. 
Rotor - fully articulated hub, with swashplate, driveshaft. flap and leadllag hinges and pitch link 
Body - a simple axisymmetric shape of length 1940 mm and maximum diameter 254 mm. 
Wing - rectangular, has been tested in four different positions relative to the rotor. 

There are 142 surface static pressure taps on the body, with 41 in each of  three rows (upper body 
centreline and on each side) and the remainder on two circumferential rings. Dynamic pressures have 
been measured at over 50 points on two further (geometrically identical) bodies. Both static and dynamic 
pressures are measured at 30 points on the wing. 

FLOWS MEASURED 
Testing has been conducted at the following nominal conditions for each of the six configurations 

Advance ratio 

Shaft angle - -8. -6. -4, -2" 
Pitch angle - -4, 6,  8, 10, 11, 12" 
Rotor speed - 1860 rpm 

- 0.05, 0.06, 0.065. 0.07, 0.075. 0.08. 0.10, 0.125. 0.15, 0.20. 0.25 
(corresponding to wind speeds between 8.0 and 40 m/s) 

(corresponding to Mach 0.50 at the rotor tip in hover) 

The following parameters have been measured 
- surface pressures (static and dynamic) on the body and wing 
- rotor forces and moments (6  components) 
- body lift, drag and pitching moment 
- flowfield pressures and flow angularity at three horizontal planes below the rotor 
- tunnel wall static pressures on the roof and each sidewall 
- rotor wake visualisation, via wide-field shadowgraphy 

There is no measurement of  model surface boundary layer data. 
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CASE NUMBER E-8 

~ TITLE INVESTIGATION INTO THE AERODYNAMIC CHARACTERISTICS OF A COMBAT AIRCRAFT 
RESEARCH MODEL FllTED WITH A FORWARD SWEPT WING. 

AUTHOR D R STANNILAND ORGANISATION ARA, BEDFORD, UK 

PURPOSE OF THE TEST 
The tests were conducted to investiaate the flow develooment on the wina uouer surface 

- to provide a dataset for the vai;dation of advanced CFD methods 
- to allow a level of confidence in CFD design methods to be estabiished 

for realistic forward swept wing configurations across 2 wide flight range 

- 

SIGNIFICANT POINTS OF INTEREST 
1. An extensive range of flow conditions has been tested. especially Mach number, with a large number 

of pressure taps on all components. 
A range of geometric shapes, based around an invariant wing geometry, has been considered, 
including fuseiage shaping and canard on and off. 
Some dynamic measurements (wing root bending moment) are available for checking the ability of 
CFD codes to calculate unsteady effects. 

2. 

3. 

NOTE OF CAUTION 
1. Transition has only been verified at the lower ends of the Mach and incidence ranges 

SUITABILITY FOR CFD CODE VALIDATION 
Al l  essential information on the wind tunnel and model geometry needed for CFD code validation is 
available. The geometry is complex but should be amenable to  all types of grid generator. The data are 
only suitable for 'free-air' calculations. Typically, the dataset would be suitable for evaluating codes that 
have already been successfuily validated on the M2155 wing geometry (test case B-I), as the wing shock 
patterns are similar both in concept and origin. This would allow an assessment of the influence of both 
the fuselage and an upstream vortex on the complex wing flow. 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- UD to Mach 0 70 flow is tvuical of a 30" sweDt wina 
- a i  Mach 0.85, a complex shock pattern emerges, with swept shocks from the outer wing terminating 

in a strong unswept shock on the inner wing, causing a separation bubble downstream. 
- by Mach 0.9 and above. the shock patterns become better defined with more extensive regions of 

downstream separation. 

MISCELLANEOUS INFORMATION 
1. 
2,  
3 .  

4. 

The model designation is M151/1. 
The fuseiage geometries can each specified by a relatively small number of algebraic functions. 
The primary design point is transonic sustained maneouvre. with only a thin wing section and some 
area ruling as concessions to supersonic speeds. 
The model has been tested in the 2.74m x 2.44m Transonic Wind Tunnel at ARA Bedford. The test 
section has perforated walls with a 22% open area ratio. 
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CASE NUMBER E-8 

GENERAL ARRANGEMENT 

G m S S  TRAPEZOIDAL W I N G  

N E T T  C A N A R D  I 
O.36Dml 

STANDdRD MEAN CHORD 3OOmm 

TRAILING EDGE SWEEP - L S . I l *  
ASPECT RATIO L . 0 0 0  

LEADING EDGE SWEEP -3o.m. 

CONFIGURATION DETAILS 
There are three configurations, based around a common wing component 

- Wing and fuselage (expanding aft of wing root leading edge - shown as a solid line in the GA) 
- Wing and fuselage (parallel aft of wing root leading edge - shown as a chained line in the GA) 
- Wing, canard and fuselage (expanding aft of wing root leading edge) 

There is a considerable number of pressure tappings covering all components 
- 
- 
- 

The wing has 5 chordwise pressure stations (upper and lower surface) totalling 187 pressure holes. 
The canard has 3 chordwise pressure stations (upper and lower surface) totalling 52 pressure holes. 
Each fuselage has about 65 pressure holes (port side only) along the wing-body junction, around the 
afterbody and on the base. 

Unsteady wing root bending moment has been measured by strain gauges mounted in the wing upper 
surface close to  the fuselage junction. 

FLOWS MEASURED 
For each of the three configurations. surface pressures and overail forces and moments (from a 
6-component balance) are available for 

- a Mach number sweep at a nominal incidence of 5.5", namely 

Mach 0.70, 0.80, 0.85, 0.90, 0.95, 1.10, 1.19, 1.35 

at Reynolds numbers in the range 3.2 x I O 6  to 4.4 x I O 8 .  based on wing standard mean chord 

an incidence sweep at a constant Mach number of 0.90, at approximately - 

0.0, 2.0, 3.5, 5.5, 7.0, 8.0" 

There are no measurements of the model boundary layer or wake. 
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CASE NUMBER E-9 

TITLE INVESTIGATION OF PYLON AND STORE INFLUENCE ON WING LOWER SURFACE FLOWS. 

AUTHOR D R STANNILAND ORGANISATION ARA, BEDFORD, UK 

PURPOSE OF THE TEST 
The test series forms part of an investigation 

- to orovide a v e w  extensive database of surface Cns for both imuroved Physical understandinq and 
CFD code vaiidaiion, on increasingly complex under-wing flows 

- to quantify the potential benefits in drag of good pylon design 
on a series of geometrically simpie shapes 

SIGNIFICANT POINTS OF INTEREST 
1. A very high concentration of surface pressure taps on all components of interest. particuiariy between 

the under-wino ovlon stations. on the ovlons and on the mid-DvlOn tank. 
- , I  , ,  . .  

2. The three configurations represent a progressive build-up of simple geometric shapes 

NOTES OF CAUTION 
1. Effective freestream conditions are uncertain, since no flow angle or Mach number corrections are 

applied and blockage is not small. 
The effect of side-wall interference on the half-model is not specified, although this is considered 
small at the conditions tested. 
Transition has only been verified at the lower ends of the Mach and incidence ranges. 
No surface flow or  flowfield visualizations are availabie. 

2. 

3. 
4.  

SUITABILITY FOR CFD CODE VALIDATION 
All essentiai information on the wind tunnel and model geometry needed for CFD code validation IS 
available The data are corrected and only suitable for The geometry of all components is very simple 
'free-air' calculations 

FLOW FEATURES IDENTIFIED 
The dominant flow physics identified are 

- formation of shocks on the wing lower surface 
- gradual deveiopment of flow breakdown around the pylons and store as Mach number or  incidence 

increases 

MISCELLANEOUS INFORMATION 
1. 
2. 

3. 

The model designation is M180l1. 
The dataset has been extensively used for CFD validation, as reported by ARA at the 17th ICAS 
Congress (1990) and the RAeS Store Carriage Symposium (1990). 
The model has been tested (as a half-model) in the 2.74m x 2.44m Transonic Wind Tunnel at ARA 
Bedford. The test section has perforated walls with a 22% open area ratio. 
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CASE NUMBER E-9 

GENERAL ARRANGEMENT 

229 

""CL 
nom 

508 

. . . . . . .  
. . . . . . . . .  
. . . . . . . . . .  

. . . . . . . . . .  
. . . . . . .  

........... 
..- . ............ 

1524 

. . . . . . . . .  
. . . . . . . . . .  

O A R 0  PYLON 

. . . . . . .  
. . . . . . .  

DIMENSONS MM MOOR SCALf 

CONFIGURATION DETAILS 
There are three basic configurations 

- Clean wing, mounted on half-body 
- Wing with three pylons, no store 
- Wing with three pylons, axisymmetric store on middle pylon 

The pylons are each to the same design and exhibit favourable interference for low drag characteristics 

There is a considerable number of pressure tappings covering all components 
- 
- 

- 
- 

The wing upper surface has 8 static pressure stations totalling 164 pressure hoies. 
The wing lower surface has 17 static pressure stations. clustered around each pylon junction, totalling 
256 pressure holes. 
Each pylon has a total of 31 pressure stations per side. 
The store has a total of 63 pressure holes, distibuted around the whole store. 

FLOWS MEASURED 
For each o f the  three configurations, surface pressures and overall forces and moments (from the average 
of two 5-component baiances) are available for 

a Mach number sweep at zero incidence, namely 

Mach0.72. 0.77, 0.80. 0.82. 0.84. 0.86 

at Reynolds numbers in the range 6.0 x I O 6  to 7.0 x I O 6 .  based on wing chord 

an incidence sweep at a constant Mach number of 0.82, namely 

-1.0, 0.0, 1.0, 2.0. 3.0, 4.0" 

There are no measurements of the model boundary layer or wake. 
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CHAlTER 6 

OVERALL ASSESSMENT OF TEST CASES 
AND 

RECOMMENDATIONS FOR THE FUTURE 

1.0 INTRODUCTION 

In this section comments conceming the contributed 
test cases (which are summarized in chapter 5 and 
compiled in more detail in Volume 11) are presented. 
The comments are based on the CFD and 
experimental requirements discussed in the chapters 2 
and 3 and the respective test case evaluations from the 
previous chapter. Following these comments, some 
recommendations will be made for the selection and 
design of future experiments. 

2.0 DO THE SELECTED CASES MATCH 
THE CFD NEEDS? 

Table 1 lists all selected test cases according to their 
geometry classification and flow regime. The matrix 
is reasonably complete, hut entries appear to he 
missing for 2-D supersonic airfoils (which are, 
however, of less interest than the other cases) and, 
more importantly, for 3-D subsonic (multi-component) 
wing configurations. The absence of the latter might 
reflect a current lack of interest for validating 
advanced CFD codes on this flow type: 3-D subsonic 
configurations with attached flow can adequately be 
calculated with present-day methods; on the other 
hand, the calculation of realistic 3-D configurations 
for take-off and landing conditions (including the 
calculation of C,,,) is still beyond the state of the 
art at present. Surprisingly perhaps, there is only one 
entry for supersonic wings (case B-2). Since the study 
of supersonic transport is ongoing, there is a strong 
need for accurate data (especially as far as drag is 
concemed). 
Two-dimensional configurations are well represented 
for sub- and transonic flow conditions. For the former 
flow type, 3 test cases are related to multi-element 
airfoils (A-2, A-9 and A-13) and detailed boundary 
layer information has hwn provided. In another case 
(A-7) very detailed flow field measurements have 
been made in the trailing edge region of an airfoil. 
In contrast to the subsonic case, hardly any flow field 
(boundary layer) information is available for two- 
dimensional transonic configurations, with the cases 
A-3 and A-12 as the exception. This is also true for 
the transonic wing cases where only case B-l contains 
information on the boundary layer. This most likely 
reflects the experimental difficulty to measure the thin 
boundary layers at transonic conditions in sufficient 
detail. 

Within the working group there has been considerable 
debate with respect to the usefulness of two- 
dimensional transonic test cases. The uncertainties 
introduced by three-dimensional effects (either in the 
basic physics of the flow when separations are present 
or resulting from side wall effects) and by the (often 
Large) wall interference corrections, certainly impose 
severe restrictions on the use of these cases as 
discussed in chapter 3. In one particular contribution 
(case A-1) the complete three-dimensional flow field, 
including the boundary layer flow on the side walls, 
has been measured. However, for CFD development, 
there still is a strong interest in two-dimensional 
configurations for the validation of Navier-Stokes 
codes, since fully three dimensional calculations with 
sufficient detail in the viscous flow regions are still 
unsuited or are at least very expensive. The working 
group has selected those cases where (all) wall 
corrections appear to be well defined (e.g. case A-4 
and the flexible wall cases A-10 and A-11) and the 
aspect ratio is high (> 2 - 3). There was also interest 
in cases when there was a range of flow conditions 
and/or geometries covered (e.g.case A-3 and case A- 
8) and in some specific cases of interest (e.g. A-5, A- 
6 and A-12). As will be discussed later, caution is 
still required for most of these cases. 
Some of the uncertainties inherent in a two- 
dimensional test set-up are of course eliminated by 
testing complete wing configurations. However, if 
large models are required (to emphasize detail and to 
provide high Reynolds number) wall interference 
effects will be large. For the 3-D transonic cases, 4 
out of the 5 use half models and this introduces other 
problems. Also in 4 out of the 5 cases the transonic 
measurements have been made with closed walls to 
define more precisely the tunnel wall boundary 
conditions. This, however, necessitates "in tunnel" 
CFD calculations due to wall induced non-uniformities 
in the flow field. For two of these experiments (B-5 
and B-6) much effort was spent to provide the 
boundary conditions in the up- and downstream 
planes. Some comments on "in tunnel" calculations 
will he made in the next section. Only one case (B-4) 
involved conventional perforated tunnel walls. This 
model was measured in three windtunnels, two of 
which had ventilated walls. 

Both the slender body and delta wing cases cover a 
wide range of geometries and flow conditions. In 
many cases flow field data are available as required 
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for the validation of CFD codes in these complex 
flows which invariably feature embedded vortices. 
Very often the surface flow field was measured. Of 
particular interest are the detailed boundary layer 
measurements of case C-2, the slender body case C-6 
that was tested over a large range of Mach numbers 
and the delta wing case. D-1 (tested over a wide range 
of Mach numhers and for various leading edge 
geometries) with complementary flow field 
information provided in case D-4. 

The complex configurations listed under E cover a 
wide range of complex geometries and flow 
conditions. Some of these cases address one specific 
flow phenomenon (e.g. afterhody flow (E-3 and E4) ,  
a wing mounted nacelle (E-Z), various wing-pylon 
configurations (E-9)), others involve complex flow 
interactions (e.g. E-5, E-6, E-7, E-8) or represent a 
rather realistic configurations (the US-space shuttle 
@-I)), 

3.0 DID THE EXPERIMENTS FULFIL THE 
EXPERIMENTAL REQUIREMENTS ? 

The questionnaires, as compiled in Volume 2, have 
been made with two considerations in mind. First, to 
give the potential user of the data sufficient 
information to assess if the case fits hisher particular 
interest. And secondly, to judge the quality of the data 
set. In chapter 3 the experimental requirements have 
been discussed in great detail. Also a list of "serious 
flaws" has been given that served as a guide line for 
the selection of test cases by the working group. This 
section is intended to find out to what extent these 
requirements are actually met. For this purpose a 
distinction is made between "avoidable errors", "less 
definable errors" and "accuracy aspects". 

3.1 Avoidable Errors or Deficiencies 

For these aspects a more tight specification is often 
entirely within the reach of the presently available 
experimental techniques. It simply is not always done 
and this requires more attention in the future. 

3.1.1 Reference flow conditions 

Reference flow conditions appear to be loosely 
defined in many cases (such as "upstream pressure 
hole") without providing information how the tunnel 
was calibrated and for what tunnel configuration (e.& 
supports present, other instrumentation present). Flow 
direction is generally inferred from straight and 
inverted model tests. For two-dimensional airfoil tests 
this is normally not possible and this introduces an 
uncertainty as is reported in some cases. In nearly all 
cases quantitative information on flow non- 

uniformities for the empty test section was missing; 
this applies in particular to flow angularity along the 
model axis or span. 

3.1.2 Transition 

In general, but not always (see e.g. B-S), transonic 
tests on 2-D and 3-D configurations were performed 
with artificial transition fixation. This is an almost 
essential requirement for transonic tests in view of the 
large effect of a variation in transition location on the 
viscous flow development that is difficult to predict 
theoretically. The degree of under- or  over-fixation 
was rarely specified however. This illustrates a 
practical problem, since, in most cases, one optimized 
strip is used for a range of flow conditions. The 
(variable) blowing technique as applied in case A-3 
appears to he an elegant solution to this problem. 
However, even for a selected strip, it should he 
possible to compare the applied roughness height with 
simple criteria to obtain at least a rough indication of 
the effect of the strip on the boundary layer 
momentum thickness. 
Adequate transition fixation is much more difficult to 
achieve for flows of the types C (slender bodies) and 
D (delta wing flows). The problem is caused by the 
rapidly changing surface flow topology due to the 
presence of (smooth body) flow separations and 
vortices embedded in the flow field. Since, in many of 
these cases, the overall flow field is expected to he 
affected by transition, there appears to be a problem. 
In some cases the Reynolds number is reported to be 
sufficiently high to promote a turbulent boundary 
layer (a.g. case D-l and D-4); in many other cases, 
the transition location has been specified or can he 
derived from the pressure distribution and/or the 
surface tlow visualization. To illustrate the effect of 
transition fixing some cases have been run extensively 
with and without a transition strip (e.g. case C-5). 

3.1.3 Assessment of model deformation 

Information on model and support deformation was 
very often not specified, although an approximate 
value can often he inferred from simple calculations 
or tests. 

3.2 

3.2.1 Wall and support interferences 

Wall effects are the dominant problem here. Wall 
interference correction methods have been improved 
significantly since AR-138. For 2-D testing modem 
correction methods based on measured wall pressures 
are generally used or interference is eliminated almost 
completely by the use of adaptive walls. 2-D testing 

Less Definable Errors or Deficiencies 
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From this, one is tempted to conclude that, at 
transonic conditions, the required absolute accuracy in 
2-D test can only be achieved when the aspect ratio is 
sufficiently high (2 to 3 or more) and when a 
theoretical correction is made for the side wall effects. 

3.2.3 

Flow non-uniformity results from various sources 
such as empty test section flow quality, wall induced 
flow variations and support induced flow variations. 
As mentioned before, the empty test section flow 
angularity is very often not specified or known. In 
principle, wall induced flow non-uniformities can be 
derived from wall pressure measurements, but this 
information is rarely provided. A noticeable exception 
is case A-3 where a correction for the model 
camberline has been specified to compensate the wall 
induced flow non-uniformities. The situation is very 
similar for support effects: the effect on the reference 
pressure is most often taken into account (by tunnel 
calibration), but the additional flow non-uniformities 
are rarely specified. Again, "in tunnel" calculations, 
where all these efects are actually modelled, are a 
possible way out. 

3.3 Precision and Bias Errors 

In Chapter 3 the accuracy requirements for CFD 
validation experiments have been provided. Are these 
requirements generally met? This question is, 
unfortunately, rather difficult to answer. The accuracy 
question has also been addressed by AGARD FDP 
Working Group 15 "Wind TuMel Data Quality". 
Starting from a distinction between precision and bias 
errors, they have suggested a procedure to quantify 
the precision errors. In most cases an order of 
magnitude for the instrument error has been given in 
the questionnaires and they appear to fulfil in general 
the specified requirements. A more detailed evaluation 
along the lines provided by WG-15 (see AGARD AR- 
304) is required and, in the future, such a systematic 
evaluation should be an integral part of the accuracy 
assessment of a particular experiment. The main 
problem, however, arises from the less definable 
errors, that may lead to significant bias errors (as 
discussed in the previous sections). The various 
experimenters have taken different ways to cope with 
this problem, such as a careful evaluation of the 
possible bias errors, the execution of complementary 
and/or redundant measurements and the use of a test 
set-up specifically designed for "in tunnel" 
evaluations. Each of these will be discussed shortly 
below. 

Flow quality and flow non-uniformity 

will be further discussed below. For 3-D testing the 
situation appears to be different. Four out of the five 
transonic flow cases have been tested in solid wall 
wind t u ~ e l ~ .  Measured wall pressures can then be 
used (and are used in some cases) to define the 
corrected flow conditions. However, closed walls 
might introduce significant wall-induced flow 
variations along the wing and model axis. Hence it is 
to be considered that, in some cases, "in tunnel" 
calculations should be performed (see also section 
3.3). 

3.2.2 Two-dimensional testing 

The value of 2-D testing appears to be still very much 
under debate. Irrespective of the rapid advancement of 
CFD methods, there is still a need for 2-D data, 
notably for the detailed assessment of Navier-Stokes 
codes in relation to turbulence modelling efforts. But 
the accuracy of two-dimensional testing is 
often questioned by the CFD community. Corrections 
methods for top and bottom wall interferences, based 
on wall pressures, seem to be generally accepted and 
Guite adequate, although it is essential to incorporate a 
truly transonic model representation. In two cases (A- 
10 and A- l l )  adaptive walls have been used to 
eliminate the wall interference effects of the top and 
bottom walls almost completely. This shows that real 
progress has been made since AR-138. The 
uncertainty, however, results from the side wall 
effats,  as more recent studies (see chapter 3) 
indicate. Recently, very detailed calculations from 
ONERA and IAR have become available in which the 
side wall effect on Mach number has been quantified, 
as discussed in detail in Chapter 3, section 3.4.1. In 
this section the attention is merely drawn to figures 3 
and 4 of that Chapter, indicating that, even for an 
aspect ratio as high as 4 and beyond, the side wall 
effects can still be very significant. Hence a word of 
caution is required even for the high aspect ratio cases 
A-3 and A-8 since no sidewall corrections were made 
for these cases. For the smaller aspect ratio's the 
correction becomes very large and one might question 
the correctability of the results except where sidewall 
suction is used. It should further he noted that these 
effects are strongly Mach number and incidence 
dependent (see e.g. Fig. 10 of case A-IO). This 
discussion illustrates that the accuracy goal of .GO1 in 
Mach number (Chapter 3) is very difficult to achieve 
indeed. In some cases an additional uncertainty is 
introduced in the true angle of attack since model 
upright and inverted test can not always be made to 
establish the upflow (see e.g. case A 4  and A-8). For 
these cases it is recommended that the pressure 
distributions be compared at constant lift rather than at 
constant incidence. 
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3.3.1 

In a well designed experiment the effects of possible 
error sources can be quantified from additional 
measurements or calculations. Empty test section 
characteristics can be measured in detail. With wall 
interference assessment methods based on measured 
wall pressures, the non-uniform wall induced flow 
field can be quantified (see e.g. case A-3). 
Calculations can (and should!) be used to assess the 
effect of flow non-uniformities due to the model 
support system. Another good example is the use of 
coupled vixidlinviscid calculations to assess the 
effects of the side wall boundary layers (e.& cases A- 
4 and A-10). Of course, the correction should be 
sufficiently small such that the original results are 
correctable. The correction might take the form of a 
correction for the reference flow condition, possibly 
with the addition of a linearized correction due to 
flow non-uniformities (e.g. a buoyancy correction for 
a static pressure variation or a camberline correction 
for flow curvature). In Chapter 3 values are given for 
the allowable flow variations. These should he 
considered in many cases as ideal values towards 
which experimenters should strive. It is not always 
clear how these flow non-uniformities affect the data 
and more research is required at this point. It would 
be interesting to approach this problem also 
experimentally, using flexible wall tunnels to create a 
prescribed flow non-uniformity. This kind of research 
would help to find out what flow variations are still 
acceptable to meet the absolute accuracies. Of course 
an even better way would be to reduce the flow non- 
uniformities as much as possible e.g by the use of 
flexible walls or a well designed model support 
system. It is the belief of the working group that bias 
errors can, in principle, be eliminated by careful 
testing. 

3.3.2 Duplication and redundancy 

In many of the contributed test cases mention was 
made of additional measurements made on different 
models and/or different facilities. Unfortunately, 
however, in few cases were the actual results of these 
measurements reported. Nevertheless, a duplication of 
a particular experiment with a different model in a 
different wind tunnel is a very good @ut rather 
expensive) way to increase the level of confidence for 
a certain experiment. But even within one particular 
experimental set-up a more careful assessment of the 
quality of the results can be pursued. In many 
contributed test cases results were obtained from one 
tunnel entry only. In other cases repeatability checks 
have been reported and redundant measurements have 
been made to support the experimental results. 

Quantitative assessment of error soureg 3.3.3 "In-tunnel" evaluations 

An approach alternative to the quantitative assessment 
of error sources due to the tunnel walls and model 
support as discussed above, is the "in tunnel" 
calculation. By describing the tunnel and support 
geometry or flow conditions along the outer boundary 
of the flow volume, a "well posed problem" is 
obtained that is suitable for CFD validation. In the 
present data set there are at least hvo examples where 
this have been pursued right from the start of the 
design of the experiment (the cases B-5 and B-6). The 
obvious advantage of this approach is that wall and 
support interference effects including the flow non- 
uniformities are implicitly taken into account. This 
also allows the use of large models for a particular 
wind tunnel, enabling more detailed measurements. 
Although this approach seems to be very attractive, 
there are some aspects that require careful 
consideration. One obvious comment is that, in the 
end, industry is interested in "free air" cases and a 
particular computer code should therefore be able to 
handle both the "in tunnel" and "free air" case. Much 
more important is the question as to how the 
conditions along the outer boundary should be 
specified. This question has been addressed in Chapter 
3 ,  section 2.1.2. 
These requirements result in a rather precise definition 
of the flow along the outer boundaries that is not 
always easy to achieve. In practical situations it might 
be possible to relax these requirements somewhat e.g. 
in the case of solid walls the boundary layer effects on 
the walls might be represented by the boundary layer 
displacement effect. For ventilated wall cases, flow 
angle measurements in combination with the 
assumption of inviscid flow (some distance away from 
the wall) might suffice. Also, in the incoming plane 
sufficiently for upstream, the flow can he assumed to 
be sufficiently uniform in a well designed wind 
tunnel: it is not an easy task from an experimental 
point of view to measure the incoming flow field with 
an accuracy that is better than the flow variations that 
are actually present! There appears to be one other 
principal problem with the "in tunnel" approach. The 
flow field on the outer boundaries can he split into a 
part that results from effects outside the testing 
volume (wall effects, upstream and downstream 
disturbances) and a direct effect due to the model 
itself. However, the latter effect is actually part of the 
solution that one wants to calculate and evaluate. The 
remarks made here will be less important for tests 
made in solid wall wind tunnels with the up- and 
downstream planes sufficiently far away from the 
model. 
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The main source of (hias) error can most likely be 
attributed to wall interference effects. 

In many cases an effort was made to better 
define these interference effects precisely, 
based on measured wall pressures or using 
c o m p u t a t i o n s ;  m o r e  q u a n t i t a t i v e  
information, however, is required to assess 
the consequencies of flow non-uniformities 
in relation to the overall accuracy;. 

vi) The required accuracy in incidence and 
Mach number appears to he very difficult to 
achieve in 2-D tests: even with a moderate 
to high aspect ratio (in excess of 2 to 3) 
side wall effects should be quantified since 
they appear to have a significant effect at 
transonic conditions. 
Many of the contributed test cases are 
suitable for "in tunnel" evaluations. The 
specification of the "outer boundary 
conditions" requires specific attention and it 
is recommended: 

vii) To sps i fy  in an unambiguous way the 
required conditions on the outer boundaries 
such that the inherent quality of the tunnel 
flow is combined in an optimal way with 
additional information from tunnel wall 
geometry andlor flow field measurements; 
the resulting set of boundary conditions 
should be simple and easy to handle within 
CFD codes; a further study of this problem 
is suggested. 
If this does not prove possible solid-wall 
tunnels should be used. 

v) 

WG14 

SUBSONIC FINAL 
TEST 

CASES 

4.0 CONCLUSIONS 

An evaluation of the present data set leads to the 
following conclusions: 
1. Not all flow types are sufficiently covered in the 

present data set, notably: 
i) tests for 3-D subsonic configurations with 

high lift devices, to assist the (future) 
development of CFD codes that can predict 
the take-off and landing characteristics; 
these measurements should include some 
detailed f low field measurements 
complementary to the available 2-D field 
measurements to assess similarities and 
differences between 2-D and 3-D flows; 
in the transonic regime: generic tests CBSZS, 
both 2-D and 3-D where viscouslinviscid 
interactions are dominant (e.g. shock-wave 
boundary layer interactions, trailing edge 
flows, buffet and maximum lift behaviour); 
t hese  t e s t  cases  should  inc lude  
measurements of the boundary layer and 
near-wake at critical locations; 

These experiments are particularly necessary to 
validate the application of turbulence models that 
can cope with a wide range of flow phenomena. 
In addition the following measurements are 
needed for the overall assessment of CFD codes: 
iii) validationlcalihration experiments for 3-D 

transonic and supersonic configurations of 
high absolute accuracy to assess if 
computer codes are sufficiently accurate to 
predic t  the  overa l l  aerodynamic  
characteristics required in the design 
process (e.g. Mach and lift dependent drag, 
pitching moment, off-design boundaries). 

From an experimental point of view it can be 
remarked that it is difficult to judge the validity 
and accuracy of the presented data sets. The 
following remarks with respect to avoidable 
deficiencies should be made: 
i) In many cases the empty test section flow 

and the reference flow conditions were not 
well specified; 

ii) For transonic airfoil and wing flows the 
transition location was fixed in most cases 
(but not all); however, it is recommended 
that, in future experiments, the effects of 
the transition strip on the boundary layer 
condition at the strip location be. estimated; 

iii) Effects of model deformation and support 
interference should be better specified; 

iv) More attention should be paid to 
c o m p l e m e n t a r y  a n d  r e d u n d a n t  
measurements to reduce errors and to 
increase the level of confidence of the data 
set. 

ii) 

2. 
TRANSONIC SUPERSONLC 

A-I. A-3, A-4 A-2. A-6, A-7 
2-D A-5. A-8, A-10 A-9, A-13 
Airfoils A-11, A-12 

A 

a 
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TABLE 1: Selected test cases according to type of flow 
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ANNEX A 

PROCEDURE FOR OBTAINING AND USING FLOPPY DISKS 

A complete set of data is available on a set of nine 3.5 inch floppy disks. These disks are on file at the various National 
Centers listed below. Specific details, costs, and procedures for obtaining a copy of the floppy disks varies from one center to 
the other. Therefore, interested parties must contact the appropriate location within their country or the center that is most 
geographically cunvcnicnt. 

Information regarding procedures to be followed in using the data is provided on the disks. In addition, on the following page, 
information regarding the contents of the disks, procedures lo extract the data from an archive file, and the hard disk size 
needed for the various uncompressed datasets is provided. 

Etat-Major de la Force Adrienne 
(VSVAGARD) 
rue d’Evere 
B-I 140 Bruxelles 
BELGIUM 
Person to contact: Major J.J. Lecluyse 
Te1:32(2)701-4955 
Fax:32(2)701-3723 

Directorate of Scientific Information Services 
National Defence Headquarters 
MGeneral George R. Pearkes Building 
Ottawa, Ontario KIA OK2 
CANADA 
Person to contact: Ms. Robin Leckie 
Tel: 1(613)992 7237 
Fax:1(613)996 0392 

Dept. of Fluid Mechanics 
Technical University of Denmark 
Building 404 
DK 2800 Lyngby 
DENMARK 
Person to contact: Dr. P. S.  Larsen 
Tel:45 4593 1222 ~ Ext: 4332 
Fax:45 4288 2421 

Fachinformationszentrum Karlsruhe 
Gesellschaft fur wissenchaftlich-technische Information 
mbh 
D-76344 Eggenstein-Leopoldshafen 
GERMANY 
Perron to contact: Dr. Claus von Consbruch 
Tel:(49)7247/808-400 
Fax:(49)7247/808- 133 

ONERA ~ DED 
B.P. 72 
92322 Chitillon Cedex 
France 
Person to contact: Mme F. Lhullier 
Te1:33(1)4673 3799 
Fax:33(1)4673 4141 

Aeronautica Militare 
Ufficio del Delegato Nazionale all AGARD 
Aeroporto Militare Pratica di Mare 
00040 - Pomezia (RM) 
ITALY 
Person to contact: Colonel F. Celegato 
Tel:39 6 91092683 
Fax:39 6 9105887 

National Aerospace Laboratory 
Attn: Library 
P.O. Box 153 
8300 AD Emmeloord 
NETHERLANDS 
Person to contact: Mr. C.W. de Jong 
Tel:31 5274 8444 
Fax31 5274 8210 

Norwegian Defence Research Establishment 
(NDRE) Library 
P.O. Box 25 
N.2007 Kjeller 
Norway 
Person to contact: Per Ekern 
Tel:4763 807105 
Fax:4763 8071 15 

Aeronautical Engineering Department 
Middle East Technical University 
P.K. 06531 
Ankara 
TURKEY 
Person to contact: Prof. Dr. Ing. C. Ciray 
Tel:90(312)210 1000 - Ext: 2471 
Fax:90(312)210 1272 or 1 1  10 

Defence Research Information Centre 
Kentigern House 
65 Brown Street 
Glasgow, G2 8EX 
UNITED KINGDOM 
Contact: Document Supply Section 
Tel:44(0)41 224 2456 
Fax:44(0)41 224 2470 

NASA Center for Aerospace Information 
800 Elkridge Landing Road 
Linthicum Heights 
MD 21090-2934 
U.S.A. 
Contact: NASA Access Help Desk 
Tel:1(301) 621 0390 
Fax:1(301)621 0134 



A-2 

PROCEDURE TO USE THE SET OF FLOPPY DISKS 

To reduce the amount of diskspace needed for distribution of the data all datasets are 
compressed in self.extracting archive files. 
For most of the datasets,this means that all data are available in one file, the name 
of these archive files is SET-nr.EXE where nr is the set number ( e . 9 .  SET-AI.EXE 
contains all data of dataset Al). For two larger datasets (sets C4 and E6),the data 
have been split over more than one archive file to avoid very large files. In that case, 
the file names are SET-nr-i.EXE where nr is again the dataset number and i is the 
sequence number of the file (e.9. SET-C4-2.EXE is the 2nd file of dataset C4). 

To extract the data from an archive file, copy that archive file to an appropriate 
directory on a harddisk of your (IBM compatible, DOS operating system) personal 
computer. Move to that directory and give the DOG-command 

or 

which will extract all datafiles from the archive file SEl-nr.EXE. In all cases the 
user will be asked to confirm that data should be extracted from the archive, in some 
cases confirmation will be asked that new subdirectories may be created which is 
necessary to avoid duplicate filename problems. After the extraction process bas 
completed, the dataset is available in the same form as provided by the author(s) of 
the dataset (in addition, the archive file remains available unchanged). 
The complete database is available on nine 3.5" DOS-format floppy disks with 1.44Mbytes 
capacity. The contents of the disks is as follows: 

datasets A disk 1 contains sets Al, A2, A3, A4, A5, Al, AS, A9, A10, All, A12 and A13 
datasets A disk 2 contains set A6 
datasets B contains sets 81, B2,  B3, 84, B5 and 86 
datasets C disk 1 contains sets C 1 ,  c2, c3, C5 and C6 
datasets C disk 2 contains the first half of set C4 (archive files C4-1, C4-2 and C4-3) 
datasets C disk 3 contains archive files c4-4, C4-5 and C4-6 
datasets D contains sets D 1 ,  D2, D3, D4 and D5 
datasets E disk 1 contains sets El, E2, E3, E4, ES, El, E8 and E9 
datasets E disk 2 contains set E6 in the archive files E6-1, E6-2, E6-3 and E6-4 

The following table gives an overview of the harddisk size needed for the various 
uncompressed datasets. 

SET_= - X  

SET-nr-i -x 

dataset authors 

AI 

A2 
A3 
A4 

A5 

A6 

A7 

A8 
A9 

W. Bartelsheimer 
K.H. Horstman 
W. Puffert-Meissner 
I.R.M. Moir 
P.R. Ashill 
D.J. Jones 
Y. Nishimura 
V.D.  Chin 
C.J. Dominic 
F.T. Lynch 
D.L. Rodrigruez 
P. Guntermann 
G.Dietz 
L.H.J. Absil 
D.M. Passchier 
S.O.T.H. Han 
6 .  van den Berg 
J.H.M. Gooden 

organisation 

DLR Braunschweig 

DRA Farnborough 
DPJL Bedford 
IAR/NRC Ottawa 

McDonnel Douglas 

RWTH Aachen 

Delft Univ. 
of Technology 
NLR 
NLR 

extent of data 
(Rbytes uncompressed) 

128 

121 
39 
772 

2558 

2700* 

133 

341 
107 



dataset authors 

A1 0 

All 

A12 

A1 3 

B1 

B2 
B3 
84 
B5 
B6 

c1 
c2 
c3 
c4 
C5 
C6 

D1 
D2 
D3 

D4 

05 

El 

E2 

E3 
E4 
E5 
E6 
E7 

E8 
E9 

A. Mignosi 
J.P. Archambaud 
E. Stanewsky 
A.M. Rodde 
J.P. Archambaud 
G.G. Mateer 
H.L. Seegmiller 
J. Szodruch 
G.W. Brune 

M.C.P. Firmin 
M.A. McDonnald 
M.J. Simmons 
J.L. hrlker 
G. Redeker 
H.sobieczy 
M. Olsen 
H.L.' Seegmiller 

H. Esch 
H.P. Kreplin 
K. Hartmann 
D. Barberis 
D. Barberis 
P. Champigny 

A. Elsenaar 
D. Barberis 
N.G. Verhaagen 
J.E.J. Maseland 
K. Hartmann 
K.A. Butefisch 
H. Pszolla 
D. Staniland 

R. Radespiel 
A. Quast 
D. Eckert 
R .  Kiock 
W. Baumert 
B.L. Berrier 
D.J. Wing 
K.R. Roth 
I. Samuelsson 
J.G. Leishman 
Nai-pei Bi 
D. Staniland 
D. Staniland 

organisation extent of data 

ONERA 137 
(KBytes uncompressed) 

DLR Goettingen 
ONERA 

NASA - Ames 

Boeing 

DRA Farnborough 

DRA Bedford 
DRA Bedford 
DLR/DRA/ONERA/NLR 
DLR Goettingen 
NASA Ames 

DLR Cologne 
DLR Goettingen 
DLR Goettingen 
ONERA 
ONERA 
ONERA 

NLR 
ONERA 
Delft Univ. 
of Technology 
DLR Goettingen 

ARA 

DLR Braunschweig 

DNW 
DLR Braunschweig 
DLR Goettingen 
NASA Langley 
NASA Langley 
NASA Ames 
FFA 
Univ. of Maryland 

ARA 
ARA 

123 

146 

76 

1719 

158 
133 
335 
157 
677 

167 
2575 
402 
7094 
3345 
201 

4 4 9  
760 
561 

200 

662 

757 

63 

11 
6 

328 
4273 
148* 

638 
560 

Datasets marked with an * are presented by their authors as subsets of the total 
available data. Please contact their authors if more details are required. 
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