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Verification and Validation Data for Computational
Unsteady Aerodynamics

(RTO TR-26)

Executive Summary

In the quest to improve the performance of civil and military aircraft, helicopters and missiles (lower
structural weight, higher maneuverability, larger flight and firing/release envelopes, higher angles of
attack, etc.) the designer increasingly faces the need to predict or understand complex unsteady
aerodynamic phenomena. The continuous progress in hardware and software give the opportunity to
simulate numerically many of these fluid dynamics problems. Consequently Computational Unsteady
Aerodynamics (CUA) is finding its way as a useful and reliable tool, which can be routinely applied
from the very early stages of the design and development process.

Before a specific code may be used with confidence it is essentia to validate its capability to describe
the physics of the flow correctly, for which purpose a comparison with accurate experimental data is
needed. Unsteady wind tunnel testing is difficult and expensive; two factors which limit the number of
organizations with the capability and/or resources to perform it. Thus, unsteady experimental data is
scarce, often restricted and scattered in diverse documents. The present publication was conceived with
the aim of collecting into a single easily accessible document as much of the good quality data as
possible. Given the large amounts of information produced in unsteady experiments, and to facilitate
its handling and use, the data is provided in machine-readable form in a CD-ROM that accompanies
the report.

The type of experiment included in this publication falls under the general category of validation
experiments, that is, those made on geometrically ssmple “generic shapes’ designed to provide
sufficiently detailed measured data for the verification of the physical representation provided by the
CFD code. Wherever possible experiments have been selected which include different levels of
physical difficulty and/or different flow phenomena so that the CFD researcher can use a staircase
approach to the problem of validating the code. The test cases provided pertain to different categories:
Flutter, Buffet, Stability & Control, Dynamic Stall, Cavity Flows, and Store Separation, which
basically cover most of the areas of current interest in the field.

In addition to the experimental data, the publication includes computational results. Before a code can
be validated, the developer must first verify that it solves accurately the mathematical model that it
uses of the real world. Given the lack of analytical solutions to the 3-D versions of the various sets of
eguations of interest to CUA, verification is best achieved by means of comparison with another
computational solution of the same set of equations. The numerical data may also be useful in cases
where the CFD developer finds intriguing differences with experimental data, which cannot be
attributed in a straightforward way to deficiencies in the numerical model, or in the test. Comparison
with another computational result may clarify whether code improvements are required.



Données de vérification et de validation
pour |'aerodynamique instationnaire numerique

(RTO TR-26)

Synthese

Dans sa démarche d’amélioration des performances des aéronefs militaires et civils, ains que des
hélicopteres et des missiles (masse structurale réduite, plus grande maniabilité, domaines de vol et de
tir/de largage plus étendus, incidences plus fortes etc...) le concepteur est de plus en plus confronté ala
nécessité de comprendre et de prévoir des phénomenes aérodynamiques instationnaires complexes. Les
avancées permanentes réalisées dans le domaine de I'informatique nous offrent la possibilité de
simuler de fagon numérique bon nombre de ces problemes de dynamique des fluides. 1l en résulte que
I’ aérodynamique instationnaire numérique (CUA) est en passe de trouver un role d’outil pratique et
fiable, qui peut ére mis en cauvre des les premieres étapes du processus de conception et
dével oppement.

Avant de pouvoir utiliser un code quelconque avec confiance il est essentiel de valider sa capacité a
décrire correctement la physique d’un écoulement, ce qui nécessite de faire la comparaison avec des
données expérimentales fiables. Les essais d' aérodynamique instationnaire en soufflerie sont difficiles
et coliteux a réaliser; ces deux facteurs ont pour effet de limiter le nombre d’ organisations disposant
d'installations et/ou de moyens permettant de le faire. Il S'ensuit que les données expérimentales
instationnaires sont rares, souvent restreintes et dispersees dans de multiples documents. La présente
publication a &é congue dans le but de recueillir dans un seul document le plus grand volume possible
de données de bonne qualité disponibles a I’ heure actuelle. Etant donné les masses d’informations
produites par les essais instationnaires, et pour faciliter leur traitement et mise en oauvre, les données
sont fournies sous une forme exploitable par une machine sur le CD-ROM qui accompagne ce rapport.

Le type dexpé&rimentation décrite dans cette publication appartient a la catégorie générale
d expérimentations de validation, c'est a dire a celles réalisees sur des «formes génériques »
géométriquement simples, choisies pour fournir des données mesurées suffisamment détaillées pour
permettre la vérification de la représentation physique donnée par le code CFD. Chaque foisqu'il s est
avéré possible, nous avons choisi des expérimentations comprenant des niveaux de difficulté physique
différents et/ou des phénomenes d écoulement différents pour permettre au chercheur en CFD
d’ adopter une approche par paliers du probleme de la validation du code. Les cas d’ présentés se
rapportent a différentes catégories, a savoir : Le flottement, le tremblement, la stabilité et le controle, le
décrochage dynamique, les écoulements en cavité, et le largage des emports, lesquelles catégories
couvrent plus ou moins la totalité des domaines d’intérét courants dans ce secteur.

En plus des données expérimentales, la publication inclut des résultats de calculs CFD. Avant de
pouvoir procéder a la validation d'un code, le développeur doit vérifier sa capacité a résoudre
correctement le modéle du monde réel qu'il exploite. Etant donné le manque de solutions analytiques
des versions en trois dimensions des différents systemes d’équations qui intéressent le CUA, le
meilleur moyen de procéder a la vérification est de faire la comparaison avec une autre solution,
obtenue par le calcul, du méme systeme d’ égquations. Les données numériques peuvent également
servir lorsque le développeur CFD découvre des différences significatives par rapport aux données
expérimentales, qui ne peuvent pas étre imputées directement a des insuffisances au niveau soit du
modele numérique, soit des essais. La comparaison avec un autre résultat obtenu par le calcul peut
permettre d’ établir s des améliorations sont nécessaires au niveau du code.
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1. PRESENTATION OF THE DATABASE

Luis P. Ruiz-Calavera
INTA
Aerodynamics Division
Carretera de Ajalvir s/n
28850 Torrejon de Ardoz, Madrid, SPAIN

INTRODUCTION

With the continuous progress in hardware and numerical schemes, Computational Unsteady Aerodynamics (CUA), that is, the
application of Computational Fluid Dynamics (CFD) to unsteady flowfields, is slowly finding its way as a useful and reliable
tool (turbulence and transition modeling permitting) in the aircraft, helicopter, and missile design and development process.
Before a specific code may be used with confidence it is essential to validate its capability to describe the physics of the flow
correctly, or at least to the level of approximation required, for which purpose a comparison with accurate experimental data is
needed. Unsteady wind tunnel testing is difficult and expensive; two factors which limit the number of organizations with the
capability and/or resources to perform it. Thus, unsteady experimental data is scarce, often restricted and scattered in diverse
documents. Additionally, access to the reports does not necessarily assure access to the data itself. The present publication was
conceived with the aim of collecting into a single easily accessible document as much of the good quality data as possible.

The idea is not new. In 1982 AGARD’s Structures and Material Panel (SMP) produced the AGARD Report No. 702
'Compendium of Unsteady Aerodynamic Measurements', which has found and continues to find extensive use within the CUA
community. Report 702 is primarily focused on acroelasticity, with particular attention paid to transonic conventional flutter. In
1995 AGARD’s Fluid Dynamics Panel (FDP) decided to update and expand the former database with new geometries and
physical phenomena and launched Working Group WG-22 on ‘Validation Data for Computational Unsteady Aerodynamic
Codes'. Shortly afterwards AGARD was reorganized as the RTO (Research and Technology Organization) and the WG was
renamed as AVT (Applied Vehicle Technology) WG-003. The group, chaired by the author of this introductory chapter, first
met in spring 1997 and closed its effort 5 meetings later in spring 1999 with the present publication. Special care was taken that
both theoreticians and experimentalists were represented in the Working Group. Table 1 gives the complete list of WG members
including address, telephone, fax and e-mail. Other contributors who were not formal members of the group are identified as
authors of individual chapters.

REQUIREMENTS FOR EXPERIMENTS

The type of experiment included in this publication falls under the general category of validation experiments, that is, those
made on geometrically simple “generic shapes” designed to provide sufficiently detailed measured data for the verification of
the physical representation provided by the CFD code. This requires that the data be taken and presented in a form and level of
detail consistent with CFD requirements and that the accuracy of the experimental data be thoroughly documented and
understood. The ideal test case should provide:

a) Accurately measured model shape and surface finish.

b) The actual position and motion of all points of the model, including both static and dynamic elastic deformations.
¢) Well defined state of the boundary layer on the model.

d) Inflow and outflow conditions.

e) Wall conditions and wall boundary layer.

f)  Specification of support interference

g) Specification of the accuracy of measured data.

After a thorough screening of the candidate test cases available for general distribution, it was found that ideal test cases are rare
indeed, so the acceptance criteria had to be dramatically modified to the minimum requirements of knowing the geometry, and
the motion (rigid and elastic) as accurately as possible. Nevertheless the WG believe the test cases included in this report to be
generally of very high quality.

It has been the aim to select cases with very detailed information (e.g. a lot of pressure points), but cases with less detailed
information, but a wide range of flow conditions, have also been acceptable. Wherever possible experiments have been selected
which include different levels of physical difficulty so that the CFD researcher can use a staircase approach to the problem of
validating the code.

Generally, agreement on the steady pressure distribution is a prerequisite for agreement on the unsteady pressures, when
comparing calculations with experimental data. In particular, when shock waves are present the experimental and theoretical
distributions of unsteady pressure will not agree unless there is already agreement with the mean position and strength of the
shock. For this reason a fair amount of steady data has also been included.



COMPUTATIONAL RESULTS

In addition to the experimental data, this publication includes computational results. Before a code can be validated, the
developer must first verify that it solves accurately the mathematical model that it uses of the real world. Given the lack of
analytical solutions to the 3-D versions of the various sets of equations of interest to CUA, verification is best achieved by means
of comparison with another computational solution of the same set of equations.

To this aim a benchmark exercise was performed on the F-5 wing. Computational results covering the whole spectrum from
Unsteady Transonic Small Perturbations to Navier-Stokes codes were generated and are provided in the database, thus
facilitating the verification of the new code against the same level of physical modeling.

For the same reason, attempts have been made to complement each experimental data set with an example of a numerical
calculation of at least one of its test points. These results may also be useful in cases where the CFD developer finds intriguing
differences with experimental data, which cannot be attributed in a straightforward way to deficiencies in the numerical model,
or in the test. Comparison with another computational result may clarify whether code improvement is required. Unfortunately it
has not been possible to obtain numerical results for most of the test cases, but the door is left open for interested groups to
submit their calculations to complete the picture. These 'late arrivals’ could be compiled as an addendum to this document.

No claim is made that any of the CFD solutions included are free of discretization or solution errors. They should be treated as
examples of what people with experience in the field have produced using mature codes, but not as absolute truth.

ORGANIZATION OF THE DATA BASE

The compendium consists of this general introduction, a chapter on analytical solutions, a review of AGARD-R-702, the F-5
benchmark exercise mentioned above, and 19 self-contained datasets, which are summarized in Table 2. For each test case the
following information is provided:

- Abrief overview of the purpose and salient features of the experiment

- Nomenclature information (no attempt has been made to assure uniformity of notation across the data sets).

- A standard form (taken directly from Report 702 as this was considered difficult to improve, with appropriate adaptations
for some of the cases) with the key information about the test conditions and equipment that a user may require.

- Information on the layout of the data files when it was not self-explanatory

- Figures and pictures to illustrate the case

When available, the associated computational results are presented in a chapter immediately following the experimental
counterpart.

The data itself is only provided in machine-readable form in the CD-ROM that accompanies this publication. Each case is
included in a different folder, where the various relevant data files are stored. Most of the data files are plain ASCII, with some
being written in TECPLOT format. In some cases it was necessary to provide geometry information by means of CATIA files.
Figures are included in a number of well-known formats (eps, pdf, etc). A copy of the different chapters is also provided in
Word 97 format.

OVERVIEW OF THE CASES

Immediately following this general review the reader will find a chapter on analytical solutions of the 1-D unsteady Euler
equations as well as other simplified equations (Linear Advection, Burger’s, etc.). Comparison with analytical solutions is a
necessary (albeit often neglected) first step in the process of code verification. The classical problems described in the chapter:

- Shock Tube (Riemann) problem
- Propagation and reflection of a moving shock at the closed end of a tube
- Expansion and compression flows behind moving pistons

provide excellent opportunities to check respectively: the time-accuracy of shock convection (particularly for implicit methods);
the numerical implementation of unsteady boundary conditions; and moving grids.

Next in line the reader will find a chapter devoted to the AGARD-R-702. The original Compendium has been revisited with the
perspective of time, and those cases, which have found more use, are included here again. Nothing has been added to them, but
the data is provided in electronic format, which will make the user's life easier. The reader will probably miss the well-known
LANN wing. Different problems encountered in the preparation of the electronic data have prevented the group to incorporate
this case, which would otherwise have been included as it has found extensive use in spite of (or perhaps because of) the
difficulties introduced by its elastic deformation.



The already mentioned F-3 wing benchmark exercise follows next. Computational results covering the whole spectrum from
Unsteady Transonic Small Perturbations (UTSP) to time-accurate Navier-Stokes codes, with different levels of grid refinement
and/or geometrical simplifications (tip, trailing edge, etc) are included. While the steady solutions compared quite well, with
differences being easily attributable to grid or viscous effects, the unsteady solutions show surprisingly large discrepancies. A
detailed analysis can be found in Chapter 4.

The test cases themselves follow in the remaining chapters; they have been loosely classified under 6 categories:

- Flutter

- Buffet

- Stability & Control
- Dynamic Stall

- Cavity Flows

- Store Separation

Not surprisingly, the database is well populated with an assortment of flutter-type cases. The category seems to be well balanced,
covering from very simple to more complicate geometries and from linear to highly non-linear flows. Some of the cases have
been available for a long time (although it is the group's opinion that good data never ages) but they were considered to be still
useful and relevant.

The database starts with the well-known F-5 wing tested in the High Speed Wind Tunnel of NLR. The original purpose of the
experiment was to determine the unsteady airloads characteristics on a representative fighter type wing oscillating in pitch. It
constitutes a very comprehensive data set, which progressively builds up in geometric complexity from the clean wing to a wing
with a tip launcher and an A-A missile with canards and fins. From a computational point of view, the clean wing case can be
considered as rather benign, as it involves only small static angles of attack, small amplitudes of oscillation and limited viscous
effects. This fact together with its simple geometry and wide range of Mach numbers tested (from subcritical to low supersonic)
make it an ideal 'first case' in the validation process of a new code. This was the main reason why it was selected for the
benchmark exercise mentioned before. On the other hand, the wing plus launcher plus missile cases provide excellent
opportunities to check the ability of the code to tackle rather complex geometries.

Test case 6F is the Rectangular Supercritical Wing model. The RSW was tested in the NASA Langley Transonic Dynamic
Tunnel (TDT) with the specific aim of obtaining data for CFD comparison. It has a simple low aspect ratio unswept rectangular
planform with no twist, a constant 12% thick supercritical airfoil and a tip of revolution. The model undergoes pitching
oscillations. Data is provided corresponding to a wide range of flow conditions from low subsonic to strong transonic well
beyond the design Mach number, as would be required for flutter verification beyond cruise conditions. A broad range of
reduced frequencies is also covered. Special care has been taken to select data points, which illustrate the trends with Mach
number, reduced frequency, amplitude of oscillation and static angle of attack. Some cases for high angle of attack (at Jow
speed) and others for the effect of transition have been also included. Despite its simple geometry, the case has proved to be a
difficult one to calculate. Typically for low-aspect ratio rectangular wings, transonic shock waves tend to sweep forward from
root to tip such that there are strong three-dimensional effects. Additionally it has been found to be very sensitive to viscous and
transition effects, specially on the undersurface.

Test cases 7E and 8E were part of NASA's Benchmark Model Program (BMP) which tested in Langley's TDT a number of
models with the same rectangular planform but with different airfoils with diverse transonic characteristics. The first model had
a NACA 0012 airfoil which develops strong shocks ahead of mid-chord; the second model had a NACA 64A010 airfoil with a
milder evolution of the shock which initially forms at mid-chord; and the third model had a supercritical SC(2)-0414 airfoil with
strong aft loading and the associated low upper surface curvature which generates weaker hard to capture shocks. In addition the
Benchmark Active Control Technology (BACT) model had also a NACA 0012 airfoil but with a trailing edge control surface,
and a pair of independently actuated upper and lower surface spoilers for use in flutter suppression and dynamic response
excitations. All the models were mounted on the PAPA (Pitch and Plunge Apparatus) 2 Degrees of Freedom dynamic system,
which allows rigid models to undergo flutter. Cases corresponding to classical pitch-plunge flutter, transonic stall flutter
involving shock waves and separating and re-attaching flows during the cycle of motion, and a shock-induced plunge instability
are included. The actual wing motion together with the corresponding pressures are provided, thus allowing a staircase approach
to validation, from forced oscillations (using the measured pitch-plunge motion as input) to 'simple' aeroelastic simulations
(using the known elastic characteristics of PAPA). Finally the transfer functions of control surface inputs measured with the
BACT can be used to validate aeroservoelastic codes. These two cases together provide an extremely comprehensive dataset,
which is sure to keep CFD developers busy for a long time.

The Clipped Delta Wing model of test case 9E was also tested in the NASA Langley TDT. The planform was derived by
simplifying that of a Supersonic Civil Transport aircraft, resulting in a trapezoid wing with an unswept trailing edge and without
twist and camber. The model undergoes pitching and trailing edge control surface oscillations. A rather thick (for a supersonic
transport) 6% symmetrical circular arc section was used, which very much enhances transonic effects. Additionally the highly
swept sharp leading edge separates the flow at relatively low angles of attack forming a leading edge vortex, which sometimes
co-exists with a shock wave, making this a challenging case for any numerical method.



Case 10E was tested in ONERA S2 wind tunnel to obtain a database of the unsteady behavior of control surfaces in high
supersonic conditions. It consists of a 5.5 aspect ratio rectangular wing with a 7% symmetric bi-convex airfoil and an oscillating
trailing edge flap. Detailed pressure information was measured at the mid semi-span section, which at the supersonic Mach
numbers tested is effectively in 2D conditions. Test points are provided that illustrate the effect on the unsteady airloads of:
Mach number, steady angle of attack, mean flap deflection, flap oscillation amplitude and oscillation frequency.

The RAE Tailplane constituting case 11E was tested in RAE's 3 fi tunnel to provide data for the validation of codes for the
prediction of unsteady pressures on low aspect ratio configurations suitable for wings or controls of military aircraft. The model
has again a thick (for supersonic applications) NACA 64A010 airfoil, which was oscillated in pitch at a wide range of
frequencies and Mach numbers. It constitutes an excellent challenge for any 3D supersonic code, with the added bonus that the
model was build in carbon fiber, which provided both high stiffness and low inertia, thus minimizing aeroelastic distortions.

The opposite (in terms of aeroelastic deformations) is true for test case 12E. This model of a Supersonic Transport with a
double-swept-back arrow wing, a fuselage and an oscillating trailing edge flap was tested at NAL's 2mx2m transonic wind
tunnel with the specific purpose to accumulate validation data for CUA and ACT (Active Control Technology) codes. A
NACAO0003 airfoil was used, resulting in a very thin wing with non-negligible static and dynamic elastic deformations. These
deformations were very carefully monitored tracing optical targets installed on the wing surface. Furthermore, in some cases the
trailing edge was made to oscillate at frequencies close to the eigenfrequencies of the model. Although the flow characteristics
are not very demanding (no strong shock waves appear) the elastic motion further complicates its accurate prediction. It thus
constitutes an excellent test of the ability of the code to handle elastic problems. Results are included for different transonic
Mach numbers, mean flap positions and frequencies of oscillation.

The buffet category starts with test case 13E corresponding to the shock-induced buffet of the BGK No 1 supercritical airfoil
tested at IAR’s 2D High Reynolds Wind Tunnel. This dataset provides very rich pressure information on a number of points
outside, at, and well inside, the buffet onset boundary. Additionally skin friction data is available allowing the user to monitor
the merging of the shock induced separation bubble with the trailing edge separation.

Test case 14E extends the buffet information to wing configurations with Model 2391 tested in DERA Bedford 13fix91t low
speed wind tunnel. This is a low mass, high stiffness model designed to obtain data of the aerodynamic excitation arising from
unsteady separated flow without the interferences due to model vibration and/or support natural frequencies. It is a 40° sweep
diamond wing with a streamwise clipped tip. Two interchangeable fuselages were tested, respectively rectangular and chined,
with the former providing a perpendicular wing-fuselage interface, and the later allowing the study of buffet due to mixed
vortical flow. Very rich pressure information for angles of attack up to 30° is included, thus providing an excellent test case to
validate the buffet part of any buffeting prediction code.

Finally, test case 15E1 closes the buffet category with the Standard Dynamic Model (SDM) tested in IAR's Low Speed Wind
Tunnel to investigate the aerodynamic excitation during wing and/or fin buffet of a generic fighter aircraft configuration. It was
also build extremely stiff so as to avoid any buffeting. Wing and fin buffet cases corresponding to bursting of strakes and/or
forebody vortices (both symmetric and asymmetric) are presented. The rather complicated geometry together with the very
difficult physics pose a real challenge for any CFD code.

The Stability & Control category is mainly devoted to high-angle of attack oscillations. Test cases 16E and 17E present similar
65° delta wings and explore their aerodynamic behavior during high performance maneuvers involving large amplitude, high-
rate, pitching/rolling/yawing motions at high incidence. The first case, presented by IAR, was tested in two different wind
tunnels using two different support systems with very similar results; so it can be assumed to be fairly free of support and wall
interferences. It mainly presents global coefficients with limited pressure information. The second case, tested at DLR, has more
extensive pressure data. It presents a range from simple attached flow, through fully developed vortex flow and vortex bursting
upstream and downstream of the trailing edge, up to deadwater type flow on the upper surface; thus allowing a code validation
with progressively more complex physics.

Test cases 18E and 19E can again be treated together. They correspond to straked delta wings tested at respectively subsonic and
transonic speed in NLR’s LST and HST wind tunnels, with the aim to improve understanding of unsteady loading on fighter like
wings during pitch oscillations and maneuvers. They present a wide range of flow topologies, from attached to vortex
breakdown over the whole model. Additionally the transonic test includes cases with shock induced trailing edge separation,
leading edge separation and vortex breakdown at transonic speeds, and Limit Cycle Oscillations (LCO). The data points selected
cover all the different flow types, including the influence of Mach number, static incidence and sideslip, amplitude and
frequency of oscillation, thus proposing test points ranging from relatively easy to extremely difficult to calculate.

The cavity category is represented by 2 datasets (test cases 20E and 21E) produced respectively by BAe/DERA and DLR. In
both cases very rich pressure information inside rectangular cavities at different Mach numbers is provided. Acoustics as well as
loads and store separation specialist will benefit greatly from these test cases.

A whole set of dynamic stall test cases is included in chapter 22E. Both 2D and 3D configurations undergoing "ramp-up"”,
"ramp-down" (to isolate the stalling mechanism from the re-attachment process) and harmonic pitching oscillations are
considered. Detailed pressure and loads information for different pitch rates and mean angles of attack are included, thus



providing the CFD developer with a variety of test data to assess the output of their codes, with many of the cases constituting a
severe tests of the ability of the code to capture massively separated flows.

Finally a store separation case (test case 23E) is included The test was performed at AEDC by means of a CTS (Captive
Trajectory Support) so that strictly speaking data is only quasi-steady. Nevertheless the case has been included because the
modeled phenomena is unsteady by nature, and this type of data is comparatively difficult to find in the open literature.
Additionally the store's boundary layer transition is very far aft and has a strong influence on global coefficients, which increases
the challenge for NS solvers.

It is recognize that the database lacks an isolated missile type configuration. This is unfortunate, as missile aerodynamics is an
area where unsteady effects are playing an increasingly important role with the permanent increases in maneuverability. It is
hoped that such a case be offered in the near future.
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Table 2. Test cases

ID Test case Configuration Motion Speed CFD?
Regime
5E NLR F-5 Wing & Wing+Store Wing+Missile Pitch Subsonic to YES
Supersonic
6E NASA RSW Wing Pitch Subsonic to
Transonic
7E NASA BMP Rectangular Wing Wing Pitch Subsonic to
Plunge Transonic
8E NASA BMP BACT Wing + Flap + Flap Subsonic to YES
Spoiler spoiler Transonic
S9E NASA Clipped Delta Wing Wing + Flap Pitch Subsonic to
Flap Supersonic
10E | ONERA 2D Supersonic TE Control Airfoil + Flap Flap Supersonic
11E | RAE Tailplane Wing Pitch Supersonic
12E NAL SST Wing + Flap + Flap Transonic
Fuselage
13E | IAR BGK Airfoil Airfoil Buffet Transonic
14E | DERA Model 2391 Wing + Fuselage Buffet Subsonic
15E IAR SDM Fin Buffet Wing + Fuselage + Buffet Subsonic
Fin
16E IAR 65° Delta Wing Wing + Roll Subsonic YES
Centerbody
17E | DLR 65° Delta Wing Wing + Pitch Subsonic YES
Centerbody Yaw
Roll
18E NLR Low Speed Straked Delta Wing Wing Pitch Subsonic
19E NLR Transonic Simple Straked Delta Wing Wing Pitch Subsonic to
Transonic
20E BAe/DERA Cavity Cavity - Subsonic to
Supersonic
21E DLR COM TWGI1 Cavity - Transonic
Supersonic
22E Glasgow U. Dynamic Stall Airfoil Pitch Subsonic
Wing
23E AEDC Wing/Pylon/Moving Store Wing + Pylon + Drop Transonic
Store Supersonic




2. ANALYTICAL SOLUTIONS FOR THE UNSTEADY
COMPRESSIBLE FLOW EQUATIONS SERVING AS TEST
CASES FOR THE VERIFICATION OF NUMERICAL SCHEMES

S.Tsangaris
Th.Pappou
Laboratory of Aerodynamics, National Technical University of Athens

P.0O.BOX 64070, 15 710 Zografos-Athens, Greece

INTRODUCTION

The verification of numerical schemes for solving the equations of inviscid and viscous compressible unsteady flow equations is
limited to a small number of analytical solutions of the equations governing the one-dimensional unsteady flow including
moving discontinuities. Among them the most important were given first by B. Riemann (1859-1860) and later by W.J.M.
Rankine (1870), P.H. Hugoniot (1887), Lord Rayleigh (1910) and G.I. Taylor (1910). The scope of the present chapter is to
overview the analytical solutions, serving as test case for the accuracy of the numerical schemes. It is worth noting that the
analytical solutions are of importance for Euler and Navier-Stokes equations for laminar flow and does not give any indication
for the behaviour of the numerical schemes in the prediction of turbulent flows. For each analytical solution a corresponding
FORTRAN program is attached.

LINEAR ADVECTION EQUATION

The linear advection equation is used as a simple model for contact discontinuities in fluid dynamics, and is the simplest model
equation for the representation of wave propagation. The linear advection equation is:

u, +cou, =0 ¢
where ¢, is a positive constant (c, > 0) called the velocity of the wave. The general solution of equation (1) is
u(x,t) =f(x~—c,t) 2)
f(x) is an arbitrary function defined by the initial conditions of the problem
u(x,0) = f(x) 3)

The solution (3) apparently describes a wave motion to the positive x-axis, since the initial profile f(x) is translated unchanged
in shape a distance c,t to the right at time t [8].

Oscillatory solution of linear advection equation with a discontinuity in the derivative
(case LADV-1)

The problem of oscillatory solution of linear advection equation is approached using the initial conditions [8]:

—asin(knx),x <0

u(x,0)=f(x;a,k)={ with ¢.=0.1 and k=6 @)

x, x20
At x=-1 the boundary condition
u(-1,t)=0 (4a)

is imposed. The solution in accordance with the above consideration, is presented in Figure 1 at time instances t=0 and t=0.5

This test case gives information about the capability of a computational method to capture an oscillating solution with a
discontinuity in the derivative.
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Figure 1: Oscillatory solution of linear advection equation with a discontinuity in the derivative

Simulation of discontinuities (case LADV-2)

To simulate discontinuities we again solve the linear advection equation, this time using piecewice continuous initial data:

u, ,x<0 .
u(x,0)=f(x;uL,uR)={u:)XZO with u, =1 and u, =0 )
At x=-1 the boundary condition
u(-1,t)=0 (5a)

is imposed. The resultant solution is a square wave travelling with speed 1 to the right, as it is depicted in Figure 2 .

1.20 1.20

1.10 —| 110 —

1.00 1.00 —

] c ] =05

c — —
§ 090 — t=0 , initial conditions S 080
3 0.80 — S o0.80 —
o ] g ]
& 070 —] 2 070 o
= 1 -
S 060 — 2 0.60 —
] 1 e b
g 0.50 — > 0.50 —
b 1 g -
@ 0.40 — 5 040 —
- _ 3 ]
2 030 — & 0.30 —
o - - -4
B 0.20 $ o020 —
» -1 - -
T 0.10 —| ;_ 0.10 —

0.00 —| 0.00

0.10 — 0.10 —

0.20 0.20

T I T I T I T T I T I T l T
1.00 .50 0.00 0.50 1.00 -1.00 0.50 0.00 0.50 1.00
x - coordinate x - coordinate
(@) (b)

Figure 2: Contact discontinuity, advection equation.
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BURGERS’ EQUATION

Inviscid Burgers’ equation.

The non linear first order equation:
uZ
u, +uu, =0 or ut+(?] =0 (6)

with Initial Conditions

u(x,0)=f(x) for ~0<x <0 (6a)

is the x-momentum equation without pressure gradient or other external forces and it is so called inviscid Burgers® equation.
The general solution of the above equation is given by:

.. dx
du =0 along the characteristic 5 u 7

expressing that u remains constant on the characteristic.
For the above initial distribution of u(x,0)=f(x) the general solution is concluded in an implicit form, as follows [4]:
u(x,t)=f(x-ut) (8)

The characteristics have a slope proportional to 1/f(x,) in the (x,t) plane, where X, is a position at initial state, and if {'(x,) is

positive , which is typical for an expansion profile, they will never intersect. On the other hand for a decreasing initial
distribution of u, that means £'(x,) <0, the characteristics will intersect as for a typical compression profile. An initial profile

with decreasing intensities will lead to a breakdown of a continuous solution and to the appearance of a shock discontinuity. The
shock will appear at the time instance t,, when the tangent to u(x) profiles becomes vertical:

-1
" mad o) @

The shock wave velocity , u,, satisfies the Rankine-Hugoniot relations and is equal to:

1
u, =—2‘(u2+u,) (10)

where u,, u, are the values upstream and downstream of the shock.

At this point the following three types of initial conditions are proposed for the analyses of non oscillatory shock capturing
methods.

Initial shock discontinuity (case IB-1)

For this case, the Riemann problem for Burgers’ equation is solved. The test case is provided by an initial discontinuous
distribution :

u ,x<0 | an
u(x,0) =f(x;u,ug) = with u; >u,
ug,x20
At the left boundary the condition
u(x,,t)=u, (11a)

is imposed. The solution of Burgers’ equation gives a shock propagating at speed (uL +uR)/2 with unmodified intensity
[u]= u, —ug , as shown in Figure 3. If ug = —u, , the shock is stationary and it is used as a non-linear test case for steady-state
methods.
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-

Y

X=(u, +ug)t/2

Figure 3 : Burgers’ solution for a propagating discontinuity.
Initial linear discontinuity (case IB-2)

A different initial distribution with f'(x,) <0 leads to the same shock structure. The initial linear distribution is:

u,, x<0
X X .
u(x,0) =f(x;u ,ug)=<qu, 1_f +uy E, 0<x<L with u >u; (12)
u,, x>L
and at the left boundary the condition
u(x,,t)=ug (12a)
is imposed. A shock is formed at time instance
¢ = L
* T u—ug 13)

and at position x, =t.u_ =L +t.u, . The solution of Figure 4 for t>t, is:

u, +u
u forx <—-—F¢

u(x,t) = (14)

u, +u
ug forx >—L—F ¢

u, v "

>t

>E<=L X=(uy +ug)t/2

Figure 4 : Shock formation for an initial linear distribution
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Burgers’ equation for a rarefaction wave (case IB-3)

Burgers’ equation with the following initial conditions gives a propagating rarefaction wave.

u, x<0

u(x,t=0)=f(x;u,_,uR)={ with u; <ug (15)

u, x>0
Between points u,t <X <ugt the solution is not determined by the intersection of characteristics. So, a continuous solution is
possible in the following form (Figure 5):

U, x/t<ug

u(x,t) ={x/t u <x/t<uy (16)
up  x/t>ug

u=ug u=up

u=ug

i
[x=0] x
[x=0] .

up,t

upR-t

Figure 5 : [Initial state and time evolution of a propagating rarefaction wave as a solution of Burgers’ equation.

Viscous Burgers’ equation (case VB-1)

The complete nonlinear Burgers’ equation adding a viscous term is :

u2
u, +uu, =vu, Or u, +[71 =wvu,, a7
with Initial Conditions
u(x,0) =f(x) for -0 <x <00 (17a)

The “Viscous” Burgers’ equation serves as a model equation for the boundary-layer equation, the “parabolized” Navier-Stokes
equations and the complete Navier-Stokes equations.
The problem with the following initial values:

u,,x<0

u(x,0)=f(x;uL,uR)={ with u; >ug (18)

ug,x20

and boundary conditions

u(x = —o,t) =u ,u(x = ©,t) = ug (18a)
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has a solution of the form:

where:
- 2
je* g
h — —(x-uRl)/m—
h 2
J'e'c d
(x-u,_l)/m

19

The diffusing shock still propagates with the “inviscid” velocity equal to U. Due to viscosity effects the inviscid discontinuities

are transformed into continuous shaped “steps”, as it is shown for the test case of Figure 6.

Initial conditions

2 00
~ 1 v=1,=005
—
- \
\
v=01,t=005 v=11=01
1 50 -

u(x.t)

N

1.00 —

1 00 -0.50 0.00 050 1.00
X

Figure 6 : Shock wave solution of viscous unsteady Burgers’ equation (U, = 2, ug =1).

UNSTEADY EULER EQUATIONS

Reflection of a moving shock on a closed boundary (case RMS-1)

The general discontinuity equations for the moving shock are shown in the literature reference [1] to be:

(20)

@n

(22)

(23)
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while L,V are the absolute velocities and w the velocity of the shock front. The velocity of sound c in front of the moving

p
= 24
c va 24)

The test problem proposed here is the reflection of a shock wave moving with constant velocity towards the closed boundary of
a tube (figure 7). The fluid behind the shock wave moving to the left, has a velocity with the absolute value v, (L=-v,

shock wave is given by:

yBo
Po
are p,,Pq.0,, Wwhich are the initial conditions of the problem at starting point. The reflection condition, which has to be

v, > 0), pressure and density p,,p, (P =Po:P=Po) respectively, so that the velocity of sound be ¢, = . The given data

satisfiedis 0 =0.

Figure 7 : Reflection of a moving on the left with constant velocity shock wave on the left closed boundary of a tube.

The velocity of the shock front after the reflection, the pressure and the density behind the reflected shock wave, are given by the
following relationships [2]:

2
w3 s 1) wyRe @5)
4 4 Po
. 2y (v, +w)
p=po| 1+ Lorw) (26)
y+10 P
A Vg +W

Analytical solutions for the unsteady inviscid, non-conducting fluid conservation equations

By neglecting viscous, heat-conduction effects and field forces, the unsteady compressible conservation equations of mass,
momentum and energy, in one dimensional conservative form, which will be referred to as Euler equations, have the following
form:

Continuity equation:

3  dpu)
FREr 28)

Momentum equation:

29

E_(pt_x)+M:0
ot ox
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Energy equation:

The above system is closed by the constitutive equation, in the form of Gibbs relation, namely:
1
Tds =de+pd| —
p

Which leads to the entropy relation:

3s) , 3pus)
a  ox

In the space - time plane the transformation of independent (x,t)to the new variables (&, n) (Figure 8) is introduced:

n=const

&=const

X

Figure 8: Sketch of the two families of characteristics in the (x,t) plane.

E=E(x, thn=nlxt1)

so that:

dx dx
E=const:—=u-c, n=const:—=u+c
dt dt
where c is the isentropic velocity of sound:
=2
op ),
Then it can be shown that the system of governing equations in terms of (&,n) takes the form:

dx
n=const:-5t—=u+c, u+ o = const

dx
&:const:;=u-—c, u—-® = const

where:

(30)

(31

(32)

(33)

(34)

(35)

(36)

37
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The £ = const., 7 = const. are the two families of characteristics which are wave fronts of the kinematic discontinuities. The

kinematic discontinuities in the considered one-dimensional case correspond to lines across which the first derivative of the flow
quantities are discontinuous , while the flow quantities are continuous.

The last equation for ideal gas of constant coefficients of specific heat of ratio Y reduces to the form:

2
wo=——-c, c
vy-1

1]
-~
o o

(38)

The reduced system of equations can be solved analytically in certain problems such as moving piston case (two sub-cases:
expansion and compression) and the so called Riemann or shock tube problem which includes a shock wave, a contact
discontinuity and an expansion wave [1}, [3].

(a) Expansion flow behind a moving piston (case MP-1)

A piston is considered to move towards the negative x-direction, figure 9. This results to an expansion of the gas behind the
piston.

n=const
C 2 2
— u-——cC=- o
Co y-1 71
1
. g c=cy
piston path o 5 43
1 c=¢y u=0 X u
Co

Up

RIS

Figure 9: Expansion flow on the right of a left moving piston

The flow is studied in the plane x-t where the path of the piston U=—)jis shown. As an initial value of the problem a gas with

zero velocity and a constant temperature (constant velocity of sound) will be considered.
u(x,0)=0, c(x,0) =c, x=20 (39)

As a boundary condition the equality of the gas velocity to the velocity of the piston is taken into account:
u(xp,t)= u,(t)=x%, (40)

Starting from the initial values ¢ =c,,u=0 (for t=0) we could easily observe that in the open region between the positive x-
axis and the positively inclined characteristic (1= const. ) originating from point 1 both families of characteristics are straight

lines since they originate from the positive part of the x-axis where the constant initial conditions are valid.
The movement of the piston affects the flow field left of the characteristic originating from point 1. Since all the
£ = const characteristics originate from the positive x-axis where the initial conditions are valid, across all the negatively

inclined characteristics the following relation is valid:

& = const, u—ic=—ia0 41
y-1 y-1 S

All the £ = const characteristics end on the piston path, so that
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2
& =const u, ——2—cp =———¢C, (42)
y-1 vy-1

while for the 1 = const characteristics the following relation is valid:

2 2
1 =const u+mc—up+—y—_jcp (43)

By substracting the previous two equations for the region between the piston path and the positively inclined characteristic
originating from point 1, the following relation along the positively inclined characteristics is valid :

2 2
n = const u+ﬁc—2up+;—_—lco (44)

From the relations (42) and (43) we conclude that:

7 = const, u=u,Cc=¢c, (45)

Thus the values of u and c on each n=const keep constant and this family of characteristics are straight lines with the
following inclination :

_ dx y+1
1 = const, E:up+cp=c(,+—2—u17 (46)
Note: From equation results a limit maximum piston velocity.
—_— 2 —_—
(up)max - _Tlco cP =0 (47)

With a piston velocity increasing further, a cavitation zone is developed behind the moving piston (where pressure vanishes).
The cavitation area is located in the region between the piston path and the positively inclined characteristic with inclination
W

=T 7% (48)

This limit velocity w =~ —5¢, is quite higher than the maximum isentropic steady flow velocity in vacuum (u,,, = cho ). This

shows the basic differences between the steady and unsteady flows. Of course, we should note that these regions are on the limit
of continuums mechanics validity.

The whole phenomenon can be considered as simple wave. This is the case of the wave when one family of the characteristics
are straight lines.

Special case I:

In the special case of a piston moving with constant velocity, so that the piston path is a straight line. The expansion region is
limited to an angle around the axis origin, so that all the gas particles hold the constant velocity of the piston. The wave is called
central simple expansion wave.
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piston path
xy(t)

1 c=Cy =0

Figure 10 : Central expansion wave behind a piston moving with constant velocity

Special case II:

For the special case of the constant accelerating piston, for which the velocity argument is linearly increasing with time (U and
t, are constants):

t
Llp = -UE (49)

leads to a fully analytical expression of the flow velocity and the isentropic velocity of sound in the expansion area, which are
given by the relations:

1

2 2
1 y+1_ .t 1 y+1_ .t 2U (50)
) =——| g+ U— |+| — T2y +2 2 (x-c,t
u(x,t) Y(CD > tn] [72 [c,,+ > to] +Yto (x-c, )}
P
c(x,t)-co+ ) u (51)

The distribution of velocity as a function of the space variable x is shown in figure 11 for various time levels.



20

4.00-\ % ()

u(x,t) (m/s)

t(s)

2.00 -

/
)/l e

000 %, . 7 1
-1000.00 100 o 0.00 1000.00 2000.00

x(m)

Figure 11: Velocity distribution as function of x for various times for the case of gas expansion due
to the movement of a piston with a constant acceleration (U =100m/s,t, =1s,c, =400m/s,y =1.4).

(b) Compression flow in front of a piston moving in a non-moving gas (MP-2)

The theory of isentropic flow for the compression flow in front of a piston obeys the same analysis as the expansion one (eqs
(38)-(47)). One should remark in this case that the n=const characteristics converge and form an envelope (Figure 12). The

envelope can be in general shown that appears at earliest time at the point (x_,t,) , that is defined as:

X = 2¢ ¢ < 2¢,
T+, 0" (y+1)a,(0) (52)
A piston path
Cot xp(t)
2 2
u- c=- Cy
y—1 y -1
< f
Co

C=Co u=

Figure 12 : Compression flow in front of a piston moving in a non-moving gas
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After this point and for (t > t_) a moving shock wave appears, which propagates in the gas at rest in the same direction with the
piston and the flow is anisentropic. An analytic description of the flow field succeeds for the following two cases:

Special case II
In the case that the piston moves with constant velocity in a gas at rest:

u, =U, U = const (53)

so that the piston path is a straight line, figure 13, the 1 =const characteristics are parallel to each other and a shock forms,
which propagates with constant velocity u, higher than that of the piston:

0

2
us=%=y—}lU+ (%EUJ +c (54)

\

Figure 13 : Compression flow of a gas in front of a moving piston with a constant velocity

Special case IV

For the case of the compression flow of a gas in front of a moving piston with a velocity linearly increasing with time (constant
accelerating piston):

u=Ur (55)

(U, t, constants), we lead as in the case II to a fully analytic expression for the flow field velocity in the isentropic region, that is
before the appearance of the shock wave. The expression of the velocity in the isentropic compression region, can be shown to
be similar to the expression of the expansion flow:

2
1 y+1 ot 1 y+#1_t) 2U
t)=-L o, - Xyt |y [ Ae, - Xyt | 22 (x-cpt (56)
u(x ) Y[CO 2 to) Jyz [co 2 toJ Yto(x Co)
ofx,t)= ¢, + 1T
0t (57)
and the point (x_,t.) is calculated as:
2cit, 2¢,t,
X, = t =
¢ (y+1 ¢ (y+]iﬁ (58)

The distribution of velocity as function of the space variable x for various times t is shown in figure 14.
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Figure 14 : Distribution of the velocity as a function of x for various t in the isentropic compression area
of a gas in front of a constant accelerating piston (U =100m/s,t, =1s,c, =400m/s,y =1.4 ).

(c) Moving shock in a shock tube or Riemann-problem (case ST-1)

The shock tube problem, often called Riemann problem, is the flow owing to the abrupt removal of the valve which
separates a high pressure gas from a low pressure gas in the shock tube [1], [6]. The resulting wave effect of the propagation of
the discontinuity and the relating nomenclature are shown in figure 15. The diaphragm located in positionx =0 at time t=0
separates the space of high pressure p, =p, from the space of lowpressure p, =p, . Thus, the basic parameter of the flow

effect is the pressure ratio:

Py _Pa
PL B P (9)
The two parts of the tube may have also different temperatures ( T,, T, ) and different gases (R,,R,).
At initial time the pressure distribution is a step distribution, figure 15a. This causes the separation of the problem in
two problems, the propagation of a shock wave in the low pressure gas p, and the propagation of an expansion wave in the
high pressure gas p, . The state behind the moving shock wave is indicated by the index 2 and the state behind the expansion

wave with the index 3. The interface between the states 2 and 3 is a contact discontinuity. This is the contact point of the two
gases, initially separated by the diaphragm, and have different temperatures and densities. On the other hand they should have
the same velocities and pressures. The basic problem is how the flow quantities can be calculated with a given initial pressure
ratio.

Introducing the following expressions:

P=§f’ “=%;% (60)
we have firstly the relations connecting the quantities on both sides of the moving shock wave:
Moving shock wave relations:
%i— = %‘% ( Hugoniot relation) (61)

1

v, —L; =[ 2 ]3 P-1 (62)
c, 1lr-1) (1+apﬁ
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€ _ Pa+P]2 (63)
cL 1+oP

w-c, =(Y_—1)5(1+ap); (64)
2y

The pressure and velocity on both sides of the contact discontinuity are equal.
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Figure 15 : Flow effects in a shock tube

Equations of the contact discontinuity:

P;s =P
o =0, =¥ (65)

v is the velocity of the contact discontinuity.
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Pressure and velocity in the regions 3 and H=4 are related with Riemann conditions on positive inclined characteristics
{(n=const).

Riemann equations across positive inclined characteristics:

1-1

2y
B, —y = 0y —— 1_(&) ' (66)
y-1 Pu

After eliminating unknowns from equations (61) , (64), (65) the following equation, which has as unknown the pressure relation
P, is obtained:

L b
( 2 ] Pl _oy 2 L[P_LPJ” LOn=0 67
vly-1) (+aP)z S 7—1[ Py cL

The solution of the implicit algebraic equation (66) is accomplished by numerical integration.

Example:

For the following values of the variables:
pu =10°,p, =1, vy, =0, p. =10, p, =0.125 v, =0,y=14
the solution of equation (66) gives the following values of the unknown parameters:

P =3.0313, p, = 30313, v, =v =203, w =544

In figure 16 the variation of flow quantities are shown for the time instant t = 6,1107 .
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Figure 16 : Distribution of flow quantities at t=6,1 ms for p, =10°,p, =1, v, =0, p =10*,p, =0.125, v, =0,y=14
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ANALYTICAL SOLUTIONS FOR THE UNSTEADY COMPRESSIBLE LAMINAR
FLOW FOR HEAT CONDUCTING FLUID

The existing analytical solutions for the unsteady, compressible laminar flow for a heat conducting fluid concern only the
Lighthill’s approximation of finite amplitude sound waves, for the case of one-dimension. For the derivation of this theory we
refer to the review of M.J.Lighthill [5]. This theory leads to the following equation for the velocity u derived from the equations
of continuity, momentum and energy after simplifications coming from the assumption of sound waves of finite amplitude for a
perfect gas of constant 7y :

qu (, , y+1 du 8o
EMA T )

& is the Lighthill’s diffusion coefficient for the sound waves of finite amplitudes propagating to the positive - x direction:

5.~_E+(l:1h

P PuC, (69)

W, =2u+p, where p p' are the dynamic and volumetric viscosities of the gas , 2, is the coefficient of heat conductivity,
¢, is the heat coefficient for constant pressure and p, is the undisturbed density.

u, =0, c=¢, (70)
Through the transformation:

X=x-¢t, u=¢+—u 1)
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the differential equation can be transformed to the following non-linear Burgers’ equation (1940), which is the simplest non
linear equation describing convective effects combined with diffusive one :

qu o389
. oX 20X° (72)

The general solution of the Burgers’ equation is defined by the introduction of a new dependent variable, the function ¢
defined by the following relations, satisfying the Burgers’ equation:

@__ﬁ @—lﬁz_éﬂ
X a2 28X (73)

The differential equation for ¢ leads by elimination of u from the previous equations:

% _1(3),80%
2 2(3)(] 23X’ a9
By introducing again a new function y :

¢ =dlny (75)

the equation which satisfies y is the standard linear equation for heat transfer by conduction:

oy _ 156\4;

a 2 oxt (76)

So, all the known solutions of the linear heat conduction equation are at the same time solution of the Burgers’ equation, of
course in the transformed variables.

The relations connecting \y and u are:

d=-—-"t, y= exp[ J'udXJ amn

As a first example we refer to the initial value problem owing to Laplace. When the initial value of the wave form is given by
E(X,O) , then the solution is defined by the integral:

w(X,t)= Jziﬁ _ZW(Y,O)exp{— %}W (78)

Pt
)
(X,t)-— -0 t Y

jexp { [a(v.0)y - (x 2Y)Z }dY

u(Y,0[dyY - @}dY (79)

INDICATIONS FOR USE OF THE EXAMINED TEST CASES

The above test cases are frequently used for testing various properties of the examined numerical schemes. Specifically:

e The test case of linear advection equation (LADV-1) that results in oscillatory solution and contains discontinuity in the
derivative, can be used to test the diffusion and dispersion properties of schemes and to define the accuracy of the scheme on
smooth functions of the wave number k.

e  The linear advection equation of propagating discontinuity with the velocity o (LADV-2) is important with regard to
properties of the schemes at handling propagating discontinuities. If the discontinuity is an expansion shock, the numerical
scheme can propagate and dump the expansion through an introduced entropy condition or any other form of dissipative
mechanism.
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e  The behaviour of invisvid Burgers’ equation against non linearities is representative of the examination of Euler equations
behaviour due to the non linear term of Burgers’ equation. Inviscid Burgers’ equation (IB-1) with initial shock discontinuity
gives information about the capability of the numerical scheme on shock capturing with the correct shock propagating speed
(time accurate scheme). The shock capturing without the presentation of non physical oscillations in the vicinity of the
discontinuity ensures the monotonicity of the numerical scheme or its property for total variations diminishing. . Inviscid
Burgers’ equation (IB-2) with initial linear discontinuity gives information about the diffusion and dispersion properties of the
numerical scheme. IB-2, also ensures, as IB-1 for the shock capturing capability of the scheme and its characteristics about
monotonicity. Inviscid Burgers’ equation (IB-3) for a rarefaction wave is used to test the additional entropy condition that is
imposed on the numerical schemes in order to capture expansion shocks for inviscid flow equation. Viscous Burgers’ equation
(VB-3) serves as a model equation for the boundary-layer equation or the “parabolized” Navier-Stokes equations and examines
the capturing of diffusing shock.

e  The problem of shock tube presents an exact solution to the full system of one-dimensional Euler equations containing
simultaneously a shock wave, a contact discontinuity and an expansion fan. Consequently, it can be used for the testing of all
the above properties of numerical schemes.

SOFTWARE

The analytical solutions for the above cases are also presented in the corresponding FORTRAN 90 programs that have been
attached to the present paper. These programs are:

FORTRAN program Input Data file Test case

advect.int Linear advection equation

advection. for

inv_Burgers. for

inv_burg.int

Inviscid Burgers’ equation

vis_Burgers for

vis_burg.int

Viscous Burgers’ equation

expansion.for

expansion.int

Expansion flow behind a moving piston

compresion.for

compression.int

Compression flow in front of a moving
piston in a non-moving gas

shock_tube for

shock.int

Moving shock in a shock tube or Riemann

problem
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3E. DATA FROM AGARD REPORT 702

INTRODUCTION

In the late seventies a need was perceived for standard comparison cases and experimental data to aid the comparison and
validation of the theoretical methods then emerging for unsteady aerodynamics. A Working Group of the AGARD Structures
and Materials panel chose a set of 2-D and 3-D configurations and for each configuration defined a set of test cases, including a
prioity subset, to be used for comparisons. These test cases were fully identified in ref.1 and 2. The chosen configurations were
known as the AGARD Aeroelastic Configurations and the chosen cases were denoted as Computational Test (CT) cases. Some
of the CT cases were entirely theoretical while others were also the subject of unsteady measurements.

The next step undertaken to aid the methods development was to produce an experimental data compendium (AGARD Report
702, ref.3) which was conceived with the idea of bringing together the experimental data most important for the comparisons.
The report was followed by an Addendum, ref.4, which introduced two additional 3-D experiments. These reports established an
admirable common base for providing experimntal data and their value has been demonstrated by the repeated use of the test
cases for the entire period since publication. The report has served as a model for the present new compendium of experimental
data.

It was decided that some of the data cases in the original Report 702 should be reproduced in this document in order to provide
more complete coverage in this report with the additional bonus of making available the original data in electronic form to
facilitate its continued use to validate calculations.

The data sets contained in ref.3 and 4 were:

Setl1 NLR NACA 64A006 Oscillating Flap

Set2 NASA Ames NACA 64A010 Oscillatory Pitching

Set3 ARA NACA 0012 Oscillatory and Transient Pitching

Set4 NLR NLR 7301 Supercritical Airfoil Oscillatory Pitching and Oscillatory Flap
Set5 NLR NLR 7301 Supercritical airfoil Oscillatory Pitching

Set6 RAE RAE Wing A, Oscillating Flap

Set7 RAE/NLR/ONERA NORA model, Oscillation about a Swept Axis

Set8 MBB/ONERA ZKP wing, Oscillating Aileron

Set9 NLR LANN wing, Pitching Oscillation

The characterisitics of the nine experiments are summarised in the following two tables giving a guide to the characteristics of
the motion in each experiment and the types of data measured.

Set 1 2 3 4 5 6 7 8 9
wing or NACA NACA |NACA 0012| NLR 7301 | NLR 7301 |Wing Aspect| NORA |ZKP,aspect| LANN,
section 64A006 64A010 symmetric | supercritical | supercritical ratio 6 aspect ratio | ratio 9, LE | aspect ratio

symmetric | symmetric 12% 16.5% 16.5% LE sweep |2 LE sweep | sweep 309 |8, LE sweep
6% 10% 360 500 280
form of flap 25%¢ | pitch about | pitch about | pitch about | pitch about | mid-span “pitch” outboard pitch
motion 25%c 25%c 40%c and 40%c flap, 30%c | about swept |flap, 22.6%c
flap 25%c axis

Maximum 10 20 9.50 oscill | 1.59 pitch, 20 20 10 20 10
amplitude ramp to 300 | 20 flap
Mach range 05-1 0.5-0.85 | 03-0.87 05-0.8 04-0.85 | 04-0.95 06-1.1 0.5-0.83 | 0.6-0095
mean chord 0.18 0.5 0.1 0.18 0.5 0.16 0.44 0.95 0.268

(m)

Frequency 0-120 0-60 0-60 0 - 80 pitch 0-60 0-90 0-60 6-21 0-72
range Hz 0 - 200 flap

Maximum 0.4 0.3 0.25 0.26 pitch 0.3 0.26 0.31 0.3 0.15
Teduced 0.65 ﬂap

frequency
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Visualisation of surface flow N
Visualisation of shock wave movements Y N N Y N N N N N

The selection of sets for reproduction in this chapter was based on considerations of the form of data and the feasibility of
transferring the data to electronic media, and also on the type of experiment, particularly the uniqueness of the data beside the
new data presented in this report. The sets selected are:

Set1 NLR NACA 64A006 Oscillating Flap
Set3 ARA NACA 0012 Oscillatory and Transient Pitching
Set4 NLR NLR 7301 Supercritical Airfoil Oscillatory Pitching and Oscillatory Flap
Set 8 MBB/ONERA ZKP wing, Oscillating Aileron
PRESENTATION OF DATA

The data for Sets 1, 4 and 8 are supplied on ASCII files in a common format. For each Set the main test data is on a single file
with the format defined below. A FORTRAN program (RUNAD.FOR) is provided which demonstrates the extraction of the
data and. The program includes a sample main segment which displays the data of a specific run or creates a file containing
formatted tables of all the data in the Set, via a call to subroutine SELUNAD. This subroutine may be employed in a user’s code
to extract the data for a single table or to serve as a model for other data extraction codes.

SELUNAD subroutine

A description of the subroutine call and arguments follows:

C
SUBROUTINE SELUNAD (NCH, FILNAM, KRUN,MAXP, MAXSEC, MAXCPV, VMACH, FREQ
1,AERFM, AERFA, FLAPM, FLAPA, NSEC, LSEC, RTEXT, ICPST, ICPUS, IMACH, ICLM
2,CL,CM,CP,VMST, XT, YT, NMT)
C

C~~ This routine reads and selects data from a UNAD standardised unsteady aero
C data file and returns the available data
C-- Arguments are as defined below:

c Input values

C NCH FORTRAN channel number to be used for reading the input file
C FILNAM The name of the required input file

Cc KRUN Specifies the required run number

C MAXP The declared dimension in the calling routine for number of
C transducer locations in one section for one subclass of data
C unsteady

C MAXSEC The declared dimension in the calling routine for the number
C of sections in this data
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MAXCPV The declared dimension in the calling routine for the number
of CP values, a minimum of 3 is required for oscillatory
data, number of time values for time history

Returned values

VMACH Mach number for this run

FREQ Oscillatory frequency for this run (Hz)

AERFM Mean wing/aerofoil incidence for this run (deg)

AERFA Wing/aerofoil incidence oscillation amplitude for run (deg)
FLAPM Mean flap angle for this run (deg)

FLAPA Flap angle oscillation amplitude for this run (deg)

NSEC The number of sections in this data

LSEC(is) Integer array giving identifier number of each section
RTEXT Character string giving optional description of this run

The following four quantities are integers which return with the value of
zero if the corresponding data is not given:

ICPST Set positive if steady CP values given for this run
ICPUS Set positive if oscillatory unsteady CP values given
IMACH Set positive if local Mach number values are given
ICLM Set positive if local CL,CM values given for sections

The following array quantities are defined using specific variables
i for transducer location (1 to NMT)
| as surface indicator (=1 upper surface, =2 lower surface)
is section number (1 to NSEC)
it quantity type (=1 steady, =2 unsteady)
k variable quantity =1 for steady values, =2 for oscillatory real,
=3 oscillatory imag

L{i, k) Lift coefficients for each section

CM(i, k) Pitching moment coefficient for each section

CP(i,k,j,is) Pressure coefficients

VMST (i,3,1is) Local Mach numbers

XT(i,it,j,is) Chordwise locations of transducers, non-dimensionalised
by dividing by local chord

YT(i,it,j,is) Spanwise locations of transducers, non-dimensionalised
by dividing by semi-span

NMT (it,3,is) Numbers of locations of transducers in specific sections

leXeReRoReReRoReRoReRoReRoRoReRe e No ke ReNoRo o No o N N Ne RO RO RO RO N RO RO RO RO NS

REAL CL(3,MAXSEC),CM(3,MAXSEC), CP(MAXP,MAXCPV, 2,MAXSEC)
1,VMST (MAXP, 2, MAXSEC), XT(MAXP,2,2,MAXSEC), YT (MAXP,2,2,MAXSEC)
INTEGER NMT (2, 2,MAXSEC), LSEC(MAXSEC)
CHARACTER *80 FILNAM, TITLE, RTEXT

C

UNAD data format

The UNAD data files are ASCII with free formatting within the structure of heading information followed by data with type
determined by a control number. Each test is refered to by a run number, which in the pplication to the AGARD R702 data sets
is generally the number of the corresponding tablein that report.

The first line of the file contains a text record of up to 80 characters describing the data on the file.
The second line of the file contains the lowest and highest run numbers for tests included on the file.

The remaining data on the file is in segments introduced by a control number (denoted here by NCON) on a single line at the
start of the segment.

NCON=0 Marks the end of data on the file

NCON=1 This segment defines the data quantities included on this file. These integers are set zero if data is not included
or positive if data is included for this run:

ICPST  if steady CP values given

ICPUS if oscillatory unsteady CP values given as real & imag parts
IMACH  if local Mach number values are given

ICLM if local CL, CM values given for each section

NCON=2 This segment defines transducer locations. Data is grourped into sections and each section may include locations
for steady and unsteady transducers on upper and lower surfaces:
NSEC number of sections or groups of data on first record
For each of the NSEC sections the following data, starting on a new record:
First record contains an integer section identifier. Note that this does not appear if NSEC=1
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NCON=3

The next record contains the number of transducers (NMT) of a particular type followed (if NMT>0) on the
subsequent records by pairs of values giving the X and Y coordinates of the transducers. The chordwise location
X is non-dimensionalised by local chord and the spanwise location Y by the semi-span. These data (number
followed by X,Y array) are repeated in order for upper surface steady, upper surface unsteady, lower surface
steady, lower surface unsteady.

IRUN

VMACH
FREQ

AERFM
AERFA
FLAPM
FLAPA
ITEXT
RTEXT

This segment defines run data. First parametric values are given:

integer run number

Mach number for this run

Frequency of oscillation (Hz)

Mean wing/aerofoil flap angle for this run (deg)

Wing/aerofoil oscillation amplitude for this run (deg)

Mean flap angle for this run (deg)

Flap oscillation amplitude for this run (deg)

Integer, if positive indicates that a run description text is given on the next record

Run descriptive text (if any, as specified by ITEXT). A single record up to 80 characters.

The data for this run is then given in the same order as for the transducer locations. For each steady set of data
points are all CPST followed by all MACH if both are given for the current surface, thus data quantities if all

appear are:

List of references

L WM

steady upper surface CP

steady upper surface local Mach number

unsteady upper surface CP real part

unsteady upper surface CP imaginary part

steady lower surface CP

steady lower surface local Mach number

unsteady lower surface CP real part

unsteady lower surface CP imaginary part

CL steady, CM steady

CL oscillatory real, imag, CM oscillatory real, imag

S R Bland. AGARD two-dimensional aeroelastic configurations. AGARD AR 156, August 1979.

S R Bland. AGARD three-dimensional aeroelastic configurations. AGARD AR 167, March 1982.

Compendium of unsteady aerodynamic measurements. AGARD Report No.702. August 1982.

Compendium of unsteady aerodynamic measurements. AGARD Report No.702 Addendum 1. May 1985.
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3E1. NACA 64A006 OSCILLATING FLAP
R.J. Zwaan, NLR

INTRODUCTION

The wind tunnel model which had a NACA 64A006 airfoil section, was fitted with a trailing-edge flap of 25 per cent of the
chord. The maximum thickness of this symmetrical airfoil is 6 per cent and is located at about 28 per cent of the chord. During
the test the main surface was clamped at the wind tunnel side walls, whereas the flap could be driven in a harmonic motion about
an axis at 75 per cent of the chord. The flap had no acrodynamic balance.

In the set of two-dimensional aeroelastic configurations this airfoil represents the category of small thickness and conventional
airfoils (roof-top type). The characteristics are illustrated in figure 1, presenting the development of the steady and unsteady
pressure distributions with Mach number for a given frequency. Passing the critical Mach number, M*=~0.85, the measured
unsteady pressure distributions start to deviate from the calculated distributions under the influence of shocks at both sides. The
calculated results are based on lifting surface theory.

Lift and moment coefficients are given in figure 2 for a frequency of 120 Hz. An at least qualitative agreement exists between
experiment and theory up to M~0.85. Results are also given for k = 0, see figure 3. The differences between experiment and
theory are appreciably larger now, which can be ascribed partly to tunnel wall interference.

LIST OF SYMBOLS AND DEFINITIONS

O ALPHA  mean wing incidence, deg
8o C flap amplitude, deg; see note below
c airfoil chord
C, CP steady mean pressure coefficient
DCP oscillatory pressure coefficient (k #0), tabulated as REal, IMaginary, MODulus and ARGument,

equivalent to - C, / 8y , in which C, / 8= (Cp / 8 ) + i (C"/ 8) . RE, IM, MOD, in rad™', ARG in
deg. If k=0, then DCP= - [C,(+5¢) - Cy(-80)] / 286

O DELTA  mean flap angle, deg
f F frequency, Hz
k K reduced frequency, k = nfc/V
ke KC oscillatory wing lift coefficient, C/nd,, rad!
My M mean local Mach number
m, MC oscillatory wing pitching moment coefficient (about 0.25c)’, -2C/nd, , rad”
ne NC oscillatory flap hinge moment coefficient, -2Cy/nd, , rad™!
Pt PO total pressure, Pa
q Q dynamic pressure, Pa
RC oscillatory flap lift coefficient, Cy¢/n8 , rad™!
28 RE Reynolds number based on wing chord
X chordwise coordinate of the airfoil (% chord)
z vertical coordinate of the airfoil (% chord)
+ suffix upper side
- suffix lower side

Note: The oscillatory motion is defined as 8 = 8, sin(wt). The equation for an oscillatory pressure reads:
p()=pn, + p' sin(wt) + p" cos(ot) + etc. Similar expressions hold for the aerodynamic coefficients.
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PRESENTATION OF DATA

The data which were presented in tables 5 to 18 of Report 702 for this test are supplied here as a single ASCII data file

SET1.UND in RUNAD format as defined in the introduction to chapter 3. The table numbers are used as the “run numbers” for

data selection by the program RUNAD. Tables 5 and 6 are reproduced here as samples with key parameters from the remaining
tables. Note that for the zero-frequency tests the values of CL, CM and CP given as “steady” apply for the airfoil with
undeflected flap and the values given as “real parts of oscillatory” CL and CM and the DCP values apply to the deflected flap

configuration.

FORMULARY

1  General Description of model

1.1 Designation

1.2 Type

1.3 Derivation

1.4  Additional remarks

1.5 References

2  Model Geometry

2.1 Planform

2.2 Aspect ratio

2.3 Leading edge sweep
2.4 Trailing edge sweep
2.5 Taper ratio

2.6 Twist

2.7 Wing centreline chord
2.8 Semi-span of model
2.9 Area of planform

2.10 Location of reference sections and definition
of profiles

2.11 Lofting procedure between reference
sections

2.12 Form of wing-body junction
2.13 Form of wing tip

2.14 Control surface details

2.15 Additional remarks

2.16 References

3 Wind Tunnel

3.1 Designation

3.2 Type of tunnel

3.3 Test section dimensions
3.4 Type of roof and floor

3.5 Type of side walls
3.6 Ventilation geometry
3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

NACA 64A006
Roof top. 6 % thick symmetrical airfoil
See Table 1 for geometry

1

Two-dimensional airfoil
NA

0

0

0

0

0.18m

0.42m

0.0756 m

See table 2

NA

NA
NA
Flap hinge axis at 0.75c, gap width 0.1mm

NLR Pilot Tunnel
Continuous closed circuit
Rectangular, see fig. 4. height 0.55 m, width 0.42 m

10 % slotted top and bottom walls, separate top and bottom
plenums

Solid side walls
See fig. 4
Thickness 10 % of test section semi-width, no special treatment

Not measured; probably comparable'with side wall boundary
layers



3.9 Method of measuring Mach number

3.10 Flow angularity

3.11 Uniformity of Mach number over test
section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances
3.14 Additional remarks
3.15 References on tunnel

Model motion

4.1 General description

4.2 Natural frequencies and normal modes of
model and support system

Test Conditions

5.1 Model chord/tunnel width

5.2 Model chord/tunnel height

5.3 Blockage

5.4 Position of model in tunnel

5.5 Range of Mach numbers

5.6 Range of tunnel total pressure

5.7 Range of tunnel total temperature

5.8 Range of model steady or mean incidence

5.9 Definition of model incidence

5.10 Position of transition, if free
5.11 Position and type of trip, if transition fixed
5.12 Flow instabilities during tests

5.13 Changes to mean shape of model due to
steady aerodynamic load

5.14 Additional remarks

5.15 References describing tests

Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2 Steady pressures for small changes from the
mean conditions

6.3  Quasi-steady pressures
6.4 Unsteady pressures

6.5 Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes from
the mean conditions by integration

6.7 Quasi-steady section forces by integration
6.8 Unsteady section forces by integration

6.9 Measurement of actual motion at points of
model

6.10 Observation or measurement of boundary

35

Derived from static pressure measured upstream of model and

from total pressure measured in settling chamber

See fig. 5.
See fig. 6 for turbulence/noise levels

No evidence
For two-dimesnionality of the flow see ref. 3
2

Flap oscillation

No interference with natural vibration modes

0.435
0.323

M=05t0 1.0
Atmospheric

313+1K

O :-4°t0 0% 8, -3°t03°

Zero incidence defined by matching upper and lower static

pressure distribution (applicable because of airfoil symmetry)

NA
2.5 mm strip of carborundum garins at 0.1c

No evidence
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6.11
6.12
6.13

layer properties
Visualisation of surface flow
Visualisation of shock wave movements

Aditional remarks

Instrumentation

7.1

72

7.3

7.4

7.5
7.6

Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system
Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices
7.2.3 Type of measuring system
7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration

Model motion

7.3.1 Method of measuring motion
reference coordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
Additional remarks
References on techniques

Data presentation

8.1

8.2

83
8.4

8.5
8.6
8.7
8.8
8.9

8.10

Test cases for which data could be made
available

Test cases for which data are included in this
document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments

Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

See 7.2.1

See 7.2.3

See figures 7 and 8

0.8mm
38 pressure tubes + 6 in situ pressure transducers

+2.5 psi and +5 Psi Statham differential pressure transducers, and
+5 psi Kulite miniature pressure transducers

Calibration uses transfer functions of pressure tubes. see Ref. 4;
for accuracy see 9.10

See fig. 7

See 9.10

See fig. 9

Signal analysis of TFA over 20 cycles for f = 30 Hz and 60 cycles
for f=120 Hz

Fundamental harmonies; for accuracy see 9.10

Trapezoidal rule

4and 5

Table 3
Table 4

Mean pressures in tables 5 to 18
Steady pressure derivatives in Tables 5, 8, 11, 14 and 17

Tables 6,7, 9, 10, 12, 13, 15, 16 and 18

See 8.4
See 8.5

6
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10

11
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Comments on data

9.1 Accuracy
9.1.1 Mach number +0.002
9.1.2 Steady incidence +0.02°
9.1.3 Reduced frequency +0.0005
9.1.4 Steady pressure cocfficients Not known
9.1.5 Steady pressure derivatives Not known
9.1.6 Unsteady pressure coefficients Not known
9.2 Sensitivity to small changes of parameter No evidence
9.3 Non-linearities Part of analysis of experimental results, see ref. 4
9.4 Influence of tunnel total pressure -
9.5 Effects on data of uncertainty, or variation,
in mode of model motion
9.6 Wall interference corrections No corrections included
9.7 Other relevant tests on same model None
9.8 Relevant tests on other models of nominally ~ Unknown
the same shapes
9.9 Any remarks relevant to comparison Comparisons of experiment and theory including various
between experiment and theory calculation methods are given in ref. 4
9.10 Additional remarks No systematic investigations of separate accuracies have been
performed; accuracy of lift and moment coefficients is estimated
to be 5 to 10 per cent in maginutde and 3 to 6 degrees in phase
angle
9.11 References on discussion of data 4 and 7
Personal contact for further information
Evert G M Geurts
Department of Aerodynamics Engineering and Aeroelasticity
Phone: +31 20 5113455
Fax: +3120 5113210
Email: geurts@nlr.nl
National Aerospace Laboratory NLR
Anthony Fokkerweg 2 P.O. Box 90502
NL 1059 CM Amsterdam NL 1006 BM Amsterdam
The Netherlands The Netherlands
Phone: +3120 5113113
Fax: +3120 5113210

Website: http://www.nlr.nl

List of references

1
2
3

I.H. Abbott, A.E. von Doenhoff. Theory of wing sections. Dover Publications, Inc., New York, 1959
J. Zwaaneveld. Principal data of the NLL Pilot Tunnel NLL Report MP 185, 1959

H.A. Dambrink. Investigation of the 2-dimensionality of the flow around a profile in the NLR 0.55x0.42 m2
transonic wind tunnel. NLR Memorandum AC-72-018, 1972

H. Tijdeman. Investigations of the transonic flow around oscillating airfoils. NLR TR 77090 U, 1977
P.H. Fuykschot L.J.M. Joosten. DYDRA - Data logger for dynamic measurements. NLR MP 69012 U, 1969

H. Tijdeman, P. Schippers. Results of pressure measurements on an airfoil with oscillating flap in two-dimensional
high subsonic and transonic flow (zero incidence and zero mean flap position). NLR TR 73078 U, 1973

R. Houwink. Some remarks on boundary layer effects on unsteady airloads. AGARD-CP-296, 1981
S. R. Bland. AGARD Two-dimensional aeroelastic configurations. AGARD-AR-156, 1979
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Table 1

Table 2

Contour data of the NACA 64A006 airfoil

X (%oc) z (%c) X (%c) z (%c) X (%c) z (%c)
0 0 20 2.557 65 2.188
0.5 0.485 25 2.757 70 1.907
0.75 0.585 30 2.896 75 1.602
1.25 0.739 35 2.977 80 1.285
2.5 1.016 40 2.999 85 0.967
5.0 1.399 45 2.945 90 0.649
7.5 1.684 50 2.825 95 0.331
10 1.919 55 2.653 100 0.013
15 2.283 60 2.438

L.E. radius: 0.246 %c

Actual Contour data of the NACA 64A006 airfoil model
Actual contour data of the NACA 64A006 airfoil (measures per cent of chord)

X Zypper Ziower X Zypper Zigwer

1.25 0.724 -0.742 50.00 2.822 -2.819
2.50 1.025 -1.025 55.00 2.655 -2.642
5.00 1.405 -1.405 60.00 2.430 -2.425
7.50 1.686 -1.686 65.00 2.194 -2.169
10.00 1.919 -1.922 70.00 1.908 -1.894
15.00 2.283 -2.283 75.00 - -
20.00 2.558 -2.555 80.00 1.310 -1.310
25.00 2.758 -2.758 85.00 0.989 -0.989
30.00 2.894 -2.889 90.00 0.668 -0.668
35.00 2.975 -2.969 95.00 0.346 -0.346
40.00 2.991 -2.989 100.00 0.027 -0.027
45.00 2.942 -2.936
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Table 3 Test program for the NACA 64A006 airfoil with flap
Amplitude of oscillation: §,=1°
Test Freq Mach number
Condition Hz |050 1075 [0.775 080 [0.825(085 [0.875[0.90 [0.92 [0.94 }096 (098 |1.00
0] x X X X X X X X X X X
oy =0° 10f x X X X X
20 X X
dn=0° 30 X X X X X X X
90 X X X X X X
120 X X X X X X X X X
oy =0° 0 X X X X X X X X
30 X X X X X
dp=3° 120 X X X X X X X X
Oy =-2° 0] x X X X X X X X
30 X X X X X
S a=0° 120 x X X X X X X X X
AUy =-2° 0 X X X X X X X X X
30 X X X X
Sp=-3° 120 x X X X X X
oy =-4° 0] x X X X X X X X
10 X X
Sp=0° 30 x X X
120 X X X X X X X X
Table 4 Test cases for the NACA 64A006 airfoil with flap included in Data Set 1
CT case Data set 1
Flow No M 8o k Run No M 3o B k [Re*10°| Table
Subsonic zl 0.800 1.5 0 - 0.800 1.5 0 0 2.34 5
1 0.800 1.0 0.064 140904 0.794 1.09 0.15 0.064 2.32 6
2 0.800 1.0 0.253 |40807 0.804 1.11 0.00 0.253 2.35 7
72 0.825 1.5 0 - 0.825 1.5 0 0 2.36 8
3 0.825 1.0 0.062 40905 0.824 1.09 0.15 0.062 2.36 9
4 0.825 2.0 0.062 [No measurement
5 0.825 1.0 0.248 40305 0.822 0.95 0.20 0.248 2.28 10
Transonic 23 0.850 1.5 0 - 0.850 1.5 0 0 2.39 11
6 0.850 1.0 0.060 40906 0.853 1.10 0.16 0.060 2.40 12
7 0.850 1.0 0.240 (40806 0.854 1.05 0.02 0.240 2.41 13
z4 0.875 1.5 0 - 0.875 1.5 0 0 2.43 14
8* 0.875 1.0 0.059 {40907 0.877 1.13 0.15 0.059 243 15
g* 0.875 2.0 0.059 [No measurement
10* 0.875 1.0 0.234 140807 0.879 1.08 0.01 0.234 2.44 16
z5 0.960 1.5 0 - 0.960 1.5 0 0 2.51 17
11 0.960 1.0 0.054 40911 0.960 1.03 0.00 0.54 2.53 18
12 0.960 1.0 0.214 | No measurement 0.18

Comments on Table 4: Cases z1 to z5 are extra to the computational cases identified in reference 8. They correspond to zero-
frequency (k=0) experimental data that are closely related to the CT cases for which k#0. The asterisks denote priority cases. In
all cases o= 0. Transition is fixed at 0.15c¢.
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Table 5
M=0.800
X/C CP+
010 -.005
.050 -.154
.100 -192
.200 -236
.300 -.268
400 -290
450  -276
500 -.249
550 =216
.600 -179
650 -.150
700 -119
725 -.104
750 -.096
775 -071
.800 -.046
.850 -.010
900 023
950 067
Table 6
RUNNO 40904
M=0.794
P0=10429
RE=1.04E+04
Q=3037.30
RE
KC= 1.016
MC= 640
X/C CP+
010 -0.035
050 -0.175
100 -0.226
200 -0.252
300 -0.279
400 -0.304
450  -0.287
500 -0.263
550 -0.222
600 -0.190
650 -0.159
700 -0.125
725 -0.108
750 -0.068
775 -0.085
800 -0.058
850 -0.018
900 021
950 069

F=0 ALPHA=0.00 KC=1.32

DELTA=0.00 MC=.612

c=15 NC=.0372

UPPERSIDE LOWERSIDE

M+ DCP+ CP- M- DCP-

RE M RE
802 3.552 0.0 029 .787  -3.609
870 2292 0.0 143 865 -2253
887 1833 0.0 179 881 -1.833
907 1680 0.0 238 908 -1.719
922 1719 0.0 273 924 -1852
932 1890 00 293 933 -2.005
926 1967 0.0 267 921 -1.986
913 1.890 00 250 914 -2.024
898 1948 0.0 213 897 -1.986
881 2,005 0.0 -176 880 -2.158
.868 2.215 0.0 -.144 865  -2.349
.854 2.597 0.0 -.103 847 -2.616
847 2941 0.0 084 838 -2.826
.843 4.431 0.0 .007 797 -7.086
832 3858 0.0 053 824 3724
821 2807 0.0 034 815 2769
805 1661 0.0 004 802 -1.699
790 974 00 030 786 -974
770 458 00 072 768 -4T7
F=30.00 ALPHA=0

DELTA=.15

K=.064 C=1.09
M RE M
026 RC= 2766 0112  X5=1334E-03
010 NC= 0385 .0028  X6=1346E-03

UPPERSIDE
M+ DCP+ DCP+ CP-

RE M MOD ARG
811 671 -1474 1619  -65  .077
873 342 0753 827  -66 -0.120
.897 .657 -0.853 1.077 -52  -0.166
.909 991  -0.787 1.266 -38  -0.222
921 1.245 -0.683 1.420 -29  -0.256
932 1628 -0.554 1719 -19  -0.279
925 1744 -0403 1790 13 -0.260
914 1826 -0.301  1.850 9 0235
895 1915 -0.198 1925 6 -0.199
881 2034 -0.113 2038 3 -0.165
866 2155 -0.136  2.159 4 0127
851 2258 -0253 2272 6 -0.089
844 2658 0213  2.667 5 -0.071
825 4948 409 4965 5 013
833 4097 224 4103 3 -0.030
821 3038 335 3.057 6 -0.018
803 1751 212 1764 7 0.006
.786 .959 .100 964 6 0.038
764 374 013 374 2 080

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

—

M-

759
.847
.867
.893
.908
919
.910
.898
.882
.867
.850
.833
825
787
.806
.801
790
776
157

LOWERSIDE

DCP-

RE ™M
-0.736  1.554
-0.678  1.050
-0.737  0.895
-1.115  0.826
-1276  0.708
-1.578  0.605
-1.665  0.490
-1.825 0379
-1.927  0.288
-2.105  0.185
-2.302  0.118
-2.649  0.043
-2.885  0.023
-5276 1571
-3.821  -0.047
-2943  -0.141
-1.738  -0.042
-1.066  -0.090
-0.501  -0.043

DCP-

MOD
1.719
1.250
1.159
1.387
1.459
1.690
1.736
1.864
1.948
2.113
2.305
2.650
2.885
5.505
3.822
2.946
1.739
1.069

.503

ARG
115
123
129
143
151
159
164
168
172
175
177
179
180
163
181
183
181
185
185
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3E3. NACA 0012 OSCILLATORY AND TRANSIENT PITCHING
R. H. Landon, ARA

INTRODUCTION

These results are extracted from tabulations of wing pressures resulting from the 3rd series of pitching tests about 0.25¢ axis
made in the ARA 2-dimensional tunnel, using the pitching and heaving rig, Ref 1.

The main purpose of these tests was to examine the conditions of dynamic stall and recovery at scaled time rates similar to those
of a typical helicopter application. Dynamic similarity was maintained also in Reynolds number; the approximately quarter scale
blade section was therefore run, for all the cases reported here, at a tunnel stagnation pressure of 4 bar to match low altitude
flight of the helicopter. Consequently, no artificial boundary layer transition trips were applied to the test wing.

The output of dynamic pressure transducers was sampled at fixed intervals, the instantaneous pressures and reference conditions
having a matched and filtered response within 3 dB up to 460 Hz.

The results represent one specific cycle, and are not averaged over a number of cycles. The data bank at ARA contains at least 4
cycles of each dynamic condition. Ramp motions have only a single transient.

Up to 6 increments of mean incidence and amplitude, singly or in combination, could be run: the present programme called for
3 increments (called programme steps or PSTEP) of mean incidence o -

The time-dependent results are presented without harmonic or spectral analysis. Note that the harmonic content of the pitching
motion is relatively high, due to the intrusion of other modes of the drive system:

Harmonic content and phase angle relative to the fundamental
AGARD Case f(Hz) First Second Third Fourth
1,2,3 50.32 2.44%, -100 2.45%, -300 0.5%, -510 0.38%, 0°
5 62.5 0.22%, -130 2.60%, -440 0.37%, -61° 0.07%, -76°

The instantaneous Mach number varies in sympathy with the drag of the wing: the flow momentum loss changes the effective
area of the choked throat that controls the flow down-stream of the model, thus making speed dependent on drag. Mach number
is thus given for each data point in the results.

The heave mode (no results presented here) allowed the wing to be placed up to 63.5 mm (2.5 in) above and below the tunnel
centre line. Some pitching tests are reported in Ref 2 to show possible effects on dynamic readings of wall proximity: there has
been no analysis of unsteady tunnel interference, but corrections appropriate to steady interference have been applied to some of
the measured quantities.

Notes on the data

The ordinates of the NACA 0012 airfoil are given in Table 1. The chordwise and spanwise locations of the 30 pressure holes
and their channel numbers are given in Table 2, and the arrangement of the data is explained in Table 3.

Ten data sets are presented in tables 4 to 13 which provide experimental comparison with AGARD CT Cases. For the priority
CT Case 1 the tabulated data are presented as 32 sets of pressure coefficients at equal time intervals during a cycle of oscillation,
extracted from 64 sets in the original data. For the other CT Cases of oscillatory pitch the number is reduced to 8 sets. The ramp
motion and quasi-steady data have 16 points, chosen to give approximately equal incidence increments, again taken from more
closely spaced original data. Tables 4 to 7 include a pitch damping factor which is irrelevant for the present purpose and its
value is also shown in each of the oscillatory plots. Note also that the ramp incidence rate is an approximate or nominal value:
the incidence rate do/dt is not constant, and when calculated from different ranges of incidences, will give different values.
Approximate representations of the motions in Ref 6 are recommended for comparative calculations at given o. No
measurements were made for strictly steady conditions, but instantaneous pressures were measured for very slow oscillations of
incidence. The results of three of these quasi-steady tests are given in Tables 11 to 13.
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Oscillatory pitch about 0.25c:

Related Run No. Experimental conditions
AGARD [ andP M om | op(deg) | f(Hz) k Rex 10~ | Sets | Datatable
CT case step (deg) 6
1 87-1 0.600 2.89 241 50.32 0.0808 4.8 32 4
2 89-1 0.600 3.16 4.59 50.32 0.0811 438 8 5
3 87-3 0.600 4.86 2.44 50.32 0.0810 438 8 6
5 128-1 0.755 0.016 2.51 62.5 0.0814 5.5 8 7
Ramp motion about 0.25¢:
Related Run No. Experimental conditions
AGARD M o range (deg) Rex 10~ | Approx do/dt (deg/s) Sets Data table
CT case 6
6 218 0.30 -0.03 to 15.54 2.7 1280 16 8
7 227 0.57 -0.01 to 14.80 4.6 425 16 9
8 230 0.56 -0.01 to 14.97 45 1380 16 10
Quasi-steady:
Run No. M o range in table Re x 10-0 Sets Data table
(deg)
6 0.30 -0.12to 15.55 2.6 16 11
11 0.58 -0.13 to 11.56 4.6 16 12
151 0.75 32710335 55 16 3

Figs 2 to 4 show typical results extracted from Ref 2 for oscillatory pitching at M = 0.6 and 0.75, showing the effect of reduced
frequency parameter on normal force, pitching moment and a damping factor DF. The related AGARD CT cases 1, 2, 3 and 5
are included in these figures. Figs 2 and 3 are for respective amplitudes a( = 2.59 and 5.00.

Fig 5 shows curves of CN against o from the quasi-steady data and for the two ramp rates at M = 0.57 to illustrate the lag in
the growth of Cyy and the delayed stall under dynamic conditions.

LIST OF SYMBOLS AND DEFINITIONS

b airfoil span and tunnel width
c chord

CN normal force coefficient

Cm pitching moment coefficient (about 0.25¢)
f frequency (Hz)

h tunnel height

k reduced frequency, wc/2V
M Mach number

q dynamic pressure

R,Re Reynolds number

t time (seconds)

\% velocity
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X,Y,2 airfoil coordinates

o incidence

om mean incidence

o pitch amplitude

o* displacement thickness of boundary layer
® frequency (rad/sec)

For each chosen case, experimental dat are presented as sets of instantaneous values of the quantities Cp CN Cm o and M for
particular times t (in seconds) in tables 4 to 13.

Uncorrected coefficients C’)y and C’py, are evaluated by a curve fitting procedure from the integrals
1
CN= I (CpL - Cpuy) d(x/c)
0
1

=] (Cor. - Cpu) 025 - () ) dexi)
0

where Cp = (p - Poo) / 4 is uncorrected and the suffices L and U denote lower and upper surfaces respectively.
Oscillatory motion is defined by

o = oam + ag sin(ot +£)
where ¢ is a phase angle dependent on the time datum.

The quantities o« oy g CN and Cry (but not Cp) have each been corrected for tunnel constraint effects. The corrections, as
derived for steady conditions in refs 3, 4 and 5, are applied to each instantaneous condition as if it were steady.

PRESENTATION OF DATA

The data were presented in tables 4 to 13 of the original AGARD R702 report. In this document the first part of table 4 is
supplied as a sample and the remaining tables are supplied in an ASCII data file SET3.DAT. A FORTRAN program
(SET3.FOR) is provided which demonstrates the extraction of the data. The program includes a sample main segment which
reproduces the data of a table via a call to subroutine SET3SEL, with output either online or to a formatted file. This subroutine
may be employed in a user’s code to extract the data for a single table or to serve as a model for other data extraction codes.

SET3SEL subroutine
A description of the subroutine call and arguments follows:

SUBRQUTINE SET3SEL (NCH, ITAB, MAXP,MAXT, RMACH
1, VMACH, TIM, ALPHA,CN,CM, Q,CPST, NUMP, STN, NTIM)
C
C-- This routine reads and selects tables from the data file SET3.DAT
C which contains the data of tables 4 to 13 of R702 data set 3 (ARA).
C-- Arguments are as defined below (all except NCH,ITAB, MAXP,MAXT must be

variables):
Input values
NCH channel number to be used for reading the input file
ITAB Specifies the required table number.
MAXP The declared dimension in the calling routine of the
array STN and leading dimension of CPST (must be >=30)
MAXT The declared dimension in the calling routine of the

time variation arrays VMACH...

Returned values:

RMACH The nominal Mach number for this run
Time variable arrays of instantaneous values:

VMACH Mach number

TIM Time (sec)

ALPHA Incidence (degq)

CN Normal force coefficient

Qoo aaQ
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C CM Pitching moment coefficient (about 0.25c)
C Q dynamic pressure
C Time and location array:
C CPST Instantaneous pressure coefficient [CPST(i,j,k) is the
C value of CP at transducer i,and time value j and
C surface k (l=upper, 2=lower)]
C
C NUMP The number of chordwise locations, 2-element integer array
C with NUMP (1) the number of upper surface points
C and NUMP (2) the number of lower surface points
C STN 2-dimensional array of locations of transducers (X/C)
C STN(i,j) is the i-th transducer on the upper (j=1) or
C lower (j=2) surface
C NTIM The number of times at which data is given
C
REAL CPST (MAXP, MAXT, 2),VMACH (MAXT) , TIM(MAXT) , ALPHA (MAXT)
REAL CN (MAXT),CM(MAXT),Q(MAXT), STN (MAXP, 2)
INTEGER NUMP (2)
FORMULARY

1 General Description of model

1.1 Designation

1.2 Type

1.3 Derivation

1.4  Additional remarks

1.5 References

2  Model Geometry

2.1 Planform

2.2 Aspect ratio

2.3 Leading edge sweep
2.4 Trailing edge sweep
2.5 Taper ratio

2.6 Twist

2.7 Wing centreline chord
2.8 Span of model

2.9  Area of planform

2.10 Location of reference sections and definition
of profiles

2.11 Lofting procedure between reference
sections

2.12 Form of wing-body junction
2.13 Form of wing tip

2.14 Control surface details

2.15 Additional remarks

2.16 References

NACA 0012
Symmetrical 12% thick

Ordinates given in table 1
6,7

Two-dimensional airfoil
NA

NA

NA

NA

None

0.1016 m

0.2032 m

0.0206 m2

NA

NA

NA
NA

NA

Accuracy of profile see fig.1. Trailing edge thickness 0.383mm,
approximately 0.127mm too thick

None



Wind Tunnel

3.1 Designation

3.2 Type of tunnel

3.3 Test section dimensions

3.4 Type of roof and floor

3.5 Type of side walls

3.6 Ventilation geometry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

3.9 Method of measuring Mach number

3.10 Flow angularity

3.11 Uniformity of Mach number over test
section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances

3.14 Additional remarks

3.15 References on tunnel

Model motion

4.1 General description

4.2 Natural frequencies and normal modes of

model and support system

Test Conditions

5.1
5.2
53
5.4
55
5.6
5.7
5.8
5.9
5.10
5.11

5.12
5.13

5.14
5.15

Model chord/tunnel width

Model chord/tunnel height

Blockage

Position of model in tunnel

Range of Mach numbers

Range of tunnel total pressure

Range of tunnel total temperature

Range of model steady or mean incidence
Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed

Flow instabilities during tests

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks

References describing tests
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ARA 2-dimensional tunnel

Intermittent blow down

h=0.4572, b=10.2032, length=1.251m
Slotted, 3.2% open area ratio

Solid

Roof and floor each have 6 slots and 2 half slots at corners.
Plenum chambers 133 mm deep connected by large ducts. Top
and bottom walls diverge.

28*/b=0.015
Not known

Static hole in side wall 5 chords ahead of model
NA

Centre line distribution within +0.038 mm in region of model
No serious disturbances

No evidence
None
Ref.8

Pitching about 0.25¢, oscillation or ramp.

Lowest frequency is bending at 600 Hz

0.222
0.5

0.3 t0 0.87

1.5 to 4 bar

Temperature 280°K approx, uncontrolled

+110

On chordline: datum matched on chordwise pressure distributions
Not knwon

No trips in presented data because model Re transition fixed
consistent with full-scale helicopter blade

No simple answer, refer to ARA
No significant distortion

None
1,2
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Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2 Steady pressures for small changes from the
mean conditions

6.3 Quasi-steady pressures
6.4 Unsteady pressures

6.5 Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes
from the mean conditions by integration

6.7 Quasi-steady section forces by integration
6.8 Unsteady section forces by integration

6.9 Measurement of actual motion at points of
model

6.10 Observation or measurement of boundary
layer properties

6.11 Visualisation of surface flow
6.12 Visualisation of shock wave movements

6.13 Aditional remarks

Instrumentation

7.1 Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system
7.2  Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices
7.2.3 Type of measuring system
7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration

7.3 Model motion

7.3.1 Method of measuring motion
reference coordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
7.4 Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
7.5  Additional remarks

7.6 References on techniques

None

Pressures for quasi-steady conditions measured with same system
used for unsteady pressures

See 7.2

See 7.2

See table 2

0.25mm
30 transducers in model (see ref. 1)
Kulite XCQL absolute

Calibrated under steady conditions against calibration Texas
Quartz Pressure Test Set. Accuracy: +2.7 mb

Shaft encoder
NA

Resolution +0.1 deg

Signals sampled at known time intervals, same points in cycle

Instantaneous pressures reduced to non-dimensional coefficients

Approximately +0.01 in Cp

Standard curve fitting procedure
Tabulated CN and Cyy, are corrected for wall constraint
1,9,10
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Data presentation

8.1

8.2

83
8.4

8.5
8.6
8.7

8.8
8.9

8.10

Test cases for which data could be made
available

Test cases for which data are included in
this document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures
Steady forces or moments

Quasi-steady or unsteady perturbation
forces

Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

Comments on data

9.1

9.2
9.3
9.4
9.5

9.6

9.7

9.8

9.9

9.10
9.11

Personal contact for further information

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients

9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients
Sensitivity to small changes of parameter
Non-linearities

Influence of tunnel total pressure

Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections

Other relevant tests on same model

Relevant tests on other models of nominally

the same shapes

Any remarks relevant to comparison
between experiment and theory

Additional remarks
References on discussion of data

None. The test cases covered in the original test were listed in
tables in AGARD R702. However, since the publication of the
original report, this data has become unavailable from ARA.

See Introduction

No
Tables 11, 12, 13

Tables 4 to 10
No
Tables 11, 12,13

Tables 4 to 10

None

+0.0015

Instantaneous incidence to +0.19
Within about 1%

NA

NA

Instantaneous Cp to +0.01 (see ref 10)
Not recorded

Not recorded

Not recorded

Not recorded

Values of a, am, a0, , CN and Cpy have been corrected on the
basis of steady calibrations (see para 12). No corrections appear
to be necessary for M

None

Ref.11 gives steady measurements on another model of NACA
0012 in same tunnel

None

None
2

Aircraft Research Association Ltd, Manton Lane, Bedford MK41 7PF, England
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Table 1 NACA 0012 Section Ordinates

x/c z/c 0.2000 +0.05738 0.6500 +0.04132
0 0 0.2500 +0.05941 0.7000 £0.03664
0.0050 +0.01221 0.3000 =+0.06002 0.7500 +0.03160
0.0500  +0.03555 0.4500  +0.05581 0.9000 +0.01448
0.0750 +0.04200 0.5000 +0.05294 0.9500 +0.00807
0.1000 004683 0.5500 +0.04952 1.0000 +0.00126
0.1500 +0.05345 0.6000 +0.04563
Table 2 NACA 0012 Wing Pressure Locations And Channel Number Identities
Upper surface Lower surface

Channel No. x/c y/b Channel No. x/c y/b

1 1.0 TE 0.52 21 OLE 0.44

2 0.9 0.51 22 0.01 0.46

3 0.8 0.48 23 0.02 0.48

4 0.7 0.49 24 0.04 048

5 0.6 0.5 25 0.10 0.48

6 0.5 0.5 26 0.22 0.5

7 0.4 0.5 27 0.34 0.5

38 0.3 0.5 28 0.46 0.5

9 0.2 0.51 29 0.57 0.5

10 0.15 0.48 30 0.68 0.5

11 0.125 0.48 31 0.79 0.54

12 0.1 0.49 32 0.90 0.55

13 0.075 0.5

14 0.05 0.51

15 0.03 0.52

16 0.02 0.53

17 0.01 0.55

18 0.005 0.56
Table 3 Layout of Results in Tables 4 to 13.

Note the layout differs from that in AGARD R702.

t(sec) M a(deg) CN Cm q (Ib/ft2)

Cp+1 Cpt+2 Cp+3 Cp+a Cp+5 Cp+6 Cp+7 Cp+8 Cp+o Cp+10

Cpr11  Cp+12  Cpr13 Cp+1a Cpris Cprie Cpr17 Cprig | Cp1 Cp2

Cp-3 Cp-4 Cp-5 Cp-6 Cp-7 Cp-8 Cp-9 Cp-10  Cp-11 Cp12

where, in the arrangement above, Cp+p is the instantaneous value of Cp, for channel n on the upper surface and Cp.p is the
instantaneous value of Cp, for channel n on the lower surface. Chordwise locations can be identified from the following key:

Upper

1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.10 0.15
Upper Lower

0.125  0.10 0.075  0.05 0.03 0.02 0.01 0.005 |0 0.01
Lower

0.02 0.04 0.10 0.22 0.34 0.46 0.57 0.68 0.79 0.90
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Table 4

AGARD Case 1 - oscillatory pitch. Sample showing first part of data

M=0.600 NT=31 Re=8*100 wc/2V=0.0808 oy,=2.89 (=2.41 Damping=0.06708

0.00000
0.1647
-1.0117
0.3993

0.00062
0.1562
-1.0894
0.4752

0.00124
0.1645
-1.1519
0.5455

0.00187
0.1657
-1.2161
0.6036

0.00249
0.1594
-1.2446
0.6449

0.00311
0.1632
-1.2191
0.6880

0.00373
0.1537
-1.42893
0.7186

0.00435
0.1479
-1.8471
0.7343

0.00497
0.1559
-2.0255
0.7433

0.00559
0.1533
-2.0945
0.7440

0.00621
0.1553
-2.1234
0.7400

0.00683
0.1552
-1.9992
0.7145

0.00745
0.1494
-1.4118
0.6743

0.00807
0.1597
-1.0848
0.6582

| i 1 1 l [ | I | ]
OFP OO ONOO ONOO ONOO ONOODOD ONOO ONODO ORPROO OO0 OHOO OFROO O OO

0.
0.
1.
0.

0.
0.
1.
.2254

. 6020
.0044
L2277
.2977

.6000
.0078
.3044
.3558

.6020
.0044
.4333
.4005

.6050
.0094
. 6887
.4540

.5960
.0008
.9393
.4782

.5970
.0043
.0318
.5001
. 6030
.0111
.0675
.5127

.6010
.0094
.1233
.5087

.5970
.0061
.1594
.5034

. 6000
L0077
.1144
L4755

.6010
.0009
.0548
.4363

.5980
.0112
.9657
.4124

o

6020
0007
0640
1580
6020
0024
1484

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

~-0.
-1.
-0.

-0.
-1.
0.

-0.
-1.
0.

-0.
-2.
0.

-0.
-2.
0.

-0.
-2.
0.

-0.
-2.
0.

-0.
-2.
0.

-0.
-2.
0.

-0.
-2.
0.

-0.
-2.
0.

2.97
1408
1383
1897

3.42
1493
2615
1358
3.84
1439
3979
0731

4.23
1416
5827
0312
4.56
1473
7570
0094
4.83
1394
9077
0529

4.98
1571
0835
0627

5.11
1495
1514
0830

5.09
1387
1551
1003

5.00
1429
1994
0940

4.82
1430
2365
0833
4.54
1381
1924
0653

4.17
1426
1358
0313

3.80
1373
0698
0095

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-2.
-0.

0.
-0.
~-2.
-0.

0.
-0.
-2.
-0.

0.
-0.
-2.
-0.

0.
-0.
2.
-0.

0.
-0.
-2.
-0.

0.
-0.
-2.
-0.

0.
-0.
-2.
-0.

3719
2437
1316
2488

4267
2539
2683
2151

4777
2518
4097
1759

5285
2519
5929
1348
5731
2586
7772
0968

6049
2530
9043
0641

6485
2721
0577
0661

6717
2675
1138
0521

6725
2548
1130
0326

6756
2580
1571
0414

6694
2545
1902
0522
6422
2482
1551
0686

6039
2523
1172
0936

5738
2449
0784
1151

0.
-0.
.1096
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
-0.

0.
-0.
-1.
.1085

0.
-0.
-2.
-0.

0.
-0.
-2.
-0.
.0254
-0.
-2.
-0.
.0262
-0.
-2.
-0.

0.
-0.
-2.
-0.

0.
-0.
-2.
-0.

-1

-0

0

0

0014
3383

2454

0022
3501
2582
2134

0043
3512
4148
1810

0070
3571
5963
1568

0083
3681
7182
1389

0124
3616
8024
1143

0149
3871
9461
1193

0189
3803
9976

0208
3659
0002
0949

0236
3697
0471
1057

3642
0839
1207

3567
0534
1313

0238
3603
0295
1510

0238
3524
0067
1698

1706.3

-0.4547
-0.9442
-0.1948

1706.3

-0.4716
-1.0928
-0.1746

1708.7

-0.4760
-1.2328
-0.1473

1696.6

-0.4879
-1.3689
-0.1314

1708.7

-0.4996
-1.4772
-0.1187

1723.1

-0.4954
-1.5817
-0.0976

1677.4

-0.5211
-1.7401
-0.1038

1684.6

-0.5205
-1.8078
-0.0948

1711.1

-0.5005
-1.8218
-0.0781

1701.5

-0.5119
-1.8643
-0.1006

1679.7

-0.5065
-1.8936
-0.1122

1699.1

-0.4940
-1.8619
-0.1177

1706.4

-0.4936
-1.8134
-0.1392

1687.0

-0.4873
-1.7472
-0.1527

-0.
-0.
-0.

-0.
-0.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
.0967

-0

-0.
.6110

-1

-0.

-0.
-1.
-0.

5912
7231
1560

5965
8683
1391

6057
0103
1203

6304
1516
1059

6445
2581
0984

6441
3528
0825

6807
4929
0953

6778
5616
0880

6520
5761
0781

6643
6223
0888

6591

6484

6432

1025

6354
5637
1189

.6256
.4945
L1271

-0.
-0.
-0.

-0.
-0.
-0.

-0.
-0.
-0.

-0.
-0.
-0.

-0.
-1.
.0647

-0

-0.
-1.
-0.

-0.
-1.
-0.

-0.
-1.
-0.

-0.
.3707
-0.

-1

-0

-0.
-1.
-0.

-0.
-1.
-0.

~-0.
-1.
-0.

-0.
-1.
.0947

7231
5408
1070

7535
6860
0986

7760
8316
0815

8070
9699
0720

8299
0878

8296
1940
0553

8730
3194
0643

8710
3719
0640

8389

0545

.8504
-1.
-0.

3971
0685

8443
4015
0710

8313
3296
0770

8244
2784
0903

8168
2077

-0.
.8674
.0343

-0

-1.
.8158
-0.

-1.
.7460
-0.

-1.
.6830
-0.

-1.
.6413
-0.

-1.
.6010
-0.

-0.
.5750
-0.

-0.
0.
-0.

-1.
.6237
-0.

-1.
.6889
.0486

-0

.8666
.9766
.0530

.9172
.9191
.0497

9597

0107

0261

0406

0260

0419

0173

0791

0283

0556

0264

9887

0158

.9926
.5646
.0261

.9918
.5737
.0333

9906
6027
0364
0101
0447

0216

.9290
.6306
.0263

.9965
.7031
.0263

.0507
L7747
.0348

.1024
.8277
.0367

.1434
.8572
.0398

L1271
.8936
.0378

.1237
.9229
.0301

.1018
.9395
.0300

.0863
.9402
.0364

L1213
.9369
.0297

.0792
.9389
.0301

.9923
.9128
.0247

.0320
.8785
.0194

.1070
.8665
.0231
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3E4. NLR 7301 SUPERCRITICAL AIRFOIL OSCILLATORY PITCHING AND
OSCILLATING FLAP

R.J. Zwaan, NLR

INTRODUCTION

The supercritical airfoil NLR 7301 has a maximum thickness of 16.5 per cent of the chord. In the Set of two-dimensional
aeroelastic configurations this airfoil represents the category of thick and blunt-nosed airfoils.

The airfoil was investigated in two windAtunnel tests with different models. In the first test the model could be driven
harmonically in a pitching motion about an axis at 40 per cent of the chord. Information about this configuration is designated
with the letter "A". In the second test harmonic rotation of a trailing-edge flap was considered. The flap axis was located at 75
per cent of the chord; the flap had no aerodynamic balance. Information about this configuration is designated with the letter
"B".

In transonic flow the contribution of the shock to the aerodynamic loading can of course be very different. As an illustration,
pressure distributions on the upper surface are compared for a flow with a strong shock and a shock-free flow. Also results of
thin-airfoil theory have been added. In the strong shock cases (A: Fig. 1, B: Fig. 5) the pressure peak due to the moving shock
dominates in the pressure distribution, with a strength which diminishes with frequency. Although the flow conditions are the
same for both configurations, the mean pressure distributions differ slightly. The cause of these differences could not be traced.
In the shock-free cases (A: Fig. 2, B: Fig. 6) the pressure distribution shows a wide bulge. The pressure distributions of
configuration A show very clearly that with increasing frequency the bulge decreases while at the same time a weak shock
develops. Also here the mean pressure distributions should be the same. For unexplained reasons, however, shock-free flow
could only be realized at slightly different Mach numbers.

Lift and moment coefficients are presented in figures 3 and 4 for configuration A and in figures 7 and 8 for configuration B. The
influence of fixing boundary layer transition is remarkable. Configuration A shows only minor differences. Forced transition at
0.3c is obviously not so effective in this case. The differences are larger for configuration B, which includes also fixed transition
at 0.07¢. Characteristic changes occur in particular in the lift coefficient at low frequencies. Transition fixing has obviously the
effect of reducing both the lift magnitude and the phase lag.

An aspect that emerges especially in the present case of a supercritical airfoil is the difference in the specification of theoretical
and experimental shockAfree flow. In the General Review it was pointed out that this difference is mainly due to viscous effects
and tunnel interference. It was further proposed to choose the CT specification such that theory would produce a flow similar to
that observed in the experiment. This is illustrated in figure 9 where the theoretical design pressure distribution calculated with a
hodograph theory is compared with a shockAfree pressure distribution measured at free transition.

LIST OF SYMBOLS AND DEFINITIONS

ALPHA mean wing incidence, o, deg

AMPL flap amplitude, 8, deg; see note below

C2 pitch amplitude, o, deg; see note below

CL mean wing lift coefficient, C,,

CLIM k. in Tables 5 to 14; k.” in Tables 15 to 23

CLRE k.’ in Tables 5 to 14; k. in Tables 15 to 23

CM mean wing moment coefficient (about 0.25 ¢), C,

CMIM m,” in Tables 5 to 14; m.” in Tables 15 to 23

CMRE m,’ in Tables 5 to 14; m.’ in Tables 15 to 23

Ccp mean pressure coefficient C,

CPIM imaginary component of oscillatory pressure coefficient, rad'. In Tables 5 to 14 it represents C, /o, in Tables
15 to 23 it represents C,"/3,

CPRE real component of oscillatory pressure coefficient, rad™’. In Tables 5 to 14 it represents C,’/at, in Tables 15 to
23 it represents C,’/3, . If k=0, then CPRE = [C(+a.,) - Ci(-at)] / 200 and CPRE = [Cy(+3,) - C,(-80)] / 28¢
respectively.

DELTA mean flap angle, 8, deg

FREQ. frequency, f, Hz

HARM order of harmonic
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ko oscillatory wing lift coefficient, C;/not, rad™!

k. oscillatory wing lift coefficient, C; /78, rad™

M mean local Mach number, M,

MACH free-stream Mach number, M

my oscillatory wing moment coefficient, -2 C,/no, , rad ™!
m, oscillatory wing moment coefficient, -2 C/n8, , rad !

MEETRUNNR run number
NCRE, NCIM  real and imaginary components of oscillatory flap moment coefficient, -2 Cy/ n8, , rad

PO total pressure, p,, Pa

Q dynamic pressure, q, Pa

RCRE, RCIM  real and imaginary components of oscillatory flap lift coefficient, Cy /28,
RE Reynolds number based on wing chord, Re

RFREQ reduced frequency, k = nfc/V

+ (suffix) upper side

- (suffix) lower side
* (superscript) critical value

Note:  The oscillatory motions are defined as o = a, sin ot and & = 8, sin wt. The equation for a corresponding oscillatory
pressure (including higher harmonics, if available) reads: p(t) = p,, + p’ sin ot + p” cos ot + p/’ sin 20t + p,” cos 2ot
Similar expressions hold for the aerodynamic coefficients.

PRESENTATION OF DATA

The data which were presented in tables 1, 2, and 5 to 23 of the original AGARD R702 report for this test are supplied here in
electronic form as ASCII files.

The file SET4ATAB1.DAT contains the NLR7301 data given in table 1. The format is that the first record contains the number
NU of upper surface points followed by NU records containing the Z value and X value for the points.After this the file contains
the number NL of lower surface points followed by NL records containing the Z value and X value for the points.

The file SETATAB2.DAT contains the model contour data given in table 2. The format is that the first record contains the
number N of followed by N records containing Z, X upper surface, X lower surface for these N points.

The data which were presented in tables 5 to 23  are supplied here as a single ASCII data file SET4.UND in RUNAD format as
defined in the introduction to chapter 3. The table numbers are used as the “run numbers” for data selection by the program
RUNAD and the conditions corresponding to each table is given in table 4. Tables 6 and 16 are reproduced here as samples.
Note that for the zero-frequency tests the values of CL, CM and CP given as “steady” apply for the airfoil with undeflected flap
and the values given as “real parts of oscillatory” CL and CM and the DCP values apply to the deflected flap configuration.

FORMULARY

1 General Description of model

1.1  Designation NLR 7301 (also NLR HT 7310810)

1.2 Type Thick, aft-loaded, shock-free supercritical airfoil

1.3 Derivation Airfoil designed by means of Boerstoel hodograph method
1.4 Additional remarks Thickness/chord = 16.5%

1.5 References -

2 Model Geometry

2.1 Planform Two-dimensional airfoil
2.2 Aspect ratio (2.33)



2.3 Leading edge sweep

2.4 Trailing edge sweep

2.5 Taper ratio

2.6 Twist

2.7 Wing centreline chord

2.8 Span of model

2.9 Area of planform

2.10 Location of reference sections and definition
of profiles

2.11 Lofting procedure between reference
sections

2.12 Form of wing-body junction

2.13 Form of wing tip

2.14 Control surface details

2.15 Additional remarks

2.16 References

Wind Tunnel

3.1 Designation

3.2 Type of tunnel

3.3 Test section dimensions

3.4 Type of roof and floor

3.5 Type of side walls

3.6 Ventilation geometry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

3.9 Method of measuring Mach number

3.10 Flow angularity

3.11 Uniformity of Mach number over test
section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances

3.14 Additional remarks

3.15 References on tunnel

Model motion

4.1

4.2

General description

Natural frequencies and normal modes of
model and support system

63
0
0
0
0
0.18m
0.42m

0.0756m”
See table 2

NA

NA

NA

Flap with hinge at 75% chord, gap width 0.35mm
Nose radius 0.05¢

Design condition - Potential flow hodograph theory M=0.721,
C=0.595

Design pressure distribution (free transition, NLR Pilot Tunnel):
M=0.747, C;=0.455, see fig.9

“Shock-free” pressure distributions for configuration A shown in
fig.2 and for configuration B in fig.6.

NLR Pilot Tunnel
Continuous, closed circuit
Rectangular, see fig.10. Height 0.55m, width 0.42m.

10% slotted top and bottom walls, separate top and bottom
plenums

Solid side walls
See fig.10
Thickness 10% of test section semi-width, no special treatment

Not measured. Probably comparable with side wall boundary
layers

Derived from static pressure measured upstream of model and
from total pressure measured in settling chamber

NA
See fig.11 (empty test section)

Turbulence/noise level, see fig.12

No evidence
For two-dimensionality of the flow see ref 3
Ref2

Hydraulic excitation at one side of the model.

A pitching oscillation of airfoil
B oscillation of trailing-edge flap

No interference with natural vibration modes



Test Conditions

5.1
52
53
5.4
5.5

5.6
5.7
5.8

5.9

5.10

5.11

5.12
5.13

5.14
5.15

Model chord/tunnel width
Model chord/tunnel height
Blockage

Position of model in tunnel
Range of Mach number

Range of tunnel total pressure
Range of tunnel total temperature

Range of model steady or mean incidence
Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed
Flow instabilities during tests

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks

References describing tests

Measurements and Observations

6.1
6.2

6.3
6.4
6.5

6.6

6.7
6.8
6.9

6.10

6.11
6.12
6.13

Steady pressures for the mean conditions

Steady pressures for small changes from the
mean conditions

Quasi-steady pressures
Unsteady pressures

Steady section forces for the mean
conditions by integration of pressures

Steady section forces for small changes from
the mean conditions by integration

Quasi-steady section forces by integration
Unsteady section forces by integration

Measurement of actual motion at points of
model

Observation or measurement of boundary
layer properties

Visualisation of surface flow
Visualisation of shock wave movements
Additional remarks

Instrumentation

7.1

7.2

Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system
Unsteady pressure

7.2.1 Position of orifices spanwise and

0.435
0.323

A:05t00.8
B: 0.5t00.82

Atmospheric

313+1°K

A: oy =0t0 3°

B: a,=0°t03°, 3,=0°

Incidence datum line a=0 relates to the x-axis as used in tables 1
and 2. Datum line is parallel to test section centre line for o, = 0

Part of the tests performed with natural transition, position of
transition not measured

A: strip of carborundum grains at 0.3 ¢
B: strip of carborundum grains at 0.07 cor 0.3 ¢

No evidence

Negligible

A:refd

See 7.2.1

See 7.2.3

A: see fig.13 and 14



B: see fig.15 and 16

0.8mm

chordwise
7.2.2 Diameter of orifices

A: 40 pressure tubes + 13 in situ pressure transducers
B: 46 pressure tubes + 12 in situ pressure transducers

7.2.3 Type of measuring system

+7.5 psi Statham differential pressure transducers, and +5 psi
Kulite miniature pressure transducers

7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration Calibration uses transfer functions of pressure tubes, see ref.4, for

7.3 Model motion
7.3.1 Method of measuring motion A: with accelerometers, see fig.13
reference coordinate B: with accelerometers, see fig.15
7.3.2 Method of determining spatial mode =~ NA
of motion
7.3.3 Accuracy of measured motion See fig.10
7.4  Processing of unsteady measurements
7.4.1 Method of acquiring and processing See fig.17
measurements
7.4.2 Type of analysis A: signal analysis of TFA over 20 cycles for f=30, 80 Hz and 60
cycles for =200 Hz
B: signal length during TFA analysis was 1 sec
7.4.3 Unsteady pressure quantities obtained  A: Fundamental harmonics
and accuracies achieved B: Fundamental harmonics and occasionally second and third
harmonics
For accuracy see 9.10
7.4.4 Method of integration to obtain forces  Trapezoidal rule
7.5 Additional remarks -
7.6 References on techniques A:ref4 and 5
B: ref 6

Data presentation

accuracy see 9.10

8.1 Test cases for which data could be made A: see table 3
available B: not available
8.2 Test cases for which data are included in this  See table 4.
document Amplitude A: y=0.1°t0 1.5°
B:8,=0.1°t0 2°
Frequency A: £=0 to 80 Hz (k=0 to 0.26)
B: £=0 to 200 Hz (k=0 to 0.65)
8.3 Steady pressures Mean pressures for:
A: tables 5 to 14
B: tables 15 to 23
8.4 Quasi-steady or steady perturbation Steady pressure derivatives for:
pressures A: tables 5, 8, 12
B: tables 15,17, 19
8.5 Unsteady pressures A:tables 6,7,9,10,11, 13, 14
B: tables 16, 18, 20 to 23
8.6 Steady forces or moments See 8.3
8.7 Quasi-steady or unsteady perturbation forces See 8.4
8.8 Unsteady forces and moments See 8.5
8.9 Other forms in which data could be made NA
available
8.10 Reference giving other representations of NA

data
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9

10

Comments on data

9.1

9.2
9.3
9.4
9.5

9.6

9.7

9.8

9.9

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients

9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients
Sensitivity to small changes of parameter
Non-linearities

Influence of tunnel total pressure

Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections

Other relevant tests on same model

Relevant tests on other models of nominally
the same shapes

Any remarks relevant to comparison
between experiment and theory

9.10 Additional remarks

9.11 References on discussion of data

Personal contact for further information

Evert G M Geurts
Department of Aerodynamics Engineering and Aeroelasticity

Phone: +31 20 5113455
Fax: +31 205113210
Email: geurts@nlr.nl

National Aerospace Laboratory NLR

+0.002. No corrections made for Mach number non-uniformity
+0.02°

+0.0005

Not known

Not applicable

Not known

No evidence

Part of analysis of experimental results, see ref.4

NA

NA

No corrections included, but under steady conditions it is normal
to make the following steady corrections to measurements made in
this tunnel:

At = 1.4 Cp +0.56 (Cru + 025 CLY/ (1-MY) ™ (deg) (+15%)
ACL=-0.015 Cy / (1-M?), (+30%)
ACn=-025AC, (+30%)

None
See data set 5 of R702.

No systematic investigations of separate accuracies have been
performed. Accuracy of lift and moment coefficients is estimated
to be 5 to 10 per cent in magnitude and 3 to 6 degrees in phase
angle.

A:refd

Anthony Fokkerweg 2 P.O. Box 90502

NL 1059 CM Amsterdam NL 1006 BM Amsterdam
The Netherlands The Netherlands

Phone: +31 205113113

Fax: +3120 5113210

Website: http://www.nlr.nl
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Table 1 Contour data of the NLR 7301 airfoil
The contour data is contained in the file SET4ATAB1.DAT

Table 2

Actual contour data of the NLR 7301 airfoil (conf. B) (measured in mm) is contained in the file SET4TAB2.DAT

Note regarding Tables 1 and 2:

In Ref. 7 the contour coordinates have been transformed to unit chord. The model was designed to shape given by
Table 1, but the trailing edge was cut off at x/c=1.0. The actual measured shape of the model is given in the table

above.

Table 3

Test program for the NLR 7301 airfoil (conf.A)

Basic program:

amplitude of oscillation: o, = 0.5°

frequencies: 0, 10, and 80 Hz
transition strip at x/c=0.3

Incidence o, degrees

Mach number

0.5 0.6 0.65 0675 0.70 0.74 0.75 0.76 0.775 0.80
0 X X X
0.85 X X X X X X X X X
1.50 X X X
3.00 X X X X X X

Influence of amplitude and frequency, transition strip at x/c=0.3

Incidence a,, degrees Amplitude o, degrees Frequency Hz Mach number
0.5 0.7 0.75
0.85 0.1, 0.25, 0.75, 1.0, 1.5 10, 80 X X X
3.00 0.1, 0.25, 0.75, 1.0 10, 80 X
0.85 0.5, 1.0 10, 30, 60, 80 X X X
3.00 0.5, 1.0 10, 30, 60, 80 X
Additional tests with natural transition
Incidence a,, degrees Amplitude o, degrees Frequency Hz Mach number
0.5 0.7 0.75
0.85 0.5, 1.0 10 X X X
0.85 0.5, 0.75 80 X X X
3.00 0.5, 1.0 10 X
3.00 0.5, 0.75 80 X
0.85 0.5 30, 60 X X X
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Sample table for configuration A - Table 6

RUN 1601

M 499
ALPHA 85
PO 10398.
RE 1.70E6
Q 1529.
X/C CP+
.01 -.070
.05 -1.163
.10 -.846
15 =707
.20 -.654
.25 -.633
.30 -.642
35 -.599
40 -.594
A5 -.582
.50 -571
.55 -.562
.60 -.542
.65 -.494
.70 -410
.75 -.307
.80 . -.195
.85 -.085
.90 011

95 .086

c2 55

FREQ 30.

K  0.000
UPPERSIDE
M- CPRE+
518 -10.560
776 -11.456
703 -8.108
672 -3.138
659 -4.080
655  -3.339
657 2972
647 -2.920
645  -2.415
643 -2.089
640 -1.804 .
638 -1.398
633 -1.045
622 -705
602 -412
577 -191
549 054
522 091
497 -.090
477 - 466

STAT.
CL .311
CM .069
CPIM+ CP-
2.296 296
2.389 -.351
1.833 -373
552 -.383
.853 -.400
514 -415
213 -413
.004 -.426
024 -.440
-.054 -.440
-.181 -393
-.139 -.297
-.155 -.201
200 -.084
-.227 .030
-277 130
-279 212
- -.256 .269
-.152 .300
-092 - .302

QUASI-INSTAT.

RE M
1.481 -.170
-.028 151
LOWERSIDE
M- CPRE-
417 6.804
.586 7.090
592 4.808
.594 4.104
.598 3.403
.602 2.854
.601 2.725
.604 2.671
.608 2.356
.608 1.963
597 1.688
573 1.492
.550 1.089
.520 .852
491 .259
464 547
441 571

- 425 562
416 440
415 250

CPIM-

-3.146
-2.048
-1.920
-1.096
-.864
-.738
-614
.011
.164
.091
237
238
164
296
-.067
422
A57
533
431
.284



Sample table for configarion B - Table 16

FUNDAMENTAL FREQUENCY TEST DATA NLR 7301 WITH OSCILLATING FLAP

UPPERSIDE

M- CPRE+  CPIM+
469 -2.159 1.234
728 -3.015 1.557
713 -.883 1.411
.658 -1.950 987
.643 -1.384 755
.638 -1.238 629
.635 -1.237 .629
.632 -1.363 483
.630 -1.362 484
.629 -1.290 421
.628 -1.425 411
627 -1.551 .266
.624 -1.550 266
.620 -1.820 247
.608 -1.954 239
588 -2.347 .078
574 -2.416 .144
571 -3.494 072
.562 -2.728 -215
.547 -1.711 -213
520 -.901 -.159
497 -.568 -.069
476 -425 -.194

MODEL DATA

502
15024
1.69E6

X/C CP+
.010 126
.030 -.935
.050 -.867
100 -.629
150 -.570
.200 -.545
250 -534
.300 -522
350 -512
400 -.509
450 -.503
.500 -.501
.550 -487
.600 -.470
.650 -421
.700 -.340
725 -.283
760 -.269
775 -.233
.800 -172
.850 -.067
.900 .022
.950 .097
TEST DATA
MEETRUNNR. 253
MACH
Q[PA]

RE

HARM

IDENTNR.

1

10

ALPHA .00 DEG.
DELTA .02 DEG.
AMPL. .97 DEG.
FREQ. 300 HZ
RFREQ .098

CP-

069
-.464
-.531
-472
-471
-474
-483
-.488
-.488
-.497
-483
-431
-328
-222
-.107

.009

057

117

.140

174

228

.261

270

LOWERSIDE
M- CPRE-
484 2.243
618 2.675
634 973
.620 1.900
620 1.389
621 1.321
623 1.201
.624 .976
.624 1.306
626 1.419
623 1.418
610 1.521
585 1.622
559 1.776
530 1.929
.500 1.970
487 1.975
471 2.123
465 1.788
455 1.565
440 1.119
430 .955
428 517
OVERALL DATA
NORMAL FORCE
MOMENT(1/4C)
FLAP FORCE
HINGE MOMENT

CPIM-

-1.519
-1.422
-1.323
-.860
-.839
-.673
-.568
-.584
-447
-439
-.439
-.320
-.201
-.024
152
319
.205
492
471
456
429
362
225

STEADY

CL 172
CM  .058
RC 0625
NC  .0059

UNSTEADY
RE M
927 -.197
418 .065
1705 .0376
.0255 .0077

71
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Fig. 1 Effect of shock wave on the unsteady pressure distributions; pitching oscillation
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shock wave; pitching oscillation

NLR 7301 AIRFOIL
M 50745 a =085 Aas0s O TRANSITION STRIP AT x/c = .3
m ° 3 RATURAL TRANSITION
Re 2.2 108

kg .

FTHIN-AIRFOIL
; 3 / THEORY
\,

S U N

v N EI
nh L]

[-)
AL 2
7.\k g/'s o
@8 AHEORY
04—" EEn -2
Fig. U Unsteady normal-force and moment

coefficients as a function of frequency
for the "shock-free" design point;
pitching oscillation

73



NLR 7301 AIRFOIL UPPER SURFACE

NLR 7301 AIRFOIL UPPER SURF ACE
M=0.754, a, =085, 5, =0°8,=1°

M=07, o, =%, =P 5,=1°
TRANSITION STRIP AT x/c=0.3 NATURAL TRANSITION
. -2p
£ o
%l °0s, G
o
o
)N -1 bo® ¢ o
o (3) ©o0o0 g ° .
o
cooo o 6c00°° 020 "o o
000°%°%0 ° |20 o o
o © o °% o o ow
o ° o] (o]
op S a1 0 2 o 1]
%%, 0 /e %00 %o v
0o o ®oo fe]
o
1 L LY
MAGNITUDE le/¢S°! MAGNITUDE lcp/5°| % =0 k=0
- 15 O f=d0Hz k=0.067
A f=200Hz kaa 0,445
£
o} "O!\ 3 =0 k=0 10 oo h\
1
R O f=0Hz k=007 Al
r.I:l ! Do f=9%H: k=0214 f‘c‘ﬁfn/\ ,—% b]\ \\
i A & f=200H: k=0,476 N /& \ l\ll \
S I k
iR N IR
10} ;?;'.' . sp did! b \
h " N ! II il AN ‘\
) . \
/d §,’5"'A "J,dl /I,a(, “‘quqm‘*
b N & | g
S ee e N srse e
[T N0 o n An ST EAR = 2d =~
?_? x/¢ 1 x/c
il
PHASE ANGLE ¢ l' \ PHASE ANGLE ¢
1001 b 100
ol
{1 ‘\ 4
L f RN J:p:r'g_‘L
I"' '°'~° o /) ;u: N o # Qg "O: \
. Lo Boad” TRY, P>~ VY
P “,A’ o R,
°u°"°~o—-o-o—0—9' dl‘ A_-K' - &
. o ’
o A ; bevo--O- o0-0-00% g )
) / A
] RN g -100f Fa
oo g /
) ;ﬂ q}-u"CL1l-CPJ7 ‘#
. p /
-o0p f -200} £
s 1l
'?‘: ‘ﬁoha..a" !
\d ~.&
r 2 -o,An A
-300% =300 ’A,A_A’

f£ffect of shock wave on the unsteady

pressure distributions; flap
oscillation

Fig. 5

Unsteady pressure distributions for
the "shock-free" design point; flap

oscillation

Fig. 6



75

UOTIBTTIOSO
dery tmo1y Apesis ,2arj-}doys, 3s9q J0J Kouanbaxy
JO SUOT3OUNJ S8 SQULTOTJI200 dTweukpodse Apsaisu g '3y
xm £l 0 xmﬁ m.N 0
[
. 6o 0 & o & RF
u 9,
| 1
I 1
§ ST
9— 3 v 0
g oo o S a
¥ 0 o 8 P
_.ﬂ..: vy
g J
S Gz
bl 10
¢
y l
AHO3HL
N0V ~NIHL °
9
b
n _
4 z

oSB0=" V'¥sLO=N ¢ NOILISNYHL TYHNLYN O
oL 1="0°95L0=W [L0'0=0/X LV 4I1H1S NOILISNVEL A
ot ="'D¥8L0=I 'E'0 =0/X LV dILS NOILISNVHL O

g0t T oL ™% Ho="

MNO4YIV L0EL YUIN

uoY3BITIOSO dByJ ‘aaBa Ydous
padoTaAap-T13M ¥ Y3ta moTJ oTucsumiy uy Louanbaig

JO SuorqouUNy se sS3juaTIdTIJS0d Olweudpoaaw LpvIisupn )L 3w
] 52,
A o
32,
"
v
S 14
3 0
)
g
3
g S¢
- AT 0
3 37
A a A
SR ST
% r 2 0 [§
04H1Y =NiHL
) 3
=x Ik

NOILISNVHL IVHNLYVN ©
L0°0=J/X 1V dIH41S NOLLISNVHL A
C0=2J/X LV JIHLS NOILLISNVHL ©O

Proiz=u % =0 e="voro=n

70441V 10EL HIN



76

NATURAL TRANSITION
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Fig. 2 Theoretical and experimental "shock-
free" pressure distributions of the
NLR 730! airfoil (free transition)
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3E8. ZKP WING, OSCILLATING AILERON

by
Dipi. Ing. K.Dau
Dipi. Ing. S.Vogel
Dipi. Ing. H.Zimmermann
MBB Transport und Verkehrsflugzeuge
TE234
Postfach 10 78 45
2800 Bremen 1
Germany

INTRODUCTION

This Data Set contains pressure distributions measured on the ZKP wing for an oscillating aileron in the ONERA transonic 51
wind tunnel at Modane, France, in late 1982. The tests were part of a cooperative project between MBB, ONERA, and the
Aerospatiale Corporation. The purpose of the tests was to obtain steady and unsteady pressures due to fast-moving control
surfaces in transonic flow, likely to be encountered in the operation of active control systems for transport aircraft.

The following is a number of comments on the diagrams and tables.
GEOMETRY OF EXPERIMENTAL MODEL

The model geometry is shown in Fig. 3 to 5. Figure 3 shows the model including the major dimensions of the half-fuselage in a
coordinate system parallel to the tunnel floor and walls. Figure 4 shows the dimensions of the wing and the aileron when rotated
by the dihedral angle of 4.787 deg into the plane z = 0 of the coordinate system in which the profile coordinates are given by Ref.
1. Figure 5 shows the details of the aileron geometry in cross-section, including nose and gap geometry.

COMPARISON WITH AGARD COMPUTATIONAL PROGRAMME OF REF. 1

Model geometry

Unlike the computational model (Ref. 1, Fig. 7) the experimental model has a half-fuselage as shown in Fig. 3. This changes the
definition of the root chord which is now smaller than the computational root chord because of the taper of the wing (see Fig. 4).
The difference in the definition of the root chord affects the specifications of reduced frequency and Reynolds number as shown
in Para. 12, NOTATION. Otherwise the two planforms and their coordinate origins are identical. Furthermore, the gap between
aileron and wing spar (Fig. 5) of the experimental model was not sealed, as stated in Ref. 1. The gap is 0.3-0.5 mm wide.

Instrumentation

The number and location of the sections at which pressures were measured where changed from the values given in Ref. 1 to
those given in Fig. 6.

Design Condition

The design condition of the experimental model is M = 0.78 and o, = 1.5° as listed in Ref. 1, Sect. 3.4. The experimental lift
coefficient may be somewhat different from the listed theoretical value of 0.5 at the design condition, depending on how the
fuselage contribution is interpreted.

Experimental Cases

The experimental cases for which data are provided in the Data Set are not identical with the computational test cases originally
suggested in Ref.1, Table 9; this may affect the choices for future calculations. The correspondence between the experimental
and the original computational cases is shown in Table 2. It will be seen that, of the computational choices, only the three
priority cases have closely related experimental cases. No experimental results are available for M = 0.73 to match the
computational cases 2 and 3.

TEST SET-UP AND INSTRUMENTATION

The wind tunnel test set-up for measuring unsteady pressures on the wing is shown in Fig.1 and 2. To prevent the wing tip from
executing large bending motions due to aileron forces, the wing tip was braced by four cables, all attached to a point of the wing
tip, and lying in a plane roughly parallel to the aircraft plane of symmetry. The other ends of the cables were led outside the test
section, and preloaded with a two-ton weight each.

Prior to every unsteady run the brakes on all cables were released permitting the wing to assume mean position under
aerodynamic ioad without additional cable constraint, while the new mean test parameters (Mach no., wing and flap incidences)
were established. The cables were then clamped, and remained clamped during aileron oscillation.

The aileron was actuated by a hydraulic servo motor producing a harmonic aileron rotation about ts swept hinge axis. The
instantaneous aileron displacement was measured relative to the wing by potentiometers in the streamwise direction at the two
aileron stations.
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The wing was equipped with 509 pressure taps for steady pressures, and 387 Kulite transducers for unsteady pressures. The tap
coordinates are listed in Tables 3 to 7 with their corresponding pressures.

The pressure taps were arrayed in streamwise wing sections as shown in Fig.6. For reasons of space the sections containing
steady-pressure taps were not congruent with those for unsteady pressures, but are considered to be close enough to reflect flow
conditions for the neighboring unsteady pressures with sufficient accuracy for most purposes.

Steady pressures were measured via tubing and scanivalve by tunnel system transducers, unsteady pressures were measured by
Kulite transducers installed directly below each pressure tap. Furthermore 17 accelerometers were installed on the wing, one of
them on the aileron, see Fig.7.

DATA PROCESSING

Only the fundamental component was recorded for each response signal . Response signal phase was defined to be relative to
aileron motion. All listed pressures correspond to an aileron amplitude of 8y=I° the aileron deflection angles 8, and &, being
defined in the streamwise direction.

Both steady and unsteady pressures are presented in uncorrected form. Those pressure values which were obviously spurious
(transducer failure, etc.) were eliminated. Besides these data additional data, listed in Table 1, could be made available.

DISCUSSION

The unsteady pressures generally exhibit the distribution typical for ailerons on transport aircraft wings, i.e. they are virtually
zero outside the neighborhood of the aileron sections. Therefore only the aileron section pressures are shown as plots against x/c
on Fig.8 to 14.

Concerning the sectional lift and moment coefficients, which are listed in the same tables as the pressure distribution from which
they were derived, it should be pointed out that they are uncorrected in the sense that no attempt has been made to introduce
supplementary points where a pressure peak was obviously not properly defined by the array of pressure taps, see for instance
Fig.11, top left plot. Furthermore the integration interval extended only from the first to the last tap on a given section. The
section coefficients should therefore be viewed only as a rough guide to the spanwise distribution.

Because of the uncorrected values, the spanwise distribution of load coefficients is likely to show some fluctuation. The wiggle
near the wing tip, however, seems to be genuine; and is believed to have been caused by a geometric irregularity behind the
aileron gap.

During the course of the test program certain steady test cases were repeated a number of times for nominally the same test
parameters. Since repeatability is a good indicator of data quality, the pressures on the mid-aileron section have been plotted on
top of each other for a number of nominally identical cases, see Fig.15.

The right-hand plot corresponds to five runs, one of which (case 94) was made entirely without wing-tip cable braces, entailing a
tunnel shut-down before the remaining cases were run. In spite of the shut-down, repeatability may be said to be very good. The
left-hand plot shows pressures for a larger number of repetitions for the same case, with two intervening shut-downs. Agreement
here is still good, but two runs show a marked deviation from the mean near the hinge position, which is known to be sensitive to
changes in flow parameters. The two runs in question were separated by two shut-downs from the other runs of the series.

No comparable repetitions were made for unsteady pressures, but they are felt to be of the same quality as the steady ones.

LIST OF SYMBOLS AND DEFINITIONS

ALPHA o, mean wing incidence, as defined in 5.9

C c local chord

CL G sectional lift coefficient

CM cm  sectional moment coefficient about quarter-chord point
CPL C, lower surface

CPU Cp  upper surface

CPL/RAD lower surface ) unsteady pressure coefficients

CPU/RAD uppersurface ) per unit amplitude
DELM 8, mean streamwise aileron angle
8,  streamwise aileron angle amplitude of oscillation
FREQ f frequency
K reduced frequency based on half-chord at wing-body junction, AGARD k = 1.197k
PTOT P total pressure
QINF q dynamic pressure
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RE Reynolds number, based on chord at wing-body junction, AGARD Re = 1.197 Re
S s semi-span

TO T, total temperature of flow

X/C non-dimensional chordwise position aft of local leading edge

Y/S n spanwise position relative to plane of symmetry

PRESENTATION OF DATA

The data which were presented in tables 3 to 7 of Report 702 for this test are supplied here as a single ASCII data file
SET8.UND in RUNAD format as defined in the introduction to chapter 3. The table numbers are used as the *“run numbers” for
data selection by the program RUNAD. Also supplied as an ASCII file SET8.TAB containing the data formatted into tables.

FORMULARY

General Description of model

1.1 Designation
1.2 Type
1.3 Derivation
1.4  Additional remarks
1.5 References

Model Geometry
2.1 Planform
2.2 Aspect ratio
2.3 Leading edge sweep
2.4  Trailing edge sweep
2.5 Taper ratio
2.6 Twist
2.7 Root chord
2.8 Semi-span of model
2.9 Area of planform
2.10 Location of reference sections and definition

of profiles
2.11 Lofting procedure between reference
sections

2.12 Form of wing-body junction
2.13 Form of wing tip
2.14 Control surface details
2.15 Additional remarks
2.16 References

Wind Tunnel
3.1 Designation
3.2 Type of tunnel
3.3 Test section dimensions
3.4 Type of roof and floor
3.5 Type of side walls

ZKP Wing

Half-model of wing fuselage combination, transport aircraft with
oscillating aileron, no tail surfaces

Research wing, representative of a medium-rangetransport aircraft
with a supercritical wing

None
None

high aspect ratio, tapered

9

30.08°

20.89° for outer wing

0.26

washout type, see ref. 1, table 4

1.5055m

4.0161m

3.5989m’

15%, 40%, and 85% semi-span (see ref.1 section 2.4)

Linear on constnat-chord lines between reference sections (ss
ref.1, section 2.4)

Gap between half-fuselage and floor sealed with brushes
rounded

unsealed aileron-wing gap about 0.3 to 0.5 mm wide (see fig.5)
None

None

ONERA S1 transonic tunnel, Modane, France
Closed circuit, ambient pressure

6.855m high and wide, 14.0m long (see fig.1 and 2)
Solid, excpet for 2 slots (see also fig.1 and 2)

Solid
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36

3.7
3.8

3.9

3.10
3.11
3.12

3.13
3.14
3.15

Ventilation geometry

Thickness of side wall boundary layer

Thickness of boundary layers at roof and
floor

Method of measuring Mach number

Flow angularity
Uniformity of velocity over test section

Sources and levels of noise or turbulence in
empty tunnel

Tunnel resonances
Additional remarks

References on tunnel

Model motion

4.1

42

General description

Natural frequencies and normal modes of
model and support system

Test Conditions

5.1
52
53
5.4
5.5
5.6
5.7
5.8
5.9

5.10

5.11

5.12
5.13

5.14
5.15

Model planform area/tunnel area

Model span/tunnel width

Blockage

Position of model in tunnel

Range of Mach number

Range of tunnel total pressure

Range of tunnel total temperature

Range of model steady or mean incidence

Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed

Flow instabilities during tests

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks
References describing tests

Measurements and Observations

6.1
6.2

6.3
6.4
6.5

6.6

Steady pressures for the mean conditions

Steady pressures for small changes from the
mean conditions

Quasi-steady pressures
Unsteady pressures

Steady section forces for the mean
conditions by integration of pressures

One slot each at intersection of floor with wind tunnel shell, 0.13m
wide, running from Sm to 9m from test section entrance

about 0.1m

about 0.1m

by measurement of static pressure, 4.5m upstream of test section,
and by previous calibration

Not measured
Not measured

Considered very small

At £=N/5, N/6, N/5 + N/6, N=246 M
None

None

Aileron oscillation with braced wing tip. Amplitude 1 ° and 2°,
frequency 6, 12, 21 Hz.

15.6, 27.3, 44.4 Hz with cable braces

0.08

0.5858

NA

x-mac 6.19m downstream of test section inlet (see fig.1)
0.5,0.78, 0.83

0.9 bar

2980 322°K

-1to+3°

The model incidence o, is defined to be zero when the fuselage
reference line (FRL) is parallel to the tunnel walls. The FRL lies in
the plane z=0 of the profile coordinate system as listed in ref.1.

No

x/c=0.07, upper and lower wing surface, Smm wide band of 80K
carborundum. Same type of trip on fuselage, 105mm from nose.

None detected

Not measured

None
None

Steady section forces for small changes from N



6.7
6.8
6.9

6.10

6.11
6.12
6.13

the mean conditions by integration
Quasi-steady section forces by integration
Unsteady section forces by integration

Measurement of actual motion at points of
model

Observation or measurement of boundary
layer properties

Visualisation of surface flow
Visualisation of shock wave movements

Aditional remarks

Instrumentation

7.1

7.2

7.3

7.4

7.5
7.6

Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system

Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices

7.2.3 Type of measuring system

7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration

Model motion

7.3.1 Method of measuring motion
reference coordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces

Additional remarks
References on techniques

Data presentation

8.1

8.2

8.3
8.4

Test cases for which data could be made
available

Test cases for which data are included in this
document

Steady pressures
Quasi-steady or steady perturbation

6 Hz

None

See fig.6 and tables 3 to 7.

Taps connected via tubing and Scanivalve to tunnel system
transducers

See fig.6 and tables 3 to 7.

0.3mm
Transducer installed directly below each tap.
Kulite

Calibrated by 30 Hz sinusoidal signal before tests. Checked at
various intervals during testing. Variation less than 1%.

Aileron angle measured relative to wing structure by rotary
potentiometers on aileron. Aileron harmonic rotation about swept
axis at the 77.4% chord line, measured at inboard and centre
aileron section.

By accelerometers on wing and aileron, and potentiometers on
aileron.

2%

Signal digitized (12 bit ADC) and Fourier transformed. Transfer
function for motion-pressure by HP 5451 Analyzer.

Only one harmonic kept.

Presented data are amplitudes of fundamental of all response
signals. Response phases are defined relative to zero aileron
deflection.

Cubic spline, uncorrected for possible missed peaks. Integration
interval between first and last pressure taps on section.

None
None

Table 1.
Table 2.

Tables 3 to 7.
6 Hz, unsteady pressures
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pressures
8.5 Unsteady pressures

8.6 Steady forces or moments

8.7 Quasi-steady or unsteady perturbation forces
8.8 Unsteady forces and moments

8.9  Other forms in which data could be made
available

8.10 Reference giving other representations of

data

Comments on data

9.1  Accuracy
9.1.1 Mach number
9.1.2 Steady incidence
9.1.3 Reduced frequency
9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives
9.1.6 Unsteady pressure coefficients
9.2  Sensitivity to small changes of parameter
9.3 Non-linearities
9.4 Influence of tunnel total pressure

9.5 Effects on data of uncertainty, or variation,
in mode of model motion

9.6 Wall interference corrections
9.7 Other relevant tests on same model

9.8 Relevant tests on other models of nominally
the same shapes

9.9  Any remarks relevant to comparison
between experiment and theory

9.10 Additional remarks

9.11 References on discussion of data

Personal contact for further information

Tables 3 to 7.
Tables 3 to 7.
6 Hz, unsteady loads
Tables 3 to 7.
Magnetic tape

About 0.002

About 0.1°

About 2%

See discussion and fig.15

Not calculated

See discussion

Not calculated

None detected

Total pressure was kept constant
Not checked

All pressures are uncorrected
None
None

None

None
2

Dipl. Phys. H Zimmermann, MBB-Bremen, Abt. TE234 Hunefeldstr. 1-5, 2800 Bremen, Germany

List of references

1 S R Bland. AGARD three-dimensional aeroelastic configurations. AGARD Advisory Report 167, March 1982.

2 M Couston, J J Angelini, ] P Meurzec. Compariason des champs de pression instationnaires calcules et mesures sur
le modele ZKP. AGARD R-688, April 1980 (Also available as RAE Library translation 2061, November 1980).



Table 1 List of run numbers available

Run parameters Run indices
M P T, () | 8m(® | 8 (°) | Steady | 6Hz | 12Hz | 21 Hz
(bar) (°K)

0.50 0.9 297.7 3 -5 1 21 18 - 21
0.50 0.9 297.7 3 0 1 26 23 25* 26
0.50 0.9 297.7 3 10 1 33 31 - 33
0.78 0.9 311.3 -1 -5 1 58 56 - 58
0.78 0.9 3159 -1 0 1 75 61 64 75
0.78 0.9 3174 -1 0 2 144 63 144 -
0.78 0.9 320.8 -1 5 1 80 78 - 80
0.78 0.9 322.6 0 -5 1 90 88 - 90 *
0.78 0.9 3227 0 0 1 97 94 96 97 *
0.78 0.9 319.2 0 0 2 143 95 143 -
0.78 0.9 3220 0 5 1 102 - - 102
0.78 0.9 318.0 2 -5 1 109 107 - 109
0.78 0.9 319.2 2 0 1 116 112 115 116 *
0.78 0.9 316.5 2 0 2 145 114 145 -
0.78 0.9 3194 2 5 1 119 119 - 121
0.83 0.9 321.6 0 -2 1 141 131 137 140 *
0.83 0.9 321.6 0 0 1 143 133 138 141
0.83 0.9 3222 0 2 1 145 135 139 142

Note: the starred case numbers correspond to data in tables 3 to 7.

Table 2 Experimental cases for which data are included, related to computational cases of

refl

Note that amplitude §,=1° for all these cases.

* indicates priority case
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Experimental Case Computational Case
Run M o0 (® | 8 (®) | f(Hz) Case M o) | 8. | f(Hz)
Index No.
25 0.50 3 0 12 1 0.30 0 -4.60 10
97 0.78 0 0 21 4* 0.78 0 0 20
90 0.78 0 -5 21 5% 0.78 0 -5.52 20
116 0.78 2 0 21 6* 0.78 2 0 20
140 0.83 0 -2 21 7 0.83 0 -5.52 20
Run details for data supplied on electronic media.
Note that table number is used as the reference number in selection program RUNAD.
Table 3 Run index =25 M=0.50 0y=3° 8 =0° f=12Hz
K=0.336 PTOT=0.900 bar | QINF=0.133 bar | RE=0.134E8 T0=297.85 °K
Table 4 Run index =97 M=0.78 0,=0° 8 =0° f=21Hz
K=0.375 PTOT=0.900 bar | QINF =0.255bar | RE=0.163E8 T0=322.65 °K
Table 5 Run index =90 M=0.78 0=0° Oy =-5° f=21Hz
K=0.375 PTOT=0.900 bar | QINF =0.254 bar | RE=0.163E8 T0=322.55°K
Table 6 Run index =116 | M=0.78 0n=2° 8, =0° f=21Hz
K=0.377 PTOT=0.900 bar | QINF=0.254 bar | RE=0.165E8 T0=319.15 °K
Table 7 Run index =140 | M=0.83 0y =0° Oppy =-2° f=21Hz
K=0.355 PTOT=0.900 bar QINF =0.275 bar | RE=0.169E8 T0=322.55°K
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HINGE AXIS
UNSEALED G6AP, 0.3-0.5 mm WIDE

KULITE TRANSDUCER

FIG. 5 Aileron geometry in cross-section
at wing section 14
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FIG. 6 Pressure taps, spanwise location

N=0.4875

FIG. 7 Accelerometers, spanwise location
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NOMENCLATURE

Angle of attack (deg.)
Reduced frequency (=rFC/V )
Maximum pitch angle (deg.)

Mean geometric chord (=0.4183m)

Lift coefficient
Pressure coefficient
Imaginary part of pres-
sure coefficient for un-
steady pressures

Real part of pressure
coefficient for unsteady
pressures

~

Cplmag

= @
30 nl AR

CpReal

INTRODUCTION

The F-5 test series (see chapter 5) provides a succession of geometries of increasing complexity [Ref. 1, Ref. 2], which will
be useful for validating CFD codes during their development. In this chapter a range of CFD results are provided for the
clean wing configuration at selected flow conditions, and a more limited set for one complex configuration. Results from
essentially state of the art UTSP (Unsteady Transonic Small Perturbation), Full Potential, Euler, and NS (Navier-Stokes)
codes are presented, this will allow the reader to gauge anticipated modelling accuracy for code development purposes.
Table 1 summarises the methods used by contributors reported herein, the methods themselves are described in a standard
pro-forma and the results collated as a series of plots. The flow conditions calculated are summarised in Table 2 and Table
4. Two or more methods are presented for each level of modelling approximation in order to assist the reader in gauging

Normalised spanwise co-ordinate (=y/s)

2™mO

Re

“ g w

See defini-
tions in
chapter 5.

Stephane Guillemot
Dassault Aviation
78, Quai Marcel Dassault,
F-92214, Saint Cloud,
CEDEX
France

stephane.guillemot @dassault-aviation.fr

Root chord (=0.6396 m)

Frequency of modal oscillation (Hz)

Mach number

Reynold’s number based on the mean geo-
metric chord.

Span of wing

Free-stream velocity (m/s)

Spanwise co-ordinate

Normalised wall distance of first cell height

the likely level of variation in solution at a particular level of approximation.

Level of approxi- | Contributor organisation Method name/ Method type
mation identification label
UTSP BAe. UTSPV21 Cartesian/finite difference
UTSP NASA CAP-ASP Cartesian/finite difference
Full Potential CIRA HELIFP Structured/finite volume
Full Potential Dassault Aviation TCITRON Structured/finite difference
_Euler INTA o EUL3DU Structured/explicit/multiblock
Euler Glasgow University PMB3D Structured multiblock/implicit
Euler Dassault Aviation | EUGENIE Unstructured finite volume / implicit
Euler BAe. UEMB Structured/explicit/multiblock
Euler NASA ENS3DAE Structured/finite difference
Navier-Stokes NASA ENS3DAE Structured/finite difference

Table 1 CFD Methods
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CFD METHODS

DESCRIPTIONS OF CODES

A table of information is provided for each CFD code. which will allow the reader to make comparisons with codes under
development. The first section of the code formulary gives a general description of the method type, but in the case of the
NS code, only the turbulence and transition modelling actually used for data presented herein are described (additional
models may also be available). The manner in which convergence is determined is described in item 1.10, and techniques
used to accelerate the overall convergence of the method are also specified (item 1.6). Where available, performance data
is also provided (items 4.2-4.4), and coupled with information of platform (item 4.1) the reader will be able to gauge. in a
general manner, the comparative performance of newly developing computing techniques with the contemporary techniques
reported herein.

Section 2 of the code formulary gives details about the specific grid used in the studies reported here; where the grid is
completely structured the grid dimensions are given as chordwise X spanwise X normal. The grid size is specified as num-
ber of cells. number of vertices, or both. Any modifications to the geometry (e.g. treatment of wing tip) are noted in item
2.6.

The presentation of the results is detailed below; only a limited number of CFD solutions have been plotted in this written
report, but many more are plotted in the electronic report. In section 3 of the code formulary the run numbers (as indexed
in chapter 5) of those cases presented in either the written or electronic report are listed.

Interpolation details are provided where interpolation from CFD grid locations to specific points has taken place (item 3.3).
Where no interpolation has been used. the data is extracted directly from the computational grid points (vertices or cell
centres as appropriate to that particular method).

UTSP CODES

1 CODE UTSPV21
1.1 Type UTSP (Unsteady Transonic Small Perturbation)
1.2 Name UTSP v2.1

1.3 Description
1.4 Available grid types

1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model

1.9 Time-step

1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

Inviscid, linearised or non-linear TSP equations for single lift-
ing surface with up to 2 control surfaces.

Geometry transformed to rectangular wing with 60 X 20 X 40
grid dimensions for optimised performance.

None
None
N/A
N/A

The Mach number and the planform geometry determine the
allowable At for stability, with the leading edge sweep having a
particularly strong influence. For the F-5 case a value of
At=0.002 has been used.

Not specified
Ref. 10

120X 20X 40

N/A

78 X 17 (i.e. 39 on each surface)
C-grid (transformed)

Not specified

None



RESULTS

3.1 Written Report
3.2 Electronic data
3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
4.2CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence
4.4 Memory

4.5 Contact for further information

CODE

1.1 Type
1.2 Name

1.3 Description

1.4 Available grid types

1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model

1.9 Time-step

1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points

2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

RESULTS

3.1 Written Report
3.2 Electronic data
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152 (sections 1,3,5.7). 370 1 & 7)
138 (sections 1-8), 152 (1-8), 191 (1-8), 370 (1 & 7)

Linear interpolation to spanwise station

Cray YMP

Not given
Not given
Not given
Not given
Not given

M J de C Henshaw, British Aerospace (Operations) Ltd, Mili-
tary Aircraft and Aerostructures, Brough, East Riding of York-
shire, HU15 1EQ, UK.

michael.henshaw @bae.co.uk

CAP-ASP

UTSP
CAP-ASP

Advanced TSP with revised streamwise flux and revised mass-
flux boundary conditions. Boundary conditions applied on
mean plane. AF algorithm for finite difference solution.

Single Cartesian grid mapped to plan-form

None

N/A

N/A

N/A

On the order of .01 or .02 (only steady cases provided)
Residual reduced to E-4 to E-5 (3-4 orders of magnitude)
None - derivative of CAP-TSD. Ref. 6

180 X 45 X 90 = 729 000 grid points

N/A

90 X 30 = 2700 each on upper and lower surface
Single Cartesian grid mapped to plan-form

10 root chords upstream, downstream, above, and below the
wing. 2 semi-spans
None; airfoil constant throughout including tip

137 (sections 1,3,5,7), 152 (1,3,5.7), 168 (1,3,5,7)
137, 138, 152, 158, 168, 190, 191 (steady runs only, sections 1 -
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3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
4.2 CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence
4.4 Memory

4.5 Contact for further information

FULL POTENTIAL CODES

CODE

1.1 Type
1.2 Name

1.3 Description

1.4 Available grid types

1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model

1.9 Time-step

1.10 Convergence

1.11 References

GRID

2.1 Size of grid

2.2Y+

2.3 Number of Surface grid points

2.4 Grid type
2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

8)
Linear spanwise interpolation on unit square to measurement
chords

Cray C-90

2000-4000 time steps required on the order of 1500-3000 sec
.75 sec

N/A

Varied by case, see 1.10

31 mega words

R. Bennett, Aeroelasticity Branch, Structures Div., NASA, Mail
stop 340, NASA Langley Research Center, Hampton, VA.
23681-2199 , USA

r.m.bennett@larc.nasa.gov

HELIFP

Unsteady Full Potential equation in conservative form.
HELIFP

Developed by CIRA, DERA, NLR, PML GKN-Westland,
AGUSTA during the BRITE/EURAM project
HELISHAPE(1993-96)

Finite volume discretisation with velocity potential at the vertex
and flux quantities at the cell centre.

Structured C-H topology.

Streamwise density flux biasing.

Approximate factorisation with Newton iterations.
N/A

N/A

CFL number 100-->500

Two convergence criteria are used in HELIFP: the correction of
the velocity potential between two pseudo-time steps, and the
behaviour of the number of supersonic points in the field. For
transonic cases the second method is more reliable.

Ref. 3, Ref. 4

161 X32X24

N/A

116 X 22

C-H

Distance of C-outer boundary = 7 root chords
Location of the last H-outer boundary = 1.5 semi-span
Linear closing of T.E. sharp closing of wing tip.



RESULTS

3.1 Written Report

3.2 Electronic data
3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
4.2CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence

4.4 Memory

4.5 Contact for further information

CODE

1.1 Type
1.2 Name

1.3 Description

1.4 Available grid types

1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model

1.9 Time-step

1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points

2.4 Grid type

2.5 Distance of outer boundaries from the wing
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152 (sections 1,3,5.7 + convergence plots), 370 (1 & 7), 373 (1
&7),383(1&7)

151, 152, 168, 190, 160, 172, 370, 373, 383 (sections 1 - 8)

Pressure coefficients linearly interpolated onto experimental
stations.

SGI Power Challenge

(RUN 370): 8540 sec
(RUN 370): 2.527 sec
(RUN 370): 3638 sec.

N. iterations (RUN 370): 3380 (500 convergence +2 cycles of
720 steps with 2 Newton it. = 500 + 2880 )

85 Mb

A Pagano, Aerodynamics and Propulsion department, CIRA,
Via Maiorise, 81043, Capua, CE, Italy.

a.pagano@cira.it

TCITRON

Full Potential
TCITRON

Finite difference discretisation based on a non-conservative
formulation with implicit time and semi-implicit space
schemes. 3D, but only for wing geometries (with a wake sur-
face). Steady Boundary Layer coupling capability. Resolution
of the dynamic aeroelasticity equation in a reduced modal basis.

Unsteady motion is applied through a transpiration boundary
condition.

Structured C-H topology type.

Due to non-conservative formulation
Full multigrid scheme (3 levels)
N/A

N/A

From 12 to 360 At/ cycles

6 orders of perturbation potential correction

185X 21X 22

N/A

113X 14

C-H

Distance of C-outer boundary = from 5 to 8 root chords
Location of the last H-outer boundary = 1.5 semi-span
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2.6 Modifications to geometry

3 RESULTS

3.1 Written Report
3.2 Electronic data
3.3 Interpolation details

4 ADDITIONAL INFORMATION

4.1 Platform
4.2 CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence
4.4 Memory

4.5 Contact for further information

EULER CODES

Tip fairing is modelled, but with closure 4mm from the experi-
mental tip.

137, 152, 168 (sections 1.3,5,7), 370 (1 & 7)
137, 138, 151, 152, 158, 168, 160, 370, 383 (sections 1 - 8)

Spanwise grid distribution adjusted to coincide with experi-
mental stations. No interpolation needed

SGI O; (R 10000)

(RUN 370): 1570 sec (2 cycles)

(RUN 370): 1.18 sec

(RUN 370): 765 sec.

300 steady iterations + 2 cycles of 72 x 10 unsteady iterations
12 Mb

S. Guillemot, Dassault Aviation - 78, Quai Marcel Dassault, F-
92214, Saint Cloud, CEDEX, France.

Stephane.guillemot @dassault-aviation. fr

Five Euler methods have been used, although not all are represented in the written report. There are four structured grid
codes, of which three are multiblock, and one unstructured grid code. Two of the codes (ENS3DAE and PMB3D) are in
fact Navier-Stokes codes, but for the purposes of this set of results they have been run in Euler mode. This sample of
methods covers explicit, semi-implicit and fully implicit formulations.

1 CODE

1.1 Type
1.2 Name

1.3 Description

1.4 Available grid types
1.5 Artificial viscosity

1.6 Convergence acceleration techniques

1.7 Turbulence model
1.8 Transition model
1.9 Time-step

EUL3DU

Euler

EUL3DU

Finite-Volume, Cell centred, 2nd order central flux approxima-
tion, 2nd order 5 stage Runge-Kutta time integration.

Unsteady motion is introduced through moving grid: grid is
fixed at the outer boundary, but follows wing movement at in-
ner boundary. Smooth transition in between outer and inner
boundaries that ensures geometry conservation law is satisfied.

Structured O-H, monoblock.
Jameson's type blending of 2nd and 4th order terms

Implicit residual smoothing, dual time-stepping, local time
stepping (steady only). enthalpy damping (steady only).

N/A
N/A

Maximum local At™ (dimensionless time with root chord and
free-stream velocity) corresponding to a CFL of 6 for steady
cases. At'=0.001 for unsteady cases (dual time stepping not
used), selected for accuracy, not for stability reasons.
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1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

RESULTS

3.1 Written Report

3.2 Electronic data

3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
4.2 CPU
4.2.1 Total

4.2.2 per iteration

4.2.3 per cycle
4.3 Convergence
4.4 Memory

4.5 Contact for further information

CODE

1.1 Type
1.2 Name
1.3 Description

1.4 Available grid types
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5000 Iterations with a reduction in maximum residual of at least
6 orders of magnitude for steady cases (Figure 4a).

3 periods for unsteady cases, the last period is Fourier analysed
(Figure 4c)

Ref. 5

160 x 31 x 32 cells
N/A

160 x 21

O-H

9 root-chords / 2 semi-span
Linear closing of T.E. Sharp closing of wing tip

137, 168 (sections 1,3,5.7), 152 (1,3.5,7,8 + convergence plots),
172 (convergence plots), 370, 373,383 (1 & 7)

137, 138, 151, 152, 158, 168, 190, 191, 383, 370, 160, 373,
172, 193 (sections 1-8)

Spanwise grid distribution adjusted to coincide with experi-
mental stations. No interpolation needed

Cray YMP-EL

10900 secs. (Case 152, 5000 iterations)

13.7 % 10_6 secs. /cell/iteration

58890 secs. (Case 172, 27000 iterations)
See 1.10 above.

8 MWords

L P Ruiz-Calavera, INTA, Aerodynamics Division, Carretera de
Ajalvir Km 4.5, 28850 Torrejon de Ardoz, SPAIN.

ruizcl@inta.es

PMB3D

Euler

PMB3D

A fully Implicit structured, cell-centred Parallel multiblock
solver. The convective terms are discretised using Osher’s
upwind flux difference splitting scheme with MUSCL variable
extrapolation. The unsteady equations solved using the classi-
cal dual time method introduced by Jameson

Unsteady motion introduced by rigid rotation of the grid with
the boundary velocities, using a first order difference.

Structured multiblock
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1.5 Artificial viscosity

1.6 Convergence acceleration techniques

1.7 Turbulence model
1.8 Transition model
1.9 Time-step

1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

RESULTS

3.1 Written Report

3.2 Electronic data
3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform

4.2CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle

4.3 Convergence

4.4 Memory
4.5 Contact for further information

CODE

1.1 Type
1.2 Name

1.3 Description

Through Van-Albada Limiting of MUSCL

The Implicit Jacobian matrix is approximated to reduce storage
and is solved using a Krylov subspace method preconditioned
with BILU(0). Only the pre-conditioned is decoupled across
blocks

N/A
N/A

Explicit start-up 0.4 Implicit 250. With at least 3 Cycles for
unsteady runs.

Steady cases are 8 orders in the L2 norm of the starting resid-
ual. Unsteady results are 6 orders. See Figure 4.

Ref. 12, also http://www.aero.gla.ac.uk/Research/CFD

180224 nodes, 225888 cells

N/A
84 X 34 = 2,856 cells
Multiblock

10 (root) chords streamwise and normal to wing, 3 spans from
wing tip in spanwise direction.

Tip fairing modelled, but with closure 4mm from experimental
tip.

152 (sections 1,3.5,7, + convergence plots), 172 (convergence
plots), 370 (1 & 7)

138, 152, 191, 383, 370, 160, 373, 193 (sections 1 ~ 8)

Linear interpolation in spanwise direction to measurement sta-
tions.

Ppro 200's
5-7 work units per implicit iteration.
Not given
Not given
Not given

Explicit start up, followed by implicit to converge to at least 6
orders of magnitude on residuals. At least 3 cycles used for
unsteady. See Figure 4.

2.1 Kbytes per cell

B E Richards, Aerospace Engineering, James Watt Building,
Glasgow University, Glasgow, Scotland, G12 8QQ, UK.
bryan@aero.gla.ac.uk

EUGENIE
Euler
EUGENIE

Galerkin finite volume approx. using a modified Lax-Wendroff
scheme with implicit low storage time integration for steady,



1.4 Available grid types

1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model

1.9 Time-step
1.10 Convergence

1.11 References

GRID

2.1 Size of grid

2.2Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

RESULTS

3.1 Written Report

3.2 Electronic data

3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
42CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence
4.4 Memory
4.5 Contact for further information
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implicit 2" order time integration (Gear method) for unsteady
calculations.

For steady flow calculations viscous effects are included using a
boundary layer method: Laminar and Turbulent Boundary Layer
with integral method. Boundary Layer coupling with “transpira-
tion" velocities.

Unsteady motion applied using a transpiration boundary condi-
tion.

Unstructured

2™ order Lax-Wendroff

Jacobi method and dual time stepping strategy
N/A

Granville criteria for smooth transition and modified with
Schlichting correction for roughness. Used for viscous coupled
calculations.

Corresponding to a maximum CFL of 10/ At.
L. residual on all the variables (5 orders)
Paper to appear in M’AN

51 539 nodes, 294 851 cells
N/A

2 865

Unstructured

Between 10 to 15 root chord.

Tip fairing is modelled, but with closure 4mm from the experi-
mental tip.

Euler: 370, 373, 383 (sections 1 & 7),
Euler+boundary layer: 137, 152, 168 (1,3.5,7)
137, 138, 151, 152, 158, 168, 190, 191

383, 370, 160, 373, 172, 193. (1 - 8)

Pressure coefficients interpolated onto experimental stations.

IBM §P2

All CPU times given for 1 processor
(RUN 370): 27,440 sec = 7Th30 (2 cycles)
(RUN 370): 12.25 sec.

(RUN 370): 8,200 sec = 2h30

4 orders on L residual for unsteady steps.
65 Mb

S. Guillemot, Dassault Aviation - 78, Quai Marcel Dassault, F-
92214, Saint Cloud, CEDEX, France.

Stephane.guillemot @dassault-aviation. fr
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CODE

1.1 Type
1.2 Name

1.3 Description

1.4 Available grid types

1.5 Artificial viscosity

1.6 Convergence acceleration techniques

1.7 Turbulence model
1.8 Transition model
1.9 Time-step

1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

RESULTS

3.1 Written Report

3.2 Electronic data

3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
4.2CPU

4.2.1 Total

4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence

UEMB

Euler, Multiblock
UEMB

Explicit. Euler multiblock code which uses structured grid
within the blocks, but unstructured arrangements of blocks.
Based on a steady code that uses Jameson type Runge-Kutta
scheme. Cell centred.

Unsteady motion is introduced using a transpiration velocity
boundary condition applied at the cell centres of moving sur-
faces.

A 2D strip theory boundary layer method is coupled to the Euler
code to introduce viscous effects for some steady flow cases.

Structured grid within blocks, C, H and O type grids are all
available.

2" and 4™ order blended artificial viscosity.

None employed, although time-step constraint is relaxed for
unsteady calculations.

N/A

N/A

Local.

Based on residuals, and C.

Ref. 13 for basis of steady code.

225,888 grid cells in 88 blocks.

N/A
84 X 34 =2.856 cells
C grid around wing

10 (root) chords streamwise and normal to wing, 3 spans from
wing tip in spanwise direction.

Tip fairing is modelled, but with closure 4mm from the experi-
mental tip.

Euler: 152 (sections 1,3,5,7), 370 (1 & 7)
Euler+boundary layer (8)

138, 152, 158, 191 (sections 1 — 8), 383, 193 (1,3,5,7). 370 (1
&7)

Linear interpolation in spanwise direction to measurement sta-
tions.

Cray YMP.

Not given
Not given
Not given
Not given



4.4 Memory

4.5 Contact for further information

1 CODE

1.1 Type

1.2 Name
1.3 Description

1.4 Available grid types
1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model

1.9 Time-step

1.10 Convergence

1.11 References

2 GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

3 RESULTS
3.1 Written Report

3.2 Electronic data

3.3 Interpolation details

4 ADDITIONAL INFORMATION

4.1 Platform
4.2 CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence
4.4 Memory
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Not given

M I de C Henshaw, British Aerospace (Operations) Ltd, Mili-
tary Aircraft and Aerostructures, Brough, East Riding of York-
shire, HU15 1EQ, UK.

michael.henshaw@bae.co.uk

ENS3DAE

3-D Compressible Full (not thin layer) Reynolds Averaged
Navier-Stokes

ENS3DAE run as Euler

Beam Warming implicit central finite difference scheme. Sec-
ond order accurate in space and time. Local time stepping for
steady state cases.

Multi-block structured

Pressure switched second/fourth order non-linear explicit with
spectral radius scaling. Second order implicit

Local time stepping for steady state. Grid sequencing
N/A

N/A

Local time stepping, CFL=4.0

3000 iterations at M=0.90

Ref. 7, Ref. 8, Ref. 9

201 x 49 x 33 = 325,017 points
N/A

153 x 25 = 3825 points
Single-zone C-H structured grid

6 root chords forward and aft of wing. 4 root chords above and
below. 4 semi-spans

None; airfoil constant throughout span

137, 151, 158, 168, 190 (steady only, sections 1 — 8)

Linear interpolation to experimental stations

Cray C-90 at NASA Ames, multitasked on 8 shared processors

Approx. 5 hrs (3000 iterations)

Approx. 6 sec., 1.85 x 10-5 sec/iteration/grid point
(Steady only)

2.5 orders of magnitude on L2 norm of residual

32 million words (multitasked on 8 processors)



4.5 Contact for further information

NAVIER-STOKES CODES

CODE

1.1 Type

1.2 Name

1.3 Description

1.4 Available grid types
1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model

1.8 Transition model
1.9 Time-step
1.10 Convergence

1.11 References

GRID

2.1 Size of grid

22Y+

2.3 Number of Surface grid points
2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

RESULTS

3.1 Written Report
3.2 Electronic data
3.3 Interpolation details

ADDITIONAL INFORMATION

4.1 Platform
4.2 CPU
4.2.1 Total

4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence

4.4 Memory
4.5 Contact for further information

d.m.schuster@larc.nasa.gov

ENS3DAE

3-D Compressible Full (not thin layer) Reynolds Averaged
Navier-Stokes

ENS3DAE

Beam Warming implicit central finite difference scheme. Sec-
ond order accurate in space and time. Local time stepping for
steady state cases.

Multi-block structured

Pressure switched second/fourth order non-linear explicit with
spectral radius scaling. Second order implicit

Local time stepping for steady state. Grid sequencing

Baldwin-Lomax algebraic with FMAX search limiter to force
FMAX to occur in viscous layer near surface. 3-D eddy viscos-
ity smoothing to provide spatial history effects (helpful in sepa-
rated flows)

Fully turbulent

Local time stepping, CFL=4.0

2000 iterations most cases, more at M=0.90
Ref. 7, Ref. 8, Ref. 9

201 x 49 x 41 = 403,809 points

Minimum, 3.8; maximum. 15.2; average, 7.4
153 x 25 = 3825 points

Single-zone C-H structured grid

6 root chords forward and aft of wing. 4 root chords above and
below. 4 semi-spans

None; airfoil constant throughout span

137, 168 (sections 1,3.5,7)
137, 151, 158, 168, 190 (steady only, sections 1 — 8)

Linear interpolation to experimental stations

Cray C-90 at NASA Ames, multitasked on 8 shared processors

15,720 sec = 4.367 hrs (2000 iterations) CPU, 54 min Wall.
7.860 sec.. 1.95 x 10” sec/iteration/grid point

(Steady only)

2.5 orders of magnitude on L, norm of residual

40 million words (multitasked on 8 processors)

d.m.schuster@larc.nasa.gov
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CFD SOLUTIONS

CLEAN WING TEST CASES

There are 14 cases (8 steady and 6 unsteady) as detailed in Table 2, in all cases the (equilibrium) angle of attack is close to
zero, and the Mach number range includes sub-critical, transonic and supersonic flow conditions. Viscous effects are com-
paratively insignificant for these conditions.

Solutions are presented (on the CDROM) for upper and lower surfaces at 8 spanwise stations, as specified in Table 3 (see
also figure 1 of chapter 5), and sample results are plotted at a few selected conditions and spanwise locations in this chap-
ter. A selection of convergence plots is also provided.

The reader should note that the first data point on the upper surface for sections 3 and 5 are faulty pressure points (see Ref.
2) and should not be considered in evaluations. This can be observed in figures 5 to 10, particularly Figure 10.

Run No. Mach No. o (deg.) freq. (Hz) K 0 (deg.) Re X10°
Steady cases
137 0.597 -0.005 - - - 4.79
138 0.597 +0.493 - - - 4.77
151 0.897 -0.004 - - - 5.79
152 0.896 +0.497 - - - 5.79
158 0.946 -0.004 - - - 5.89
168 1.093 -0.002 - - - 6.01
190 1.328 -0.005 - - - 4.07
191 1.327 +0.500 - - - 4.08
Unsteady cases
383 0.597 0.004 40 0.399 0.115 4.57
370 0.896 0.001 40 0.275 0.111 5.73
160 0.947 -0.006 20 0.132 0.523 591
373 1.092 0.003 10 0.058 0.113 592
172 1.093 0.003 20 0.116 0.267 6.02
193 1.336 -0.001 40 0.198 0.222 4.10

Table 2  Flow conditions used for comparisons

Section n(=yls) | y(m)
No.

1 0.181 0.1127
2 0.352 0.2192
3 0.512 0.3188
4 0.641 0.3991
5 0.721 0.4489
6 0.817 0.5087
7 0.875 0.5448
8 0.977 0.6082

Table 3 Spanwise measurement stations on F-5 Wing.
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WING TIP

In the absence of the launcher and missile a wing tip fairing was attached to the model; this is defined in the geometry
specification (see chapter 5). Three stations define the fairing. and the last of these is 4 mm short of the actual wing tip,
which allows the possibility of some variation in the modelling of the geometry. CFD results generated within this bench-
mark exercise have indicated that minor compromises to the geometry in this region are insignificant compared to changes
in grid density and/or model physics. Indeed a linear extrapolation of the wing section to the full span with a simple clo-
sure at the tip is a reasonable compromise of the actual geometry.

Overall the codes UEMB and EUL3DU were found to give almost identical results, the main differences being due only to
the grid density (particularly around the leading edge). The tip geometry was defined differently in these two sets of re-
sults; for UEMB the fairing definition (three stations) is used, but the last (undefined) 4-mm are truncated and the tip
closed with a flat surface. In the EUL3DU geometry, on the other hand, the tip is modelled by extending the constant wing
section to the tip, which is located at 0.6476 m. Thus the wing has the span of the tested wing, but the change in shape of
the fairing is not modelled at all. The tip is closed by collapsing the grid to a plane in a section located about 13 mm from
the tip, which actually gives additional span to the wing.

The Cp distribution at station 8 (97.7%) is shown in Figure 2, for run 152 (M=0.896, a=0.497°).

On the lower surface the EUL3DU results show sharper and earlier peak suction than the UEMB results, but this is ex-
plained by the difference in mesh density. In fact the EUL3DU grid has 160 chordwise points compared to 84 for the
UEMB grid. Overall the EUL3DU lower surface results agree more closely with the experimental points. On the upper
surface this position is somewhat reversed, with the UEMB results closer to the experimental points. Once again the grid
density is seen to make a difference. manifested by the sharpness of the shock wave.

For information, an UEMB result obtained using viscous coupling is also plotted. This shows closer agreement in terms of
shock position and peak pressures on the upper surface, the difference is less pronounced on the lower surface. Although
the results with the two geometry definitions show variation, these variations appear to be associated with different grid
density rather than differences in the geometry definition per se. Overall, it is concluded that the Cp variations, due to
these differences in tip geometry modelling, are not significant.

CONVERGENCE

There is some variation in the metrics used by the different methods to monitor convergence, the metric(s) used by each
method are noted in the formulary above. For information the convergence for a sample of codes is plotted for two of the
run conditions run 152 (steady) and run 172 (unsteady) in Figure 3 (Full potential) and Figure 4 (Euler). These are typical
plots and will inform the reader of the general level of convergence that has been achieved for the results presented herein.

STEADY SOLUTIONS

Steady solutions are presented as sectional Cp plots at spanwise stations 1, 3. 5, 7 for a selection of the flow conditions,
and data for all stations and all the steady conditions specified in Table 2 are available on the accompanying CDROM. The
reader is invited to plot these data for the purposes of more extensive comparison. Code to code comparisons are made for
the transonic case, run 152, in Figure S (UTSP and Full Potential) and Figure 6 (Euler and Navier-Stokes). For clarity a
reduced set of results which compare the four different levels of approximation are shown in Figure 7 (run 137, subsonic),
Figure 8 (run 152, transonic) and Figure 10 (run 168, supersonic).

The various methods are in overall agreement, but differ somewhat in detail. The inboard pressures tend to be over-
predicted by all the methods, but this is almost certainly due to the sidewall boundary layer affecting the experimental re-
sults. The tip pressure detail is sensitive to spanwise grid clustering, and it is suggested that this is as significant as the
changes in tip geometry mentioned above.

At Mach numbers near 0.9, and above, a leading edge shock appears. and this is somewhat sensitive to the grid spacing
around the leading edge for the inviscid methods. For Navier-Stokes methods particular attention to cell clustering in this
region may be required, and it is not clear whether the flow near the leading edge should be laminar or turbulent.

The two UTSP methods show fairly close agreement (Figure 5). although UTSPV?21 fails to capture the leading edge peak
pressure (lower surface) and the sharpness of the shock (upper surface); this is due to the differences in grid fineness.
CAP-ASP uses more than twice as many chordwise grid points, and this indicates that of the order of 90 (on each surface)
are required. It may be noted that the shock is further aft for CAP-ASP, particularly at the tip. however, this agrees well
with the EUL3DU (Euler) predicted position (Figure 8) and other fine grid Euler results (Ref. 11). Both Full Potential
methods capture the leading edge peak better than the UTSP results.

There is a significant difference in the shock position between the two Full Potential methods. HELIFP and TCITRON use
similar grid densities (although HELIFP uses more spanwise stations) and the difference is attributed to the different for-
mulations: HELIFP is a conservative formulation and TCITRON is non-conservative.



The difference in shock position for the Euler methods UEMB and EUL3DU (Figure 6) is once again entirely attributable
to the different grid densities, however. the difference between PMB3D and UEMB is less easily explained, as these meth-
ods were run on the same grid. The implicit formulation (PMB3D) in fact shows closest agreement with EUGENIE, an
unstructured grid code that in this case is used with boundary layer coupling to model the effects of viscosity. Figure 9
shows a comparison between UEMB and EUGENIE (i.e. structured and unstructured grids respectively) both run in Euler
and Euler with viscous coupling mode. There appears to be no significant difference between the grid technologies, and the
inclusion of viscous coupling achieves the correct shock position in both cases.

For the subsonic case (Figure 7) there is virtually no difference between the various levels of approximation, although the
trailing edge treatment for the codes results in some differences in pressure. The two methods that include viscosity
(RANS code ENS3DAE and EUGENIE with boundary layer coupling) show a similar trend in Cp at the trailing edge. For
the supersonic case there is again variation in the trailing edge treatment, although overall the various levels of approxima-
tion appear to agree well. Euler with boundary layer coupling (EUGENIE) matches most closely to experiment, and the
Full Potential method shows the least agreement with other methods or experiment.

UNSTEADY SOLUTIONS

Unsteady solutions are presented as sectional plots of the real and imaginary parts of the pressure coefficient (CpReal and
Cplmag) at spanwise stations 1 and 7 for a selection of flow conditions. Data for all the stations and all the unsteady flow
conditions specified in Table 2 are available on the accompanying CDROM. The reader is invited to plot these data for the
purposes of more extensive comparison.

Code to code comparisons are presented for run 370 (transonic) in Figure 11 (UTSP and Full Potential) and Figure 12
(Euler). A reduced set of results which compare the three different levels of approximation are shown in Figure 13 (run
383, subsonic), Figure 14 (run 370, transonic), and Figure 15 (run 373, supersonic).

The reader should note that the first experimental point on section 1, upper surface, for run 370 appears to be in error; al-
though no error has been identified in the experimental dataset for this point. The point is not included in the plots re-
ported here (e.g. Figure 11), although it remains in the experimental data included on the CDROM.

Only one set of UTSP data is available (UTSPV21, run 370, Figure 11) and this underestimates the peaks in the real and
imaginary pressures. As before this is due to the coarseness of the mesh used in this code. The Full Potential codes show
reasonable agreement with each other, although the position of the peak in Cplmag agrees less well on the outboard sta-
tions. HELIFP (with conservative formulation) appears to match experiment most closely for this case. The Euler methods
also show reasonable agreement with each other (Figure 12) although the EUL3DU method tends to predict larger outboard
peaks for both real and imaginary parts. Overall, EUGENIE matches most closely to the experimental values.

The predictions for subsonic and supersonic flow show fairly close agreement between all the methods (Figure 13 and
Figure 15), although the outboard peak Cp (real and imaginary) is rather reduced for the Full Potential code at supersonic
conditions.

No differences in the results are attributed to differences in the way that unsteady motion is introduced (e.g. transpiration
boundary conditions or mesh movement), however, the oscillation amplitude is comparatively small for this test case.

COMPLEX CONFIGURATION TEST CASES

The E-5 test series includes a range of geometries, increasing in complexity from the clean wing to the wing with stores and
attendant components, as defined in chapter 5, tables 3 and 4. Computational solutions are presented for the geometry
described by table 3d, of chapter 5, i.e. F-5 wing with tip launcher + missile body + aft fins + canard fins, at the flow con-
ditions specified in Table 4.

RUN MACH X a Re F 0
Steady Cases

320 .897 0 -.000 5.65 - -
Unsteady Cases

348 595 401 004 4.62 40.000 111

352 .897 .069 -.002 5.73 10.000 115

355 896 275 004 5.73 40.000 117

302 1.327 .199 016 4.20 40.000 221

Table 4 Wing With Tip Launcher + Missile Body + Aft Fins + Canard Fins
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The Euler methods UEMB (structured) and EUGENIE (unstructured) have provided results for the complex configurations,
the grids were as follows: -

UEMB: Multiblock: 290 blocks, 238,263 cells (11.712 surface cells).
EUGENIE: 120,307 grid nodes (6,770 surface nodes)

Although there is an increase in the number of grid points, compared to the number for the clean wing, in both cases the
increase is comparatively modest compared to the increase in complexity of the geometry. This is especially true of the
structured code (UEMB), where some compromise in surface density has been necessary to minimise the number of cells
used. The grids are illustrated in plots provided on the CDROM (in directory ‘Grids’)

STEADY SOLUTIONS

Results are presented for steady flow case, run 320, in the form of Cp maps only. The plots may be viewed from the
CDROM in directory Chapter4/ComplexWing/Steady/Run320, and are in postscript form. Detailed Cp plots of the missile,
calculated using EUGENIE, are given in EU_EUGENIE_SURF and EU_EUGENIE_SURFZ (an enlargement of the aft fins
area). The results for EUGENIE and UEMB are compared in EU_EUGENIE_UEMB_XCUT (field plot) and
EU_EUGENIE_UEMB_WING (wing surface). For these figures the reader should note that EUGENIE is equivalent to the
DAV label, and UEMB to the BAe label. The agreement between the two methods appears to be good for this steady flow
condition.

UNSTEADY SOLUTIONS

Sectional plots are provided at sections 1, 3, 7, and 8 (Table 3) for the real and imaginary components of the pressure coef-
ficient for the cases defined in Table 4. Plots for the three cases with pitch frequency of 40 Hz are included below. The
agreement of the codes, and with experiment, is close for the subsonic and supersonic flow conditions for the real compo-
nent of Cp (Figure 16 and Figure 20). but less good for the imaginary Cps. EUGENIE appears to underestimate Cp com-
pared to experiment, whereas UEMB achieves fairly good agreement except at the outermost section (Figure 17and Figure
21). For the transonic flow case (run 355) the codes show a basic agreement in trend, but differ in detail (Figure 18 and
Figure 19), however, the agreement with experiment is less well determined, especially at the outboard stations. The peaks
in CpReal and Cplmag, identified by the codes (which exhibit the same trends) are not present at the measurement loca-
tions of the experimental results.

DATA LAYOUT

The data relevant to this chapter is held in directories chapter4 and chapter5 (experimental). The structure for the CFD
data (chapter 4) is shown in Figure 1.

The location of results for particular runs is self-evident from the structure of the chapter directory tree. Each RUN***
directory contains all the CFD results for that particular run number (see Table 2 and Table 4) with a designation according
to the following key: -

MM_CCCC_SS
Where MM is the method identifier, CCCC is the code identifier, and SS the section number.

UTSPV21
CAPASP S1
HELIFP S2
UT TCITRON S3
FP EUL3DU S4
EU (™ PMB3D ~|85

NS EUGENIE S6
EUGENIE+BL| |s7
UEMB S8
ENS3DAE

For example, section 5 of data for run 151 using the code EUL3DU has the code EU_ EUL3DU_S5 and held in directory
RUNI151.
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Some RUN*** directories also contain a directory entitled ‘Plotting’, and this contains files for producing the plots printed
below. with one or two additional cases for further information. To produce plots execute Xmgr.xxx_sh, this uses the
corresponding set.xxx and graph.uCp files. Ensure that the directory is correctly set in Xmgr.xxx_sh by modifying the
‘DIR=" line appropriately. Different sections may be plotted using the scripts, by editting the filenames in Xmgr.xxx_sh.

Postscript files illustrating some of the grids used in this exercise are provided in the directory ‘Grids’

Two movie files are provided for the clean wing unsteady case, runl 60, these are both generated from results from the
EUGENIE code. The first *skin.mov’ shows the upper surface shaded according to Cp value through two pitch cycles, the
second (*profil.mov’) shows the Cp plot at a section at 0.535 m span as it pitches through two cycles.

A full list of contents is given in the README file.

=]
I I I

— _ , o , l [
|C1eanWing |_| ComplexWing Grids | Movie |H Chapterd.doc README
eI PRI =
[}
)
'

¢

-}

-

' CFD results

t
| files
LN

|
[}
[}
|
|
e

- -

Figure 1 Directory structure for Chapter 4 on CDROM.
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a
) Run 152, Section 8, Upper Surface

-0.6 .' ! ! " ! ! ! '

b) Run 152, Section 8, Lower Surface

I S S S N S SR S S S
o 01 02 03 0. 8 0

Figure 2 Comparison of EUL3DU and UEMB at section 8 for run 152. Cp is plotted for a) upper
surface, and b) lower surface. This figure shows that different tip modelling has less ef-
fect than other factors (such as inclusion of viscosity, designated UEMB+vis)
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Convergence plots for Full Potential methods. Convergence for the code HELIFP is illustrated for

run 152. a) Number of supersonic points plotted against iteration number, b) residual of velocity po-

tential plotted against iteration number.
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Convergence plots for Euler methods. Explicit (EUL3DU) and implicit (PMB3DU) algorithms are

illustrated. a) EUL3DU for run 152 (steady), residual vs. iteration; b) PMB3D for run 152 (steady),
residual vs. iteration; ¢) EUL3DU for run 172 (unsteady), Cl vs. o for 3 pitch oscillations; d) PMB3D
for run 172 (unsteady), Cl vs. o for 3.25 pitch oscillations.
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S5E. F-5 WING & F-5 WING + TIP STORE

Evert G.M. Geurts
National Aerospace Laboratory NLR, The Netherlands

INTRODUCTION

This data set relates to a transonic wind tunnel investigation carried out in 1977 on an oscillating, slightly modified model of the
outer part of a Northrop F-5 wing with and without an external store. The store represented an AIM-9J missile including its
launcher. These tests were reported in references 1, 2 and 3. The model proceeded from an F-5 wing model for subsonic tests by
a slight reduction of the model span, needed to accommodate the tip store considered in the document. In streamwise direction
the wing possesses a modified NACA 65-A-004.8 airfoil, characterised by a droopnose, extending from the leading edge
towards the point of maximum thickness at 40 per cent of the chord.

The aim of the experiments was to determine the unsteady aerodynamic loads on a representative fighter type wing in the
transonic and low supersonic speed regimes. Detailed steady and unsteady pressure distributions were measured over the wing,
while on the store strain gauge balances obtained aerodynamic loads (Ref. 4). To study the effect of the external store on the
unsteady wing loading (interference effects) as well as the unsteady loads on the store itself and its components, the model was
tested in various stages of completeness. Starting with the clean wing, successively more parts of the store (launcher, missile
body, aft wings, canard fins) were added. Data presented here refer accordingly to the F-5 clean wing configuration, growing in
steps to the configuration of the F-5 wing with complete tip store. The model geometry described in the Formulary concerns only
the clean wing; geometry data concerning the tip store are not described in this document. However, they are presented in the
figures and they are contained in the database on the CD-ROM, accompanying this chapter. Simultaneously with these
measurements also wind tunnel wall pressures were recorded to support wall interference effect studies. In the same test also
various stages of an underwing missile were measured (pylon, launcher, missile body with aft wings, complete missile).
However, no underwing missile data are included in this document.

Subsonic tests on the unmodified wing model in different tip store and underwing configurations were extensively reported in
references S and 6. Tests on the same wing but with an inboard control surface were reported in reference 7.

The tests on the F-5 wing and F-5 wing with tip store were carried out in the High Speed Tunnel of the National Aerospace
Laboratory NLR, in Amsterdam, The Netherlands. The tests covered the Mach number range between Ma = 0.6 and Ma = 1.35,
and frequencies up to 40 Hz. An overview of the selected data is given in table 1. For steady measurements steady values are
presented; for unsteady measurements mean values are represented as well as real and imaginary part of the unsteady values.

LIST OF SYMBOLS AND DEFINITIONS

Deﬁnition of axes systems

Figure 1 shows the body-fixed co-ordinate system used for non-dimensionalisation.

Figure 2 shows the body-fixed axis system (CATIA origin)

x-axis: chordwise co-ordinate in wing reference plane: apex: x =0

y-axis: spanwise co-ordinate in wing reference plane; y-axis = rotation axis or pitching axis at x/C, =50.00 %

z-axis:  co-ordinate in plane of symmetry normal to wing reference plane

Definitions of pressure, force and moment coefficients for the wing

Steady and mean

Pressure coefficient Cp=(Pp.-P)/Q

1
Sectional normal force C,=Z/(Q*C)=- j (Cpr = Cp) d(/C)
0

Sectional pitching moment L

about  quarter-chord point C,=M/(Q* c)= J. (Cpr — Cp) (WC - 0.25) d(W/C)
(positive nose down) 0

Unsteady

Pressure coefficient Ci=ReC,+ilmC,=P;/(Q*0)
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Sectional normal force

Sectional pitching moment
about  quarter-chord  point
(positive nose down)

1
C,i=ReC,;+ilmC,;=Z;/(nQCH)= (llu)-“(Cpi.- Cpi.) d/C)
0

)]
Cni=ReCry+iImCpyy =M;/ (%4 Q C*0)= (2/m) J. (Cpi- Cpie ) (WC - 0.25) d(W/C)
0

Quasi-Steady at zero incidence (0 =10; ¢p=10)

Pressure coefficient
Sectional normal force

Sectional pitching moment
(positive nose down)

Cpq=ACp/Aa={Cp(a0+Aa1)—Cp(a0—Aa2))/{Aa1+Aa2}
Cyuy=Zy/(nQCH)= {C, (0 + Aty ) = C, (0o — A0)} /T { Ay + At }

Cn,l:Mq/('/anCZB):Z{Cm(a0+Aa1)—Cm((x0-Aa2)}/7t{A(x1+Aa2}

Definitions of force and moment coefficients of pylon and store

Steady and mean
Normal force

Side force

Pitching moment about balance
centre (positive nose up)

Yawing moment about balance
centre (positive nose inward)

Unsteady
Normal force

Side force

Pitching moment about balance
centre (positive nose up)

Yawing moment about balance
centre (positive nose inward)

C,=Z/(Q*C*S)
C,=Y/(Q*C *S)
C.=M/(Q*C2*S)

C,=N/(Q*cCc?*S)

C,=ReCi+ilmCy=Z/(nQC SO)
Cyi=ReCyi+iImCyi=Y-,/(7tQC SO)
Coi=ReCmi+ilmCpy=M;/(¥mQ Cc*S8)

Cui=ReCy+ilmCy=N;/(¥%nQ c?S0)

Quasi-Steady at zero incidence (0 =0; 0o =0)

Normal force

Side force

Pitching moment about balance
centre (positive nose up)

Yawing moment about balance
centre (positive nose inward)

Symbols

ALPHA, alpha, a )
C (m)
C O]
C (m)
c (m)
F (Hz)

Cy=Zi/(nQcC S0)={C,(0tp+Acxy)—C, (Ctg—A0p)} / 1t { Aoy + Aty }
Cu=Yi/(nQC SG):{Cy(a0+Aa,)—Cy((x0-Aaz)}/n{Aoc1+Aoc2}
Cmg =M/ (¥mQ € 20) =2 {Cpy (g + A0y ) = Cry (09— Acp)} / 1 { Aot + Aoty }

Cog=Ni/ (¥mQ € 20)=2{C, (0o + Avy ) = Cy (0o — AG) } / 7 { Aoy + Ay }

incidence, positive nose up

local chord

coefficient (followed by symbol or subscript)
root chord: C, = 0.6396 m

mean geometric chord: ¢ =0.4183 m

frequency, frequency of model oscillation



K Q]
Ma, MA )
M (Nm)
N N)
P (Pa)
Py, PO (Pa)
Py, PLOC (Pa)
P; (Pa)
PPL (Pa)
Q (Pa)
Re, RE )

S (m)

t (s)
TO ()
THETA, theta, 6 (°, rad)
\Y% (m/s)
X (m)
y (m)
Y ™)
z (m)
Z N)
o, ALPHA, alpha )

0, THETA, theta (°, rad)
w (rad/s)
Subscripts

Li

Qgq

Suffices

+

Abbreviations

LVDT

RE, Re

IM, Im

WRP

reduced frequency, K=n *F *C,/V
freestream Mach number

pitching moment

wing normal force

freestream static pressure

stagnation pressure

local static pressure

unsteady pressure at model surface
settling chamber pressure

dynamic pressure

Reynolds number ( x 10'6) based on E

semi-span: S = 0.6226 m

time

stagnation temperature

amplitude of oscillation in section of accelerometers 1 and 2; positive nose up
freestream velocity

chordwise ordinate (see Definitions)

spanwise ordinate (see Definitions)

side force

co-ordinate in plane of symmetry normal to WRP (see Definitions)
normal force

incidence; positive nose up

amplitude of oscillation in the section of accelerometers 1 and 2; positive nose up

angular velocity; w =21 * F

referring to unsteady quantities

referring to quasi-steady quantities

denotes upper surface

denotes lower surface

Linear Variable Displacement Transducer
real part of complex number
imaginary part of complex number

Wing Reference Plane (Definition: Figure 1)
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FORMULARY

1  General Description of model

1.1
12
13
1.4
1.5

Designation

Type

Derivation
Additional remarks

References

2  Model Geometry

2.1
22
23
2.4
2.5
2.6
2.7
2.8
29
2.10
2.11
2.12

2.13
2.14

2.15

2.16

Planform

Aspect ratio
Leading edge sweep
Trailing edge sweep
Taper ratio

Twist

Root chord
Semi-span of model
Area of planform
Leading edge flap
Trailing edge flap
Reference locations and profile definitions

Form of wing body- or wing-root junction

Form of wing tip

Additional remarks

References

3  Wind Tunnel

3.1
32
33
34
35
3.6
3.7

3.8

39

3.10
3.11

3.12

Designation

Type of tunnel

Test section dimensions
Type of roof and floor
Type of side walls
Ventilation geometry

Displacement thickness of side wall
boundary layer

Thickness of boundary layers at roof and
floor

Method of measuring Mach number

Flow angularity

Uniformity of Mach number over test
section

Sources and levels of noise or turbulence in
empty tunnel

F5 wing + store

Semi-span model with modified NACA 65-A-004.8 airfoil
Fighter-type wing

AIM-9J launcher/missile

Trapezoidal (swept tapered)
2977

31.917° (31°557%)

5.033° (5°2°)

0.308

0.6396

0.6226 (fairing excluded)
0.2604

NACA 65-A-004.8 up to 40%, further backwards symmetrical
(co-ordinates included in database in file “fSw.crd™)

No body

Fairing for clean wing, co-ordinates at 4 sections,

See Table 2; see Figure 1

Geometry data of all configurations are included as CATIA files
in the database on CD-ROM

NLR High Speed Tunnel (HST)

Continuous, variable pressure

Height: 1.6 m, width: 2.0 m, enclosed in large plenum chamber
Slotted, 6 slots per wall

Solid

Roof and floor: open ratio 12%

~7 mm
Not measured

Derived from settling chamber stagnation and plenum chamber
static pressures

< 0.1° in centre of test section, less than 0.25° elsewhere
<0.4% in AM/M at supersonic Mach numbers

< 1% in rms p/q for M=0.8



3.13 Tunnel resonance
3.14 Additional remarks

3.15 References on tunnel

Model motion

4.1 General description

4.2 Reference co-ordinate and definition of
motion

4.3 Range of amplitude
4.4 Range of frequency
4.5 Method of applying motion
4.6 Timewise purity of motion

4.7 Natural frequencies and normal modes of
model

4.8 Method of applying motion

4.9 Additional remarks

Test Conditions

5.1 Model planform area/tunnel area

5.2 Model span/tunnel width

5.3 Blockage

5.4 Position of model in tunnel

5.5 Range of Mach number

5.6 Range of tunnel total pressure

5.7 Range of tunnel total temperature

5.8 Range of model steady or mean incidence
5.9 Definition of model incidence

5.10 Position of transition, if free

5.11 Position and type of trip, if transition fixed
5.12 Flow instabilities during tests

5.13 Changes to mean shape of model due to
steady aerodynamic load

5.14 Additional remarks
5.15 References describing tests

Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2 Steady pressures for small changes from the
mean conditions

6.3 Quasi-steady pressures
6.4 Unsteady pressures

6.5 Steady forces for the mean conditions

6.6 Steady forces for small changes from the
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No evidence of resonance

Information on flow angularity and Mach number uniformity
available only along test section centreline

Ref. 8.

Sinusoidal pitching about axis normal to wind tunnel side wall.
Axis location at 50% root chord

Oscillation amplitude measured with LVDT on actuator

Between 0.1° and 0.5°.

10, 20, 30 and 40 Hz

Electro-hydraulic shaker system (HYDRA), see Ref.10
Adequate purity of sinusoid

Not traceable, but far enough from driving frequencies

Actual modes measured with accelerometers: Wing 8, store 4

(position and output of accelerometers included in database files)

0.0814

0.3113

Negligible

Standard sidewall position

0.6t0 1.35

70 kPa and 100 kPa

Total temperature included in data point information
-0.5°, 0.0°, +0.5°

Relative to line of symmetry of rear part
Not measured

No transition trips

None encountered

Not measured

References 1 and 2

Wing Yes
Slotted top wall Yes
Wing Yes
Wing Yes
Wing Yes
Slotted top wall Yes
Store: measured directly Yes
Wing: Integrated pressures Yes
Store: measured directly Yes
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6.7

6.8

6.9

6.10

6.11
6.12
6.13

mean conditions

Quasi-steady forces

Unsteady forces

Measurement of actual motion at points of
model

Observation or measurement of boundary
layer properties

Visualisation of (surface) flow
Visualisation of shock wave movements

Additional remarks

Instrumentation

7.1

7.2

7.3

7.4

7.5
7.6

Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system

Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices
7.2.3 Type of measuring system
7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration

Model motion

7.3.1 Method of measuring motion
reference co-ordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
Additional remarks
References on techniques

Data presentation

8.1

8.2

Test cases for which data could be made
available

Test cases for which data are included in this
document

Wing: Integrated pressures Yes
Store: measured directly Yes
Wing: Integrated pressures Yes
Store: measured directly Yes
Wing: Integrated pressures Yes
Yes
No
No
No

8 spanwise sections, 10 upper and 10 lower, see Figure 1 and CD-
ROM file “sensors.txt”

PHAROS (Ref.9): combination of 160 orifices and connecting
tubes and 8 miniature pressure transducers

See Figure 1 and CD-ROM file “sensors.txt”

0.8 mm
PHAROS (Ref.9)
Scanning valves: Statham. In situ transducers: Kulite and Endevco

Data acquisition system was calibrated daily, pressure transducers
before and after wind tunnel test. Accuracy less/equal 1%

LVDT: Sangamo
8 accelerometers on wing, 4 accelerometers on store

Accelerometers: about 1%, LVDT: better than 0.015 mm

Direct Fourier Transform of time signals to harmonic components

Averaging and determination of first (and higher) harmonics took
place over signal lengths of 1 s (steady), or about 1 s with round-
off to integral number of cycles (unsteady)

Fundamental harmonics and occasionally second and third
harmonics for accuracy see 9.1.6

Trapezoidal rule

Position of accelerometers, see Figure 1 and CD-ROM

See Tables 3, 4 and 5

See Table 1
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8.4

8.5
8.6

8.7

8.8

8.9

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures
Steady forces or moments

Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

8.10 Ref. giving other representations of data

Comments on data

9.1

9.2
9.3
9.4
9.5

9.6
9.7

9.8

9.9

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients

Sensitivity to small changes of parameter
Non-linearity’s
Influence of tunnel total pressure

Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections

Other relevant tests on same model

Relevant tests on other models of nominally
the same shapes

Any remarks relevant to comparison
between experiment and theory

9.10 Additional remarks

9.11 References on discussion of data

Personal contact for further information

Evert G.M. Geurts
Department of Aerodynamic Engineering and Aeroelasticity
Phone: +31 205113455

Fax:

+31 205113210

Email: geurts @nlr.nl

National Aerospace Laboratory NLR
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See Tables 3, 4 and 5
See Tables 3, 4 and 5

See Tables 3, 4 and 5

See Tables 3, 4 and 5; integrated pressures on wing, measured
directly on store

See Tables 3, 4 and 5; integrated pressures on wing, measured
directly on store

See Tables 3, 4 and 5; integrated pressures on wing, measured
directly on store

Ref.1

+/- 0.001

+/- 0.01° at LVDT position
+/- 0.0005

+/- 0.5 percent

Uncertainty in the real and imaginary parts of the coefficients is
probably +/- (0.02 + 0.05 Q), where Q = |R| or [I|

Unsteady wall pressures measured, no correction applied

References 5 and 6: Same wing, F5 + tip-tank and store (Data
possibly not available)

Reference 7: Same wing, FS5 + inboard flap

See above
This publication, Chapter 4

An example of a database file is included in table 6.
Structure of file set-up is included in README file in database.

Anthony Fokkerweg 2 P.O. Box 90502

NL 1059 CM Amsterdam NL 1006 BM Amsterdam
The Netherlands The Netherlands

Phone: +31205113113

Fax: +31 205113210

Website: http://www.nlr.nl



142

11 List of references

1

10

van Nunen, J.W.G., Tijdeman, H., et.al., "Results of transonic wind tunnel measurements on an oscillating wing with
external store (data report)”, NLR TR 78030 U, 1978

Tijdeman, H., van Nunen, J.W.G. et.al., "Transonic Wind Tunnel Tests of an Oscillating Wing with External Store",
Part I: General description

Part II: The clean wing

Part III: The wing with tip store

Part IV:The wing with under wing-store

NLR TR 78106 U, 1978 (also AFFDL TR 78-194, 1978)

Roos, R., "Unsteady airloads on a harmonically pitching wing with external stores”, Proceedings of the
AITAA/ASME 21st Structures, Structural Dynamics and Materials Conference, Seattle, Washington, May 12-14,
AIAA paper 80-733, 1980, (also NLR MP 80004 U, 1980

Persoon, A.J., "Measuring unsteady loads on wing-mounted stores", NLR TR 79013 U, 1979

Renirie, L., van Nunen, J.W.G. et.al.,, "Unsteady pressure measurements on a wing with stores in subsonic flow” ,
Part I: Description of tests,

Part II: Tabulated results,

NLR TR 75155C, 1975

Van Nunen, J.W.G., Roos, R., Meijer, J.J., “Investigation of the unsteady airloads on wing-store configurations in
subsonic flow”, AGARD CP227: Unsteady Aerodynamics, (also NLR MP 77025 U, 1977)

Persoon, A.J.,, Roos, R., Schippers, P., “Transonic and low supersonic wind tunnel tests on a wing with inboard
control surface”,

Part I: General description,

Part II: Tabulated results,

NLR TR 80070 L, 1980

NN., "Users guide to the High Speed Tunnel (HST): edition 1977

Fuykschot, P.H., "PHAROS, Processor for harmonic analysis of the response of oscillating surfaces”, NLR MP
77012 U, 1977

Poestkoke, R., "Hydraulic test rig for oscillating wind-tunnel models", NLR MP 76020 U, 1976



143

Selected Steady Cases Selected Unsteady Cases
RUN | Ma | ALPHA [ Re RUN | Ma | K J[ALPHA| Re F | THETA
WING
137 .597 -.005 477 383 .597 .399 .004 4.57 40.000 115
138 .597 493 4.77 370 .896 275 .001 5.73 40.000 111
151 .897 -.004 5.79 160 947 132 -.006 5.91 20.000 .523
152 .896 497 5.79 373 1.092 .058 .003 5.92 10.000 113
158 946 -.004 5.89 172 1.093 .116 .003 6.02 20.000 267
168 1.093 -.002 6.01 193 1.336 .198 -.001 4.10 40.000 222
190 1.328 -.005 4.07
191 1.327 .500 4.08
WING WITH TIP LAUNCHER
198 .597 -.004 473 204 .598 402 -.007 4.80 40.000 114
208 .897 -.009 5.94 211 .898 .276 .010 5.84 40.000 224
218 1.329 -.256 427 222 1.323 .200 .000 4.24 40.000 .115
WING WITH TIP LAUNCHER + MISSILE BODY
256 597 .001 4.62 259 .593 402 -.006 4.60 40.000 221
251 .894 -.010 5.68 254 .894 276 -.005 5.69 40.000 223
234 1.327 -.004 4.21 237 1.327 .199 .003 4.25 40.000 111
WING WITH TIP LAUNCHER + MISSILE BODY + AFT FINS
286 .596 -.004 4.68 289 .597 401 -.004 4.68 40.000 .220
281 .894 -.004 5.94 284 .894 279 -.004 5.95 40.000 222
265 1.315 -.003 427 268 1.321 .200 -.004 4.33 40.000 220
WING WITH TIP LAUNCHER + MISSILE BODY + AFT FINS + CANARD FINS
341 .596 .005 4.59 348 .595 401 .004 4.62 40.000 111
320 .897 -.000 5.65 352 .897 .069 -.002 5.73 10.000 115
297 1.330 -.003 441 355 .896 275 .004 5.73 40.000 117
302 1.327 .199 .016 4.20 40.000 221
Table 1: Selected test cases
Remark:

For the different configurations tested, the steady normal force and pitching moment acting on the store were measured with a
strain gage balance; the unsteady normal force and pitching moment were measured with the same balance. For test cases above
30 Hz doubts have been expressed concerning the store loads. For that reason all 40 Hz cases were omitted from the database

files.
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X y
mm mm
0.46 1.00
3.56 6.00
6.66 11.00
9.80 16.00
14.58 21.00
16.00 22.00
17.78 23.00

20.24 24.00
30.00 24.98
100.00 25.00
160.00 25.02
170.00 24.90
180.00 24.38
190.00 23.54
192.00 23.08
194.00 21.52
196.10 1.00

X
- Y= 1mm
Yl N——-------- EE Y=11mm
Y=21mm
D204-02a
y= 1.00 mm y =11.00 mm y = 21.00 mm
X Z ypper Z jower z upper z lower y/ upper z lower
mm mm mm mm min mm mm
1 -1.58 -2.68
5 -0.38 -3.18
7 -1.66 -2.58
10 0.56 -3.38 -0.58 -3.06
15 0.42 -3.28 -1.54 -2.66
20 1.94 -3.68 1.18 3.4 0.20 -3.20
25 1.80 -3.70 1.02 -3.38
30 2.86 -3.90 1.66 -3.50
40 3.56 -4.12 3.12 -3.90 2.64 -3.72
50 4.06 -4.32 3.70 -4.10 3.32 -3.92
60 4.38 -4.48 4.08 -4.28 3.78 -4.08
70 4.56 -4.60 4.34 -4.40 4.08 -4.22
80 4.62 -4.64 4.44 -4.48 4.24 -4.30
90 4.56 -4.64 443 -4.52 4.26 -4.36
100 446 -4.54 434 -4.44 4.18 -4.32
110 4.28 -4.36 4.18 -4.28 4.04 -4.18
120 4.00 -4.10 3.94 -4.02 3.80 -3.96
130 3.70 -3.76 3.62 -3.70 3.52 -3.66
140 3.30 -3.32 324 -3.28 3.14 -3.26
150 2.80 -2.80 2.76 -2.76 2.68 -2.74
160 2.24 -2.26 2.18 -2.20 2.12 -2.18
170 1.64 -1.68 1.59 -1.64 1.52 -1.60
180 1.02 -1.12 0.98 -1.08 0.90 -1.03
190 0.40 -0.54 0.40 -0.52 0.28 -0.46
194 0.00 -0.22
195 0.13 -0.19 0.04 -0.22

Table 2: Co-ordinates of tip fairing of F-5 clean wing configuration




STEADY TESTS
RUN Ma ALPHA Re
136 0.598 -.504 4.76
137 0.597 -.005 4.77
138 0.597 0.493 4.77
145 0.799 -.508 5.63
146 0.796 -.004 5.63
147 0.797 0.493 5.54
150 0.899 -.504 5.78
151 0.897 -.004 5.79
152 0.896 0.497 5.79
157 0.949 -.511 5.89
158 0.946 -.004 5.89
159 0.946 0.496 5.90
162 1.046 -.506 6.04
163 1.044 -.004 6.04
164 1.044 0.494 6.06
167 1.096 -512 6.00
168 1.093 -.002 6.01
169 1.093 0.498 6.02
184 1.184 -.506 4.28
185 1.185 -.005 4.25
186 1.186 0.495 4.26
189 1.333 -.504 4.12
190 1.328 -.005 4.07
191 1.327 0.500 4.08
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UNSTEADY TESTS
RUN Ma K ALPHA Re F THETA
380 0.596 0.100 0.003 4.57 10.000 0.108
382 0.598 0.199 0.004 4.57 20.000 0.106
381 0.597 0.299 0.005 4.57 30.000 0.110
383 0.597 0.399 0.004 4.57 40.000 0.115
367 0.800 0.153 0.004 5.48 20.000 0.108
368 0.796 0.307 0.001 5.47 40.000 0.113
378 0.899 0.068 0.001 5.65 10.000 0.108
369 0.899 0.137 0.002 5.73 20.000 0.109
379 0.896 0.206 0.002 5.66 30.000 0.108
370 0.896 0.275 0.001 5.73 40.000 0.111
160 0.947 0.132 -.006 591 20.000 0.523
161 0.948 0.264 -.013 5.92 40.000 0222
375 0.996 0.125 0.005 5.79 20.000 0.107
376 0.994 0.250 0.000 5.80 40.000 0.112
165 1.045 0.122 -.003 6.07 20.000 0.522
166 1.044 0.243 0.004 6.08 40.000 0.219
373 1.092 0.058 0.003 5.92 10.000 0.113
172 1.093 0.116 0.003 6.02 20.000 0.267
374 1.092 0.173 0.004 5.92 30.000 0.110
372 1.093 0.231 -.000 5.92 40.000 0.112
187 1.188 0.109 -.010 4.28 20.000 0.524
188 1.186 0.218 -.008 4.29 40.000 0.222
192 1.328 0.100 -.008 4.09 20.000 0.523
193 1.336 0.198 -.001 4.10 40.000 0.222

Table 3: Test programme F-5 WING
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STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
197 0.599 -.505 4.78 202 0.596 0.202 -.004 4.76 20.000 0.111
198 0.597 -.004 4.73 204 0.598 0.402 -.007 4.80 40.000 0.114
199 0.596 0.497 4.73 210 0.897 0.138 0.006 5.83 20.000 0.530
206 0.899 -.510 5.90 211 0.898 0.276 0.010 5.84 40.000 0.224
208 0.897 -.009 5.94 215 1.092 0.116 -.007 6.01 20.000 0.531
209 0.896 0.496 5.95 216 1.095 0.232 -.005 6.02 40.000 0.226
212 1.095 -514 6.10 226 1.088 0.117 -.006 4.99 20.000 0.526
213 1.092 -.005 5.98 227 1.091 0.234 -.000 4.32 40.000 0.117
214 1.092 0.496 6.00 221 1.329 0.100 -.001 4.22 20.000 0.529
223 1.089 -.502 4.19 222 1.323 0.200 0.000 4.24 40.000 0.115
224 1.086 -.002 426
225 1.091 0.494 4.29
217 1.327 -.504 4.37
218 1.329 -.256 4.27
220 1.330 0.499 4.28
Table 4a: Test programme F-5 WING WITH TIP LAUNCHER
STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
255 0.592 -512 4.56 258 0.595 0.201 -.001 4.60 20.000 0.524
256 0.597 0.001 4.62 259 0.593 0.402 -.006 4.60 40.000 0.221
257 0.594 0.495 4.60 253 0.895 0.138 -.008 5.69 20.000 0.532
249 0.897 -512 5.61 254 0.894 0.276 -.005 5.69 40.000 0.223
251 0.894 -.010 5.68 247 1.090 0.116 -.003 5.92 20.000 0.530
252 0.893 0.498 5.68 248 1.089 0.232 0.001 5.93 40.000 0.230
244 1.092 -512 5.91 242 1.086 0.116 -.008 4.19 20.000 0.525
245 1.089 -.001 591 243 1.085 0.233 -.003 4.20 40.000 0.223
246 1.089 0.497 5.92 236 1.322 0.100 -.004 424 20.000 0.532
233 1.324 -.508 4.50 237 1.327 0.199 0.003 425 40.000 0.111
234 1.327 -.004 4.21
235 1.327 0.499 4.23
Table 4b: Test programme F-5 WING WITH TIP LAUNCHER + MISSILE BODY
STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
285 0.592 -.509 4.67 288 0.598 0.201 -.009 4.70 20.000 0.525
286 0.596 -.004 4.68 289 0.597 0.401 -.004 4.68 40.000 0.220
287 0.596 0.497 4.68 283 0.896 0.139 -.007 5.95 20.000 0.534
280 0.896 -.508 5.62 284 0.894 0.279 -.004 5.95 40.000 0.222
281 0.894 -.004 5.94 277 1.089 0.116 -.009 5.93 20.000 0.522
282 0.894 0.494 5.94 278 1.090 0.232 -.006 5.92 40.000 0.226
274 1.089 -.508 6.03 272 1.084 0.117 -.008 4.23 20.000 0.524
275 1.089 -.002 5.91 273 1.087 0.234 -.003 4.26 40.000 0.113
276 1.089 0.492 5.93 267 1.319 0.100 -.006 4.32 20.000 0.527
269 1.086 -511 4.13 268 1.321 0.200 -.004 4.33 40.000 0.220
270 1.082 -.006 422
271 1.084 0.498 4.23
264 1.319 -.505 4.29
265 1.315 -.003 4.27
266 1.315 0.496 4.29

Table 4¢: Test programme F-5 WING WITH TIP LAUNCHER + MISSILE BODY + AFT FINS
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STEADY TESTS
RUN Ma ALPHA Re
340 0.598 -.502 4.58
341 0.596 0.005 4.59
342 0.595 0.505 4.60
333 0.696 -.500 5.10
334 0.696 0.005 5.11
335 0.696 0.506 5.11
326 0.797 -.500 5.44
327 0.797 -.001 5.43
328 0.796 0.499 5.45
319 0.896 -494 5.65
320 0.897 -.000 5.65
321 0.897 0.505 5.68
312 1.096 -.499 5.97
313 1.093 0.003 5.95
314 1.091 0.504 5.95
303 1.092 -.522 414
306 1.090 0.018 4.25
307 1.094 0.499 4.28
295 1.332 -.495 443
297 1.330 -.003 441
298 1.329 0.495 443

Table 4d: Test programme F-5 WING WITH TIP LAUNCHER + MISSILE BODY + AFT FINS + CANARD FINS

UNSTEADY TESTS
RUN Ma K ALPHA Re F THETA
351 0.595 0.100 0.005 4.63 10.000 0.109
350 0.596 0.200 0.004 4.63 20.000 0.114
344 0.596 0.200 0.001 4.61 20.000 0.527
349 0.596 0.300 0.013 4.63 30.000 0.109
348 0.595 0.401 0.004 4.62 40.000 0.111
336 0.697 0.086 0.001 5.13 10.000 0.535
337 0.697 0.173 -.001 5.13 20.000 0.528
338 0.696 0.260 0.002 5.14 30.000 0.375
339 0.697 0.346 0.005 5.14 40.000 0.225
357 0.798 0.076 0.003 5.40 10.000 0.110
358 0.797 0.153 0.001 5.40 20.000 0.108
359 0.797 0.229 0.006 5.40 30.000 0.110
360 0.797 0.305 0.004 5.41 40.000 0.115
352 0.897 0.069 -.002 5.73 10.000 0.115
353 0.896 0.138 -.000 572 20.000 0.110
354 0.895 0.207 0.003 5.72 30.000 0.110
355 0.896 0.275 0.004 5.73 40.000 0.117
315 1.094 0.058 -.004 5.96 10.000 0.547
316 1.092 0.116 -.003 5.97 20.000 0.527
317 1.094 0.174 -.005 5.99 30.000 0.376
318 1.093 0.231 0.003 5.9 40.000 0.228
308 1.092 0.058 -.013 4.29 10.000 0.536
309 1.091 0.117 -.013 4.30 20.000 0.519
310 1.091 0.175 0.003 4.30 30.000 0.375
311 1.091 0.234 0.007 4.32 40.000 0.224
299 1.329 0.051 0.006 445 10.000 0.532
300 1.330 0.101 0.011 437 20.000 0.526
301 1.328 0.149 0.012 4.18 30.000 0.374
302 1.327 0.199 0.016 4.20 40.000 0.221
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STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
125 0.598 -.507 447 128 0.599 0.199 -.003 4.60 20.000 0.526
126 0.595 -.001 4.58 129 0.597 0.399 0.002 4.58 40.000 0.223
127 0.596 0.496 4.58 123 0.898 0.137 -.003 5.60 20.000 0.529
120 0.897 -.499 5.54 124 0.898 0273 -.001 5.60 40.000 0.221
121 0.898 0.000 5.59 114 1.095 0.115 -.004 5.94 20.000 0.532
122 0.897 0.499 5.59 115 1.094 0.231 -.003 5.95 40.000 0.220
116 1.094 -.504 5.96 109 1.090 0.117 -.009 4.26 20.000 0.524
117 1.094 -.003 5.96 110 1.093 0.233 -.001 4.28 40.000 0.223
118 1.094 0.496 5.97 104 1.331 0.099 -.002 4.20 20.000 0.528
106 1.092 -.505 413 105 1.331 0.199 -.001 421 40.000 0.223
107 1.089 -.002 4.24
108 1.089 0.502 4.25
101 1.333 -.503 4.53
102 1.331 -.001 4.19
Table 5a: Test programme F-5 WING WITH PYLON
STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
54 0.600 -.498 3.42 57 0.597 0.101 0.001 334 10.000 0.523
55 0.597 -.001 3.33 58 0.599 0.201 0.001 3.36 20.000 0.518
56 0.597 0.500 3.33 59 0.597 0.303 0.002 3.35 30.000 0.370
61 0.897 -.497 4.19 60 0.597 0.403 0.003 3.36 40.000 0.229
62 0.896 -.001 4.22 64 0.897 0.070 0.038 3.83 10.000 0.533
63 0.897 0.513 4.04 65 0.898 0.140 0.003 4.18 20.000 0.519
68 1.090 -.499 4.35 66 0.895 0.210 0.008 4.18 30.000 0.375
69 1.089 -.004 4.36 67 0.898 0.279 0.009 4.20 40.000 0.226
70 1.088 0.495 4.38 71 1.090 0.059 0.005 441 10.000 0.534
75 1.331 -.493 4.18 72 1.089 0.118 0.001 4.42 20.000 0.526
76 1.325 -.002 4.20 73 1.090 0.176 0.004 4.35 30.000 0.371
77 1.329 0.495 422 74 1.089 0.234 0.001 4.36 40.000 0.223
78 1.331 0.050 -.002 4.20 10.000 0.529
79 1.328 0.099 -.003 422 20.000 0.524
80 1.331 0.149 -.001 4.23 30.000 0.372
81 1.329 0.199 -.001 4.25 40.000 0.228
Table Sb: Test programme F-5 WING WITH PYLON + LAUNCHER
STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
40 0.598 -.500 4.75 43 0.597 0.201 0.001 4.71 20.000 0.527
41 0.596 -.002 4.75 44 0.599 0.400 -.001 4.67 40.000 0.230
42 0.598 0.498 4.74 48 0.898 0.138 0.001 5.79 20.000 0.524
45 0.899 -.501 5.80 49 0.897 0.081 0.006 0.36 40.000 0.225 |
46 0.898 -.018 5.81
47 0.898 0.498 2.54
Table 5c: Test programme F-5 WING WITH PYLON + LAUNCHER + MISSILE
STEADY TESTS UNSTEADY TESTS
RUN Ma ALPHA Re RUN Ma K ALPHA Re F THETA
89 1.093 -.500 4.26 88 0.899 0.141 0.003 6.21 20.000 0.521
90 1.088 0.001 4.28 87 0.902 0.281 0.003 6.20 40.000 0.226
91 1.089 0.500 4.29 92 1.089 0.118 0.003 4.30 20.000 0.521
94 1.333 -.506 4.25 93 1.090 0.235 0.001 431 40.000 0.222
95 1.332 0.001 4.16 97 1.335 0.099 -.002 4.20 20.000 0.522
96 1.333 0.502 4.17 98 1.330 0.199 -.002 4.23 40.000 0.223

Table 5d: Test programme F-5 WING WITH PYLON + LAUNCHER + MISSILE WITHOUT CANARD FINS
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10111977 NF-5 WING
IONS DISPLACEMENTS
NR MOD ARG
.597 1 897-178.6
8. 2 1.000 0.0
3 334-172.6
4 1.041 -2.0
00 5 .254 -16.3
57 6 1.097 -3.9
.399 7 .259 -23.8
00¢ 8 1.205 -5.3
.004 9 0.000 0.0
.115 10 0.000 0.0
11 0.000 0.0
12 0.000 0.0
WING
CzI M CMI
RE M RE
.88 .58 .008 .021
1.02 .54 .007 -.052
1.19 .50 .008 -.036
1.16 .44 .008 -.093
1.16 .48 .008 -.025
1.00 .46 -007 -.037
.92 .42 .007 -.053
.40 .33 .005 -.065
WINGSECTION 1
UPPERSIDE LOWERSIDE
Ccp CPI MLOC Cp
RE ™
.130 -4.519 .882 -674 -.245
-.025 -2.821 .066 .624 -.084
-.096 -2.624 -.571 -616 -.059
-.122 -2.106 -.787 .622 -.078
-.116 -1.393 -1.39¢ .631 -.107
-.109 -1.032 -1.518 .630 -.103
-.100 -.988 -1.189 .626 -.091
-.083 -.398 -1.268 .622 -.078
-.036 -.061 -1.060 .607 -.031
.022 .236 -.856 .588 .028

RUN 383

TEST CONDIT

MA =

PO = 9945

PPL =78039.

Q =19503.

TO = 31.

RE =

K =

F = 40.

ALPHA=

THETA=

SEC

NR cz
1 -.017
2 -.009
3 -.009
4 .000
5 -.001
6 .002
7 .005
8 .011

X/C MLOC
.03 .555
.10 .605
.20 .627
.30 .636
.40 .634
.50 .632
.60 .629
.70 .623
.80 .609
.80 .590

Table 6: Example of a database file (included in the database)

FORCE AND MOMENT COEFFICIENTS
STAT

M

.357
.357
-320
.307
.257
.217
.183
-130

P RN WD

CPI

RE
.910
-380
.347
2134
.524
.122
.972
.510
.462
.073

o

INSTAT
RE

M
-232
.344
.835
.324
.601
.431
.447
.329
.020
.811

M

MLOC

.566
.616
.638
- 645
.640
.633
-630
.624
-609
.589

Coe e

[09:]

-097
.059
.130
.151
.135
.112
.104
.085
.037
.024

UPPERSIDE

-4.
.263
.429

-3
-2

-1.
-1.
-1.
.684
-403
.246
.228

NATIONAL AEROSPACE LABORATORY NLR

NLR TR78030 U

WINGSECTION 2

CPI

RE
544

945
502
228

-1
-1
-1

™

-447
.095
-373
.770
-933
.276
.297
.252
-1.
-688

022

MLOC

LOWERSIDE
CP
.679 -.263
.627 -.093
.619 -.069
.624 -.086
.633 -.113
.631 -.108
.628 -.096
.622 -.080
.607 -.031
.587 -030

HHEMN S

CPI
RE

.541 -1.
.076
.778
.203
.259
-125
.884
.381
.357
.013

el

149

TABLE 1.1

M
319

.615
.033

215

-679

405
474

.585
.844
-918

Remark: For files of the clean wing with any tip configuration, force and moment coefficients (which are blank in the above
example) refer to values measured by the wing tip balance for that particular configuration.
For the different configurations tested, the steady normal force and pitching moment acting on the store were
measured; the unsteady normal force and pitching moment were measured with the same balance. For test cases above
30 Hz doubts have been expressed concerning the store loads. For that reason all 40 Hz cases were omitted from the
database files.
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RUN

RUN
X/C

-10
.20
.30
.40
.50
.60
.70
.80

383 10111977
UPPERSIDE
MLOC CP
.599 -.006
.616 -.061 -4
.637 -.127 -3
.644 -.149 -2
.640 -.136 -1
.636 -.123 -1
.632 -.109 -
.624 -.086 -
.608 -.036 -
.590 .022
UPPERSIDE
MLOC Ccp
.599 -.006 -~
.623 -.082 -4
.639 -.133 -3
.649 -.164 -2
.644 -.150 -1
.637 -.127 -
.633  -.113 -
.626 -.090 -
.610 -.042 -
.589 .02¢4
UPPERSIDE
MLOC CP
.578 .059 -7
.629 -.101 -3
.645 -.151 -3
.649 -.166 -2
.646 -.155 -1.
.637 -.127 -
.633 -.112 -
.625 -.087 -
.609 -.039
-591 .020
383 10111977
CP-KULILES
RE M
-3.729 .365
~-2.546 ~.509
~2.146 -.713
-1.533 -.973
-.921 -1.098
-.738 -1.188
-.585 -.991
-.397 -.851

NF-5 WING

WINGSECTION 3

CPI

RE
.002
.234
.121
.444
.755
.140
.876
.493
.177
.002

WINGSECTION 5

-1.

-1
-1
-1

CPI

RE
.002
.410
.141
.409
.566
.974
. 849
.506
L1758
.112

WINGSECTION 7

M
. 047
.189
.705
.776
098
-389
.336
-111
.916
.702

IM
.045
.203
.683
.718
.859
-134
.059
.971
.755
.486

CPI
RE M
.403  -.409
.428 -.453
.326 -.839
.069 -.730
020 -.764
.721 -.927
.491 -.817
.260 ~-.751
.052 -.587
.126  -.306
NF-5 WING

LOWERSIDE
MLOC Ccp
.681 -.269
.627 -.096
.621 -.074
.625 -.087
.635 -.121
.632 -.109
.628 -.099
.623 -.081
.606 -.029
.588 .029
LOWERSIDE
MLOC cp
.679 -.263
.629 -.100
.621 -.075
.626 -.093
.635 -.121
.632 -.112
.629 -.100
.623 -.080
.607 -.031
.588 .030
LOWERSIDE
MLOC cp
.669 -.228
.630 -.105
.621 -.075
.626 -.090
.636 -.122
.633 -.112
.628 -.099
.622 -.079
.607 -.030
.588 .028

HHE W

el AN N

.911
.660
.428
.124

PN WO

.338
.970
.593
.351
.154

CPI
RE

.569 -1.
.190

969
370
601
432

CPI
RE
996

.360

504
614
903

CPI
RE

.063 -
.076 1
-891
.752
.656
.133
.718
.392
174
.050

e

el

IM

276
.342
.679
205
346
331
235
.987
.958
.673

M
.311
.410
.804
015
304
240
060
064
.882
.496

M
.077
.054
-699
.786
.880
.989
.871
.848
.596
.356

MLOC

.573
.623
.644
-650
.645
.639
.630
.625
.610
.5580

MLOC

.586
.8625
.644
.649
- 645
.637
.632
.626
.610
.589

MLOC

.597
.634
.649
. 647
.640
.631
.627
.622
.608
.589

NATIONAL AEROSPACE LABORATORY NLR
NLR TR78030 U

WINGSECTION 4

UPPERSIDE LOWERSIDE
ce CPI MLOC CP
RE M
.076 -5.379 .450 .681 -.268
-.082 -3.592 -.064 .627 -.094
-.150 -2.932 -.371 .622 -.079
~-.167 -2.259 -.773 .625 -.089
-.153 -1.972 -.951 .634 -~.117
-.132 1.391 -1.295 .632 -.111
-.106 -1.122 -.987 .628 -.098
-.087 -.597 -.987 .623 -.082
-.040 -.180 -.854 .608 -.033
.023 .090 -.573 .588 .030
WINGSECTION 6
UPPERSIDE LOWERSIDE
[03:3 CPI MLOC cp
RE ™
.036 -6.548 -.064 .679 -.264
-.087 -1.961 -.392 .627 -.094
-.148 -3.539 -.646 621 -.077
-.166 -2.320 -1.192 .626 -.093
-.153 -1.631 -.863 .635 -.120
-.127 -.915 -1.068 .633 -.112
-.111 -.640 -.860 .628 -.099
-.090 -.389 -.841 .623 -.082
-.040 -.117 -.691 .607 -.031
.025 L1098 -.426 .588 .0238
WINGSECTION 8
UPPERSIDE LOWERSIDE
Cp CPI MLOC Cp
RE ™
.000 -5.596 ~-.436 .665 -.217
-.116 -3.036 -.297 .628 -.098
-.165 .384 -.501 .620 -.072
-.159 2.200 -.827 .623 -.082
~.135 2.005 -1.067 .629 -.100
~-.106 -.230 -.476 .627 -.096
-.094 -1.248 -.433 .624 -.086
-.078 -.317 -.522 .620 -.073
-.035 -.004 -.363 .605 -.026
.024 .075  -.174 .588 .028

N W P WS o

R wwo

NATIONAL AEROSPACE LABORATORY NLR
NLR TR78030 U

Table 6 (continued): Example of a database file (included in the database)

TABLE 1.2

CPI
RE ™M
.299 -1.950
.206 .280
.354 .82%
.543 1.019
.801 1.256
.239 1.290
.008 1.239
.494 1.077
.272 .920
.091 .703

CPI
RE M
.256 -.447
.204 1.286
.754 .786
.528 .887
.477 1.063
.132 1.010
.878 1.024
.418 .870
.151 .630
.038 .461

CPI
RE ™
.286 2311
.654 .369
.838 .741
.877 . 647
.095 .751
.863 .738
.543 .627
.088 .509
.000 .452
.085 .394

TABLE 1.3
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Figure 1: NLR F-5 clean wing, location of pressure orifices and transducers
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Figure 2a: Position of the store and strain gage balances

Figure 2b: CATIA example of F5 wing with tip store
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6E. TEST CASES FOR A RECTANGULAR SUPERCRITICAL WING UNDERGOING
PITCHING OSCILLATIONS
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NASA Langley Research Center
Hampton, VA 23681-2199 USA

r.m.bennett@larc.nasa.gov

INTRODUCTION

Steady and unsteady measured pressures for a Rectangular Supercritical Wing (RSW) undergoing pitching oscillations have
been presented in Ref 1 to 3. From the several hundred compiled data points, 27 static and 36 pitching oscillation cases have
been proposed for computational Test Cases to illustrate the trends with Mach number, reduced frequency, and angle of attack.

The wing was designed to be a simple configuration for Computational Fluid Dynamics (CFD) comparisons. The wing had an
unswept rectangular planform plus a tip of revolution, a panel aspect ratio of 2.0, a twelve per cent thick supercritical airfoil
section, and no twist. The model was tested over a wide range of Mach numbers, from 0.27 to 0.90, corresponding to low
subsonic flows up to strong transonic flows. The higher Mach numbers are well beyond the design Mach number such as might
be required for flutter verification beyond cruise conditions. The pitching oscillations covered a broad range of reduced
frequencies.

Some early calculations for this wing are given for lifting pressure in Ref 3 and 4 as calculated from a linear lifting surface
program and from a transonic small perturbation program. The unsteady results were given primarily for a mild transonic
condition at M = 0.70. For these cases the agreement with the data was only fair, possibly resulting from the omission of viscous
effects. Supercritical airfoil sections are known to be sensitive to viscous effects (for example, one case cited in Ref 4).
Calculations using a higher level code with the full potential equations have been presented in Ref 5 for one of the same cases,
and with the Euler equations in Ref 6. The agreement around the leading edge was improved, but overall the agreement was not
completely satisfactory. Typically for low-aspect-ratio rectangular wings, transonic shock waves on the wing tend to sweep
forward from root to tip such that there are strong three-dimensional effects. It might also be noted that for most of the test, the
model was tested with free transition, but a few points were taken with an added transition strip for comparison. Some
unpublished results of a rigid wing of the same airfoil and planform that was tested on the pitch and plunge apparatus mount
system (PAPA, Ref 7-8) showed effects of the lower surface transition strip on flutter at the lower subsonic Mach numbers.
Significant effects of a transition strip were also obtained on a wing with a thicker supercritical section on the PAPA mount
system (Ref 9). Both of these flutter tests on the PAPA resulted in very low reduced frequencies that may be a factor in this
influence of the transition strip. However, these results indicate that correlation studies for RSW may require some attention to
the estimation of transition location to accurately treat viscous effects.

In this report several Test Cases are selected to illustrate trends for a variety of different conditions with emphasis on transonic
flow effects. An overview of the model and tests is given and the standard formulary for these data is listed. Sample data points
are presented in both tabular and graphical form. A complete tabulation and plotting of all the Test Cases is given in Ref 10.
Only the static pressures and the real and imaginary parts of the first harmonic of the unsteady pressures are available. All the
data for the test are available in electronic file form and are printed in the tables of Ref 1. The Test Cases are also available as
separate electronic files.

LIST OF SYMBOLS AND DEFINITIONS

c local chord

Cr wing root chord, ft (m)

Cp pressure coefficient, (p — Pos)/ oo Steady; (P = Prean)/ qoo Unsteady
f frequency, Hz

H, freestream total pressure, psf (kPa)

k reduced frequency, wc/(2V.. )

M Mach number

p pressure, psf (kPa)

mean local pressure, psf (kPa)

Peo freestream static pressure, psf (kPa)

(o dynamic pressure, psf (kPa)
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R local radius of tip section

Rn Reynolds number based on chord

s semispan

T, total or stagnation temperature, °R (°C)

V.. freestream velocity, ft/sec (m/sec)

X streamwise distance from leading edge

x/c steamwise fraction of local chord

y spanwise coordinate normal to freestream

Zy, 2y airfoil vertical upper and lower ordinate normal to freestream, positive up
o mean angle of attack, degrees

8 amplitude of pitch oscillations, degrees or radians
n fraction of span, y/s

Y ratio of specific heats for test gas

w frequency, radians/second

MODEL AND TESTS

The rectangular supercritical wing model was tested in the NASA Langley Transonic Dynamics Tunnel (TDT). The tunnel has a
slotted test section 16-feet (4.064 m) square with cropped corners. At the time of these tests, it could be operated with air or a
heavy gas, R-12, as a test medium at pressures from very low to near atmospheric values. Currently the TDT can be operated
with air or R-134a as a test medium. An early description of this facility is given in Ref 11 and the early data system in Ref 12,
More recent descriptions of the facility are given in Ref 13-14, and of the recent data system in Ref 15 and 16. Based on cone
transition results (Ref 17-18), the turbulence level for this tunnel is in the “average large transonic tunnel” category. Some low
speed turbulence measurements in air have also been presented in Ref 19.

A photograph of the model and splitter plate as installed in the TDT is shown in Fig 1 and the dimensions of the model and
splitter plate setup are detailed in the sketch of Fig 2. The unswept rectangular planform was 48 inches (1219 mm) in span plus a
tip of revolution of maximum radius of 1.434 inches (36.4 mm) such that the maximum spanwise extent was 49.43 inches (1255
mm). The chord was 24 inches (609.6 mm). The model was mounted on a splitter plate offset from the wall. It was oscillated in
pitch about 46 percent root chord with a shaft that was directly driven by a rotary hydraulic actuator located behind the tunnel
wall. It could be set at various mean angles, and the amplitude and frequency of oscillation could be varied.

The wing was constructed in three sections. The center section was made of aluminum with the upper and lower halves pinned
and bonded together. The leading and trailing edge portions were made of balsa and Kevlar sandwich material to minimize the
inertia loading. The leading and trailing edge sections were joined at 0.23 and 0.69 of the chord, respectively. Some stiffness
measurements are given in Ref 3.

Unsteady pressures were measured on four chords. There were 14 measurement locations along each chord on both upper and
lower surfaces and one location in the nose for a total of 29 points per chord as shown in Fig 3 and listed in Table 1. The
transducers in the center portion of the wing were in-situ measurements. The transducers in the leading and trailing edges were
mounted near the joints of the leading or trailing edge sections to the center beam. Equal length tubes were used between the
orifices and these transducers. Other transducers were located by the first row of in-situ transducers and had tubes of the same
length located in the center beam. These transducers were used to correct for dynamic effects of the tubes of the transducers in
the leading and trailing edges. Each transducer was referenced to the tunnel static pressure and was used to measure both static
and unsteady pressures. Eight accelerometers were located on the center section for dynamic measurements. Fig 4 (from Ref 1)
shows C, versus Mach number as integrated from the pressure data, and gives an overall indication of the performance of the
wing.

The airfoil for the RSW is illustrated in Fig 5. This airfoil was derived by ratioing the thickness of an 11 percent airfoil (Ref 20)
to 12 percent while keeping the same mean camber line. The trailing edge thickness was increased to 0.7 percent chord by
rotating the lower cusp area as described in Ref 21. The design Mach number and lift coefficient for the 2-dimensional airfoil is
quoted as M = 0.80, and C;. = 0.6 (Ref 3). The design ordinates and the measured ordinates for five spanwise stations are given
in Table 2. The design wing tip-shape is also presented in Table 2. The quoted accuracy of the measured ordinates is .00040 in.
(.0010 mm). The measured airfoil ordinates are compared with the theoretical ordinates in Fig 6. The measured ordinates agree
very well with the theoretical ones but with some small deviation in the lower surface aft, or cove, region.

By CFD standards, the theoretical and measured ordinates were given on a medium to coarse grid. In order to develop a
common set of ordinates for CFD applications, the measured ordinates have been interpolated at each span station. The
measured ordinates were fit with a spline using arc-length as the independent parameter and running from upper surface trailing
edge around the nose to the lower surface trailing edge. Three passes of a local 5-point least-squares cubic smoothing patch
were made, and the resulting curve interpolated for the ordinates. These smoothed ordinates at the five span stations were
interpolated for 206 values of x/c for each span station and included as a file for the data set. They are also listed in a table in Ref
10. One airfoil section after smoothing and the corresponding streamwise slopes are presented in Fig 7. For this wing, the
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measured spanwise sections are nearly identical, except at the lower surface trailing edge where the slope varies by about 8 per
cent. It should also be noted that the slope varies quite rapidly near the inflection point in the cove region of the airfoil lower
surface (Fig 7).

As can been seen in Fig 1, the model was tested with the sidewall slots of the test section open. Some recent unpublished results
for a model having about six times the root chord of this model and mounted directly to the wind tunnel wall, have shown an
influence of closing the slots on static lift curve slope of the order of ten percent (similar to those measured in Ref 22).
Significantly less influence would be anticipated for this much smaller model mounted on a splitter plate.

TEST CASES

The static Test Cases for the rectangular supercritical wing are given in Table 3, and the dynamic Test Cases are presented in
Table 4. The point number is used to identify the test conditions and are in the order taken during the test. The cases are chosen
to indicate trends with Mach number at two degrees angle of attack, and also at zero and four degrees angle of attack with a
coarse increment. Some cases for high angles of attack at M=0.40, some cases for the effect of transition at M=0.825, and some
cases for air as the test medium are listed. The dynamic cases are chosen to evaluate unsteady effects at these static conditions.
The cases illustrate variations with Mach number for nearly constant reduced frequency, and variations with reduced frequency
at constant Mach numbers. Some cases are chosen also to indicate the effects of angle of attack, transition strip, and amplitude.
The plot of Cy_ versus Mach number as integrated from the pressure data (Fig 4) was used as a guide in selecting the Test Cases.

Sample data for the static Test Cases are tabulated and shown in composite plots in Fig 8. Sample data for the dynamic cases are
also tabulated and shown in the plots of Fig 9 in terms of in-phase and out-of-phase parts (real and imaginary) of the pressure
normalized by the amplitude of the pitching oscillation. The phase is referenced to the pitching motion. More digits than are
significant are retained in the tables to accurately reproduce the phase angles of the original tabulations. No further screening of
bad transducer output points have been performed in this report.

The files included on the CD-ROM are ascii files and a readme file is included. The file for the static data is named rswstat and
a Fortran subprogram to read it, rswstrd.f, is furnished. The dynamic data is on file rswdynmc and the subprogram to read it is
rswdyrd.f. The data files consist of contiguous data points in the format shown in the figures. Both theoretical and measured
ordinates are given in file rsword and the interpolated and smoothed ordinates are given in file rswordint.

Note that most of the tests for RSW were conducted with the heavy gas, R-12, as the test medium. The ratio of specific heats, ¥,
is tabulated for each point in the figures. It varies from about 1.129 to 1.132 and a value of 1.132 is suggested for use in
computational comparisons. The corresponding value of Prandtl number is calculated to range from 0.77 to 0.78 for the
conditions of this test assuming 0.99 for the fraction of heavy gas in the heavy gas-air mixture.

FORMULARY
1  General Description of Model

1.1 Designation Rectangular Supercritical Wing (RSW)
12 Type

1.3 Derivation

Semispan wing
None

1.4  Additional remarks Shown mounted in tunnel in Fig 1 and setup sketched in Fig 2

1.5 References

Ref 1-3 are the original sources

2  Model Geometry
2.1 Planform Rectangular plus tip of revolution
2.2 Aspect ratio 2.0 for panel (without tip)
2.3 Leading edge sweep Unswept
2.4 Trailing edge sweep Unswept
2.5 Taper ratio 1.0
26 Twist None
2.7 Wing centreline chord 24.0 inches (609.6 mm)

2.8 Semi-span of model
2.9 Area of planform

2.10 Location of reference sections and definition
of profiles

2.11 Lofting procedure between reference

sections

2.12 Form of wing-body junction

48.0 inches (1219 mm)plus tip

1152 sq. in (1.786 sq m)
See Table 2, Fig 5-7, and files rsword and rswordint

Constant percent thickness airfoil

No fairing



156

2.13 Form of wing tip

2.14 Control surface details

2.15 Additional remarks

2.16 References

Wind Tunnel

3.1 Designation

3.2 Type of tunnel

3.3 Test section dimensions

3.4 Type of roof and floor

3.5 Type of side walls

3.6 Ventilation geometry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

3.9 Method of measuring velocity

3.10 Flow angularity

3.11 Uniformity of velocity over test section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances

3.14 Additional remarks

3.15 References on tunnel

Model Motion

4.1 General description

4.2 Reference coordinate and definition of
motion

4.3 Range of amplitude

4.4 Range of frequency

4.5 Method of applying motion

4.6 Timewise purity of motion

4.7 Natural frequencies and normal modes of
model and support system

4.8 Actual mode of applied motion including
any elastic deformation

4.9  Additional remarks

Test Conditions

5.1
5.2
53
54

Mode! planform area/tunnel area
Model span/tunnel height
Blockage

Position of model in tunnel

Tip of rotation. Each spanwise section formed by half circle with
radius half the local thickness and rotated about the mean line

No control surfaces

See Fig 1-3 for overview
Ref 1-3

NASA LaRC Transonic Dynamics Tunnel (TDT)

Continuous flow, single return

16 ft x 16 ft (4.064 x 4.064 m)

Three slots each

Two sidewall slots

Constant width slots in test region

Some documentation in Ref 11. Model tested with splitter plate

Not documented

Calculated from static pressures measured in plenum and total
pressure measured upstream of entrance nozzle of test section

Not documented, considered small
Not documented, considered nearly uniform

Generally unknown. Some low speed measurements are presented
in Ref 19. Cone transition measurements are presented in Ref 17
and 18

Unknown

Tests generally performed in heavy gas, R-12. Ratio of specific
heats, ¥y, is 1.129-1.132. For computations, 1.132 is recommended.
For the conditions of this test, the Prandtl number is calculated to
be 0.77-0.78

Ref 11, 13, and 14

Pitching about 46% of root chord for wing, 11.04 inches (280.4
mm) aft of leading edge
Pitch about axis normal to freestream

Pitch amplitude of 0.50, 1.00, and 1.50 degrees

5, 10, 15, and 20 Hz with a few lower frequencies

Pitch oscillations shaft-driven with a rotary hydraulic actuator
Not documented

First natural frequency was 34.8 Hz; maximum test frequency was
20Hz

Some accelerometer measurements given in Ref 2. Elastic
deformations not expected to be significant, but stiffness
measurements available in Ref 3

None

.03
25
Model less than 0.4%

Mounted from splitter plate on wall and in the center of the tunnel
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5.6

57

58
59
5.10

5.11

5.12
5.13

5.14

5.15

Range of Mach number

Range of tunnel total pressure

Range of tunnel total temperature

Range of model steady or mean incidence
Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed

Flow instabilities during tests

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks

References describing tests

Measurements and Observations

6.1
6.2

6.3
6.4
6.5

Steady pressures for the mean conditions

Steady pressures for small changes from the
mean conditions

Quasi-steady pressures
Unsteady pressures

Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes from
the mean conditions by integration

6.7 Quasi-steady section forces by integration

6.8 Unsteady section forces by integration

6.9 Measurement of actual motion at points of
model

6.10 Observation or measurement of boundary
layer properties

6.11 Visualisation of surface flow

6.12 Visualisation of shock wave movements

6.13 Aditional remarks

Instrumentation

7.1 Steady pressure
7.1.1 Position of orifices spanwise and

chordwise

7.1.2 Type of measuring system

7.2 Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

157

0.40 t0 0.90
175 to 2025 psf (8.38 to 812 kPa)

Not documented but generally in the range of 520 to 580 degrees
Rankine (16 to 49° C)

Generally -1 to 7 degrees, a few points from -4 to 14 degrees
From chord line or wing reference plane of airfoil, see Fig 5-7

Unknown except for a few points with transition strip. Although
the joint was quite smooth, an initial estimate of transition might
be considered to be at the joint between the leading edge section
and the main spar (23 per cent chord)

Generally free transition. A few points measured with transition
strip of number 60 grit located at 6 percent chord on upper and
lower surfaces (number is approximate grains per inch (per 25.4
mm)).

None defined
Not measured

Generally, a heavy gas, R-12, was used as a test medium for the
Test Cases. The ratio of specific heats, ¥, is tabulated for each point
and varies from about 1.129 to 1.132. A value of 1.132 is
suggested for use in computational comparisons. The
corresponding value of Prandtl number is 0.77-0.78. A few points
were also measured in air

Ref 1-3

yes

yes

no
yes

no

no
no

no

29 chordwise locations at 4 spanwise stations. See Fig 3

Kulite

Same transducers measured steady and unsteady pressures
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7.2.2 Diameter of orifices

7.2.3 Type of measuring system

7.2.4 Type of transducers
7.2.5 Principle and accuracy of calibration
7.3 Model motion

7.3.1 Method of measuring motion reference
coordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
7.4 Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
7.5 Additional remarks

7.6 References on techniques

Data Presentation
8.1 Test Cases for which data could be made
available

8.2 Test Cases for which data are included in
this document

8.3 Steady pressures

8.4  Quasi-steady or steady perturbation
pressures

8.5 Unsteady pressures

8.6 Steady forces or moments
8.7 Quasi-steady or unsteady perturbation forces
8.8 Unsteady forces and moments

8.9 Other forms in which data could be made
available

8.10 References giving other representations of

data

Comments on Data

9.1 Accuracy
9.1.1 Mach number
9.1.2 Steady incidence
9.1.3 Reduced frequency
9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients

Not documented

In situ pressure gages and short tubes to unsteady gages with tube
calibrations

Kulites
Statically calibrated through reference tubes

Potentiometer
Some verification with accelerometers

Undocumented

Analog signals digitized at about 300 samples/sec for 75-100
cycles depending on frequency

Fourier analysis

Amplitude and phase of each pressure signal. Accuracy not
specified

None

None
Data system overview for test given in Ref 12

See Ref 2
See Tables 3 and 4

Generally available for each Test Case

Steady pressures measured for several angles of attack

Primary data. First harmonic only. No time histories or mean
values saved. C, magnitude and phase of Ref 2 converted to real
and imaginary parts and normalised by amplitude of oscillation (in
radians) for this report.

None
None
None

None

Ref 1-6

Not documented
Not documented
Should be accurate
Not documented
None

Not documented, but each gage
dynamically and monitored statically

individually calibrated



9.2
9.3
9.4

Sensitivity to small changes of parameter
Non-linearities

Influence of tunnel total pressure
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None indicated. Amplitudes of oscillation was varied in test
Many flow conditions involve shock waves

Some variation during test. Most of the test at constant dynamic
pressure

9.5 Effects on data of uncertainty, or variation, Unknown, not expected to be appreciable.
in mode of model motion

9.6 Wall interference corrections None applied

9.7 Other relevant tests on same model None

9.8 Relevant tests on other models of nominally  None

9.9

the same shapes

Any remarks relevant to comparison
between experiment and theory

Generally free transition. R, from 1x10° to 8 x 10° but generally
about 4 x 10°. Test Reynolds number included for each Test Case

9.10 Additional remarks Upper and lower surfaces instrumented symmetrically. Reduced

frequency based on root semichord, 12.0 inches (304.8 mm)

9.11 References on discussion of data Ref 1-6

10 Personal Contact for Further Information

Phone: +1-(757)-864-2820
FAX: +1-(757)-864-8678

Head, Aeroelasticity Branch
Mail Stop 340

NASA Langley Research Center
Hampton, VA 23681-2199 USA
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Table 1. Pressure Orifice Locations and Type

xfc Type

0.000 Tube to Transducer
.003 Tube to Transducer
.050 Tube to Transducer
100 Tube to Transducer
200 Tube to Transducer

260 In Situ
.320 In Situ
.380 In Situ
440 In Situ
.500 In Situ
.560 In Situ
.620 In Situ

.700 Tube to Transducer
.800 Tube to Transducer
.900 Tube to Transducer




Table 2. Design and Measured Ordinates

Design Values

Measured Values

y = 1.000 in y=149321in y=28.324in
X, in x/c Zy, IN Z;, in Zy, iN z;, in Z,, In z), in Zy, in Zj, in
0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
0.1800 | 0.0075 | 0.4610 | -0.4610 | 0.4571 | -0.4726 | 0.4535 | -0.4701 | 0.4514 | -0.4624
03000 | 0.0125 | 0.5630 | -0.5650 | 0.5602 | -0.5750 | 0.5557 | -0.5717 | 0.5572 | -0.5669
0.6000 | 0.0250 | 0.7230 | -0.7350 | 0.7193 | -0.7435 | 0.7156 | -0.7376 | 0.7197 | -0.7380
0.9000 | 0.0375 | 0.8280 | -0.8470 | 0.8226 | -0.8569 | 0.8234 | -0.8498 | 0.8242 | -0.8492
1.2000 | 0.0500 | 0.9100 | -0.9360 | 0.9050 | -0.9436 [ 0.9050 | -0.9383 | 0.9062 | -0.9365
1.8000 | 0.0750 | 1.0330 | -1.0670 | 1.0289 | -1.0720 | 1.0290 | -1.0693 | 1.0295 | -1.0683
24000 | 0.1000 | 1.1220 | -1.1610 | 1.1191 | -1.1638 | 1.1176 | -1.1620 | 1.1176 | -1.1603
3.0000 | 0.1250 | 1.1930 | -1.2340 | 1.1901 | -1.2372 | 1.1895 | -1.2345 | 1.1910 | -1.2346
3.6000 | 0.1500 | 1.2480 | -1.2890 | 1.2466 | -1.2928 | 1.2459 | -1.2902 | 1.2465 | -1.2898
42000 | 0.1750 | 1.2930 | -1.3330 | 1.2936 | -1.3378 | 1.2916 | -1.3345 | 1.2925 | -1.3330
4.8000 | 0.2000 | 1.3290 | -1.3650 | 1.3335 | -1.3691 | 1.3287 | -1.3670 | 1.3300 | -1.3665
6.0000 | 0.2500 | 1.3840 | -1.4130 | 1.3876 | -1.4147 | 1.3846 | -1.4122 | 1.3839 | -1.4116
72000 | 0.3000 | 1.4150 | -1.4340 | 1.4177 | -1.4343 | 1.4147 | -1.4320 | 1.4148 | -1.4308
8.4000 | 0.3500 | 1.4320 | -1.4370 | 1.4343 | -1.4374 | 1.4331 | -1.4343 | 1.4329 | -1.4326
9.6000 | 0.4000 | 1.4390 | -1.4170 | 1.4421 | -1.4153 | 1.4396 | -1.4127 | 1.4397 | -1.4130
10.8000 | 0.4500 | 1.4320 | -1.3750 | 1.4354 | -1.3739 | 14341 | -1.3717 | 1.4354 | -1.3721
12.0000 | 0.5000 | 1.4170 | -1.3060 | 1.4194 | -1.3069 | 1.4177 | -1.3036 | 1.4190 | -1.3036
13.2000 | 0.5500 | 1.3870 | -1.2000 | 1.3893 | -1.2011 | 1.3892 | -1.1971 | 1.3891 | -1.1978
13.8000 | 0.5750 | 1.3690 | -1.1260 | 1.3713 | -1.1266 | 1.3702 | -1.1224 | 1.3697 | -1.1228
14.4000 | 0.6000 | 1.3450 | -1.0330 | 1.3492 | -1.0332 | 1.3487 | -1.0284 | 1.3467 | -1.0291
15.0000 | 0.6250 | 1.3200 | -0.9140 | 1.3235 | -0.9129 | 1.3225 | -0.9084 | 1.3216 | -0.9096
15.6000 | 0.6500 | 1.2880 | -0.7620 | 1.2920 | -0.7606 | 1.2912 | -0.7569 | 1.2905 | -0.7564
16.2000 | 0.6750 | 1.2500 | -0.5940 | 1.2554 | -0.5942 | 1.2543 | -0.5896 | 1.2531 | -0.5888
16.8000 | 0.7000 | 1.2110 | -0.4390 | 1.2091 | -0.4419 | 12169 | -0.4370 | 1.2158 | -0.4352
17.4000 | 0.7250 | 1.1640 | -0.3010 | 1.1623 | -0.3074 | 1.1737 | -0.2994 | 1.1744 | -0.2998
18.0000 | 0.7500 | 1.1130 | -0.1750 | 1.1133 | -0.1801 | 1.1232 | -0.1697 | 1.1243 | -0.1731
18.6000 | 0.7750 | 1.0580 | -0.0650 | 1.0593 | -0.0670 [ 1.0675 | -0.0608 | 1.0702 | -0.0598
19.2000 | 0.8000 | 0.9930 | 0.0290 | 0.9948 | 0.0284 | 1.0032 | 0.0354 | 1.0066 | 0.0369
19.8000 | 0.8250 | 0.9190 | 0.1080 | 0.9224 | 0.1088 | 0.9285 | 0.1237 | 0.9327 | 0.1169
20.4000 | 0.8500 | 0.8330 | 0.1650 | 0.8387 | 0.1685 | 0.8446 | 0.1772 | 0.8472 | 0.1755
21.0000 { 0.8750 | 0.7380 | 0.2030 | 0.7440 | 0.2064 | 0.7494 | 0.2154 | 0.7518 | 0.2150
21.6000 | 0.9000 | 0.6250 | 0.2110 | 0.6317 | 0.2147 | 0.6371 | 0.2211 | 0.6412 | 0.2231
222000 | 0.9250 | 0.4980 | 0.1870 | 0.5046 | 0.1920 | 0.5076 | 0.2004 | 0.5140 | 0.1988
22.8000 | 0.9500 | 0.3500 | 0.1190 | 0.3574 | 0.1255 | 0.3580 | 0.1314 | 0.3632 | 0.1333
23.4000 | 0.9750 | 0.1790 | -0.0010 | 0.1864 | 0.0053 | 0.1829 | 0.0104 | 0.1895 | 0.0128
24.0000 | 1.0000 | -0.0190 | -0.1870 | -0.0077 | -0.1765 | -0.0217 | -0.1796 | -0.0184 | -0.1734
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Table 2. Concluded.

Measured Values Design Values
y =38.932in y =45.948 in Wing Tip Radius

X, in x/c Zy, IN Z;, in Zy, IN z;, in R, in.
0.0000 0.0000 0.0000 { 0.0000 | 0.0000 0.0000 0.000
0.1800 0.0075 0.4580 | -0.4583 | 0.4648 -0.4585 0.461
0.3000 0.0125 0.5625 | -0.5640 | 0.5681 -0.5613 0.564
0.6000 0.0250 0.7248 | -0.7321 | 0.7250 -0.7271 0.729
0.9000 0.0375 0.8299 | -0.8446 | 0.8316 -0.8402 0.837
1.2000 0.0500 09103 | -0.9320 | 0.9109 -0.9273 0.923
1.8000 0.0750 1.0330 | -1.0639 | 1.0301 -1.0552 1.050
2.4000 0.1000 1.1199 | -1.1560 | 1.1161 -1.1480 1.141
3.0000 0.1250 1.1900 | -1.2284 | 1.1842 -1.2206 1.214
3.6000 0.1500 1.2454 | -1.2836 | 1.2417 -1.2780 1.268
4.2000 0.1750 1.2929 | -1.3283 | 1.2887 -1.3270 1.313
4.8000 0.2000 1.3324 | -1.3631 1.3308 -1.3633 1.347
6.0000 0.2500 1.3833 | -1.4117 | 1.3877 -1.4143 1.398
7.2000 0.3000 1.4138 | -1.4310 [ 1.4174 -1.4363 1.424
8.4000 0.3500 1.4310 | -1.4283 | 1.4336 -1.4394 1.434
9.6000 0.4000 1.4369 | -1.4073 | 1.4397 -1.4176 1.428
10.8000 | 0.4500 1.4329 | -1.3670 | 1.4362 -1.3743 1.403
12.0000 | 0.5000 1.4168 | -1.3004 | 1.4208 -1.3049 1.361
13.2000 | 0.5500 1.3876 | -1.1963 | 1.3909 -1.1989 1.293
13.8000 | 0.5750 1.3689 | -1.1224 | 1.3708 -1.1250 1.248
14.4000 | 0.6000 1.3461 | -1.0287 | 1.3476 -1.0315 1.189
15.0000 | 0.6250 1.3204 | -0.9091 1.3215 -0.9128 1.117
15.6000 | 0.6500 1.2891 | -0.7564 | 1.2893 -0.7598 1.025
16.2000 | 0.6750 1.2520 | -0.5891 1.2509 -0.5927 0.922
16.8000 | 0.7000 1.2128 | -0.4338 | 1.2144 -0.4376 0.825
17.4000 | 0.7250 1.1698 | -0.2965 | 1.1687 -0.3019 0.732
18.0000 | 0.7500 1.1225 | -0.1706 | 1.1209 -0.1761 0.644
18.6000 | 0.7750 1.0688 | -0.0577 | 1.0665 -0.0598 0.561
19.2000 | 0.8000 1.0052 | 0.0397 | 1.0004 0.0357 0.482
19.8000 | 0.8250 09320 | 0.1198 { 0.9280 0.1171 0.405
20.4000 | 0.8500 0.8493 | 0.1811 | 0.8447 0.1753 0.334
21.0000 | 0.8750 0.7546 | 0.2194 | 0.7506 0.2131 0.267
21.6000 | 0.9000 0.6446 | 0.2282 | 0.6387 0.2184 0.207
22.2000 | 0.9250 0.5153 | 0.2058 | 0.5083 0.1999 0.155
22.8000 | 0.9500 0.3661 | 0.1395 | 0.3586 0.1306 0.115
23.4000 | 0.9750 0.1892 | 0.0174 | 0.1809 0.0091 0.090
24.0000 | 1.0000 | -0.0061 | -0.1671 | -0.0139 | -0.1757 0.084




Table 3. Static Test Cases for the Rectangular Supercritical Wing

Test Point M a,, deg. Comments
Case No.

6E1 212 404 222
6E2 394 .604 2.00
6E3 364 701 2.00
6E4 331 753 2.05 Versus
6ES 152 .802 2.00 M@ Q,=2°
6E6 462 .828 2.00
6E7 276 .850 2.01
6E8 423 .876 2.00
6E9 251 .907 2.00

r 6E10 489 .803 1.99 Repeat of 152
6E11 214 403 21
6E12 154 801 .03 Versus
6E13 464 .821 -.01 M@ Q,=0°
6E14 253 901 .00
6E1S 210 403 420
6E16 150 .803 3.99 Versus
6E17 460 .828 4.00 M@ Q,=4°
6E18 249 .903 4.00
6E19 604 400 7.01 Versus
6E20 607 400 9.97 g, @M=4
6E21 609 401 12.00
6E22 628 .826 .00 With transition
6E23 626 .825 2.00 strip
6E24 624 .826 4.00
6E25 52 .802 -.05
6E26 53 .802 2.01 Air
6E27 54 .801 4.01
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Table 4. Dynamic Test Cases for the Rectangular Supercritical Wing

Test Point M q a, 6 f k Comments
Case No. psf deg. deg. Hz

6E28 514 402 54.8 1.97 1.003 10.00 .309

6E29 344 750 100.8 2.05 1.052 14.99 249

6E30 316 .802 107.6 2.08 1.035 15.03 233 Versus

6E31 475 .826 108.1 1.97 1.023 15.01 228 Me Q,=2°

6E32 289 .854 113.7 1.99 1.006 14.96 219

6E33 435 .875 115.2 1.96 987 14.99 215

6E34 264 .894 116.8 2.01 1.032 14.99 210

6E35 513 403 547 1.97 1.008 5.02 155 vsk, O, =2°

6E36 515 402 54.7 1.98 1.020 15.06 466 M=.40

6E37 516 402 54.8 1.98 1.060 19.97 617

6E38 494 .803 106.1 2.19 1.069 1.98 .031

6E39 493 .802 105.8 1.89 1.025 3.00 .047 Versus

6E40 495 .803 106.1 1.84 1.080 395 .062 ke &,=2°

6E41 314 .803 107.7 2.10 1.080 4.95 077 M=.80

6E42 315 .804 107.9 2.08 1.057 9.96 154

6E43 317 .802 107.5 2.07 1.039 20.01 311

6E44 473 825 107.8 1.98 1.070 4.97 076 Versus

6E45 474 .825 107.8 1.97 1.038 9.96 152 ke &,=2°

6E46 476 .825 108.0 1.97 1.035 20.07 305 M= 825

6E47 262 .896 117.1 2.00 1.022 4.96 .069 Versus

6E48 263 .896 117.1 2.00 989 9.95 139 ke a,=2°

6E49 265 902 118.3 2.01 1.055 19.99 278 M=.90

6ES0 481 .823 107.6 -.03 1.023 15.01 229 Versus

6ES1 469 .822 107.2 3.99 1.018 15.04 .230 a,@ M= 825

6E52 269 901 118.2 -.03 1.065 14.98 208 Versus

6ES3 258 .900 117.9 4.03 1.024 14.95 208 a,@ M=.90

6E54 632 .825 108.7 1.98 1.014 10.03 152 With Transition

6ESS 633 .826 108.9 1.98 984 15.03 228 Strip, M = .825

6ES6 634 .826 108.9 1.98 1.005 20.09 305

6ES7 180 .802 108.0 3.30 .500 15.12 234 Versus

6ES8 184 .801 107.8 3.30 983 15.03 233 0@ (=33

6ES59 189 .802 108.2 3.29 1.513 14.99 232 M=.80

6E60 613 402 54.4 11.99 1.004 5.00 155 Versus

6E61 614 401 54.2 12.00 .998 10.02 312 k,@ Q,;=12°

6E62 615 401 54.2 12.01 1.012 14.99 466 M = 40

6E63 616 401 543 12.02 1.087 19.99 621
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Figure 1. Rectangular supercritical wing installed in wind tunnel.
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Figure 2. Diagram of wing and splitter plate in wind tunnel. Dimensions in inches (mm).
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z % 7
(b) Span station 14.932 in. (c) Span station 28.324 in.
z. 5 3
(d) Span station 38.932 in. (e) Span station 45.948 in.

Figure 6. Concluded.
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deg.
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-0.824 -0.416
-0.429 -0.370
-0.340 -0.345
-0.265 -0.274
-0.263 -0.247
-0.275 -0.313
-0.249 -0.303
-0.230 -0.335
-0.226 -0.193
-0.258 0.130
-0.313 0.314
-0.396 0.393

=

~——©—— Upper Surface
—+&—— Lower Surface

x/c

o o U1 )
0.2 0.4 0.6 0.8 1

}s\s\ﬂ

Point Number = 152 Mach Number = 0.802 Alphao = 2.00,
q H v Rn gamma Cp*
106.1 415.9 403.5 .401E+Q7 1.133 -0.479
y/s =0.309 y/s =0.588 y/s =0.809
x/cC Cpu Cpl Cpu Cpl Cpu Cpl
.000 1.187 1.164 1.166
.025 -0.666 -0.092 -0.826 -0.151 -0.845 -0.117
.050 -0.906 -0.310 -0.857 -0.201 -0.944 -0.307
.100 -0.930 -0.399 -0.904 -0.381 -0.961 -0.460
.200 -0.907 -0.350 -0.897 -0.414 -0.874 -0.362
.260 -0.936 -0.378 -0.945 -0.399 -0.362 -0.324
.320 -0.849 -0.296 -0.841 -0.314 -0.336 -0.283
.380 -0.471 -0.289 -0.230 -0.359 -0.323 -0.292
.440 -0.183 -0.329 -0.318 -0.269 -0.310 0.000
.500 -0.404 -0.344 -0.391 -0.366 -0.342 -0.366
.560 -0.444 -0.291 -0.374 -0.398 -0.358 -0.331
.620 -0.511 -0.013 -0.451 -0.093 -0.373 -0.113
.700 -0.550 0.260 -0.522 0.258 -0.402 0.204
.800 -0.608 0.392 -0.553 0.440 -0.478 0.335
.900 -0.319 0.499 -0.353 0.602 -0.338 0.478
-1.5r -1.5r
_1:— _1;
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n=0.309 M =0.588
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Figure 8. Sample static data, Test Case 6E3 (point 152).
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Point Number = 315 Mach Number = 0.804 Alphao = 2.08, deg.
a,pst H,pst vV, fps Rn gamma freq, Hz k theta,deg
107.9 422.2 405.5 .401E+07 1.131 9.96 0.154 1.057
y/s = 0.308 v/s = 0.588
x/c ReCpu/t ImCpu/t ReCpl/t ImCpl/t ReCpu/t ImCpu/t ReCpl/t ImCpl/t
.000 -0.492 0.426 -0.569 0.415
.025 -6.080 3.343 6.761 -2.800 -4.855 2.758 6.959 -3.026
.050 -6.356 3.626 6.721 -2.895 -7.377 4.022 6.142 -2.594
.100 -5.686 3.270 6.260 -2.131 -5.373 2.942 5.600 -2.049
.200 -5.786 3.830 4.620 -0.948 -5.532 3.524 4.146 -0.828
.260 -7.307 5.251 3.740 -0.059 -11.959 7.560 3.402 0.292
.320 -14.397 10.888 3.183 0.312 -18.215 9.849 2.634 0.342
.380 -16.559 10.428 2.602 0.534 -10.416 5.917 2.142 0.594
.440 -9.467 0.596 2.046 0.533 2.422 -6.618 1.822 0.699
.500 1.327 -8.571 1.499 0.630 1.672 -5.610 1.001 0.831
.560 2.087 -7.183 0.430 1.170 1.173 -4.231 0.249 1.055
.620 1.942 -3.998 -1.187 1.616 1.015 -3.033 -0.489 1.147
.700 2.124 -2.604 1.623 0.105 0.793 -1.294 0.972 0.340
.800 1.269 1.183 2.228 -0.851 0.773 0.595 1.582 -0.711
.900 -0.369 1.750 1.710 -1.048 -0.332 1.647 1.330 -0.838
yv/s = 0.809 y/s = 0.951
x/c ReCpu/t ImCpu/t ReCpl/t ImCpl/t ReCpu/t ImCpu/t ReCpl/t ImCpl/t
.000 -0.550 0.348 -0.465 0.279
.025 -4.582 2.467 5.469 -2.514 -6.241 3.031 5.484 -2.050
.050 -7.607 4.165 5.454 -2.269 -5.423 2.847 5.467 -1.936
.100 -4.777 2.562 3.519 -1.822 -7.007 3.679 3.604 -0.773
.200 -10.130 7.360 1.776 -0.372 -2.313 0.581 1.789 0.009
.260 -9.064 4,539 1.191 0.152 -2.847 0.678 1.096 0.470
.320 -1.827 -1.448 0.958 0.345 -1.662 -0.245 -0.027 0.975
.380 -1.387 -1.737 0.698 0.638 ~-1.358 -0.546 0.625 0.430
.440 -0.870 -1.807 -0.554 0.000 -0.988 -0.761 0.356 0.478
.500 -0.319 -2.035 0.463 0.647 -0.569 -0.792 0.063 0.647
.560 0.012 -1.735 -0.063 0.971 -0.210 -0.785 -0.219 0.612
.620 0.195 -1.505 -0.750 1.078 0.012 -0.705 -0.828 0.613
.700 0.253 -0.942 0.292 0.380 -0.033 -0.487 0.061 0.319
.800 0.050 0.649 0.538 -0.168 -0.990 0.286 0.542 0.012
.900 -0.179 0.904 0.249 -0.536 -3.406 1.545 0.257 0.085

(a) Tabulated data for Test Case 6E42
Figure 9. Sample data for pitch oscillation, Test Case 6E42 (point 315).
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Figure 9. Concluded.
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INTRODUCTION

As a portion of the Benchmark Models Program at NASA Langley (Ref 1), three models with the same rectangular planform,
but with different airfoils were flutter tested on the Pitch and Plunge Apparatus (PAPA, Ref 2-3). These models were designed
and tested to provide flutter data for evaluating Computational Aeroelasticity (CA) programs with emphasis on transonic flows.
The geometry of the wings was kept simple to reduce the complexity of the geometry processing for computation and in the
interpretation of the results. One model was built with the NACA 0012 airfoil called the B0012, one with the NACA 64A010
airfoil called the B64A010, and one with an NASA SC(2)-0414 airfoil called BSCW. These airfoils, shown in Fig 1, were not
selected to provide a systematic empirical trend study of thickness or airfoil type, but to provide flutter data for wings with
different transonic airfoil characteristics. The NACA 0012 airfoil has a forward loading and for transonic flows, a shock forms
initially ahead of midchord. The NACA 64A010 airfoil has a more mild evolution of the shock which forms initially near
midchord. The NASA SC(2)-0414 has a strong aft loading and the associated low aft upper surface curvature. There was
considerable experience in two dimensions with the NACA 0012 and 64A010 airfoils based on comparisons with the early two-
dimensional unsteady aerodynamic data of Ref 4. The supercritical airfoil (Ref 5) was chosen as a relatively modern airfoil for
comparison.

The BOO12 model was tested first. Three different types of flutter instability boundaries were encountered, a classical flutter
boundary, a transonic stall flutter boundary at angle of attack, and a plunge instability near M = 0.9 and for zero angle of attack.
This test was made in air and was Transonic Dynamics Tunnel (TDT) Test 468 (Ref 1, 6-8). The BSCW model (for Benchmark
SuperCritical Wing) was tested next as TDT Test 470 (Ref 9-11). It was tested using both with air and a heavy gas, R-12,asa
test medium. The effect of a transition strip on flutter was evaluated in air. The B64A010 model was subsequently tested as
TDT Test 493 (Ref 1).

Some further analysis of the experimental data for the B0012 wing is presented in Ref 12. Transonic calculations using the
parameters for the BOO12 wing in a two-dimensional typical section flutter analysis are given in Ref 13.

These data are supplemented with data from the Benchmark Active Controls Technology model (BACT) given in Ref 14-15 and
in the next chapter of this document. The BACT model was of the same planform and airfoil as the B0012 model, but with
spoilers and a trailing edge control. It was tested in the heavy gas R-12, and was instrumented mostly at the 60 per cent span.
The flutter data obtained on PAPA and the static aerodynamic test cases from BACT serve as additional data for the B0012
model. All three types of flutter are included in the BACT Test Cases.

In this report several test cases are selected to illustrate trends for a variety of different conditions with emphasis on transonic
flutter, Cases are selected for classical and stall flutter for the BSCW model, for classical and plunge for the B64A010 model,
and for classical flutter for the BO012 model. Test Cases are also presented for BSCW for static angles of attack. Only the mean
pressures and the real and imaginary parts of the first harmonic of the pressures are included in the data for the test cases, but
digitized time histories have been archived. The data for the test cases are available as separate electronic files. An overview of
the model and tests is given, the standard formulary for these data is listed, and some sample results are presented.

LIST OF SYMBOLS AND DEFINITIONS

a speed of sound,ft/sec

A, amplitude of the plunge free vibration envelope, inches

Ag amplitude of the pitch free vibration envelope, degrees

b semichord, ¢/2

c wing chord, ft (m)

G, pressure coefficient, (p - pw) / Q.. steady: (p - pmean) / q., unsteady
f frequency, Hz

h plunge displacement, inches
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k reduced frequency, wc/(2V.. )

M Mach number

p pressure, psf

Pe freestream static pressure, psf

Qoo dynamic pressure, psf (kPa)

s semispan, 32 inches

R, Reynolds number based on chord

T, total or stagnation temperature, °R

V. freestream velocity, ft/sec (m/sec)

A" velocity, ft/sec (m/sec)

Vi flutter speed index, V; / (bmeﬁ )

x/c streamwise fraction of local chord

y spanwise coordinate normal to freestream
(o8 mean angle of attack, degrees

¢ phase angle referenced to pitch displacement, degrees
0 pitch angle, degrees

n fraction of span, y/s

[ mass ratio, wing mass/((n:bzpspan)

p density

Y ratio of specific heats for test gas

w frequency, radians/second

- fraction of critical damping for plunge
Lo fraction of critical damping for pitch

] | absolute value

subscripts

0 steady value

f flutter

m mean value

h plunge mode

z vertical displacement
¢] pitch mode

MODEL AND TESTS

The BMP rectangular wing models were tested in the NASA Langley Transonic Dynamics Tunnel (TDT). The tunnel has a
slotted test section 16-feet (4.064 m) square with cropped corners. At the time of these tests, it could be operated with air or a
heavy gas, R-12, as a test medium at pressures from very low to near atmospheric values. Currently the TDT can be operated
with air or R-134a as a test medium. An early description of this facility is given in Ref 16 and more recent descriptions of the
facility are given in Ref 17 and 18. The early data system is described in Ref 19 and the recent data system given in Ref 20 and
21, but the data system used in the BMP tests was a version between these systems. Based on cone transition results (Ref 22-
23), the turbulence level for this tunnel is in the average large transonic tunnel category. Some low speed measurements in air
have also been presented in Ref 24.

The three wing models were very similar but differed somewhat in detail. These models were of rectangular planform with a
span of 32 inches (813 mm) plus a tip of revolution, and a chord of 16 inches (406 mm). The wings were machined from
aluminum, were very smooth, and were tested either with free transition or with a transition strip at 7.5 per cent chord on both
upper and lower surfaces. They were fabricated in three parts as shown in Fig 2, with two main sections and a tip section to
facilitate access to the pressure instrumentation.

The assembled BSCW model is shown installed in the wind tunnel in Fig 3 and an overall view of the BSCW model and splitter
plate installed in the TDT test section is shown in Fig 4. The model was mounted on a large splitter plate set out approximately
40 inches (1.02 m) from tunnel sidewall. An end plate that moved with the model was attached to the root of the model, and
moved within a recessed or undercut section of the splitter plate. A large fairing behind the splitter plate isolated the equipment
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between the splitter plate and the tunnel sidewall from the airstream. Some recent tests (Ref 25) of the splitter plate arrangement
without a wing have shown some nonuniformity of the flow along the splitter plate resulting from the flow around the leading
edge of the splitter plate for Mach numbers above M = 0.80. The data for the models may be affected somewhat above M = 0.80.

These models were flutter tested using the Pitch and Plunge Apparatus (PAPA, Ref 2-3) as shown in the photograph of Fig 5 and
illustrated in the sketch of Fig 6. The PAPA system permits rigid body pitch and plunge motion of the wing and flutter of the
system by using four circular rods for flexibility. This system has sufficient strength to permit flutter testing at moderate angles
of attack including some stall flutter cases. The rods are arranged such that the elastic axis is at the midchord and the model is
balanced to place the center of gravity on the midchord. The system thus gives essentially uncoupled pitch and plunge modes
about the midchord of the model. The summary of the modal parameters is given in Table 1. The generalized masses given here
are the effective mass and pitch inertia calculated from the frequency and stiffness values. Higher modes of this system have
been determined for the BSCW model (Ref 10) and are considered typical for all three models. Some amplitude effects on
frequency and damping were analyzed (Ref 10) and can be summarized by the following equations.

f

z

f

3.339978 - 0.638404 A+ 0.09185239 A% £, =0.0006913 +0.0021713 A,

5.1987 - 0.008994 Ag+0.0056696 Aj o =0.0004379 +0.0003561 A,

where A, is the amplitude of the plunge free vibration envelope in inches, and Ae is the amplitude of pitch free vibration

envelope in degrees. The effects of amplitude are quite small for the frequencies (third or fourth significant figure) but are
significant on damping. Detailed wind-off free decay records have been archived.

In addition to the testing on the PAPA, the B0012 and BSCW models were tested with the PAPA mount system rigidized for
static pressure measurements. The model could be pitched statically with the turntable, but there was no balance in this system
for force measurements. Only static data for BSCW are included as test cases. Static data, including force measurements, for a
similar 0012 model is available in the next chapter of this document for the BACT model.

Both the model and the plate that constrains the model end of the PAPA system are large in mass. The resulting mass ratio at
flutter is thus very large and consequently the reduced frequency at flutter is very low. The reduced frequency may be more
comparable to those for rigid body modes for an aircraft than typical of flutter. The flutter crossings are relatively mild and
unpublished calculations for the B0012 model have indicated some sensitivity to torsional aerodynamic damping.

The models were instrumented for unsteady pressures at two chords and for dynamic motions. The list of transducers is given in
Table 2. The primary dynamic motion measurements were made with the PAPA strain gages and accelerometers, although four
wing accelerometers were included. There were 40 unsteady pressure transducers located along the chord at 60 per cent span
and 40 located at 95 per cent span. The distribution for BSCW is illustrated in figure 7. The chordwise distribution of unsteady
pressure transducers was slightly different for each model and is summarized in Table 3. In addition to the pressure
measurements on the wing, there were transducers located in the splitter plate as illustrated in figure & and listed in Table 4.
However the data measured on the splitter plate are not included in the data sets for the Test Cases of these wings.

It might be noted that some flow visualization work on these low aspect ratio planforms indicated that wing surface separation
tended to occur in an inboard aft cell. The row of pressure transducers at 60 per cent chord was in the outer portion of this cell,
whereas the row at 95 per cent span was dominated by the tip flow.

Data from all channels were acquired simultaneously at a rate of 1000 or 500 samples/second (depending on the test) for 20
seconds for the dynamic data and for 10 seconds for the static data.. Each recorded data set was stored in digital form on disk,
and assigned an index called a Point No. which is given in the Tables. Although it was intended to use 200 Hz or 400 Hz low
pass filters in the data stream prior to digitizing the data to avoid aliasing, the filters were later thought to be set at 1000 Hz as a
result of a data system problem. The data are thus considered aliased with a foldover frequency of 500 Hz. For the flutter data,
which was in the 4 to 10 Hz range, in order for the 1st harmonic to be contaminated, there would have to be significant signals at
990-996 Hz for the 1000 samples/sec case and at 490-510 and 990-996 Hz for the 500 samples/sec cases. It is not considered
likely that there are significant disturbances in these frequency ranges.

Detailed geometry measurements were performed for each of these wings along several sections. The measured ordinates are not
included in this report, but they are available as electronic files. Design ordinates are given in Table 5 only for the BSCW and
B64A010 models since the NACA 0012 airfoil is analytically defined. The thickness of the aft end of the NACA 64A010 airfoil
was increased to permit smooth installation of the aft-facing transducers in the trailing edge. The trailing edge thickness was
increased and a line was drawn to be tangent to the original airfoil. Therefore the modified B64A010 airfoil has a somewhat
larger linear aft section than the standard 64A010 which is linear in thickness from 0.80 to the trailing edge. Table 5b lists the
design ordinates with interpolation of the airfoil to 104 points along the chord.

TEST CASES

The flutter Test Cases for the three models on the PAPA system are listed in Tables 6-8. In the Test Case Number, the leading
portion is 7E for the Chapter number, followed by the Model designation, SW = BSCW model, 64 for the B64A010 model, and
12 for the B0012 model. Flutter is denoted by F with a following letter for the type of flutter, C = classical, S = stall, and P =
plunge.

The BSCW model was tested both in air and in the heavy gas, R-12. The classical flutter boundaries for both the air and R-12
tests are given in Fig 9 in terms of dynamic pressure versus Mach number and flutter frequency versus Mach number. The
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flutter dynamic pressure increases with Mach number. This is an unusual trend that is apparently a result of the specific
aeroelastic configuration of this model on the PAPA system. The boundary flattens near M = 0.78-0.80 and then rises which is
interpreted as the transonic "dip” for this system. The boundaries obtained in air and in R-12 show generally good agreement.

A few points of stall flutter near 0. =5° and M = 0.80 were obtained with the BSCW model and are included in Table 6. The
corresponding flutter boundary is given in Fig 10. The boundary is not fully defined with angle of attack, but the stall flutter
boundary appears to be nearly vertical near oe=5°. These points are thought to involve shock waves and separating and
reattaching flows during the cycle of motion. No plunge instability points were defined for the BSCW model, possibly because
the condition of zero lift could not be obtained without hitting the stops within the mechanical setup. For the NASA supercritical
airfoils of this type, the two-dimensional design lift coefficient occurs at ot =0°. For the SC(2)-0414 airfoil, the design lift
coefficient is 0.4.

An earlier unpublished test of a supercritical wing on the PAPA system had indicated an effect of transition strip on flutter. It
was found that a forward transition strip on the lower surface had a significant influence at the lower subsonic Mach numbers.
Some variations of the transition strips were thus explored in this test with air as the test medium. A few Test Cases are included
for the free transition test for BSCW in Table 6.

The Test Cases for static angles of attack for BSCW are presented in Table 9. The angles of attack given generally encompass
the range of the flutter data in the Test Cases. A listing of a sample of the static data file illustrating the format is given in Fig 11.
For each pressure transducer, the time-averaged mean, the minimum and maximum values, and the standard deviation (generally
called channel statistics) of the pressure coefficient is listed. The static pressures for Test Cases TESWA24 and 7ESWA30 are
presented in Fig 12. Test Case TESWA24 shows little lift at the instrumented chords except over the aft section, whereas for Test
Case 7TESWA3O0 there is significant lift and a strong shock on the inboard section.

A listing of a sample of the flutter data file illustrating the format is given in Fig 13. The mean, minimum, maximum, and
standard deviation are listed with the real and imaginary parts of the first harmonic of the unsteady pressures. The unsteady
pressures are referenced to pitch displacement. The minimum, maximum, and standard deviation include the unsteady
components and thus their interpretation is not straightforward. The mean pressures and the in-phase (or real) and the out-of-
phase (or imaginary) components of the unsteady pressures for a classical flutter case, Test Case TESWFC6, are given in Fig 14.
Similar data for a stall flutter Test Case, TESWA30 are presented in Fig 15. For the classical flutter case (Fig 14), the imaginary
components of the pressure are small, but for the stall flutter Test Case the imaginary components of the pressure can be as large
as the real components (Fig 15).

The unsteady pressures presented and included in the files have not been normalized by amplitude of motion. Case to case
comparisons of pressures may need to be normalized by pitch or plunge amplitude values listed with the Test Case.

The flutter data for the BO012 model is given in Table 8. Only flutter Test Cases in air were obtained for this mode! and only
classical flutter points are included as Test Cases. Corresponding flutter points for a model in R-12 with the NACA 0012 airfoil
including stall and plunge flutter cases are given in the next Chapter for the Benchmark Active Controls Technology (BACT)
model. The flutter boundaries for the BO0O12 and BSCW models are quite similar indicating that the supercritical design permits
about two percent more thickness for corresponding transonic effects on flutter.

The flutter data for the B64A010 model is given in Table 9. It might be noted that the available flutter data for this model listed
the plunge displacement to one significant figure (Table 9). For this thinner airfoil, the rise in the flutter boundary occurs at
somewhat higher Mach number. No stall flutter points were defined for this model as sufficient angle of attack could not be
obtained without hitting the stops within the mechanical setup. Two flutter points are included and labeled plunge flutter near
M=0.95. They are of significantly lower frequency, but also include a significant pitch amplitude (Table 9).

Only the mean pressures and the real and imaginary parts of the first harmonic of the pressures are included in the data for the
Test Cases, but digitized time histories have been archived. The data for the Test Cases are available as separate electronic files.
For the flutter cases, calculations for flutter can be made and compared with measured boundaries. However in calculations, the
analytical model can be forced to duplicate the measured combined pitch and plunge motion and the pressures compared directly.
It might be noted that the transition strip (at 7.5 per cent chord) has an influence on the first transducer downstream of the strip
that varies with angle of attack or other test conditions.

The files on the CD-ROM are ascii files and readme files are included. For BSCW, the file for the static data is named bscwstat
and a Fortran program to read it, bscwstrd.f, is furnished. The BSCW flutter data is in file bscwflut, and the Fortran program to
read it, bscwftrd.f, is included. The data files consist of contiguous data points in the sequence given in the tables. The design
ordinates are on file bscwordt, and the measured ordinates are given on file bscworde. In the measured ordinates for BSCW,
some points may need to be omitted as they were on the edge of the orifices. For the BO012 model, the flutter data is in file
b12flut, and the Fortran program to read it, b12ftrd.f, is included. The design ordinates are on file b12ordt, and the measured
ordinates are given on file bl2orde. For the B64A010 model, the flutter data is in file b64flut, and the Fortran program to read it,
b64ftrd.f, is included. The design ordinates are in file b64ordt, and the measured ordinates are given in file b64orde.

Note that the tests for these BMP models were conducted both in air and in the heavy gas, R-12. For CFD calculations, care
must be exercised to select the correct gas properties are used for each Test Case. For R-12, the ratio of specific heats, ¥, is
calculated to be 1.132 to 1.135 for the conditions of the tests assuming 0.99 for the fraction of heavy gas in the heavy gas-air
mixture. A value of 1.132 is suggested for use in computational comparisons. The corresponding value of Prandtl number is
calculated to range from 0.77 to 0.78 for the conditions of these tests. For some cases, the calculated values of ¥ and Prandl
number are included in the data files.
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1  General Description of Model
1.1 Designation
1.2 Type
1.3 Derivation
1.4 Additional remarks
1.5 References
2  Model Geometry
2.1 Planform
2.2 Aspect ratio
2.3 Leading edge sweep
2.4 Trailing edge sweep
2.5 Taper ratio
2.6 Twist
2.7 Wing centreline chord
2.8 Semi-span of model
2.9 Area of planform
2.10 Location of reference sections and definition
of profiles
2.11 Lofting procedure between reference
sections
2.12 Form of wing-body junction
2.13 Form of wing tip
2.14 Control surface details
2.15 Additional remarks
2.16 References
3  Wind Tunnel
3.1 Designation
3.2 Type of tunnel
3.3 Test section dimensions
3.4 Type of roof and floor
3.5 Type of side walls
3.6 Ventilation geometry
3.7 Thickness of side wall boundary layer
3.8 Thickness of boundary layers at roof and
floor
3.9 Method of measuring velocity
3.10 Flow angularity
3.11 Uniformity of velocity over test section
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Three models, Benchmark Supercritical Wing Model, BSCW,
Benchmark 0012 Model, B0012, and Benchmark 64A010 Model,
B64A010

Semispan wing
Same planform as Benchmark Active Controls Model with 0012
airfoil, BACT (see Introduction)

Overall view given in Fig 2 and shown mounted in tunnel in Figs
3and 4

Refs 1, 6-11 describe tests and data

Rectangular

2.0 for the panel (neglecting tip of rotation)

Unswept

Unswept

1.0

None

16 inches (406.4 mm)

32 inches (812.8 mm) plus tip of rotation

512 sq. in. (0.3303 sq. m) neglecting tip

Measured ordinates are given in files on the CDROM

Constant design airfoil section

No fairing and plate overlapped at splitter plate
Tip of rotation

No control surfaces

See Fig 1 for overview

Refs 1, 6-11

NASA LaRC Transonic Dynamics Tunnel (TDT)
Continuous flow, single return

16 ft x 16 ft (4.064 x 4.064 m)

Three slots each

Two sidewall slots

Constant width slots in test region

Model tested on large splitter plate set out approximately 40 inches
(1.02 m) from tunnel side wall (see Fig 3). Some documentation of
tunnel wall boundary layer in Ref 16

Not documented

Calculated from static pressures measured in plenum and total
pressure measured upstream of entrance nozzle of test section

Not documented, considered small

Not documented, considered nearly uniform, some nonuniformity
over splitter plate above M = 0.80
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3.12 Sources and levels of noise or turbulence in

empty tunnel

3.13 Tunnel resonances

3.14 Additional remarks

3.15 References on tunnel

Model Motion

4.1 General description

4.2 Reference coordinate and definition of
motion

4.3 Range of amplitude

4.4 Range of frequency

4.5 Method of applying motion

4.6 Timewise purity of motion

4.7 Natural frequencies and normal modes of
model and support system

4.8 Actual mode of applied motion including
any elastic deformation

4.9 Additional remarks

Test Conditions

5.1
52
53

54

5.5
5.6
5.7
5.8

59

5.10
5.11
5.12
5.13

5.14

5.15

Model planform area/tunnel area
Model span/tunnel height
Blockage

Position of model in tunnel

Range of Mach number
Range of tunnel total pressure
Range of tunnel total temperature

Range of model steady or mean incidence

Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed
Flow instabilities during tests

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks

References describing tests

Generally unknown. Some low speed measurements are presented
in Ref 24. Cone transition measurements are presented in Ref 22
and 23

Unknown

Some tests performed in air and some in heavy gas, R-12. For R-12,
ratio of specific heats, ¥, is 1.132-1.135. For R-12 computations,
1.132 is recommended. For the conditions of this test, the R-12
Prandtl number is calculated to be 0.77-0.78

Ref 16-18

Flutter with combined pitch and plunge motions

Pitch and plunge motions referenced to midchord

Varies for each case, tabulated
Generally O to 5 Hz

Self-excited flutter, measured values of pitch and plunge are listed
with each data point

Not documented

See Table 1 for plunge and pitch on PAPA. For higher modes see
Ref 10. Not documented for rigid strut

Combined pitch and plunge measured. Very stiff model with
flutter below 5 Hz with next vertical mode at 37 Hz

None

015
17

Model less than 0.2% but splitter plate and equipment fairing is
near 4%

Mounted from large splitter plate out from wall and on the tunnel
centerline, Fig 3

0.30t0 0.90

Approximately 500 to 1000 psf (24 to 48 kPa)

512 to 576 degrees Rankine (23 to 47°C)

3% 105° pitch

From chord line of symmetric airfoils or reference chord line of
BSCW

Transition strip used

Grit strip at 7.5% chord on upper and lower surfaces when used
None defined

Not measured but considered very stiff

Tests performed both in air and in heavy gas, R-12. For R-12 ratio
of specific heats, y, is 1.132-1.135. For R-12 computations, 1.132
is recommended. For the conditions of this test, the R-12 Prandtl
number is calculated to be 0.77-0.78. Some data files include
values of ¥ and Prand]l number

Refs 1, 6-11



Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2 Steady pressures for small changes from the
mean conditions

6.3 Quasi-steady pressures
6.4 Unsteady pressures

6.5 Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes from
the mean conditions by integration

6.7 Quasi-steady section forces by integration
6.8 Unsteady section forces by integration

6.9 Measurement of actual motion at points of
model

6.10 Observation or measurement of boundary
layer properties

6.11 Visualisation of surface flow
6.12 Visualisation of shock wave movements
6.13 Additional remarks

Instrumentation

7.1 Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system
7.2 Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices

7.2.3 Type of measuring system

7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration
7.3 Model motion

7.3.1 Method of measuring motion reference
coordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
7.4 Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
7.5 Additional remarks
7.6 References on techniques
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BSCW only

no

no
yes

no
no

no
no

yes
no

no
no

no

40 locations at 60% span and 40 at 95% span. See Fig 7 and
Table 3

Used same transducers as unsteady pressure measurements

Same transducers as steady measurements. See Fig 7 and Table 3

.020 inches (.51 mm)
In situ pressure gages
Kulites

Statically calibrated and monitored through reference tubes

Strain gages on PAPA system
Wind-off verification with accelerometers

Undocumented

Analog signals digitized at 500 or 1000 samples/sec for 10-20
seconds depending on data type

Fourier analysis

Amplitude and phase of each pressure signal. Accuracy not
specified

None

None
Data system for test similar to one described in Refs 19-20
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8.1

8.2

83
8.4

85

8.6
8.7
8.8
8.9

8.10

Data Presentation

Test Cases for which data could be made
available

Test Cases for which data are included in
this document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments
Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

9 Comments on Data

9.1

9.2
9.3
9.4

9.5

9.6
9.7
9.8

9.9

9.10
9.11

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients

Sensitivity to small changes of parameter
Non-linearities

Influence of tunnel total pressure

Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections
Other relevant tests on same model

Relevant tests on other models of nominally
the same shapes

Any remarks relevant to comparison
between experiment and theory

Additional remarks

References on discussion of data

See Ref 6-11
See Tables 6-9

BSCW only
BSCW only given in CDROM

C, real and imaginary parts for first harmonic only included in

CDROM. Time histories have been archived. Pressures have not
been normalized by motion amplitude

None
None
None

Time histories archived

Ref 12

Not documented
Unknown

Should be accurate
Not documented
None

Each gage individually calibrated and monitored statically through
reference tubes

None indicated. Amplitudes of oscillation varied in tests
Many flow conditions involve shock waves and separation

Not evaluated. Most of the tests at nearly constant dynamic
pressure

Unknown, not expected to be appreciable

None applied
None

Aerodynamic and flutter tests on similar 0012 model with spoilers
and trailing edge control surface (BACT), Ref 15 and next Chapter

Some included under Model and Tests

None
Ref 1 and 6-13

10 Personal Contact for Further Information

Head, Aeroelasticity Branch
Mail Stop 340

NASA Langley Research Center
Hampton, VA 23681-2199 USA

Phone: +1-(757)-864-2820
FAX: +1-(757)-864-8678
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Table 4. Locations of Pressure

Table }. Measured Nominal Structural Dynamic Parameters Orifices on the Splitter-Plate

Plunge Mode Pitch Mode X, . y, in. Z, in.
Frequency 3.33 Hz. 520 Hz. Horizontal Row
Stiffness 2637 1b/ft 2964 ft-1b/rad o 0 0
Damping Ratio, { 0.001 0.001 a8 0 0
Effective Mass or Inertia 6.01 slugs 2.78 slug-ft2 74 0 0
20 0 0
Table 2. Instrumentation 6 0 0
Instrument Quantity 0 0 0
-4 0 0
Model Pressure Transducers 80 3 0 0
Splitter Plate Pressure Transducers 20 32 0 0
Boundary Layer Rake Pressure Transducers 10 -48 0 0
Model Accelerometers 4 Vertical Row 1
PAPA Strain Gage Bridges 2 0 0 16
PAPA Accelerometers 2 0 0 8
Turntable AOA Accelerometer I 0 0 4
Model AOA Accelerometer 1 0 0 4
0 0 -16
Table 3. Nominal Location of Wing Pressure Orifices Vertical Row 2
BSCW B64A010 B0012 16 0 16
16 0 8
x/c x/c x/c 16 0 2
Upper Lower Upper Lower Upper Lower 16 0 4
0.000 0.000 0.000 16 0 -16
0.010 0.010 0.010 0.010 0.010 0.010 Boundary Layer Rake
0.025 0.025 0.025 0.025 0.020 0.020 32 0.25 16
0.050 | 0050 | 0.050| 0.050| 0.030| 0.030 32 0.50 16
0.100 | 0.100 | 0.100 | 0.100 | 0.040 32 0.75 16
0.150 0.150 0.050 | 0.050 32 1.00 16
0.200 0.200 0.200 0.200 0.100 0.100 32 150 10
32 2.00 16
0.250 0.250 0.200 0.200 3 250 16
0.300 0.300 0.300 0.300 0.250 32 3.00 16
0.350 0.350 0.300 0.300 32 4.00 16
0.400 0.400 0.400 0.400 0.350 32 5.00 16
0.450 0.450 0.400 0.400
0.500 0.500 0.500 0.500 0.450
0.550 0.550 0.550 0.550 0.500 0.500
0.600 0.600 0.600 0.600 0.550
0.650 0.650 0.650 0.650 0.600 0.600
0.700 0.700 0.700 0.700 0.650
0.750 0.750 0.750 0.750 0.700 0.700
0.800 0.800 0.800 0.800 0.750
0.850 0.850 0.850 0.850 0.800 0.800
0.500 0.900 0.900 0.900 0.850
0.950 0.950 0.950 0.950 0.900 0.900
1.000 1.000 0.950 0.950
1.000




Table 5. Design Ordinates for SC(2)-0414 and B64A010 Airfoils
(a) SC(2)-0414 Airfoil Design Coordinates

x/c z/c upper z/c lower x/c z/c upper z/c lower
0.00000 0.00000 0.00000 0.50000 0.06840 -0.06420
0.00200 0.01080 -0.01080 0.51000 0.06800 -0.06330
0.00500 0.01660 -0.01660 0.52000 0.06760 -0.06230
0.01000 0.02250 -0.02250 0.53000 0.06720 -0.06120
0.02000 0.02990 -0.02990 0.54000 0.06670 -0.06000
0.03000 0.03500 -0.03500 0.55000 0.06620 -0.05870
0.04000 0.03890 -0.03890 0.56000 0.06560 -0.05730
0.05000 0.04210 -0.04210 0.57000 0.06500 -0.05580
0.06000 0.04480 -0.04480 0.58000 0.06430 -0.05430
0.07000 0.04710 -0.04720 0.59000 0.06360 -0.05270
0.08000 0.04910 -0.04930 0.60000 0.06280 -0.05100
0.05000 0.05100 -0.05120 0.61000 0.06200 -0.04920
0.10000 0.05270 -0.05290 0.62000 0.06110 -0.04740
0.11000 0.05420 -0.05450 0.63000 0.06020 -0.04550
0.12000 0.05560 -0.05600 0.64000 0.05930 -0.04350
0.13000 0.05690 -0.05730 0.65000 0.05830 -0.04150
0.14000 0.05810 -0.05850 0.66000 0.05730 -0.03940
0.15000 0.05920 -0.05970 0.67000 0.05620 -0.03730
0.16000 0.06020 -0.06080 0.68000 0.05510 -0.03520
0.17000 0.06120 -0.06180 0.69000 0.05400 -0.03300
0.18000 0.06210 -0.06270 0.70000 0.05280 -0.03080
0.15000 0.06290 -0.06360 0.71000 0.05160 -0.02860
0.20000 0.06370 -0.06440 0.72000 0.05030 -0.02640
0.21000 0.06440 -0.06510 0.73000 0.04900 -0.02420
0.22000 0.06510 -0.06580 0.74000 0.04770 -0.02200
0.23000 0.06570 -0.06640 0.75000 0.04640 -0.01980
0.24000 0.06630 -0.06700 0.76000 0.04500 -0.01770
0.25000 0.06680 -0.06750 0.77000 0.04360 -0.01560
0.26000 0.06730 -0.06800 0.78000 0.04220 -0.01360
0.27000 0.06770 -0.06840 0.79000 0.04070 -0.01160
0.28000 0.06810 -0.06880 0.80000 0.03920 -0.00970
0.29000 0.06850 -0.06910 0.81000 0.03770 -0.00780
0.30000 0.06880 -0.06940 0.82000 0.03620 -0.00600
0.31000 0.06910 -0.06960 0.83000 0.03460 -0.00430
0.32000 0.06930 -0.06980 0.84000 0.03300 -0.00270
0.33000 0.06950 -0.06990 0.85000 0.03140 -0.00120
0.34000 0.06970 -0.07000 0.86000 0.02980 0.00010
0.35000 0.06990 -0.07000 0.87000 0.02810 0.00130
0.36000 0.07000 -0.07000 0.88000 0.02640 0.00230
0.37000 0.07010 -0.06990 0.895000 0.02470 0.00320
0.38000 0.07020 -0.06980 0.90000 0.02290 0.00390
0.39000 0.07020 -0.06970 0.91000 0.02110 0.00440
0.40000 0.07020 -0.06950 0.92000 0.01930 0.00460
0.41000 0.07020 -0.06930 0.93000 0.01750 0.00460
0.42000 0.07010 -0.06900 0.94000 0.01560 0.00430
0.43000 0.07000 -0.06860 0.95000 0.01370 0.00380
0.44000 0.06990 -0.06820 0.96000 0.01170 0.00310
0.45000 0.06970 -0.06770 0.97000 0.00970 0.00210
0.46000 0.06950 -0.06720 0.98000 0.00760 0.00080
0.47000 0.06930 -0.06660 0.99000 0.00550 -0.00080
0.48000 0.06900 -0.06590 1.00000 0.00330 -0.00270
0.49000 0.06870 -0.06510
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Table 5. Concluded
(b) B64A010 Airfoil Design Coordinates

x/c z/c x/c z/c
.000000 .000000 490000 047344
.001000 003622 .500000 .046851
.002000 005124 .510000 046323
.005000 .008035 .520000 .045761
.010000 .011193 .530000 045166
.020000 015365 .540000 1044541
.030000 018465 550000 .043886
.040000 021129 .560000 1043203
.050000 .023452 .570000 042494
.060000 025502 .580000 .041758
.070000 027340 .590000 .040997
.080000 029021 600000 040212
.090000 .030583 .610000 .039404
.100000 .032043 .620000 038574
.110000 033417 630000 037722
.120000 .034713 640000 .036850
.130000 .035935 .650000 .035959
.140000 .037087 660000 .035050
.150000 .038173 .670000 034124
.160000 .039198 680000 1033183
.170000 .040165 .690000 1032229
.180000 .041076 700000 .031263
.190000 .041934 710000 .030287
.200000 042741 720000 1029302
.210000 .043500 730000 .028310
.220000 044212 740000 .027313
.230000 .044880 750000 1026312
.240000 .045504 760000 .025308
.250000 .046085 770000 .024304
.260000 046627 780000 .023298
.270000 047127 790000 022292
.280000 047588 .800000 021286
.290000 .048010 .810000 1020281
.300000 .048391 .820000 019277
.310000 .048734 .830000 018274
.320000 .049036 .840000 017271
.330000 .049298 .850000 016269
.340000 .049517 .860000 015267
.350000 .049694 870000 014266
.360000 .049826 .880000 .013264
.370000 .049914 .890000 .012263
.380000 .049956 .900000 011262
.390000 049951 .910000 .010261
400000 049898 .920000 .009260
410000 .049798 .930000 .008259
.420000 .049649 940000 .007258
.430000 .049453 950000 006257
440000 .049211 960000 .005255
.450000 .048923 970000 .004254
460000 .048591 980000 .003253
470000 .048216 .990000 .002251
.480000 .047800 1.000000 .001250
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Table 9. Conditions for Static Test Cases for BSCW
in R-12 with Fixed Transition, #35 Grit

Test Point | M a 4 | Wind-Off Zero
Case No. No. deg. psf Point No.
JESWAL | 608 [0.582| -2.83 | 169.4 597
7JESWA2 | 609 [0.583] -1.84 | 169.6 597
7JESWA3 | 610 10.583| -0.86 | 169.6 597
7JESWA4 | 611 [0.581] 0.10 | 168.8 597
JESWAS | 612 |0.583] 0.62 | 169.8 597
JESWA6 | 613 [0.583] 1.15 169.7 597
JESWA7 | 614 [0.582] 2.11 169.3 597
7JESWAS | 615 [0.583] 3.14 | 169.7 597
TJESWA9 | 616 [0.581] 4.14 | 169.1 597
7TESWAIO | 617 |0.582| 4.83 169.3 597
7JESWAILL | 582 }0.741| -2.88 | 170.2 581
7ESWAI2 | 583 |0.741| -1.90 | 170.3 581
7JESWAI3 [ 584 10.740| -0.91 | 170.1 581
7JESWAI4 [ 585 |0.739] 0.20 | 1699 581
JESWAILS | 586 |0.739] 0.65 170.0 581
7JESWAIL6 | 587 |10.741| 1.15 170.7 581
7JESWAL7 | 588 |0.740| 2.24 | 170.3 581
7ESWAI18 | 589 [0.740| 3.15 170.6 581
JESWAIL9 | 590 |0.741| 4.16 | 1709 581
7TESWA20 | 591 [0.738] 4.89 170.1 581
7ESWA21 | 550 |0.803| -2.88 | 169.7 539
JESWA22 | 551 |0.803[ -1.85 | 169.6 539
JESWA23 [ 552 10.801| -0.90 | 169.3 539
TESWA24 | 553 |10.802] 0.10 | 169.7 539
JESWA25 | 554 10.801| 0.62 | 169.5 539
TESWA26 | 555 10.802] 1.10 | 169.8 539
7ESWA27 | 556 [0.802| 2.12 169.9 539
7ESWA28 | 557 [0.803[ 3.12 170.1 539
7JESWA29 | 558 [0.802] 4.12 170.1 539
TESWA30 | 559 |0.802( 4.83 170.2 539
7TESWA31 | 540 |0.819| -2.90 | 169.7 539
7JESWA32 | 541 |0.819[ -1.87 | 169.8 539
JESWA33 | 542 10818 -0.89 | 169.7 539
7JESWA34 | 543 10.828| 0.11 172.9 539
TESWA35 [ 544 10.820| 0.63 170.5 539
TESWA36 | 545 |0.823] 1.11 171.4 539
7ESWA37 | 546 |0.823| 2.11 171.6 539
TESWA38 | 547 [0.821] 3.12 | 171.1 539
TJESWA39 | 548 10.820| 4.10 | 170.9 539
TESWA40 | 549 (0.821| 4.83 | 171.4 539
TESWA41 [ 513 |0.882] -0.92 | 170.7 508
7TESWA42 | 510 |0.877| 0.00 | 170.8 508
TJESWA43 | 516 |0.879] L.11 170.7 508
JESWA44 | 518 | 0.875] 3.09 170.1 508
7ESWA45 | 524 10900 -0.97 | 178.7 508
TESWA46 | 523 [0.904| 0.05 179.4 508
TESWA47 | 522 [0.900f 1.07 178.3 508
TJESWA48 | 521 [0.899| 3.14 177.7 508
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SC(2)-0414

0012

<Y —

Figure 1. Airfoils used for the three Benchmark Models rectangular wings.

Figure 2. Photograph of Benchmark Supercritical Wing Model before assembly.
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Figure 3. Photograph of Benchmark Supercritical Wing Model mounted in the wind tunnel.

= Splitter
/' plate

Support
struts

Figure 4. Photograph showing general arrangement of BSCW model and splitter plate.
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Flat-plate — -__

drag strut L :

. Remotely — ,
. scontrofleqd

. . * . ,ss lurntable

.t /— Wind-tunnel wall .
i h

Figure 5. Photograph of Pitch and Plunge Apparatus mounted in the wind tunnel.

/—Wind-tunnel wall
Splitter-plate strut

Remotely
controlled turntable

Ballast

| weights /— Pedestal
\\ Wing model
] PAPA rods \
and drag strut Circular end plate
PAPA moving_/
plate

Splitter-plate strut

Splitter plate

Figure 6. Sketch of model mounted on the Pitch and Plunge Apparatus.
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Pressure
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Accelerometer
wiring access

- Unsleeved

pressure Bolt access

Reference

pressure Instrumentation
manifold wiring access

Figure 7. Pressure transducer locations on the Benchmark Supercritical Wing model.

Splitter plate

Boundary

layer rake Z

End plate

/—Pressure orifice
. - .

Model

Figure 8. Sketch of pressure transducer locations on the splitter plate.
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Figure 9. Flutter boundaries for the BSCW in air and in R-12 (#35 grit), Test Cases 7ESWEFC1-15.
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200 -
175 ¢
150 -
125 - O

q,psf ]
100 |- 0

75 | O Classical flutter
g Stall flutter

50 -

25 -

0 1 l ! ! I |
0 1 2 3 4 5 6

o, deg

(a) Flutter dynamic pressure

0 1 ! ! ! ! |
0 1 2 3 4 5 6

o, deg

(b) Flutter frequency
Figure 10. Flutter at angle of attack for BSCW in R-12, (#35 grit), Test Cases 7TESWFS1-3, and 7TESWFC6-7, M =0.80.



Test Case

7TESWAL

Mach No alphac,deg

0.582

x/c
.000
.010
.025
. 050
.100
.150
.200
.250
.300
.350
.400
.450
.500
.550
.600
.650
.700
.750
.800
.850
.900
.950
.000

[ eNeBoNoNoNoNeNoNolNeNelNe oo lRelNe oo Ro ool

x/c
.010
.025
.050
.100
.200
.300
.400
.500
.550
.600
.650
.700
.750
.800
.850
.900
.950

OO OO OO OO0 OOOOOOCOCO0

xX/c
0.000

1.000

x/c

0.950

Point No
608
q, pst
-2.83 169.4

Cp Mean Cp Min
0.000 0.000
0.546 0.499
0.107 0.059
-0.141 -0.184
-0.181 -0.217
-0.220 -0.252
-0.249 -0.284
-0.271 -0.306
-0.285 -0.320
-0.273 -0.304
-0.289 -0.325
-0.317 -0.354
-0.325 -0.358
-0.334 -0.366
-0.302 -0.338
-0.276 -0.308
-0.236 -0.269
-0.193 -0.227
-0.166 -0.196
-0.094 -0.120
-0.047 -0.080
0.025 -0.001
0.078 0.052
Lower
Cp Mean Cp Min
-0.497 -0.568
-0.929 -0.995
-0.915 -0.962
-0.731 -0.771
-0.583 -0.612
-0.538 -0.571
-0.496 -0.533
-0.426 -0.466
-0.358 -0.392
-0.213 -0.247
-0.087 -0.121
0.048 0.019
0.154 0.127
0.232 0.210
0.274 0.249
0.314 0.289
0.330 0.301
Upper
Cp Mean Cp Min
1.052 1.028
0.000 0.000
Lower
Cp Mean Cp Min
-0.311 -0.362
0.322 0.294

Wind-Off Zero Pt

Vv, fps
297.0

TDT Test 470
597 BmpBSCW/Static

Rn*10**-6 Prandl No
5.72 0.748

Upper surface at ETA = 0.60

Cp
0
0
0

-0.
-0.
-0.
-0.
-0.
-0.
~-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

0.

0.

Max CpStdDev Chl No

.000 0.000 1
.585 0.013 2
.144 0.012 3
107 0.011 4
150 0.009 5
191 0.009 6
218 0.009 7
240 0.008 8
252 0.009 9
240 0.009 10
254 0.009 11
286 0.009 12
293 0.009 13
304 0.009 14
269 0.009 15
245 0.008 16
204 0.009 17
161 0.008 18
140 0.007 19
068 0.007 20
021 0.007 21
051 0.006 22
105 0.007 23

surface at ETA = 0.60

Cp

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

0.

[eNeNeNeNe]

Max CpStdDev Chl No
442 0.019 24
877 0.018 25
872 0.015 26
693 0.013 27
555 0.009 28
502 0.010 29
454 0.011 30
389 0.010 31
325 0.009 32
181 0.009 33
059 0.007 34
074 0.008 35
.181 0.007 36
.257 0.006 37
.299 0.008 38
.337 0.007 39
.362 0.008 40

surface at ETA = 0.95

Cp
1

0.

Max CpStdDev Chl No
.080 0.011 69
000 0.000 91

surface at ETA = 0.95

Cp
-0

0

Max CpStdDev Chl No
.249 0.017 92
.347 0.008 108

gamma
1.136

Figure 11. Example of static data file for BSCW.
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n = 0.60 n = 095

o Upper o Upper
1.2 |- o Lower 12 o Lower

08 08 |-

A=
-
-

12 ' ' ' 1 ! 1.24
0 02 04 06 08 1 0 02 04 06 08 1

x/c x/C
(a) Test Case 7TESWA24, o =0.10.

n = 0.60 n = 0.95

o Upper O Upper
o Lower

0 0.2 0.4 0.6 0.8 1
x/c

(b) Test Case TESWA30, oo =4.83.
Figure 12. Mean pressure coefficients for BSCW, Static Test Cases TESWA24and 7TESWA30, M = 0.802.



Test Case
TESWFC6

Mach No alphao,deg

0.803

FSI
0.656

x/c
.000
.010
.025
.050
.100
.150
.200
.250
.300
.350
.400
.450
.500
.550
.600
.650
.700
.750
.800
.850
.900
.950
.000

POOO0OO0OO0OO0OO0O0OO0O0ODO0OO0OOODOO0OOOOOOOO

x/c
.010
.025
.050
.100
.200
.300
.400
.500
.550
.600
.650
.700
.750
.800
.850
.900
.950

[«FeoNejoloNoloNoRoloReNoNeNeoNoNo R el

x/c
0.000
0.010
0.900

0.950
1.000

x/c
0.010
0.025

0.900
0.950

0.00

ff/ft
0.790

Cp Mean

0.
0.
-0.

000
269
186

-0.412
-0.665
-0.613
-0.557
-0.548
-0.540
-0.516
-0.532
-0.521
-0.529
-0.521
-0.464
-0.383
-0.303
-0.228
-0.142
-0.076

0.017

0.111

0.154

Point No Wind-0Off Zero Pt TDT Test 470
472 442 BmpBSCW/PAPA
g, pst vV, fps rho,sl/ft3 Rn*10**-6 Prandl No gamma
170.7 409.3 0.002038 4.09 0.755 1.134
kf mass ratio flt-frqg,Hz Real(h) Imag(h) theta,deg
0.0424 805. 4.150 -0.368 -0.034 0.73
Upper surface at ETA = 0.60
Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
0.000 0.000 0.000 0.0000 0.0000 1
0.052 0.491 0.125 -0.1746 0.0061 2
-0.410 0.063 0.136 -0.1889 0.0063 3
-0.596 -0.194 0.109 -0.1516 0.0025 4
-0.959 -0.305 0.240 -0.3233 0.0119 5
-0.962 -0.319 0.194 -0.2477 0.0056 6
-0.914 -0.319 0.135 -0.1511 -0.0044 7
-0.854 -0.321 0.078 -0.0790 -0.0144 8
-0.738 -0.328 0.078 -0.0772 -0.0152 9
-0.749 -0.307 0.062 -0.0539 -0.0113 10
-0.719 -0.312 0.061 -0.0468 -0.0105 11
-0.725 -0.326 0.064 -0.0419 -0.0103 12
-0.734 -0.315 0.065 -0.0320 -0.0097 13
-0.748 -0.343 0.064 -0.0243 -0.0080 14
-0.740 -0.293 0.053 -0.0124 -0.0064 15
-0.571 -0.257 0.037 -0.0063 -0.0046 16
-0.436 -0.198 0.031 -0.0035 -0.0035 17
-0.344 -0.128 0.025 -0.0020 -0.0027 18
-0.236 -0.063 0.019 -0.0011 -0.0019 19
-0.149 -0.017 0.017 -0.0006 -0.0010 20
-0.044 0.074 0.015 -0.0011 -0.0004 21
0.065 0.167 0.013 -0.0039 -0.0004 22
0.111 0.209 0.012 -0.0086 -0.0008 23
Lower surface at ETA = 0.60
Cp Min Cp Max CpStdbev Real(Cp) Imag(Cp) Chl No
0.061 0.486 0.121 0.1683 -0.0017 24
-0.434 0.026 0.133 0.1851 -0.0063 25
-0.494 -0.132 0.098 0.1357 -0.0015 26
-0.982 -0.280 0.251 0.3394 -0.0051 27
-0.962 -0.425 0.140 0.1718 -0.0145 28
-0.896 -0.421 0.072 0.0676 0.0163 29
-0.857 -0.352 0.082 0.0452 0.0129 30
-0.875 -0.299 0.075 -0.0059 0.0048 31
-0.461 -0.195 0.035 -0.0046 0.0043 32
-0.265 -0.084 0.023 -0.0108 0.0038 33
-0.061 0.065 0.015 -0.0037 0.0046 34
0.040 0.160 0.015 0.0103 0.0058 35
0.092 0.226 0.021 0.0221 0.0067 36
0.140 0.274 0.025 0.0290 0.0068 37
0.173 0.322 0.028 0.0337 0.0072 38
0.203 0.351 0.029 0.0359 0.0058 39
0.245 0.400 0.029 0.0354 0.0055 40
Upper surface at ETA = 0.95
Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
1.137 1.194 0.007 0.0026 0.0006 69
0.062 0.458 0.105 -0.1468 0.0005 70
-0.062 0.066 0.018 -0.0145 -0.0007 89
-0.040 0.108 0.024 -0.0256 -0.0009 90
0.000 0.000 0.000 0.0000 0.0000 91
Lower surface at ETA = 0.95
Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
0.043 0.416 0.103 0.1436 -0.0016 92
-0.498 -0.089 0.117 0.1628 -0.0035 93
0.241 0.333 0.012 0.0037 0.0019 107
0.259 0.378 0.015 -0.0070 0.0015 108

Figure 13. Example of flutter data file for BSCW.
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n = 0.60 n = 0.95
16 16
O Upper O Upper
12 F o Lower 1.2 - o Lower
-0.8 I
-0.4 ‘ s8a8
a
Cp 0 g,
-
Bg
e
0.4 8
0.8 i~ 0.8
1 2 1 1 1 1 ) 1 2 ( i 1 1 1 1
0 0.2 0.4 06 0.8 1 o 0.2 04 0.6 0.8 1
x/c x/c

(a) Mean pressure coefficient during flutter

O Upper
o Lower

0.4 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1
x/c
(b) Real part of pressure coefficient during flutter
n =0.60 n =0.95
-0.04 -0.04 -
O Upper O Upper
-0.03 |- o Lower -0.03 - a Lower
-0.02 -
-0.01
Im(C,) 9
0.01 |
0.02
0.03 |- 0.08 -
0.04 1 1 1 1 | 0.04 1 1 1 1 |
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Figure 14. Measured pressures for BSCW during flutter, Test Case TESWFC6, M= 0.803, o. = 0.
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Figure 15. Measured pressures for BSCW during flutter, Test Case 7TESWFS3, M= 0.798, o = 5.5 degrees.
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8E. TEST CASES FOR THE BENCHMARK ACTIVE CONTROLS MODEL:
SPOILER AND CONTROL SURFACE OSCILLATIONS AND FLUTTER
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INTRODUCTION

As a portion of the Benchmark Models Program at NASA Langley (Ref 1-2), a simple generic model was developed for active
controls research and was called BACT for Benchmark Active Controls Technology model. This model was based on the
previously-tested Benchmark Models rectangular wing with the NACA 0012 airfoil section that was mounted on the Pitch and
Plunge Apparatus (PAPA) for flutter testing (Ref 1, 3-5). The BACT model had an upper surface spoiler, a lower surface
spoiler, and a trailing edge control surface for use in flutter suppression and dynamic response excitation. Previous experience
with flutter suppression (Ref 6-7) indicated a need for measured control surface aerodynamics for accurate control law design.
Three different types of flutter instability boundaries had also been determined for the NACA 0012/PAPA model, a classical
flutter boundary, a transonic stall flutter boundary at angle of attack, and a plunge instability near M = 0.9 (Ref 1, 3-5).
Therefore an extensive set of steady and control surface oscillation data was generated spanning the range of the three types of
instabilities (Ref 8). This information was subsequently used to design control laws to suppress each flutter instability.

There have been three tests of the BACT model. The objective of the first test, TDT Test 485, was to generate a data set of
steady and unsteady control surface effectiveness data, and to determine the open loop dynamic characteristics of the control
systems including the actuators. Unsteady pressures, loads, and transfer functions were measured. The other two tests, TDT
Test 502 and TDT Test 518, were primarily oriented towards active controls research, but some data supplementary to the first
test were obtained. Dynamic response of the flexible system to control surface excitation and open loop flutter characteristics
were determined during Test 502. Loads were not measured during the last two tests. During these tests, a database of over
3000 data sets was obtained. A reasonably extensive subset of the data sets from the first two tests have been chosen for Test
Cases for computational comparisons concentrating on static conditions and cases with harmonically oscillating control surfaces.
Several flutter Test Cases from both tests have also been included.

Some aerodynamic comparisons with the BACT data have been made using computational fluid dynamics codes at the Navier-
Stokes level in Ref 9-11 (and in the accompanying chapter 8C). Some mechanical and active control studies have been
presented in Ref 12-17.

In this report several Test Cases are selected to illustrate trends for a variety of different conditions with emphasis on transonic
flow effects. Cases for static angles of attack, static trailing-edge and upper-surface spoiler deflections are included for a range
of conditions near those for the oscillation cases. Cases for trailing-edge control and upper-surface spoiler oscillations for a
range of Mach numbers, angle of attack, and static control deflections are included. Cases for all three types of flutter instability
are selected. In addition some cases are included for dynamic response measurements during forced oscillations of the controls
on the flexible mount. An overview of the model and tests is given, and the standard formulary for these data is listed. Some
sample data and sample results of calculations are presented. Only the static pressures and the first harmonic real and imaginary
parts of the pressures are included in the data for the Test Cases, but digitized time histories have been archived. The data for
the Test Cases are also available as separate electronic files.

LIST OF SYMBOLS AND DEFINITIONS

c wing chord, ft (m)
G, pressure coefficient, (p — P, )/ qo, steady; (P — Pmean ) / 9 unsteady

f frequency, Hz

k reduced frequency, wc/(2V., )

M Mach number

MILEA model inboard leading edge accelerometer
MITEA model inboard trailing edge accelerometer
MOLEA model outboard leading edge accelerometer
MOTEA model outboard trailing edge accelerometer
p pressure, psf (kPa)

P freestream static pressure, psf (kPa)
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Qe dynamic pressure, psf (kPa)

Ry Reynolds number based on average chord

T, total or stagnation temperature, °R (°C)

V.. freestream velocity, ft/sec (m/sec)

x/c streamwise fraction of local chord

y spanwise coordinate normal to freestream

o mean angle of attack, degrees

5(8 trailing edge control surface deflection, degrees or radians, Fig 1
Sus upper spoiler deflection, degrees or radians, Fig 1
n fraction of span, y/s

Y ratio of specific heats for test gas

a frequency, radians/second

subscript 0 = steady value

MODEL AND TESTS

The BACT model was tested in the NASA Langley Transonic Dynamics Tunnel (TDT). The tunnel has a slotted test section 16-
feet (4.064 m) square with cropped corners. At the time of these tests, it could be operated with air or a heavy gas, R-12, as a
test medium at pressures from very low to near atmospheric values. Currently the TDT can be operated with air or R-134a as a
test medium. An early description of this facility is given in Ref 18 and more recent descriptions of the facility are given in Ref
19 and 20. The early data system is described in Ref 21 and the recent data system given in Ref 22 and 23, but the data system
used in the BACT tests was a version between these systems. Based on cone transition results (Ref 24-25), the turbulence level
for this tunnel is in the average large transonic tunnel category. Some low speed turbulence measurements in air have also been
presented in Ref 26.

An overall view of the BACT model is shown in Fig 1. It is a rectangular planform wing with a span of 32 inches (813 mm)
plus a tip of revolution and a chord of 16 inches (406 mm). It has a trailing edge control surface of 25 per cent chord, hinged at
75 per cent chord, extending between 45 percent and 75 percent span. Upper and lower surface spoilers of 15 per cent chord
length were located directly ahead of the trailing edge control surface, were of the same span, and were hinged at 60 per cent
chord (Fig 1). The outward surface of the spoilers was flat, and a relatively thin trailing edges extended to near the round
leading edge radius of the trailing edge control surface. When both spoilers were deployed, the cavity underneath was open
permitting flow between upper and lower surfaces. The cavity contained plumbing for the actuators, wiring, and the shape is
undocumented. The wing was machined from aluminum and was very smooth (the screws for the hatch covers shown in Fig 1
were filled in for the tests) and was tested with a transition strip at 5 per cent chord. The control surfaces were of composite
construction and were driven with miniature hydraulic actuators located within the wing.

The BACT model is shown installed in the TDT in Fig 2. It was mounted on a large splitter plate set out approximately 40
inches (1.02 m) from tunnel sidewall. The model had an end plate fixed to its root that moved with the model within a recessed
or undercut section of the splitter plate. A large fairing behind the splitter plate isolated the equipment between the splitter plate
and the tunnel sidewall from the airstream. Some recent tests (Ref 27) of the splitter plate arrangement without a wing have
shown some nonuniformity of the flow resulting from the flow around the splitter plate leading edge for Mach numbers above
M = 0.80 and the data may be somewhat affected.

The BACT model was tested with two different mounting systems shown in Fig 3. For the first test, TDT Test 485, a circular
strut extended from the turntable to the balance that was attached to the wing for force measurements (Fig 3a). The model could
be pitched statically with the turntable, and the controls were powered for static and dynamic measurements. Most of the Test
Cases for control surface oscillation were determined from this setup.

The model was also tested using the Pitch and Plunge Apparatus (PAPA, Ref 28-29) as illustrated in Fig 3b. The PAPA system
permits rigid body pitch and plunge motion of the wing and flutter of the system by using four circular rods for flexibility. This
system has sufficient strength to permit flutter testing at moderate angles of attack including some stall flutter cases. The rods
are arranged such that the elastic axis is at the midchord and the model is balanced to place the total center of gravity on the
midchord. The system thus gives primarily pitch and plunge uncoupled modes about the midchord of the model. The summary
of the modal parameters is given in Table 1. The generalized masses given here are the effective mass and pitch inertia
calculated from the frequency and stiffness values. Higher modes of this system have been explored with a different model and
given in Ref 30. Some amplitude effects on frequency and damping were presented in Ref 30 also, but may not apply to BACT
as a result of the addition of hydraulic lines spanning the PAPA system. Detailed wind-off free decay records have been
archived. A remotely operable restraining or snubber system was installed and was used to suppress flutter when it grew near
the amplitude limits and many flutter points were obtained. Some additional mass parameters relating to the control surfaces are
available in Ref 12-14.

Both the model and the plate that constrains the model end of the PAPA system are large in mass. The resulting mass ratio at
flutter is thus very large and consequently the reduced frequency at flutter is very low. The flutter crossings are relatively mild
and unpublished calculations have indicated some sensitivity to torsional aerodynamic damping.
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The model was instrumented for unsteady pressures at two chords and for dynamic motions. The list of transducers is given in
Table 2 and shown in Fig 4. There were 58 unsteady pressure transducers located along the chord at 60 per cent span that is at
the midspan of the control surfaces. There were 5 transducers on each spoiler and 7 on each of the upper and lower surfaces of
the trailing edge control surface. This relatively dense spacing of the transducers was selected to define the pressures near the
control surface hinge lines. In addition there were 17 unsteady pressure transducers located at 40 percent span over the aft
portion of the chord that were placed to examine the carry-over loading near the side edge of the control surfaces. Space
limitations prevented further pressure instrumentation at other chords. It might be noted that some flow visualization work on
these low aspect ratio planforms indicated that wing surface separation tended to occur in an inboard aft cell. The row of
pressure transducers at 60 per cent chord was in the outer portion of this cell.

Dynamic data from all channels were acquired simultaneously at a rate of 500 samples/second and stored in digital form on disk.
For the static data, at least 10 seconds of data was acquired for averaging and for the oscillating control cases, 8-10 seconds of
data was acquired and analyzed. For the flutter cases, data was selected for nearly constant amplitude, and ran from 3 to 30
seconds. The number of samples used is included in the data files for the dynamic cases. Each recorded data set was assigned
an index called a Point No. which is given in the Tables. Although it was intended to use 200 Hz low pass filters in the data
stream prior to digitizing the data to avoid aliasing, the filters were later thought to be set at 1000 Hz as a result of a data system
problem. The data are thus considered aliased with a foldover frequency of 250 Hz. For the flutter data, which was in the 4 to 10
Hz range, in order for the 1st harmonic to be contaminated, there would have to be significant signals at 490-510 Hz or at 990-
996 Hz. Itis not considered likely that there are significant disturbances in these frequency ranges.

Detailed geometry measurements were performed for this wing along several sections as illustrated in Fig 5. The measured
ordinates are not included in this report, but they are available as an electronic file on the CD.

TEST CASES

An extensive set of Test Cases is selected with emphasis on transonic flow effects. The Test Case Number begins with 8E for
the chapter identifier. There are several configurations and variables such that a few cases per configuration results in a fairly
large number, but one would normally not be concerned with all configurations. The aerodynamic Test Cases selected generally
include four Mach numbers, M = 0.65, which is subsonic at low angles of attack, M = 0.77, which is transonic and near the
bottom of the flutter “bucket”, M = 0.82, which is strongly transonic, and M = 0.90 which is significantly beyond normal
applications for this airfoil. Control surface deflection cases are generally selected for angles of attack of zero and four degrees.
It might be noted that the transition strip (at five per cent chord) has an influence on the first transducer downstream of the strip.
The effect varies with angle of attack and other test conditions.

The Test Cases for static angles of attack, static trailing-edge control surface deflections, and static upper-surface spoiler
deflections are presented in Tables 3-5, respectively. The Test Case Number, the TDT Test Number, and Test Point Number are
included. In the Test Case Number, S =static conditions, T = trailing edge control surface, and U = upper surface spoiler. The
test conditions are listed are the actual values from the data files. A listing of a sample of one of the static data files illustrating
the format is given in Fig 6. For each pressure transducer, the time-averaged mean, the minimum value, the maximum value,
and the standard deviation of the pressure coefficient is listed (these are generally called the channel statistics). An example of

an application of the BACT data is given in Fig 7. Static pressures are shown for o = 4° and § o= -10°at both M = 0.65 and M

= 0.75, and are compared with linear theory aerodynamics (Ref 31-32 for example). Significant transonic effects are shown at
the higher Mach number over the forward portion of the chord. One feature of the BACT data set is an irregular pressure
distribution at the spoiler hinge line that can be seen in Fig 7b. This feature is possibly related to the geometric details of the
hinge line area or to a small flow through the hinge line.

The Test Cases for harmonic osciliation of the trailing edge control surface are given in Table 6, and for upper spoiler
oscillations in Table 7. In the Test Case Number, O = harmonic oscillation, and again T = trailing edge control surface, and U =
upper surface spoiler. There was no provision for oscillating the main wing and no Test Cases are included for an open lower
surface spoiler. There are also no Test Cases included for both spoilers open. A listing of a sample of a data file for an oscillating
trailing edge control case illustrating the format is given in Fig 8. The mean, minimum, maximum, and standard deviation are
listed with the real and imaginary parts of the first harmonic of the unsteady pressures. The unsteady pressures are referenced to
pitch displacement. The minimum, maximum, and standard deviation include the unsteady components and thus their
interpretation is not straightforward. Measured pressure data for Test Case 8EOT31, a trailing edge control surface oscillation
case, are shown in Fig 9. Large unsteady pressure components are evident both near the hinge line at x/c of 0.75, and at the
shock located near x/c of 0.30.

The flutter conditions are shown in Fig 10 in terms of dynamic pressure versus Mach number and for zero control surface
deflections. The classical flutter boundary is shown as a conventional boundary with Mach number with a minimum near M =
0.77, and a subsequent rise. Both the classical flutter boundary and the plunge instability are at small angles of attack, but the

stall flutter points are at angles of attack of the order of 5°. Thus a is an independent variable for stall flutter that is not shown
in Fig 10. The plunge instability occurs near zero lift, and it was found that opening the upper spoiler a small amount would
suppress it. Earlier investigations could go around it by going to a higher angle of attack. Cases for all three types of flutter are
selected and are listed in Table 8. In the Test Case Number, F = flutter, C =classical, S = stall, and P = plunge. The majority of
the flutter points are included as Test Cases, except for nearly coincident points. For the flutter cases, calculations for flutter can
be made and compared with measured boundaries. However, the model can also be forced to duplicate the measured combined
pitch and plunge motions and the pressures compared directly. Only first harmonics are included in the data set, but time
histories have been archived. In addition some cases are included for dynamic response measurements on the PAPA mount
during forced oscillations of the control surfaces and are presented in Tables 9 and 10. In the Test Case Number, R = response,
T = trailing edge control surface, and U = upper surface spoiler. Again calculations can be made including the structural
response, or using the measured motion. The data file format for the flutter and response measurements is identical in format to
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the files for the oscillating controls (Fig 8) except that the line for mean aerodynamic coefficients from the balance is replaced by
the measured values of pitch and plunge displacement.

The unsteady pressures presented and included in the files have not been normalized by amplitude of motion. Case to case
comparisons of pressures may need to be normalized by the pitch, plunge, or control surface amplitude value listed with the Test
Case. For instances of pressures transducers malfunction, the pressures are set to zero.

The files included on the CD-ROM are ascii files and a readme file is included. There are separate files for each type of static
and dynamic data organized in the manner of Tables 3-10. The file for static angle of attack is bactsa, for static trailing edge
control is bactste, and for upper spoiler deflection is bactsus. A Fortran subprogram to read the static files, bactrdstf, is
included. The static data include the averaged pressures along with the mean, maximum and standard deviation for each channel
of data. The data for oscillating control surfaces are on files bactdteo, and bactduso and the subprogram to read these files is
bactrdos.f. The flutter and dynamic response data are on files bactdflt, bactdfter, and bactdfusr and the subprogram to read the
files is bactftrd.f. The data files consist of contiguous data points. The measured ordinates are included on file bactorde.

Note that all of the data included for BACT were conducted with the heavy gas, R-12, as the test medium. The ratio of specific
heats, v, is calculated to be 1.132 to 1.135 for the conditions of the test assuming 0.99 for the fraction of heavy gas in the heavy
gas-air mixture. A value of 1.132 is suggested for use in computational comparisons. The corresponding value of Prandtl
number is calculated to range from 0.77 to 0.78 for the test conditions. For some cases, the calculated values of y and Prandl
number are included in the data files.

FORMULARY

1  General Description of Model

1.1 Designation Benchmark Active Controls Technology Model (BACT)

1.2 Type Semispan wing

1.3 Derivation Same airfoil and planform as Benchmark NACA 0012/PAPA
model (see Introduction)

1.4 Additional remarks Overall view given in Fig | and shown mounted in tunnel in Fig 2

1.5 References Ref 8 describes tests and data

2  Model Geometry

2.1 Planform Rectangular

2.2 Aspectratio 2.0 for the panel (neglecting tip of rotation)

2.3 Leading edge sweep Unswept

2.4  Trailing edge sweep Unswept

2.5 Taper ratio 1.0

2.6 Twist None

2.7 Wing centreline chord 16 inches (406.4 mm)

2.8 Semi-span of model 32 inches (812.8 mm) plus tip of rotation

2.9 Area of planform 512 sq. in. (0.3303 sq. m) neglecting tip

2.10 Location of reference sections and definition INACA 0012 airfoil throughout except for flat spoiler surfaces.

of profiles Measured ordinates available as an electronic file
2.11 Lofting procedure between reference Constant design airfoil section
sections

2.12 Form of wing-body junction No fairing and plate overlapped at splitter plate

2.13 Form of wing tip Tip of rotation

2.14 Control surface details Trailing edge control surface of 25% chord between 45% span and
75% span. Circular leading edge with hinge line not sealed, but a
gap of less than .016 in (0.40 mm) between the spoiler trailing
edge and the trailing edge control leading edge. Side edges open
with a gap of the order of .031 in (0.80 mm). Upper and lower
surface spoilers of 15% chord, hinged at 60% chord, and also
running between 45% span and 75% span

2.15 Additional remarks See Fig 1 for overview

2.16 References Ref 8

3  Wind Tunnel

3.1

Designation

NASA LaRC Transonic Dynamics Tunnel (TDT)



32
3.3
34
3.5
3.6

3.7

3.8

39

3.10
3.11

3.12

3.13
3.14

3.15

Type of tunnel

Test section dimensions
Type of roof and floor
Type of side walls

Ventilation geometry

Thickness of side wall boundary layer

Thickness of boundary layers at roof and
floor

Method of measuring velocity

Flow angularity

Uniformity of velocity over test section

Sources and levels of noise or turbulence in
empty tunnel

Tunnel resonances

Additional remarks

References on tunnel

Model Motion

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

General description

Reference coordinate and definition of
motion

Range of amplitude

Range of frequency

Method of applying motion

Timewise purity of motion

Natural frequencies and normal modes of
model and support system

Actual mode of applied motion including

any elastic deformation

Additional remarks

Test Conditions

5.1
52
53

5.4

Model planform area/tunnel area
Mode! span/tunnel height
Blockage

Position of model in tunnel
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Continuous flow, single return
16 ft x 16 ft (4.064 x 4.064 m)
Three slots each

Two sidewall slots

Constant width slots in test region

Model tested on large splitter plate set out approximately 40 inches
(1.02 m) from tunnel side wall (see Fig 2). Some documentation of
tunnel wall boundary layer in Ref 18. Some results for the
boundary layer on the splitter plate are presented in Ref 27

Not documented

Calculated from static pressures measured in plenum and total
pressure measured upstream of entrance nozzle of test section

Not documented, considered small

Not documented, considered nearly uniform, some nonuniformity
over splitter plate above M = 0.80

Generally unknown. Some low speed measurements are presented
in Ref 26. Cone transition measurements are presented in Ref 24
and 25.

Unknown

Tests performed in heavy gas, R-12. Ratio of specific heats, Y, is
1.132-1.135. For computations, 1.132 is recommended. For the
conditions of this test, the Prandtl number is calculated to be 0.77-
0.78

Ref 18-20

Oscillations about hinge line of control surfaces, and dynamic
response and flutter on PAPA

Unswept hinge lines, see Fig 1 for conventions

Trailing edge control surface oscillation of 1, 2, and 4 degrees,
spoiler up to 10 degrees

Generally O to 10 Hz

Control surface oscillations driven by miniature hydraulic
actuators at control surfaces. Flutter self excited or by control
surface

Not documented

See Table 1 for plunge and pitch on PAPA. For higher modes see
Ref 30. Not documented for rigid strut and balance

Combined pitch and plunge measured for flutter and control
surface rotations measured. Very stiff model with flutter below 5
Hz and control surface oscillations below 10 Hz and next vertical
mode at 37 Hz

None

015
A7

Model less than 0.2% but splitter plate and equipment fairing is
near 4%

Mounted from large splitter plate out from wall and on the tunnel
centerline, Fig 2
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5.5
5.6
5.7
5.8

59

5.10
5.11
5.12
5.13

5.14

5.15

Range of Mach number
Range of tunnel total pressure
Range of tunnel total temperature

Range of model steady or mean incidence

Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed
Flow instabilities during tests

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks

References describing tests

Measurements and Observations

6.1
6.2

6.3
6.4
6.5

6.6

6.7
6.8
6.9

6.10

6.11
6.12
6.13

Steady pressures for the mean conditions

Steady pressures for small changes from the
mean conditions

Quasi-steady pressures
Unsteady pressures

Steady section forces for the mean
conditions by integration of pressures

Steady section forces for small changes from
the mean conditions by integration

Quasi-steady section forces by integration
Unsteady section forces by integration

Measurement of actual motion at points of
model

Observation or measurement of boundary
layer properties

Visualisation of surface flow
Visualisation of shock wave movements

Additional remarks

Instrumentation

7.1

7.2

7.3

Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system
Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices

7.2.3 Type of measuring system

7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration
Model motion

7.3.1 Method of measuring motion reference
coordinate

7.3.2 Method of determining spatial mode
of motion

0.63100.94

Approximately 500 to 1000 psf (24 to 48 kPa)

512 to 576 degrees Rankine (23 to 47°C)

-4° 10 10° pitch, 0 to 40° spoiler deflection, and -10° to 12°
trailing edge control surface deflection

From chord line of symmetric airfoil

Transition strip used

Grit strip at 5% chord on upper and lower surfaces.

None defined

Not measured but considered very stiff

Tests performed in heavy gas, R-12. Ratio of specific heats, ¥y,
is 1.132-1.135. For computations, 1.132 is recommended. For
the conditions of this test, the Prandt] number is calculated to
be 0.77-0.78

Ref 8

yes

yes

no
yes

no
no

no
no

yes
no

no
no

no

58 locations at 60% span and 17 at 40% span. See Figs 1 and 4

Used same transducers as unsteady pressure measurements

Same transducers as steady measurements. . See Figs 1 and 4

.020 inches (.51 mm)

In situ pressure gages

Kulites

Statically calibrated and monitored through reference tubes

Undocumented

Wind-off verification with accelerometers
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7.5
7.6

7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
Additional remarks

References on techniques

Data Presentation

8.1

8.2

83
8.4

8.5

8.6
8.7
8.8
8.9

8.10

Test Cases for which data could be made
available

Test Cases for which data are included in
this document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments
Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

Comments on Data

9.1

9.2
9.3

9.4
9.5

9.6
9.7
9.8

9.9

9.10

9.11

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients

Sensitivity to small changes of parameter

Non-linearities

Influence of tunnel total pressure

Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections
Other relevant tests on same model

Relevant tests on other models of nominally
the same shapes

Any remarks relevant to comparison
between experiment and theory

Additional remarks

References on discussion of data
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Undocumented

Analog signals digitized at 500 samples/sec for 8-30 seconds
depending on data type

Fourier analysis

Amplitude and phase of each pressure signal. Accuracy not
specified

None

None
Data system for test similar to one described in Ref 22

See Ref 8
See Tables 3-10

Available for each Test Case

Steady pressures measured for several angles of attack

Primary data is C, mean, magnitude and phase for first harmonic
only. Time histories have been archived

5 component force balance used for static force measurements
None
None

None

Ref 8-17

Not documented
Unknown

Should be accurate
Not documented
None

Each gage individually calibrated and monitored statically through
reference tube

None indicated. Amplitudes of oscillation varied in test

Many flow conditions involve shock waves and some with
separation

Not evaluated. Most of the test at constant dynamic pressure

Unknown, not expected to be appreciable

None applied
None
Flutter tests on similar planform on PAPA presented in Ref 3-5

Some included under Model and Tests. Reynolds number included
for each Test Case

Reduced frequency based on root semichord of 8 inches

(203.2 mm)

Ref 1-2 and 8-12
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10 Personal Contact for Further Information

Head, Aeroelasticity Branch Phone: +1-(757)-864-2820
Mail Stop 340 FAX: +1-(757)-864-8678
NASA Langley Research Center
Hampton, VA 23681-2199 USA
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Table 1. Measured Nominal Structural Dynamic Parameters

Plunge Mode Pitch Mode
Frequency 3.34 Hz. 5.21 Hz.
Stiffness 2,686 Ib/ft 3,000 ft-Ib/rad
Damping Ratio, § 0.0014 0.0010
Effective Mass or Inertia 6.08 slug 2.80 slug-ft*

Table 2. Instrumentation

Instrument Quantity
Model Pressure Transducers 75
Splitter Plate Pressure Transducers (Test 485 only) 20
Boundary Layer Rake Pressure Transducers (Test 485 only) 10
Model Accelerometers 4
Control Surface Accelerometers 6
Control Surface Potentiometers 3
Control Surface Command Signals 3
Hydraulic Pressure Transducers 6
Balance Components (Rigid support only) 5
PAPA Strain Gage Bridges (Flexible support only) 2
PAPA Accelerometers (Flexible support only) 2
Turntable AOA Accelerometer 1
Model AOA Accelerometer 1
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Table 3. Static Test Cases for Angle Of Attack

Test Test | Run | Point [ M q o Sle“ d usy i) Is, Wind.-Off Zero
Case No. No. psf deg. | deg. | deg. |deg. Point No.
S8ESAl | 485 | 27 | 1911 ] 0.650 | 145.0 | -0.03 | 03 0.2 0.2 1910
8ESA2 | 485 | 27 | 1912 | 0.648 | 1442 | 0.51 0.3 0.2 0.2 1910
8ESA3 | 485 | 27 | 1913 | 0.650 | 144.8 1.01 0.3 0.2 0.2 1910
8ESA4 | 485 | 27 | 1914 | 0.650 | 145.1 | 2.05 0.3 0.2 0.2 1910
S8ESAS | 485 | 27 1 1915] 0649 | 1446 | 399 [ 03 0.2 0.2 1910
8ESA6 | 485 | 27 | 1916 | 0.651 | 1453 | 6.01 0.3 0.2 0.2 1910
8ESA7 | 485 | 27 | 1917 ] 0.650 | 145.1 | -2.01 [ 03 0.2 0.2 1910
S8ESAS | 485 | 27 | 1918 | 0.649 | 1448 | -401 [ 03 0.2 0.2 1910
S8ESA9 [ 485 5 136 | 0.768 | 1404 | -0.01 | 0.0 0.2 0.0 132
8ESAL1Q | 485 5 137 [ 0771 | 141.6 | 0.51 0.0 0.2 0.0 132
S8ESAI1l | 485 5 138 | 0.772 | 142.1 1.01 0.0 0.2 0.0 132
8ESA12 | 485 5 139 | 0.769 | 141.6 [ 2.00 | 0.0 0.2 0.0 132
S8ESA13 | 485 5 140 | 0.769 | 141.7 | 3.01 0.0 0.2 0.0 132
S8ESA14 | 485 5 141 | 0.768 | 141.5 | 399 | 0.0 0.2 0.0 132
S8ESA15 | 485 5 142 | 0.769 | 141.7 | 5.00 | 0.0 0.2 0.0 132
8ESA16 | 485 5 143 | 0770 | 142.3 | 6.01 0.0 0.2 0.0 132
8ESA17 | 485 5 144 | 0.768 | 141.7 | 7.02 | 0.0 0.2 0.0 132
8ESA18 | 485 5 145 | 0.769 | 142.2 | 8.02 [ 0.0 0.2 0.0 132
8ESA19 | 485 5 146 | 0.769 | 142.2 | 9.00 | 0.0 0.1 0.0 132
S8ESA20 | 485 5 147 | 0770 | 142.6 | 6.02 | 0.0 0.2 0.0 132
8ESA21 | 485 5 148 | 0.769 | 142.6 | 4.02 | 0.0 0.2 0.0 132
S8ESA22 | 485 5 150 | 0.769 | 142.8 [ -0.03 | 0.0 0.1 0.0 132
S8ESA23 | 485 5 151 | 0.769 | 142.8 [ -2.02 | 0.0 0.1 0.0 132
8ESA24 | 485 5 152 [ 0.769 | 1429 | -4.02 | 0.0 0.1 0.0 132
8ESA25 | 485 | 21 | 1405 | 0.821 | 169.2 [ -0.01 [ 0.3 0.2 0.2 1404
8ESA26 | 485 | 21 | 1406 | 0.817 | 168.5 [ 0.50 | 0.3 0.2 0.2 1404
8ESA27 | 485 | 21 | 1407 | 0.817 | 168.5 1.03 [ 0.3 0.2 0.2 1404
S8ESA28 | 485 { 21 | 1408 | 0.819 | 169.0 | 2.05 | 03 0.2 0.2 1404
S8ESA29 | 485 | 21 | 1409 | 0.819 | 169.1 [ 3.12 | 0.3 0.2 0.2 1404
8ESA30 | 485 | 21 | 1410 ] 0.821 | 1699 | 399 | 0.3 0.2 0.2 1404
S8ESA31 | 485 | 21 | 1411 ] 0.819 { 169.5 | 5.01 0.3 0.2 0.2 1404
8ESA32 | 485 | 21 | 1412 ] 0.819 | 169.4 | 6.00 | 0.3 0.2 0.2 1404
8ESA33 | 485 | 21 | 1413 ] 0.819 | 1694 | 7.04 | 0.3 0.2 0.2 1404
8ESA34 | 485 | 21 | 1414 | 0.820 | 169.7 | 8.04 | 0.3 0.1 0.2 1404
8ESA35 | 485 | 21 | 1415 | 0.819 | 169.6 | 9.04 | 0.3 0.1 0.2 1404
8ESA36 [ 485 [ 21 [ 1416 | 0.819 | 169.8 | 10.04 | 0.3 0.1 0.2 1404
8ESA37 | 485 | 21 | 1418 | 0.816 | 169.2 | 6.01 0.3 0.2 0.2 1404
8ESA38 [ 485 | 21 | 1420 | 0.818 [ 169.7 | 1.99 | 0.3 0.2 0.2 1404
8ESA39 | 485 | 21 | 1421 | 0.818 [ 169.8 | -0.06 | 0.3 0.2 0.2 1404
8ESA40 | 485 | 21 | 1423 | 0.818 [ 169.8 | -4.01 | 0.3 0.2 0.2 1404
8ESA41 | 485 | 25 | 1715 | 0.902 | 134.5 | 0.00 | 0.2 0.3 0.1 1714
8ESA42 | 485 | 25 [ 1716 | 0903 | 134.7 | 026 | 0.2 0.4 0.1 1714
8ESA43 | 485 | 25 | 1717 | 0.899 | 134.0 [ 0.50 | 0.2 0.4 0.2 1714
8ESA44 | 485 | 25 | 1718 | 0.900 | 1342 [ 0.75 | 0.2 0.3 0.4 1714
8ESA45 | 485 | 25 [ 1719 | 0902 | 1347 | 1.02 | 0.2 0.3 0.4 1714
8ESA46 | 485 | 25 | 1720 | 0.897 | 1339 | 1.52 | 0.2 0.4 0.5 1714
8ESA47 | 485 | 25 | 1721 | 0.899 | 1344 | 2.00 | 0.2 0.3 0.4 1714
S8ESA48 | 485 | 25 | 1722 { 0.896 | 133.9 | 3.01 0.2 0.3 0.4 1714




Table 4. Static Test Cases for Trailing Edge Control Surface Deflection

Test | Test [ Run|Point| M q 04 8‘% Suso 6150 Wind-Off Zero
Case No. No. psf deg. | deg. | deg deg Point No.
S8ESTI | 485 ] 27 | 1929 | 0.649 | 145.0 0.01 971 02 0.2 1910
8EST2 | 485 | 27 | 1930 | 0.648 | 1448 0.01 -48 | 0.2 0.4 1910
8EST3 | 485 | 27 | 1931 0.648 | 144.7 001 | -1.7 | 02 0.2 1910
8EST4 | 485 | 27 | 1932 | 0.648 | 144.7 0.01 0.3 0.2 0.3 1910
8ESTS | 485 | 27 | 1933 | 0.650 | 1454 0.01 2.3 0.2 0.3 1910
8EST6 | 485 | 27 | 1934 | 0.650 | 145.2 0.01 53 0.2 0.2 1910
8EST7 | 485 | 27 | 1935 0.651 | 145.6 0.01 103 | 0.2 0.2 1910
8EST8 | 4851 27 | 1937 | 0.649 | 145.1 1.99 | -98 | 0.2 0.1 1910
8EST9 | 485 | 27 | 1938 0.650 | 1454 1.99 | -48 | 02 0.2 1910
8ESTI10 | 485 | 27 {1939 | 0.650 | 1453 199 | -1.7 | 0.2 0.1 1910
S8ESTI1 | 485 | 27 | 1940 | 0.650 | 1454 1.99 0.3 0.2 0.1 1910
8EST12 | 485 | 27 | 1941} 0.650 | 145.6 1.99 23 0.2 0.2 1910
8ESTI3 | 485 | 27 | 1942 | 0.649 | 1453 1.99 53 0.2 0.2 1910
S8EST14 | 485 | 27 | 1943 | 0.649 | 145.3 1.99 | 103 | 0.2 0.2 1910
8EST1S | 485 | 5 156 | 0.767 | 142.9 0.03 |-10.0} 0.1 | -0.1 132
8ESTI16 | 485 5 157 | 0.768 | 143.1 0.03 5.0 | 0.1 -0.1 132
8EST17 | 485 5 158 | 0.771 | 143.9 003 | -20 | 0.1 -0.1 132
S8ESTI8 [ 485 5 159 | 0.768 | 143.1 0.03 0.0 0.1 | -0.1 132
8EST19 {485 | 5 160 | 0.772 | 1444 0.03 0.5 0.1 | -0.1 132
8EST20 [ 485 | 5 161 | 0.769 | 143.5 0.03 1.0 0.1 | -0.1 132
8EST21 (485 ]| S 162 | 0.768 | 143.4 0.03 2.0 0.1 | -0.1 132
8EST22 (485 | 5 163 | 0.770 | 1439 0.03 3.0 0.1 0.0 132
8EST23 | 485 | 5 164 | 0.769 | 143.7 0.03 5.0 0.1 0.0 132
8EST24 | 485 | 5 165 | 0.770 | 144.1 0.03 | 100 | 0.1 | -0.1 132
8EST25 {485 | 5 166 | 0.770 | 144.1 0.03 | 120 0.1 | -0.1 132
8EST26 | 485 5 193 | 0.770 | 145.2 399 | 99 | 0.1 -0.1 132
8EST27 | 485 5 195 1 0.769 | 145.1 399 | 50| 0.1 -0.1 132
8EST28 [ 485 | S 196 | 0.770 | 145.5 399 | -1.9 | 0.1 -0.1 132
8EST29 (485 | S 197 | 0.769 | 1453 3.99 0.0 0.1 | -0.1 132
8EST30 [ 485 | 5 200 | 0.768 | 145.1 3.99 1.0 | 0.1 -0.1 132
8EST3! (485 | S 201 | 0.769 | 145.3 3.99 2.0 0.1 -0.1 132
8EST32 [ 485 | 5 202 | 0.770 | 145.6 3.99 3.0 0.1 -0.1 132
8EST33 (485 | S 203 | 0.769 | 1454 3.99 5.0 0.1 | -0.1 132
8EST34 [ 485 | 5 204 | 0.769 | 1454 | 399 [ 100} O.1 | -0.1 132
8EST35 [ 485 | S 205 § 0.770 | 145.6 | 399 | 120 ] 0.1 | -0.1 132
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Table 4. Concluded

Test Test| Run | Point [ M q o 8(60 SUSO ) I Wind‘-Off Zero
Case No. No. psf deg. | deg. | deg. | deg Point No.
8EST36 | 485 | 21 | 1425 | 0.818 | 170.0 003 | 97| -02 | 02 1404
8EST37 | 485 21 | 1426 | 0.820 | 170.6 003 | 471 -0.1 [ 0.2 1404
8EST38 | 485 21 | 1427 | 0.818 | 170.0 003 | -1.7 | -0.1 | 0.2 1404
8EST39 | 485 21 | 1428 | 0.817 | 170.0 0.03 03 | -0.1] 02 1404
8EST40 | 485 | 21 | 1429 | 0.820 | 170.7 0.03 13 ]1-01] 02 1404
8EST41 | 485 | 21 | 1430 | 0.819 [ 1705 0.03 23 |1 01| 02 1404
8EST42 | 485 | 21 | 1431 | 0.818 [ 170.3 0.03 33 1-01] 02 1404
8EST43 | 485 21 | 1432 | 0.817 | 1700 | 0.03 53 1-01] 02 1404
8EST44 | 485 | 21 | 1433 | 0.818 | 1703 0.03 | 103 | -0.1 0.2 1404
8EST45 | 485 21 | 1434 | 0.821 171.1 0.03 | 123 | -0.1 0.2 1404
B8EST46 | 485 | 21 | 1447 | 0.817 | 1703 401 | 9.7 | -0.1 [ 0.2 1404
8EST47 | 485 | 21 | 1448 | 0.819 | 1709 401 | 47| -0.1 [ 0.2 1404
8EST48 | 485 21 | 1449 | 0.818 | 170.8 401 | -1.7 } -0.1 | 02 1404
8EST49 | 485 | 21 | 1450 | 0.817 | 170.5 4.01 03 | -0.1 | 02 1404
8ESTS0 | 485 | 21 | 1451 | 0.817 | 170.7 4.01 1.3 | -0.1 | 0.2 1404
8ESTS51 | 485 | 21 | 1452 | 0.818 | 1709 4.01 23 | 0.1 | 0.2 1404
8EST52 | 485 | 21 | 1453 | 0.818 | 170.9 4.01 34 | 0.1 | 0.2 1404
8EST53 | 485 | 21 | 1454 | 0.817 | 170.5 4,01 54 | -0.1 | 02 1404
8EST54 | 485 | 21 | 14551 0.816 | 1703 401 | 103 ] -0.1 | 0.2 1404
8EST55 | 485 | 21 | 1456 | 0.818 | 170.8 400 | 123 ] -0.1 [ 0.2 1404
8ESTS6 | 485 25 | 1735 0.896 | 1349 | -0.05 | 48 | 03 0.3 1714
8EST57 | 485 25 | 1737 | 0.899 | 135.6 | -0.05 | -1.7 | 0.2 0.3 1714
8ESTS8 | 485 25 | 1738 | 0.896 | 1352 | -0.05 | -0.7 | 0.2 | 03 1714
8ESTS9 | 4851 25 | 1739 | 0.896 | 1352 | -0.05 | -03 | 0.2 0.3 1714
8EST60 | 485 | 25 | 1740 0.897 [ 1353 | -0.05 | 0.3 0.2 0.3 1714
8EST61 |[485| 25 | 1741 | 0.897 | 1354 | -0.05 | 0.7 0.2 0.3 1714
8EST62 | 485 | 25 | 1742 | 0.898 | 135.5 | -0.05 1.3 0.2 0.3 1714
8EST63 | 485 | 25 | 1745 | 0.897 | 135.7 | -0.05 1.8 0.2 0.2 1714
8EST64 | 485 | 25 | 1746 0.899 | 136.0 | -0.05 | 2.2 0.2 0.1 1714
8EST6S | 485 | 25 | 1747 | 0.901 136.4 | -0.05 | 5.2 0.3 0.1 1714




Table 5. Static Test Cases for Upper Spoiler Deflection

Test Test | Run | Point | M q (04 8:;:‘_ BuSO S I Wind‘-Off Zero
Case No. No. psf deg. | deg. | deg. | deg. Point No.
8ESU1 485 | 27 {1953 | 0.648 | 145.0 0.00 | 02 | 02 0.2 1910
8ESU2 | 485 | 27 | 1954 | 0.649 | 145.3 0.00 02 | -48 | 0.2 1910
8ESU3 | 485 | 27 | 1955] 0.649 | 1455 0.00 02 | -98 | 0.2 1910
8ESU4 | 485 | 27 | 1956 | 0.648 | 1449 0.00 0.2 |-20.0( 0.2 1910
8ESUS | 485 | 27 | 1957 | 0.649 | 1454 0.00 0.2 |-40.1| 0.2 1910
8ESU6 | 485 | 27 | 1959 | 0.649 | 145.6 3.98 02 ] 03 0.2 1910
8ESU7 | 485 | 27 | 1960 | 0.647 | 145.0 398 02 | 48| 02 1910
8ESUS | 485 | 27 | 1961 | 0.649 | 1454 3.98 02 | -98 | 0.2 1910
S8ESU9 | 485 | 27 | 1962 | 0.649 | 145.6 3.98 0.2 |-199| 02 1910
S8ESUIO | 485 | 27 | 1963 | 0.649 | 1455 398 0.2 |-402| 0.2 1910
8ESUIL1L | 485 8 361 | 0.771 1464 | -0.01 0.0 | -02 0.0 360
8ESUI12 | 485 8 362 | 0775 | 1467 | -0.01 | 00 | -0.5 | 00 360
8ESU13 | 485 8 363 | 0.772 | 146.0 | -0.01 | 00 | -05 | 0.0 360
8ESU14 | 485 8 364 | 0.772 | 1459 | -0.01 | 0.1 | -1.0 | 00 360
8ESU1S5 | 485 8 365 | 0.770 | 1456 | -0.01 | 0.1 | -20 | 00 360
8ESUL6 | 485 8 366 | 0770 | 1456 | -001 | 0.1 | -50 | 00 360
8ESU17 | 485 8 367 | 0772 | 1463 | -001 | 0.0 { 99 | 00 360
8ESU18 | 485 8 368 | 0.769 | 145.5 | -0.01 | 0.0 [-15.0( 0.0 360
8ESU19 | 485 8 369 | 0.770 | 146.0 | -0.01 | 0.0 [-20.0] 0.0 360
8ESU20 | 485 8 370 | 0.770 | 146.0 | -0.01 | 0.0 |-25.0{ 0.0 360
8ESU21 | 485 8 371 | 0772 | 1469 | -002 | 0.0 |-35.1] 0.0 360
S8ESU22 | 485 | 21 | 1458 { 0.817 | 171.0 | -0.02 | 03 | -0.1 0.1 1404
8ESU23 | 485 | 21 | 14591 0.816 | 170.6 | -0.03 | 03 | -09 | 0.2 1404
8ESU24 | 485 | 21 | 1460 | 0.819 | 1713 | -0.03 | 03 | -20} 02 1404
8ESU25 | 485 | 21 [ 1461 | 0.818 | 1714 | -0.03 [ 0.3 | 49 ] 0.2 1404
8ESU26 | 485 | 21 [ 1462} 0.820 | 171.8 | -0.03 [ 0.3 |-10.0| 0.2 1404
8ESU27 | 485 | 21 | 1463 | 0.818 | 171.2 | -0.03 | 0.3 |-149] 0.2 1404
8ESU28 | 485 | 21 [ 1464 | 0.817 | 171.0 | -0.03 [ 0.3 }|-19.8| 0.2 1404
8ESU29 | 485 | 25 (17751 0.899 | 137.2 | -0.03 [ 0.2 | 0.3 0.3 1714
8ESU30 | 485 | 25 | 1776 | 0.897 | 137.1 -0.03 | 03 | 09| 03 1714
8ESU31 | 485 | 25 [ 1777 | 0.895 | 1369 | -0.03 | 0.2 | -20 | 0.3 1714
8ESU32 | 485 | 25 | 1778 | 0.897 | 137.1 | -0.03 | 0.3 | -3.0 | 0.2 1714
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Table 6. Test Cases for Trailing Edge Control Surface Oscillation, 8us =0

Test Test | Run | Point M q (04 o e S N k Frequency Wi;d'Off
Case No. No. psf deg. deg. deg. Hz Poi:trclzlo.
8EOT1 485 | 27 | 1966} 0.648 | 1453 | 0.04 0.25 4.05 0.0257 2.00 1910
SEQT?2 485 | 27 | 1967 | 0.648 | 1452 | 0.09 0.27 404 | 0.0645 5.01 1910
S8EQT3 485 | 27 1968 | 0.647 145.1 | 0.05 0.27 3.83 0.1291 10.02 1910
SEQOT4 485 | 27 (1972 | 0.648 | 1455 | 4.03 0.25 4.05 0.0257 2.00 1910
8EOTS 485 | 27 1973 | 0.647 | 145.1 | 4.02 0.27 4.04 0.0646 5.01 1910
S8EOT6 485 | 27 1974 | 0.648 | 1455 | 4.00 0.27 3.83 0.1289 10.02 1910
8EOT7 485 14 901 0.768 | 151.2 | -0.03 | 0.05 1.07 0.1076 9.93 879
SEQTS 485 14 904 0.767 1514 | 0.04 0.05 2.04 0.0108 1.00 879
SEOQT9 485 14 905 0.768 151.6 | -0.06 | 0.05 2.05 0.0217 2.00 879
S8EQTIO | 485 14 906 | 0.769 [ 152.0 | 0.07 0.05 2.05 0.0325 3.00 879
8EOTI11 | 485 14 907 | 0.769 | 151.9 [ 0.01 0.05 2.06 | 0.0431 3.99 879
S8EOQTI2 |485 | 14 908 | 0.766 | 151.2 | 0.04 0.05 2.07 0.0544 5.01 879
S8EOTI13 | 485 14 909 | 0.768 | 152.0 [ -0.06 | 0.06 2.08 0.0650 6.00 879
SEQTI14 | 485 14 910 | 0.769 | 152.2 | 0.04 0.08 2.08 0.0868 8.03 879
SEQTIS {485 14 911 0.768 | 151.8 | -0.02 | 0.08 2.07 0.1076 9.93 879
S8EOQTI6 | 485 14 916 | 0770 | 152.6 | 0.13 0.08 3.00 | 0.1073 9.93 879
S8EOTI7 (485 14 919 | 0.769 | 152.5 | 0.07 0.07 4.06 0.0216 2.00 879
S8EOTI18 | 485 14 920 0.769 152.6 | 0.10 0.08 4.06 0.0542 5.01 879
SEOTI9 | 485 14 921 0.769 | 152.6 | 0.12 0.08 3.89 0.1074 9.93 879
8EOT20 | 485 14 933 0.769 | 153.3 { -0.04 | 5.09 2.03 0.1073 9.93 879
8EOT21 | 485 14 936 | 0.768 | 153.1 | -0.03 | 5.08 4.05 0.0216 2.00 879
8EOT22 | 485 14 937 | 0.768 | 153.1 { -0.03 | 5.10 | 4.03 0.0542 5.01 879
8EOT23 | 485 14 938 | 0.768 | 153.0 | -0.02 | 5.08 3.84 | 0.1075 9.93 879
8EOT24 | 485 16 [ 1049 | 0.765 | 145.0 | 2.01 0.08 4.05 0.0218 2.00 963
8EOT25 | 485 | 16 [ 1050 | 0.767 | 145.4 | 2.04 0.10 | 4.05 0.0544 5.01 963
8EOT26 | 485 16 [ 1051 | 0.768 [ 145.8 { 2.08 0.10 3.88 0.1086 10.02 963
8EOT27 | 485 17 {1083 | 0.767 | 147.4 | 4.10 0.09 1.07 0.1088 10.02 1060
S8EOQOT28 |[485} 17 | 1088 [ 0.768 | 148.0 | 4.04 0.09 2.05 0.1086 10.02 1060
8EOT29 [ 485 17 1092 | 0.769 148.3 | 4.05 0.08 4.04 0.0217 2.00 1060
8EOT30 | 485 17 1093 | 0.768 148.3 | 4.15 0.10 4.04 0.0543 5.01 1060
S8EOT31 | 485 17 1094 | 0.771 149.0 | 4.01 0.10 3.87 0.1083 10.02 1060
S8EQT32 [485| 17 | 1121 | 0.767 | 148.7 | 4.99 0.08 4.04 0.0217 2.00 1060
S8EOT33 [485 | 17 1124 0.767 | 149.1 | 4.93 0.09 4.04 0.0543 5.01 1060
SEOT34 |[485| 17 1126 | 0.767 | 149.2 | 5.08 0.10 3.87 0.1087 10.02 1060
8EOT35 [485| 18 [1165] 0.769 | 151.8 | 5.93 0.08 4.04 0.0217 2.00 1154
8EOT36 [485| 18 [1166| 0.770 | 152.2 | 5.87 0.10 | 4.04 0.0542 5.01 1154
8EOT37 [485] 18 |[1167 | 0.767 | 1514 [ 598 0.10 | 3.87 | 0.1088 10.02 1154
8EOT38 [485) 22 | 1557 0.818 | 1752 | 0.02 0.04 | 4.04 | 0.0204 2.00 1519
8EOT39 [485| 22 | 1558 0.819 | 175.2 | 0.03 0.05 | 4.04 | 0.0510 5.01 1519
8EOT40 [485] 22 | 1560 0.819 | 1754 | 0.06 0.06 3.88 0.1019 10.02 1519
S8EOT41 [485| 22 | 1568 { 0.817 | 175.2 | 3.97 0.04 | 4.04 0.0204 2.00 1519
8EOT42 [485| 22 | 1569} 0.817 | 175.1 | 3.97 0.06 | 4.04 0.0511 5.01 1519
8EOT43 |[485| 22 1570 | 0.817 | 175.1 | 4.03 0.07 3.86 0.1022 10.02 1519
8EOT44 [485| 25 | 1789 | 0900 | 138.5 | -0.19 | 0.25 2.04 | 0.0186 2.00 1714
8EOT45 |[485| 25 1790 | 0.899 [ 138.3 | -0.23 | 0.25 2.06 0.0466 5.01 1714
8EOT46 |[485| 25 1791 | 0.898 | 138.2 | -0.21 | 0.26 2.06 0.0934 10.02 1714
8EOQOT47 | 485 | 25 1798 | 0.898 | 138.4 | 0.34 0.26 2.05 0.0933 10.02 1714




Table 7. Test Cases for Upper Spoiler Oscillations, Smo =0

Test Case | Test | Run | Point M q (04 R R k Frequency | Wind-Off
No. No. o * Hz Zero

psf | deg. | deg. | deg. Point No.
8EOU1 |485| 27 | 1978 | 0.648 | 1455 | -0.02 | -9.86 | 2.12 | 0.0257 2.00 1910
8EOU2 |485] 27 | 1979 | 0648 | 1454 | -0.02 | -9.84 | 2.17 | 0.0645 5.01 1910
8EOQU3 |485| 27 | 1980 | 0.647 | 1453 | -0.02 | -9.82 | 229 | 0.1291 10.02 1910
8EQU4 | 485| 27 | 1988 | 0.648 | 1457 | 3.99 | -10.60 | 2.17 | 0.0257 2.00 1910
8EOUS 485 27 | 1989 | 0.648 | 1457 | 3.99 | -10.58 | 2.21 | 0.0645 5.01 1910
8EQU6 |485| 27 | 1990 | 0.648 | 1459 | 3.99 | -10.54 | 2.37 | 0.1289 10.02 1910
8EOU7 |{485] 18 | 1188 | 0.769 | 1527 | -0.01 | -5.06 | 2.36 | 0.1085 10.02 1154
8EQUS 485 18 | 1197 | 0.770 | 153.1 [ -0.01 | -5.01 | 4.47 | 0.1084 10.02 1154
8EOU9 |[485| 18 | 1201 | 0.769 | 153.0 | -0.01 | -10.06 | 2.10 | 0.0216 2.00 1154
8EOU10 | 485 18 | 1202 | 0.769 | 153.0 | -0.01 | -10.04 | 2.16 | 0.0543 5.01 1154
8EOQUI1 [ 485 | 18 | 1203 | 0.768 | 152.6 | -0.01 | -10.02 [ 2.26 | 0.1087 10.02 1154
8EOU12 [485| 18 | 1207 | 0.769 | 153.2 | -0.01 | -10.09 | 10.44 | 0.1085 10.02 1154
8EQUIL3 | 485} 18 | 1211 | 0.768 | 1529 | -0.01 | -20.01 | 2.09 | 0.0217 2.00 1154
8EOU14 [485| 18 | 1212 | 0.768 | 153.0 | -0.01 | -20.00 | 2.05 | 0.0543 5.01 1154
8EOU15 [485) 18 | 1213 | 0.768 | 1529 | -0.01 | -19.97 | 2.10 | 0.1086 10.02 1154
8EQUL6 | 485 | 18 | 1217 | 0.769 | 153.4 | -0.01 [ -19.65 | 10.18 | 0.1085 10.02 1154
8EOU17 [485| 20 | 1369 | 0.768 | 150.7 | 5.01 | -19.52 | 10.25 | 0.1086 10.02 1298
8EQUIL8 [485| 22 | 1574 | 0.818 | 175.6 | 0.00 | -9.94 | 2.15 | 0.0204 2.00 1519
8EQU19 | 485| 22 | 1575 | 0.819 | 176.1 [ 0.00 { -9.93 | 2.18 | 0.0509 5.01 1519
8EOQU20 | 485 22 | 1576 | 0.818 | 175.8 | 0.00 | -9.90 | 227 | 0.1020 10.02 1519
8EOQU21 [485] 22 | 1580 | 0.819 | 176.0 | 0.00 | -10.09 | 10.36 | 0.1020 10.02 1519
8EQU22 |485| 22 | 1584 | 0.815 | 1749 | 0.00 | -19.89 | 2.11 0.0204 2.00 1519
8EOU23 [485] 22 | 1585 | 0.818 | 175.8 | 0.00 | -19.89 | 2.08 | 0.0510 5.01 1519
8EQU24 | 485| 22 | 1586 | 0.819 | 176.4 | 0.00 | -19.84 [ 2.14 | 0.1019 10.02 1519
8EQU25 [485( 22 | 1590 | 0.819 | 176.3 | 0.00 | -19.43 | 10.15 | 0.1020 10.02 1519
8EOU26 | 485 23 | 1618 | 0.819 | 177.4 | 401 | -19.51 | 10.26 | 0.1020 10.02 1608
8EOU27 [485| 25 | 1802 | 0.896 | 1384 | -0.01 | -2.02 | 2.16 | 0.0187 2.00 1714

215
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Table 8. BACT Flutter Test Cases

Test Test | Run| Point M q o Type k Flutter | Wind-Off Zero
Case No. No. psf deg. Freq., Hz Point No.
8EFC1 502 | 25 | 1438 | 0.631 [ 1582 | 1.64 |Classical | 0.0574 431 1379
8EFC2 502 | 25 1394 | 0.747 | 151.6 | 1.78 | Classical | 0.0470 4.14 1379
8EFC3 502 | 27 | 1524 | 0.770 | 1452 | 1.72 [Classical | 0.0458 4.19 1484
8EFC4 502 | 26 | 1469 | 0.793 | 146.5 | 1.81 |Classical | 0.0439 4.13 1450
8EFCS 502 | 28 | 1685 0.801 | 151.7 | 2.09 |Classical | 0.0436 4.17 1569
8EFC6 502 | 26 | 1472 | 0.804 | 1499 | 1.86 | Classical [ 0.0430 4.10 1450
8EFC7 502 | 26 | 1477 | 0.842 | 161.1 1.83 [ Classical | 0.0420 4.20 1450
8EFCS8 502 [ 25| 1405 | 0.859 | 191.8 | 1.85 |Classical | 0.0408 4.10 1379
8EFP1 485 | 36 | 2324 | 0928 | 163.7} -0.06 | Plunge | 0.0304 3.37 2300
8EFP2 485 | 41 | 2490 | 0.935 | 1242 [ -0.06 | Plunge | 0.0299 3.31 2481
8EFP3 485 | 33 | 2240 | 0937 | 133.8 | 0.03 Plunge | 0.0294 3.27 2205
8EFP4 485 | 41 | 2488 | 0939 | 1247 | -0.05 | Plunge | 0.0289 3.21 2481
8EFSI 485 | 43 | 2648 | 0.768 | 1242 | 6.34 Stall 0.0520 4.77 2604
8EFS2 485 | 42 [ 2571 0.799 | 1269 | 543 Stall 0.0506 4.83 2543
8EFS3 485 1 36 | 2332 0.799 | 1376 | 5.15 Stall 0.0497 4.74 2300

Table 9. Test Cases for Forced Response with Trailing Edge Control Surface on PAPA, Sus = Ste =0

Test Test | Run| Point M q o 8‘6 k Frequency | Wind-Off Zero
Case No. No. psf deg. deg. Hz Point No.
8ERTI1 485 | 38 | 2377 | 0.648 | 112.6 | 2.02 1.56 0.0445 3.45 2355
8ERT2 485 | 38 | 2380 | 0.649 | 113.0 | 2.02 4.08 0.0579 4.50 2355
8ERT3 485 | 43 | 2618 | 0.771 | 123.6 | 1.99 1.04 0.0374 3.44 2604
8ERT4 485 | 43 | 2619 | 0.770 | 1234 | 1.98 2.07 0.0467 4.30 2604
8ERTS 485 | 42 | 2573 | 0.796 | 1264 | 4.94 1.05 0.0492 4.69 2543
8ERT6 485 | 42 | 2551 | 0.798 | 125.0 | 2.09 2.06 0.0362 3.45 2543
8ERT7 485 | 42 | 2553 | 0.795 | 124.5 | 2.09 4.09 0.0456 4.32 2543
8ERTS 485 | 46 | 2723 | 0.875 | 129.5 | 2.02 1.04 0.0333 3.44 2718
8ERT9 485 | 46 | 2724 | 0.879 | 1305 | 1.96 4.07 0.0450 4.69 2718
Table 10. Test Cases for Forced Response with Upper Surface Spoiler on PAPA, Steo =0
Test Test | Run | Point | M q o |d s, 6us k Frequency | Wind-Off Zero
Case No. No. psf | deg. | deg. | deg. Hz Point No.
8ERUI 485 | 39 | 2434 | 0.649| 116.3 | 1.89 | -10.03 | 1.00 0.0452 3.50 2398
8ERU2 485 | 39 | 2435 (0.649 | 115.7 | 1.90 | -10.02 | 2.07 0.0582 4.50 2398
8ERU3 485 | 43 | 2630 [ 0.768 | 123.5 | 1.92 | 497 | 2.11 0.0375 3.44 2604
8ERU4 485 | 43 | 2631 [0.770} 124.0 | 1.93 | -497 | 0.99 0.0469 4.32 2604
8ERUS 485 | 42 | 2587 [0.799 | 127.7 | 5.24 | -5.09 | 1.00 0.0504 4.81 2543
8ERU6 485 | 42 | 2562 {0.795| 125.6 | 2.04 | -5.07 | 2.07 0.0382 3.63 2543
8ERU7 485 | 42 | 2563 [ 0.800 | 126.7 | 2.02 | -5.07 | 2.05 0.0452 4.32 2543
8ERU8 485 | 46 | 2729 [ 0.873 | 130.2 | 1.99 | -5.07 | 4.15 0.0332 3.44 2718
8ERU9 485 | 46 | 2730 [ 0.874 | 130.3 | 2.00 | -5.07 | 4.16 0.0452 4.69 2718
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Figure 2. BACT model installed in Transonic Dynamics Tunnel



218

a) Model on the rigid mount (balance and strut).

b) Model on the flexible mount (PAPA).

Figure 3. BACT model on rigid and flexible mount systems.
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Figure 4. Pressure orifice locations, percent chord.
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Test Case

8EST33 203 132 BmpBACT/Static
Mach No q, pst Rn*10**-6 gamma
0.769 145.4 1.132
alphao delta te delta us delta 1s (degees)
3.99 5.00 -0.10
C-Normal F C-Pitch M C-Axial F C-Roll M C-Yaw M
0.3675 0.1022 0.0108 0.2751 0.0216
Upper surface at ETA = 0.60
x/c Cp Mean Cp Min Cp Max CpStdDev Chl No
0.000 1.106 1.078 1.135 0.018 82
0.010 -0.336 -0.386 -0.283 0.017 83
0.030 -0.686 -0.728 -0.641 0.017 84
0.060 -0.636 -0.687 -0.583 0.017 85
0.100 -1.119 -1.139 -1.0098 0.017 86
0.150 -1.218 -1.246 -1.188 0.018 87
0.200 -1.315 -1.353 -1.270 0.021 88
0.250 -1.340 -1.377 -1.297 0.022 89
0.300 -1.065 -1.336 -0.583 0.170 90
0.350 -0.545 -0.746 -0.422 0.043 91
0.400 -0.399 -0.495 -0.322 0.024 92
0.450 -0.336 -0.453 -0.219 0.033 93
0.500 -0.296 -0.393 -0.200 0.027 94
0.530 -0.270 -0.367 -0.159 0.027 95
0.550 -0.298 -0.382 -0.189 0.027 96
0.570 -0.278 -0.359 -0.186 0.025 97
0.590 -0.230 -0.297 -0.168 0.017 98
0.610 -0.279 -0.399 -0.153 0.032 129
0.630 -0.252 -0.349 -0.157 0.028 130
0.660 -0.226 -0.314 -0.104 0.027 131
0.690 -0.227 -0.307 -0.127 0.026 132
0.720 -0.235 -0.312 -0.137 0.024 133
0.760 -0.296 -0.397 -0.172 0.030 134
0.790 -0.157 -0.234 -0.058 0.024 135
0.820 -0.073 -0.142 0.010 0.021 136
0.850 -0.015 -0.077 0.063 0.019 137
0.880 0.045 -0.012 0.104 0.017 138
0.910 0.110 0.059 0.158 0.014 139
0.950 0.162 0.112 0.213 0.014 140
1.000 0.213 0.169 0.259 0.013 141
Lower surface at ETA = 0.60
x/c Cp Mean Cp Min Cp Max CpStdDev Chl No
0.010 0.720 0.674 0.771 0.017 114
0.030 0.284 0.228 0.342 0.016 113
0.060 0.065 0.015 0.118 0.014 112
0.910 0.110 0.066 0.150 0.012 143
0.950 0.155 0.132 0.177 0.007 142
Upper surface at ETA = 0.40
x/c Cp Mean Cp Min Cp Max CpStdDev Chl No
0.600 -0.198 -0.304 -0.099 0.027 65
0.650 -0.160 -0.244 -0.072 0.026 66
0.950 0.124 0.081 0.185 0.015 72
1.000 0.212 0.181 0.254 0.010 73
Lower surface at ETA = 0.40
x/c Cp Mean Cp Min Cp Max CpStdbDev Chl No
0.600 -0.126 -0.202 -0.025 0.023 81
0.650 -0.083 -0.142 -0.007 0.019 80
0.900 0.085 0.035 0.146 0.014 75
0.950 0.127 0.081 0.181 0.014 74

Point No Wind-Off Zero Pt

TDT Test 485

Figure 6. Example of static control surface deflection data file for BACT.
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b) M=0.75, Test 485, Point 1686.

Figure 7. Comparison of BACT static results with linear aerodynamics, 0t=4° and ) TE=-10°.
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Test Case Point No Wind-Off Zero Pt TDT Test 485
8EOT31 1094 1060 BmpBACT/TE Oscillations
Mach No g, pst Rn*10**-6 gamma Vel, fps freq, Hz k
0.771 149.00 3.86 1.132 387.7 10.020 0.1083
alphao delta teo delta uso delta lso te osc ampl (degees)
4.01 0.10 -0.12 0.14 3.87
C-Normal-F C-Pitch-M C-Axial-F C-Roll-M C-Yaw-M (means) nsamples
0.3013 0.0987 0.0079 0.2227 0.0161 4989
Upper surface at ETA = 0.60
x/c Cp Mean Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
0.000 1.093 1.065 1.131 0.008 -0.0021 0.0029 82
0.010 -0.328 -0.397 -0.267 0.019 -0.0068 0.0118 83
0.030 -0.705 -0.762 -0.645 0.016 -0.0053 0.0112 84
0.060 -0.638 -0.718 -0.578 0.018 -0.0068 0.0119 85
0.100 -1.096 -1.111 -1.076 0.005 -0.0007 0.0017 86
0.150 -1.228 -1.248 -1.203 0.006 -0.0017 0.0035 87
0.200 -1.252 -1.295 -1.205 0.012 -0.0041 0.0079 88
0.250 -1.288 -1.335 -1.224 0.014 -0.0049 0.0085 89
0.300 -0.926 -1.344 -0.514 0.203 -0.1579 0.0967 90
0.350 -0.493 -0.733 -0.358 0.051 -0.0383 0.0175 91
0.400 -0.401 -0.524 -0.318 0.029 -0.0211 0.0027 92
0.450 -0.334 -0.473 -0.213 0.037 -0.0205 -0.0032 93
0.500 -0.289 -0.418 -0.184 0.031 -0.0236 -0.0034 94
0.530 -0.270 -0.384 -0.153 0.032 -0.0261 -0.0036 95
0.550 -0.233 -0.342 -0.125 0.032 -0.0285 -0.0035 96
0.570 -0.223 -0.328 -0.122 0.032 -0.0306 -0.0034 97
0.590 -0.215 -0.301 -0.139 0.026 -0.0283 -0.0025 98
0.610 -0.227 -0.401 -0.072 0.056 -0.0657 -0.0055 129
0.630 -0.190 -0.355 -0.041 0.055 -0.0670 -0.0055 130
0.660 -0.167 -0.327 0.004 0.058 -0.0726 -0.0069 131
0.690 -0.150 -0.311 0.029 0.065 -0.0857 -0.0083 132
0.720 -0.100 -0.268 0.088 0.078 -0.1061 -0.0107 133
0.760 -0.087 -0.356 0.157 0.128 -0.1762 -0.0195 134
0.790 -0.057 -0.224 0.114 0.074 -0.0982 -0.0168 135
0.820 0.008 -0.106 0.134 0.049 -0.0612 -0.0146 136
0.850 0.052 -0.043 0.146 0.033 -0.0365 -0.0129 137
0.880 0.055 -0.019 0.135 0.023 -0.0193 -0.0107 138
0.910 0.155 0.100 0.218 0.016 -0.00098 -0.0087 139
0.950 0.197 0.148 0.251 0.015 -0.0005 -0.0059 140
1.000 0.266 0.209 0.316 0.015 -0.0052 -0.0017 141
Lower surface at ETA = 0.60
x/c Cp Mean Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
0.010 0.716 0.665 0.780 0.014 0.0057 -0.0071 114
0.030 0.272 0.211 0.340 0.017 0.0073 -0.0080 113
0.060 0.010 -0.046 0.069 0.016 0.0078 -0.0078 112
0.910 0.064 0.016 0.118 0.015 0.0080 0.0087 143
0.950 0.191 0.166 0.216 0.008 -0.0014 0.0059 142
Upper surface at ETA = 0.40
x/c Cp Mean Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
0.600 -0.201 -0.312 -0.082 0.033 -0.0270 -0.0050 65
0.650 -0.162 -0.269 -0.054 0.033 -0.0307 -0.0052 66
0.950 0.166 0.123 0.217 0.014 -0.0041 -0.0011 72
1.000 0.307 0.278 0.338 0.009 -0.0002 -0.0007 73
Lower surface at ETA = 0.40
x/c Cp Mean Cp Min Cp Max CpStdDev Real(Cp) Imag(Cp) Chl No
0.600 -0.144 -0.249 -0.032 0.033 0.0310 -0.0018 81
0.650 -0.111 -0.206 -0.012 0.033 0.0356 -0.0007 80
0.700 -0.077 -0.168 0.038 0.035 0.0398 0.0011 79
0.900 0.094 0.030 0.154 0.019 0.0154 0.0019 75
0.950 0.160 0.105 0.216 0.016 0.0078 0.0008 74
Figure 8. Example of oscillating control surface data file for BACT.
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(c) Imaginary part of pressure coefficient during control surface oscillation

Figure 9. Unsteady pressures measured during trailing edge control oscillations, Test Case 8EOT31, M=0.77, oc=4°.
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Figure 10. BACT flutter instabilities.
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NOMENCLATURE

o Angle of attack (deg.) v Frequency of aileron oscillation (Hz)
St Aileron mean deflection angle (deg.) C Wing chord (16 in.)

dsp Spoiler deflection angle (deg.) M Mach number

n Spanwise coordinate (=y/ytip) Re Reynolds number, based on wing chord
Or Aileron oscillation amplitude (deg.)

INTRODUCTION

The Benchmark Active Controls Technology (BACT) wing test (see chapter 8E) provides data for the validation of aerodynamic,
aeroelastic, and active aeroelastic control simulation codes. These data provide a rich database for development and validation of
computational aeroelastic and aeroservoelastic methods. In this vein, high-level viscous CFD analyses of the BACT wing have been
performed for a subset of the test conditions available in the dataset. The computations presented in this section investigate the
aerodynamic characteristics of the rigid clean wing configuration as well as simulations of the wing with a static and oscillating
aileron and spoiler deflection. Two computational aeroelasticity codes extensively used at NASA Langley Research Center are
implemented in this simulation. They are the ENS3DAE and CFL3DAE computational aeroelasticity programs. Both of these
methods solve the three-dimensional compressible Navier-Stokes equations for both rigid and flexible vehicles, but they use
significantly different approaches to the solution of the aerodynamic equations of motion. Detailed descriptions of both methods are
presented in the following section.

CFD METHODS

Two three-dimensional compressible Euler/Navier-Stokes aeroelastic methods are used to compute the steady and unsteady flow
about the BACT geometry. The first method, known as ENS3DAE was developed in the late 1980’s by Lockheed-Georgia under
contract to the United States Air Force Wright Laboratory. This program has been used to solve numerous aerodynamic and
aeroelastic problems about a wide range of geometries including wings, wing/fuselage, propulsion, and integrated
airframe/propulsion configurations. The second method, known as CFL3DAE has been developed more recently at the NASA
Langley Research Center. While several aeroelastic versions of CFL3D have had limited application, the aerodynamic base version
of the code has also been used to analyze a very wide range of problems and has become a staple for computational aerodynamics
research throughout the industry.

DESCRIPTIONS OF CODES

The ENS3DAE computational aeroelasticity method is described in Table 1. ENS3DAE solves the full three-dimensional
compressible Reynolds averaged Navier-Stokes equations using an implicit approximate factorization algorithm. Central finite
differences are used to spatially discretize the problem. A three-dimensional implementation of the Beam-Warming implicit scheme
is employed for the temporal integration. Blended second and fourth order dissipation is added to the explicit right-hand-side of the
equations, and implicit second order dissipation is added to improve the diagonal dominance of the matrix system. The method
accepts either single or multiple block curvilinear grid topologies and can be run in a steady state or time-accurate mode by
specifying local or global time stepping, respectively. Turbulence characteristics are predicted using the Baldwin-Lomax algebraic
turbulence model or the Johnson-King model. For the present calculations, the Baldwin-Lomax model is used with transition
assumed to be at the leading edge of the wing. A multigrid option for steady flows has recently been added to the method and the
code has been explicitly written to take advantage of vectorization. Directives for parallel operation on shared memory processors are
also included in the programming and the method is regularly run on 8 or more processors. Since dynamic aeroelastic and oscillating
control surface simulations require grid models that deform in time, a Geometric Conservation Law (GCL) has also been
incorporated in this code and in the code CFL3DAE.

The CFL3DAE computational aeroelasticity method is described in Table 2. CFL3DAE solves the thin-layer three-dimensional
compressible Reynolds averaged Navier-Stokes equations. The integral form of the equations is spatially discretized with volume
integrals evaluated at cell centers and fluxes evaluated at cell faces. Typically, upwind differencing of the fluxes is used. Here, third
order upwind-biased Roe’s flux difference splitting and a minmod flux limiter and second order accurate backward time differencing
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are used. An implicit approximate factorization algorithm is used to solve the equations. Pseudo time sub-iteration (t-TS) is used to
accelerate convergence at each time step. CFL3D version 5.0, on which the current aeroelastic version of the code is based, includes
many turbulence models. The turbulence model used in the present computations is the Spalart-Allmaras model, used here because
of its performance in the presence of separated flow and because of past excellent performance in computations with large time step.
The flow is assumed to be fully turbulent beginning at the wing leading edge. There have been several aeroelastic versions of the
code developed. The present version incorporates a new deforming mesh scheme based on the spring analogy and incorporates the
GCL in the Navier-Stokes equations. Special attention has been paid to treatment of the grid at wall boundaries and in the wake. In
particular, the orthogonality of the grid points within the boundary layer is maintained even at large surface deflection. Although not
used in the computations discussed in this paper, the code also has an aeroelastic capability. Static and dynamic aeroelastic
computations are possible. For the simulation of unsteady responses, a closely coupled time marching solution of the aeroelastic
equations of motion is obtained using a predictor-corrector linear finite dimensional state space formulation of the uncoupled modal
equations.

Another primary difference between ENS3DAE and CFL3DAE is the approach used to deform the grids for problems involving
elastic and control surface deflections. ENS3DAE uses a simple, one-dimensional algebraic grid shearing method to deform the grid.
This algorithm has proven to be very efficient and robust for many problems of interest. However, deformation of the grid using this
approach does not properly account for rigid body rotation. Thus for control surface motions, as analyzed in this research, some
stretching of the control surface is realized as it cycles through its range of motion.. The present CFL3DAE code models prescribed
wing or control surface motion as true solid body motion, eliminating this potential source of error. The movement of the wake cut
has also been addressed. CFL3DAE extends the wake cut from the trailing edge by bisecting the trailing edge upper and lower
surfaces. An exponential decay down stream returns the wake cut to a horizontal asymptote well before one chord length has passed.
In contrast, ENS3DAE maintains the original trajectory of the wake downstream of the trailing edge, allowing the wake cut to simply
float up and down with the motion of the trailing edge.

The specific grids used in this study are also detailed in Tables 1 and 2. Both ENS3DAE and CFL3DAE used grids having identical
dimensions and nearly identical grid spacing for the static aileron cases. The two codes used identically dimensioned grids for the
dynamic case, however, with somewhat different clustering at the hinge line. The solution with CFL3DAE was made with more
clustering of grids in the stream wise direction at the hinge line, which will account for some of the differences in the dynamic results
to follow. Furthermore, differences in the grid motion algorithms employed by the codes during the dynamic motion of the aileron
caused the grids to differ as the dynamic solution progressed. The grid dimensions given in the tables are organized as chordwise X
spanwise X normal. The grid size is specified as the number of vertices in the grid. The grid type specified in item 2.4 refers
specifically to the grid used for these solutions. Both ENS3DAE and CFL3DAE are capable of analyzing a wide range of structured
grid topologies.

The computational modeling of the aileron is an important issue in these analyses. The aileron is modeled as a continuous surface
with the wing. There are no gaps modeled at the hinge line or at the spanwise edges of the control surface. Therefore, the flow near
these edges is not modeled accurately, especially for large control surface deflections. The impact of this approximation is difficult to
assess using the BACT data since there are not detailed pressure measurements in close proximity to the spanwise edges of the
aileron. The available experimental data does not appear to indicate a problem with this approximation for the cases analyzed. The
spoiler is modeled in the computations as a ramp of finite span and backward facing step. There are three surface grids that are
spaced out over the backward step surface. The spoiler deflection is modeled with the correct rigid body rotation of the control
surface about the spoiler hinge line, This approach to modeling the spoiler clearly does not model the effect of the cavity beneath the
spoiler, nor the gap between the spoiler and flap leading edge.

TEST CASES

Data for six test cases are presented in this section. There are five steady cases and one unsteady case as detailed in Table 3.
ENS3DAE data is available for the first four steady cases and the unsteady case, while CFL3DAE data is available for cases
8EST23, 8EST24, 8ESU18 and 8EOT12. All computations were performed with the Mach number fixed at 0.77, and the Reynolds
number is approximately 3.96 million. The experimental data for these cases were acquired in a test medium composed of R-12 gas,
so the numerical value used for the ratio of specific heats was set to 1.132.

Solutions are presented for the upper and lower wing surface at two spanwise stations located at 40 and 60 percent span. The 40
percent span station is just inboard of the inboard edge of the aileron, while the 60 percent span station is located along the spanwise
center of the aileron. The static data is presented as pressure coefficient versus X/C. The dynamic pressure data is decomposed into
real and imaginary parts with the real part being the component of pressure that is in phase with the aileron motion, and the
imaginary part the component of pressure which lags the aileron motion by 90 degrees phase. The real and imaginary parts of the
dynamic pressure are scaled by the amplitude of the aileron motion in radians.

STEADY SOLUTIONS

Figures 1 through 4 show numerical computations for statically deflected aileron cases 8ESA9, 8ESA13, 8EST23, and 8EST24.
Figures 1 and 2 compare numerical data from the ENS3DAE code with TDT experimental data for the clean wing with no aileron
deflection. Data is presented at 40 and 60 percent span, and it should be noted that grid stations were located precisely at these
stations, so no interpolation of the numerical data was required for this comparison. The zero degree angle-of-attack case presented
in Figure 1 shows overall good agreement with the experimental data with ENS3DAE slightly under predicting the pressure
coefficient on the forward part of the wing. Figure 2 shows the comparison at three degrees angle-of-attack. In this case, a shock has
formed on the upper surface of the wing, and ENS3DAE over predicts the pressure on the forward portion of the wing and also
predicts a shock location aft of the experimental data. The pressures on the aft portion of the wing and on the lower surface agree
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favorably with the experimental data. Figures 3 and 4 compare analyses using both ENS3DAE and CFL3DAE with experimental
data for two cases with a statically deflected aileron. Figure 3 presents data for the aileron deflected five degrees with the wing at
zero degrees angle-of-attack. Both ENS3DAE and CFL3DAE reasonably predict the pressure distribution for this case with
ENS3DAE under predicting the pressures in the mid chord region slightly more than CFL3DAE. Figure 4 presents the same
comparison for a case with the aileron deflected at ten degrees. Again, both ENS3DAE and CFL3DAE predict the pressure
distribution at the 40 percent span station and on the lower surface of the 60 percent station very well. However, the experimental
data indicates separation on the upper surface of the aileron at 60 percent span that is not predicted by either code. Both codes under
predict the pressure near the aileron hinge line with ENS3DAE computing a pressure which is closer to the experimental data, but
still in significant disagreement.

Figure 5 presents numerical computations for the statically deflected spoiler case 8ESUIS. The grid used in this case is finer than
that used in the deflected aileron computations. This is to resolve the additional surface slope discontinuities of the spoiler geometry
compared to those of the trailing edge control surface cases. Grid points in the direction normal to the surface were added to
somewhat better capture the reversed flow region and shear layer behind the spoiler trailing edge. In order to better capture the three
dimensional character of the reversed flow behind the spoiler, the Navier-Stokes equation set for this computation included the thin
layer viscous terms in all three coordinate directions. Note also that surface grid lines are again located at the 40 and 60 percent span
locations, corresponding to the data stations at those locations. These are just inboard and mid span of the spoiler surface, which has
spanwise edges at 45 and 75 percent span. The computed results show good agreement with the experiment, especially in the region
of and aft of the spoiler. One minor exception to the overall agreement is at the 60 percent span station where a slight disagreement
with the data is observed just ahead of the spoiler trailing edge and just ahead of the shock.

UNSTEADY SOLUTIONS

Both ENS3DAE and CFL3DAE have been used to analyze a dynamically oscillating aileron case. The flow conditions for this
analysis are M = 0.77, zero degrees angle-of-attack, zero degrees mean aileron deflection, two degree aileron deflection amplitude
and an aileron oscillation frequency of 5 Hz. These simulations were accomplished by performing a time-accurate solution of the
Navier-Stokes equations using a user-specified time step. The simulation was run long enough to obtain 3 cycles of aileron motion,
using a static analysis at the mean flow conditions as a starting point for the unsteady solution. Comparison of the second and third
cycles of oscillation showed virtually no difference in the computed values of pressure over the period of the cycle. Thus all
transients due to the impulsive start from the static solution were assumed to have passed by the end of the second cycle of
oscillation. The third cycle of motion was then used to extract the mean pressure distribution as well as the components of pressure
that are in-phase and out-of-phase with the aileron motion. The mean pressure distribution computed during this analysis is shown in
Figure 6 which shows good agreement between ENS3DAE, CFL3DAE, and the experimental data. The real and imaginary pressure
coefficients, normalized by the amplitude of the aileron motion, are presented in Figure 7 and 8. Figure 7 compares ENS3DAE,
CFL3DAE, and experimental data obtained at the 40 percent span station. The upper plot displays the real component of the
pressure while the lower plot shows the imaginary part of the pressure. The real component of pressure for all three sets of data
compare very well over the entire length of the airfoil at this span station. Some variation is seen in the imaginary component of the
pressure, but it should be noted that the scale on this plot has been significantly expanded over that of the real pressure component.
Therefore, this component of the pressure is actually very small as compared to the real component of the pressure, and differences
between the three sets of data are much smaller than they appear in this figure. Figure 8 compares the unsteady pressures at 60
percent span. Again both ENS3DAE and CFL3DAE compare very favorably with the experimental real component of the pressure
with CFL3DAE capturing the peak in pressure near the aileron hinge line slightly better than ENS3DAE. As with the 40 percent
span section, the imaginary pressure component at this station shows more variation between the three methods. As before, the scale
is greatly expanded, and the actual differences between the data are quite small.
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1 CODE

1.1 Type 3-D Compressible Full (not thin layer) Reynolds Averaged
Navier-Stokes.

1.2 Name ENS3DAE

1.3 Description Beam Warming implicit central finite difference scheme.
Second order accurate in space and time. Local time stepping
for steady state cases.

1.4 Available grid types Multi-block structured.

1.5 Artificial viscosity Pressure switched second/fourth order nonlinear explicit with
spectral radius scaling. Second order implicit.

1.6 Convergence acceleration techniques Local time stepping for steady-state. Grid sequencing.

1.7 Turbulence model Baldwin-Lomax algebraic with FMAX search limiter to force
FMAX to occur in viscous layer near surface. 3-D eddy
viscosity smoothing to provide spatial history effects (helpful in
separated flows).

1.8 Transition model Fully turbulent.

1.9 Time-step Local time stepping for static cases. Global time stepping for
dynamic cases.

1.10 Convergence Steady state forces for static cases, at least three cycles of motion
for dynamic cases.

1.11 References References 1, 2, 3

2 GRID

2.1 Size of grid 153 x 53 x 41 = 332,469 points.

22Y+ Less than 6.0 for entire wing surface.

2.3 Number of Surface grid points 113 x 41 = 4633 points.

2.4 Grid type Single-zone C-H structured grid.

2.5 Distance of outer boundaries from the wing 6 root chords forward and aft of wing. 6 root chords above and
below. Spanwise boundary 4 semi spans from centerline.

2.6 Modifications to geometry None, theoretical NACA0012 airfoil section constant throughout
span.

3 RESULTS

3.1 Written Report References 3, 4

3.2 Electronic data Pressures.

3.3 Interpolation details None

4 ADDITIONAL INFORMATION
4.1 Platform Cray C-90 at NASA Ames, multitasked on 8 shared processors.
42 CPU
4.2.1 Total Varies with case.

4.2.2 per iteration

4.2.3 per cycle
4.3 Convergence

4.4 Memory
4.5 Contact for further information

19.5x 10° sec/iteration/grid point.
10,500 sec./cycle.

Steady state loads for static cases, 3 cycles of motion for
dynamic cases.

33 million words (multitasked on 8 processors).

d.m.schuster@larc.nasa.gov

Table 1. ENS3DAE computational aeroelasticity code specifications.
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CODE

1.1 Type 3-D Compressible Thin Layer Reynolds Averaged Navier-
Stokes.

1.2 Name CFL3DAE

1.3 Description

1.4 Available grid types
1.5 Artificial viscosity

1.6 Convergence acceleration techniques
1.7 Turbulence model
1.8 Transition model

1.9 Time-step
1.10 Convergence

1.11 References

Upwind finite volume implicit scheme. Second order accurate in
time and upwind biased third order in space. Local time
stepping and multigrid for steady state cases. Subiteration with
CFL based local time stepping and multigrid for time accurate
cases.

Multi-block structured.

Flux difference (Roe) and flux vector (Van Leer) splitting. Min-
mod flux limiter.

Local time stepping for steady-state. Multigrid.
Spalart —Allmaras turbulence model.
Fully turbulent.

Local time stepping for static cases, Global time stepping with
local time step subiteration for dynamic cases.

Steady state forces for static cases, at least three cycles of motion
for dynamic cases.

References 5, 6, 7

GRID

2.1 Size of grid

22Y+
2.3 Number of Surface grid points

2.4 Grid type

2.5 Distance of outer boundaries from the wing

2.6 Modifications to geometry

153 x 53 x 41 = 332,469 points (aileron case).
201 x 73 x 73 = 1,071,129 points (spoiler case)
Less than 6.0 for entire wing surface.

113 x 41 = 4633 points (aileron case).

169 x 49 = 8281 points (spoiler case).
Single-zone C-H structured grid.

6 root chords forward and aft of wing. 6 root chords above and
below. Spanwise boundary 4 semi spans from centerline.

None, theoretical NACAOQO012 airfoil section constant throughout
span.

RESULTS

3.1 Written Report
3.2 Electronic data
3.3 Interpolation details

Reference 4,5
Pressures.

None.

ADDITIONAL INFORMATION

4.1 Platform
4.2 CPU
4.2.1 Total
4.2.2 per iteration
4.2.3 per cycle
4.3 Convergence

4.4 Memory

4.5 Contact for further information

Cray C-90 at NASA Ames, SGI Origin 2000.

Varies.
13X 10° sec/iteration/grid point (Cray C-90).
2100 sec./cycle.

Steady state loads for static cases, 3 cycles of motion for
dynamic cases.

r.e.bartels@larc.nasa.gov

Table 2. CFL3DAE computational aeroelasticity code specifications.
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Test Case Mach No. o (deg.) freq. (Hz) S (deg.) 5sp (deg.) Re X10°
8ESA9 0.77 0.0 0.0 0.0 0.0 3.96
8ESAL3 0.77 3.0 0.0 0.0 0.0 3.96
8EST23 0.77 0.0 0.0 5.0 0.0 3.96
8EST24 0.77 0.0 0.0 10.0 0.0 3.96
8ESU18 0.77 0.0 0.0 0.0 15.0 3.96
8EOT12 0.77 0.0 5.0 2.0 0.0 3.96

Table 3 Flow conditions used for comparisons.
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BACT Viscous Analysis
M=0.77, 0 = 0.00, Ote = 0.00, Ot = 0.00, 6sp = 0.00, f = 0 Hz.
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Figure 1. Comparison of theoretical and experimental results for the BACT wing at M = 0.77,
o = 0.0°, 81 = 0.0°, 07 = 0.0°, 8gp = 0.0°, f =0.0 Hz, Re = 3.96 million.
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BACT Viscous Analysis
M = 0.77, o = 3.0°, 81 = 0.0°, 61 = 0.0°, 8sp = 0.0°, f = 0 Hz.
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Figure 2. Comparison of theoretical and experimental results for the BACT wing at M = 0.77,
o = 3.0% &g = 0.0°, 65 = 0.0°, 8sp = 0.0°, f = 0.0 Hz, Re = 3.96 million.
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BACT Viscous Analysis
M = 0.77, o = 0.0°, 81 = 5.0°%, 01 = 0.0°, 3sp = 0.0°, f = 0 Hz.
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Figure 3. Comparison of theoretical and experimental results for the BACT wing at M = 0.77,
o = 0.0%, &g = 5.0°, 61 = 0.0°, 8sp = 0.0°, f = 0.0 Hz, Re = 3.96 million.
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BACT Viscous Analysis
0.77, o. = 0.0°, 87 = 10.0°, 61 = 0.0°, sp = 0.0°%, f = 0 Hz.
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Figure 4. Comparison of theoretical and experimental results for the BACT wing at M = 0.77,
o = 0.0%, 8rg = 10.0°, By = 0.0°, §sp = 0.0°, f = 0.0 Hz, Re = 3.96 million.
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BACT Viscous Analysis
M = 0.77, o = 0.0°, 31 = 0.0°, 61 = 0.0°, 3sp = 15.0°%, f = 0 Hz.
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Figure 5. Comparison of theoretical and experimental results for the BACT wing at M = 0.77,
o =0.0°, dtg = 0.0%, B = 0.0°, 8gp = 15.0°, £ = 0.0 Hz, Re = 3.96 million.



236

BACT Viscous Analysis
M =0.77, o = 0.0°, &y = 0.0°% 61 = 2.0°, 8sp = 0.0°, f = 5Hz.
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Figure 6. Comparison of theoretical and experimental mean pressures for the BACT wing at

M =0.77, o0 = 0.0°, 815 = 0.0°, 81 = 2.0°, 8sp = 0.0°, f = 5.0 Hz, Re = 3.96 million.
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BACT Viscous Analysis
M = 0.77, o = 0.0°, ¢ = 0.0°, 61 = 2.0°, 8sp = 0.0°, f = 5Hz.
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Figure 7. Comparison of theoretical and experimental unsteady pressures for the BACT wing at 40
percent span, M = 0.77, 0. = 0.0°, 8¢ = 0.0°, 85 = 2.0°, 8sp = 0.0°, f =5.0Hz,
Re = 3.96 million.
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BACT Viscous Analysis

M= 0.77, o= 0.00, 6TE = 0.00, GTE = 2.00, Ssp = 0.00, f = 5Hz.
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Figure 8. Comparison of theoretical and experimental unsteady pressures for the BACT wing at 60
percent span, M = 0.77, &t = 0.0°, 81 = 0.0°, 8 = 2.0°, 8sp = 0.0°, f = 5.0 Hz,
Re = 3.96 million.
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TRAILING-EDGE CONTROL SURFACE OSCILLATIONS
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INTRODUCTION

Steady and unsteady measured pressures for a Clipped Delta Wing (CDW) undergoing pitching oscillations and trailing-edge
control surface oscillations have been presented in Ref 1 and 2. From the several hundred compiled data points, 22 static cases,
12 pitching-oscillation cases, and 12 control-surface-oscillation cases have been proposed for Computational Test Cases to
illustrate the trends with Mach number, reduced frequency, and angle of attack.

The planform for this wing was derived by simplifying the planform of a proposed design for a supersonic transport which is
described (Ref 3) as the Boeing 2707-300. The strake was deleted, the resulting planform was approximated by a trapezoid with
an unswept trailing edge, and the twist and camber were removed. In order to facilitate pressure instrumentation, the thickness
was increased to 6 percent from the typical 2.5 to 3 percent for the supersonic transport. The airfoil is thus a symmetrical
circular arc section with t/c = 0.06. A wing of similar planform but with a thinner airfoil of t/c = 0.03 was used in the flutter
investigations of Ref 4 and 5, and the buffet and stall flutter investigation of Ref 6. Flutter results are also reported both for the 3
per cent thick simplified wing and for a more complex SST model in Ref 7.

One of the consequences of the increased thickness of the clipped delta wing is that transonic effects are enhanced for Mach
numbers near one. They are significantly stronger than would be the case for the thinner wing. Also, with the combination of
high leading edge sweep of 50.5° and the sharp leading edge, a leading edge vortex forms on the wing at relatively low angles
of attack, on the order of three degrees. The Appendix of Ref 1 discusses some of the vortex flow effects. In addition, a shock
develops over the aft portion of the wing at transonic speeds such that at some angles of attack, there is both a leading edge
vortex and a shock wave on the wing. Such cases are a computational challenge. Some previous applications of this data set
have been for the evaluation of an aerodynamic panel method (Ref 8) and for evaluation of a Navier-Stokes capability (Ref 9-
11). Linear theory and panel method results are also presented in Ref 1, which demonstrated the need for inclusion of transonic
effects. Flutter calculations for the related wing with t/c=0.03 are given in Ref 4 and 12.

In this report several Test Cases are selected to illustrate trends for a variety of different conditions with emphasis on transonic
flow effects. An overview of the model and tests are given, and the standard formulary for these data is listed. For each type of
data, a sample table and a sample plot of the measured pressures are presented. A complete tabulation and plotting of the Test
Cases is given in Ref 13. Only the static pressures and thelst harmonic real and imaginary parts of the pressures are available.
All of the data for the test are included in a microfiche document in the original report (Ref 1) and are available in electronic file
form. The Test Cases are also available as separate electronic files.

LIST OF SYMBOLS AND DEFINITIONS

[ local chord, ft (m)

[N wing root chord, ft (m)

G, pressure coefficient, (p - Peo)/ Qoo steady; (p = Prean ) / qeo unsteady
f frequency, Hz

H, freestream total pressure, psf (kPa)

k reduced frequency, wc/(2V.. )
M Mach number
p pressure, psf (kPa)

Pmean  Mean local pressure, psf (kPa)

Pe freestream static pressure, psf (kPa)
oo dynamic pressure, psf (kPa)
Ry Reynolds number based on average chord

s semispan, ft (m)
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t/c airfoil thickness to chord ratio

T, total or stagnation temperature, °R (°C)

V. freestream velocity, ft/sec (m/sec)

x/c - streamwise fraction of local chord

y spanwise coordinate normal to freestream

O mean angle of attack, degrees

0 amplitude of pitch oscillations, degrees or radians
) amplitude of control surface oscillations, degrees or radians
8o mean control surface deflection, degrees or radians
1 fraction of span, y/s

Y ratio of specific heats for test gas

o frequency, radians/second

MODEL AND TESTS

The clipped delta wing model was tested in the NASA Langley Transonic Dynamics Tunnel (TDT). The tunnel has a slotted test
section 16-feet (4.064 m) square with cropped corners. At the time of these tests, it could be operated with air or a heavy gas,
R-12, as a test medium at pressures from very low to near atmospheric values. Currently the TDT can be operated with air or R-
[34a as a test medium. An early description of this facility is given in Ref 14 and the early data system is described in Ref 15.
More recent descriptions of the facility are given in Ref 16 and 17, and of the recent data system given in Ref 18 and 19. Based
on cone transition results (Ref 20-21), the turbulence level for this tunnel is in the average large transonic tunnel category. Some
low speed turbulence measurements in air have also been presented in Ref 22.

The model is shown installed in the TDT in Fig 1, the basic structure is illustrated in Fig 2, and the overall planform and
instrumentation layout is given in Fig 3. It was mounted on a splitter plate offset from the wall. The model had an end plate
fixed to its root that moved with the model. To prevent leakage between the end plate and the splitter plate, the region where the
splitter plate overlapped the end plate was sealed. The leading edge control surface shown in Figs 1 and 2 was fixed and the side
edges smoothly faired into the wing. The hinge line at 15 per cent chord was sealed but not smoothed. The trailing-edge control
surface (Figs 1-3) had a hinge line at 80 per cent chord that was sealed but not smoothed. The side edges were not sealed. The
model was oscillated in pitch as a mass-spring system with a large spring mechanism located behind the tunnel wall that was
driven hydraulically. It could be set at various mean angles, and the amplitude and frequency of oscillation varied. The trailing
edge control surface was oscillated with a miniature hydraulic actuator located within the wing at the control surface and
attached directly to the shaft along the control hinge line.

The wing was constructed with stainless steel ribs and spars and Kevlar-epoxy skins. Although no stiffness measurements were
made, it was considered very stiff. Based on accelerometer measurements, the wind-off node lines showed only modest
variation with frequencies in the range of interest (Fig 4). The control surface was constructed with ribs, spars, and skin of
graphite-epoxy for low weight and high stiffness.

The instrumentation was mostly on the upper surface (shown in Fig 3) with a few transducers on the lower surface to establish
symmetry and zero angle of attack. There are 5 chordwise locations for the transducers, with chord C consisting of a few
transducers near the edges of the control surfaces. Static and dynamic measurements were made separately, with a static orifice
adjacent to each dynamic transducer. The locations of the static orifices are given in Table 1, and locations of the orifices for the
dynamic transducers are given in Table 2. The static pressure tubing was also connected to the reference side of the
corresponding dynamic orifices through 35 feet (10.7 m) of .020 inch (.51 mm) diameter tubing to damp out unsteady effects on
the reference pressure.

Although ordinates were measured for this wing, it was concluded that the basic definition of a t/c=0.06 circular arc was
adequate to describe the airfoil geometry of the wing and the measured ordinates were not published. It was noted (Ref 1) that
the control surface had two degrees of twist, which was averaged by setting the inboard portion low and the outboard portion
high.

As can been seen in Fig 1, the model was tested with the sidewall slots of the test section open. Some recent unpublished results
for a model of about twice the root chord of this model and mounted directly to the wind tunnel wall have shown an order of ten
percent influence of closing the slots on static lift curve slope (similar to those measured in Ref 23). Significantly less influence
would be anticipated for this smaller model which was mounted on a splitter plate.

TEST CASES

The static Test Cases chosen for the Clipped Delta Wing (CDW) are given in Table 3, and the dynamic Test Cases are presented
in Tables 4 and 5. The code, or point index, for the cases are designated with a two-digit value of the test Mach number,
followed by an S for static or D for dynamic, and followed by a sequence number for each Mach number (Ref 1). The pitch
cases are chosen to indicate trends with Mach number at zero angle of attack, trends with Mach number for small values of angle
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of attack, and trends with angle of attack at one low and one transonic Mach number (including some cases with leading-edge
vortex flows). The trailing edge control cases also illustrate trends with Mach number and static deflection amplitude of the
trailing-edge control surface. The dynamic cases are chosen to evaluate unsteady effects at these static conditions. One feature
of this data set is a relatively high Reynolds number for the test, of the order of 10 x 10° based on the average chord.

A sample data point for the static Test Cases is tabulated and shown in the composite plot of Fig 5. The data for the dynamic
cases are also tabulated and shown in the plots of Figs 6 and 7 in terms of in-phase and out-of-phase parts (real and imaginary)
of the pressure normalized by the amplitude of the dynamic motion, either pitch or control-surface oscillation (in radians). The
phase reference is the input dynamic motion. More figures than are significant are retained in the Tables to accurately reproduce
the phase angles of the original tabulations. For each of these cases, the data points are connected by straight lines for visual
continuity only and the lines are not intended to be considered a fairing of the data. No further screening of bad points have been
performed in this report. In the original data set, the output of bad transducers was set to zero.

The files included on the CD-ROM are ascii files and a readme file is included. The file for the static data is named cdwstat and
a Fortran subprogram to read it, cdwstrd.f, is furnished. The dynamic data is on file cdwdynmc and the subprogram to read it is
cdwdyrd.f. The data files consist of contiguous data points in the format shown in the figures.

Note that all of the tests for the CDW were conducted with the heavy gas, R-12, as the test medium. The ratio of specific heats,
¥, is calculated to be 1.132 to 1.135 for the conditions of the test assuming 0.99 for the fraction of heavy gas in the heavy gas-air
mixture. A value of 1.132 is suggested for use in computational comparisons. The corresponding value of Prandtl number is
calculated to range from 0.77 to 0.78 for the conditions of this test.

FORMULARY
1  General Description of Model

1.1 Designation Clipped Delta Wing (CDW)

1.2 Type Semispan wing

1.3 Derivation Simplified version of early SST with thicker airfoil
(see Introduction)

1.4  Additional remarks Shown mounted in tunnel in Fig 1

1.5 References Ref 1 and 2 are the original source

2  Model Geometry

2.1 Planform Trapezoidal

2.2 Aspect ratio 1.242 for panel

2.3 Leading edge sweep 50.4 deg.

2.4 Trailing edge sweep Unswept

2.5 Taper ratio 0.1423

2.6 Twist None

2.7 Wing centreline chord 63.55 inches (1614 mm)

2.8 Semi-span of model 45.08 inches (1145 mm)

2.9 Area of planform 1635.88 sq. in. (1.0554 sq. m)

2.10 Location of reference sections and definition ~ Six per cent circular arc airfoil section

of profiles
2.11 Lofting procedure between reference Constant per cent thickness airfoil
sections

2.12 Form of wing-body junction No fairing, sealed at splitter plate

2.13 Form of wing tip Sharply cut off

2.14 Control surface details Trailing edge control, 80% chord between 56.6% span and 82.9%
span. Hinge line sealed, but side edges open. About two degrees
twist in control surface, with inboard trailing edge low and
outboard high

2.15 Additional remarks See Fig 3 for overview

2.16

References

Ref 1 and 2
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Wind Tunnel

3.1 Designation

3.2  Type of tunnel

3.3 Test section dimensions

3.4 Type of roof and floor

3.5 Type of side walls

3.6 Ventilation geometry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

3.9 Method of measuring velocity

3.10 Flow angularity

3.11 Uniformity of velocity over test section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances

3.14 Additional remarks

3.15 References on tunnel

Model Motion

4.1 General description

4.2 Reference coordinate and definition of
motion

4.3 Range of amplitude

4.4 Range of frequency

4.5 Method of applying motion

4.6 Timewise purity of motion

4.7 Natural frequencies and normal modes of
model and support system

4.8 Actual mode of applied motion including
any elastic deformation

4.9 Additional remarks

Test Conditions

5.1
5.2
53
5.4
5.5
5.6
57

Model planform area/tunnel area
Model span/tunnel height
Blockage

Position of model in tunnel
Range of Mach number

Range of tunnel total pressure

Range of tunnel total temperature

NASA LaRC Transonic Dynamics Tunnel (TDT)

Continuous flow, single return

16 ft x 16 ft (4.064 x 4.064 m)

Three slots each

Two sidewall slots

Constant width slots in test region

Some documentation in Ref 14. Model tested with splitter plate

Not documented

Calculated from static pressures measured in plenum and total
pressure measured upstream of entrance nozzle of test section

Not documented, considered small
Not documented, considered nearly uniform

Generally unknown. Some low speed measurements are presented
in Ref 22. Cone transition measurements are presented in Ref 20
and 21.

Unknown

Tests performed in heavy gas, R-12. Ratio of specific heats, v, is
1.132-1.135. For computations, 1.132 is recommended. For the
conditions of this test, the Prandtl number is calculated to be 0.77-
0.78

Ref 14, 16, and 17

Pitching about 65.22% of root chord for wing. Oscillation about
control hinge line

Pitch about axis normal to freestream. Control oscillation about
80% chord line of wing

Pitch amplitude of 0.25 and 0.50 degrees. Control oscillation of 2,
4, and 6 degrees

4, 8, and 16 Hz for wing pitch, and 8, 16, and 22 Hz for control
surface oscillations

Pitch oscillations generated as spring-mass system driven by
hydraulic actuator.  Control surface oscillations driven by
miniature hydraulic actuator at control surface

Not documented

First natural frequency was 28 Hz

Not documented except for node lines for wind-off conditions.
(Fig 4). Elastic deformations not expected to be significant

None

05

23

Model less than 0.3%

Mounted from splitter plate on wall and in the center of the tunnel
0.40to 1.12

530 to 1005 psf (25.4 to 48.1 kPa)

512 to 576 degrees Rankine (23 to 47° C)
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59
5.10
5.11

5.12

5.13

5.14

5.15

Range of model steady or mean incidence
Definition of model incidence
Position of transition, if free

Position and type of trip, if transition fixed

Flow instabilities during tests
Changes to mean shape of model due to
steady aerodynamic load

Additional remarks

References describing tests

Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2 Steady pressures for small changes from the
mean conditions

6.3 Quasi-steady pressures

6.4 Unsteady pressures

6.5 Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes from
the mean conditions by integration

6.7 Quasi-steady section forces by integration

6.8 Unsteady section forces by integration

6.9 Measurement of actual motion at points of
model

6.10 Observation or measurement of boundary
layer properties

6.11 Visualisation of surface flow

6.12 Visualisation of shock wave movements

6.13 Additional remarks

Instrumentation

7.1 Steady pressure
7.1.1 Position of orifices spanwise and

chordwise

7.1.2 Type of measuring system

7.2 Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices

7.2.3 Type of measuring system

7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration
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0to 5.5 degrees
From chord line of symmetric airfoil
Transition strip used

Grit strip 0.1 inch wide (2.5 mm) at 8 % chord on upper and lower
surfaces. Number 70 grit from root to midspan and number 90
from midspan to tip (number is approximately grains per inch (per
25.4 mm))

None defined

Not measured but considered very stiff

Tests performed in heavy gas, R-12. Ratio of specific heats, v,
is 1.132-1.135. For computations, 1.132 is recommended. For
the conditions of this test, the Prandtl number is calculated to
be 0.77-0.78

Ref 1 and 2

yes

yes

no
yes

no
no

no
no

no
no

no
no

no

7 to 16 chordwise locations at 5 spanwise stations. See Fig 3 and
Table 1

Scani-valve

7 to 16 chordwise locations at 5 spanwise stations. See Fig 3 and
Table 2. Slightly different locations than steady.

.056 inches (1.4 mm)
In situ pressure gages
Kulite

Calibrated dynamically using method of Ref 24. Also statically
calibrated through reference tubes
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7.3

7.4

7.5
7.6

Model motion

7.3.1 Method of measuring motion reference
coordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
Additional remarks

References on techniques

Data Presentation

8.1

8.2

83
8.4

8.5

8.6

8.7
8.8
8.9

8.10

Test Cases for which data could be made
available

Test Cases for which data are included in
this document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments

Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

References giving other representations of
data

Comments on Data

9.1

9.2
9.3

9.4

Accuracy
9.1.1 Mach number
9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives
9.1.6 Unsteady pressure coefficients

Sensitivity to small changes of parameter

Non-linearities

Influence of tunnel total pressure

Undocumented

Wind-off verification with accelerometers

Undocumented

Analog signals digitized at about 940 samples/sec for 10-30
seconds depending on frequency

Fourier analysis

Amplitude and phase of each pressure signal. Accuracy not
specified

None

None
Data system overview for test given in Ref 15

See Ref 1 and 2
See Tables 3 and 4

Available for each Test Case

Steady pressures measured for several angles of attack

Primary data. First harmonic only. No time histories saved. C,
magnitude and phase of Ref 1 converted to real and imaginary
parts and normalized by amplitude of oscillation (in radians)

Some static hinge moments for control surface plotted in Ref 1.
No other force measurements

None
None

None

Ref 1-2 and 8-11

Not documented

Zero set by pressure difference.
unknown

Accuracy of other values

Should be accurate
Not documented
None

Not documented, but each gage
dynamically and monitored statically

individually calibrated

None indicated. Amplitudes of oscillation varied in test

Plotted (Ref 2) hinge moments show some nonlinearity. Many
flow conditions involve shock waves; some with leading edge
vortex flows

Not evaluated. Most of the test at constant dynamic pressure
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9.5 Effects on data of uncertainty, or variation, Unknown, not expected to be appreciable. Wind-off measure-
in mode of model motion ments shown in Fig 4

9.6 Wall interference corrections None applied

9.7  Other relevant tests on same model None

9.8 Relevant tests on other models of nominally ~ Flutter tests on similar planform but with thinner airfoil presented
the same shapes in Ref 4-7

9.9  Any remarks relevant to comparison Leading edge vortex forms near 3 degrees angle of attack. Some
between experiment and theory cases have both vortex flow and shock waves. Test Reynolds

number included for each Test Case. Reduced frequency based on
root semichord, 31.775 inches (807.1 mm) for all Test Cases

9.10 Additional remarks Wing mostly instrumented on one side. Upper and lower surface
data assembled from varying angle of attack

9.11 References on discussion of data Ref 1-2 and 8-11

10 Personal Contact for Further Information

Head, Aeroelasticity Branch Phone: +1-(757)-864-2820
Mail Stop 340 FAX: +1-(757)-864-8678
NASA Langley Research Center
Hampton, VA 23681-2199 USA
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Table 1. Orifice Locations for Steady Measurements

Chord A | Chord B | ChordC | ChordD | Chord E
y/s
0332 | 0541 | 0587 | 0694 | 0.851
x/c

0.0778 0.0687 0.0818 0.0675 0.2070
0.1264 0.1282 0.1318 0.1151 0.2559
0.2020 0.2529 0.2099 0.1980 0.3016
0.2523 0.3041 0.7875 0.2559 0.3537
0.3023 0.3531 0.8522 0.3041 0.4583
0.3519 0.4530 0.9017 0.3545 0.5562
0.4510 0.5036 0.9514 0.4537 0.6074
0.5523 0.5534 0.5025 0.6577
0.6025 0.6040 0.5527 0.7071
0.6515 0.6528 0.6038 0.7975
0.6991 0.7030 0.6538
0.7813 0.7694 0.7025
0.8505 0.8967 0.7754
0.9001 0.9512 0.8553
0.9596 0.9037

0.9526




Table 2. Orifice Locations for Unsteady Measurements

Chord A | ChordB | ChordC | Chord D | Chord E
y/s
0337 | 0546 | 0590 | 0698 | 0856
x/c
0.0731 0.0681 0.0767 0.0754 0.1955
0.1120 0.1237 0.1271 0.1237 0.2458
0.1974 0.2485 0.1993 0.1980 0.2915
0.2478 0.3004 0.7802 0.2502 0.3454
0.2987 0.3481 0.8514 0.3001 0.4519
0.3486 0.4487 0.9016 0.3476 0.5497
0.4477 0.4997 0.9511 0.4495 0.6025
0.5506 0.5500 0.4974 0.6545
0.6009 0.6014 0.5484 0.7049
0.6459 0.6494 0.6007 0.7808
0.6979 0.6995 0.6514
0.7805 0.7747 0.7000
0.8500 0.8964 0.7795
0.8996 0.8547
0.9495 0.9033
0.9522
Table 3. Static Test Cases
Test Point M a, | 6, | Comments
Case No. | (Code') deg. | deg.
9E! A40-S-1 .399 .05 0.
9E2 .88-S-1 .883 .05 0.
9E3 .90-S-1 .899 .05 0. Versus
9E4 92-S-1 921 .05 0. Me &,=0°
9ES .94-S-1 .944 .05 0.
9E6 . 96-S-1 .965 .00 0.
9E7 1.12-S-1 1.120 .00 0.
9E8 40-S-6 .400 1.03 0.
9E9 .90-S-5 .909 .99 0. Versus
9E10 .94-5-6 .943 97 0. M@ X,=1°
9E11 1.12-S-6 | 1.120 | .99 0.
9E12 .40-S-11 404 | 3.04 0.
9E13 .40-S-15 403 5.04 0. Versus
9E14 .90-S-19 900 | 2.99 0. a, @M
9E15 .90-S-38 .901 424 0.
9E16 40-S-3 406 .05 4.
9E17 .90-S-2 .898 .05 2. Versus
9E18 .90-S-3 .896 .05 4. 0,@ Q=0
9E19 .94-8-3 .944 .05 4.
9E20 1.12-S-3 | 1.120 .00 4.
9E21 .90-S-21 | .901 2.99 4. Versus
9E22 90-S-24 | .896 299 | -4. . @ &,

'Ref 1
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Table 4. Test Cases for Pitching Oscillations, §, =0

Test Point M a, 0 f k Comments
Case No. | (Code!) deg. deg. Hz
9E23 40-D-5 | 403 | .05 47 4.00 | .194
9E24 88-D-5 | 885 | .05 48 798 | .173
9E25 90-D-5 | 904 | .00 46 799 | .167 Versus
9E26 92-D-5 | 921 .05 47 797 | .166 M
9E27 94-D-5 | 945 | .05 47 798 | .162
9E28 96-D-4 | 961 04 .50 799 | .158
9E29  |1.12-D-5 |1.120 | .00 47 8.00 | .136
930 ] 90D2 | 905 | 00 | 24 [7.99 |.168 | Lowerso
9E31 90-D-4 | 904 | .00 50 401 | .084 Lower k
9E32 90-D-6 | .909 | .00 46 |16.01 | 335 | Higherk
9E33 40-D-24 | 403 {502 | .50 4.00 | 189 | gioner cx,
9E34 90-D-29 | 902 | 3.97 46 799 | .169
'Ref 1
Table 5. Test Cases for Control Surface Oscillations, §, =0
Test Point M a, Fo) f k Comments
Case No. (Code) deg. deg. Hz
9E35 40-D-32 | 405 | .05 390 | 799 | .376
9E36 .88-D-34 | 878 | .05 3.88 [16.00 | .350
9E37 90-D-35 | 901 | .05 400 |16.00 | .338 Versus
9E38 92-D-33 | 923 | .05 3.93 {1598 | .337 M
9E39 94-D-34 | 942 | .05 396 1598 | 326
9E40 96-D-10 | 960 | .05 454 |16.00 | 315
9E41  [1.12-D-11 |1.120 | .00 437 |16.01 | 273
9E42 90-D-32 | .898 | .05 348 |799 |.170 Lower k
9E43 92-D-36 | 924 | .05 3.89 [22.00 | 459 | Higherk
9E44 90-D-3¢4 | 898 | .05 197 {1600 | 339 | Lower O
9E45 90-D-36 | .899 | .04 582 | 16.01 | .340 | Higher O
9E46 | .90-D-59 | 901 | 299 | 439 |i6.01 | .337 |Higher &, |

'Ref 1
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Figure 2. Construction of clipped delta wing.
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Percent Chord

75—
125—

20—
25
30—
35—

45 —
50—
55—
60—

78 —
85—
90—
95 —

Circular-arc airfoil

t/c = 0.06

L.E. sweep angle = 50.4°

Area = 1635.88 in2 (10554 cm2)
Span =45.08 in. {1145 mm)

Root chord = 63.55 in. (1614 mm)
Tip chord = 9.03 in. (229 mm)
Panel aspect ratio = 1.242

B
i c Taper ratio = 0.1421

Hinge line,
80% chord

56.6 82.9
Percent span

Figure 3. Planform geometry and instrumentation layout.

22Hz
Pitch 16Hz
axis 4Hz, 8Hz

Figure 4. Node lines for test frequencies in still air.
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.90-s8-1
MACH q To H ALPHAO THETA DELTA RN
pst deg R pst deg deg deg
0.899 191.2 565.3 651.8 0.05 0.00 0.00 9.77 *10**6
y/s = 0.332 y/s = 0.541 y/s = 0.587 y/s = 0.694 y/s = 0.851
x/c Cpu Cpl x/c Cpu Cpl x/c Cpu Cpl x/c Cpu Cpl x/c  Cpu Cpl
.0778 0.0217 .0687 0.0049 .0818 0.0229 .0675 -.0528 .2070 -.2689
.1264 -.0318 .1282 -.0788 .1318 -.0596 .1151 -.0572 .2559 -.3260
.2020 -.0802 .2529 -.1548 .2099 -.1477 .1980 -.1748 L3016 -.2912
.2523 -.1134 .3041 -.2251 .7875 -.1491 .2559 -.2408 .3537 -.3057
.3023 -.1580 .3531 -.2484 .8522 -.0710 .3041 -.2481 .4583 -.4098
.3519 -.1620 .4530 -.2859 .9017 0.0186 .3545 -.2905 .5562 -.4368
.4510 -.2456 .5036 -.3258 .9514 0.0988 .4537 -.3831 L6074 -.3943
.5523 -.2424 .5534 -.3261 .5025 -.3628 .6577 -.3388
.6025 -.3011 .6040 -.3542 .5527 -.3760 .7071 -.2408
.6515 -.3778 .6528 -.3646 .6038 -.3990 .7975 -.0879
L6991 -.3374 .7030 -.3350 .6538 -.3987
.7813 -.2514 .7694 -.1980 .7025 -.3588
.8505 -.1069 .8967 0.0138 .7754 -.1191
.9001 -.0362 .8553 -.0617
.9596 0.0812 .9037 0.0126
.9526 0.0999
-0.6f -0.6f -06f
-0.4f 5 -0.4f -0.4f
\
-0.2 -0.2 /f—————é\Q\ -0.2 \@\%
C.0f = U G0 © Qb G0} Nt
0.2f 0.2f 0.2f
0.4} 0.4f 0.4f
S RO VRN S J L‘x.l‘-.l..l..l...J L. 1 [ I 1 J
.6 . .
06 02 04 06 08 1 08 02 04 06 08 1 08 02 04 06 08 1
x/c x/c x/c
h n=0541 1=0.587 n=0694 |
06 r En=0,332 0.6 r
- =0.851 L
-0.4] —I== o4
0.2} -0.2;
o 3 .
G50 % : L C0f
0.2f P 0.2}
04 E E: ; E 04: & Upper Surface
L 1 ] ] | :: :j L L ) ] L ]
90-S-1 0.6

08 02 04 06 08 1
x/c

Figure 5. Static case, Test Case number 9E3 (point .90-S-1).
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.90-D-5
MACH q To H ALPHAO THETA DELTA RN
psf deg R pst deg deg deg
0.904 200.3 566.2 679.5 0.00 0.46 0.00 10.13*10**6
f = 7.99 Hz k = 0.167
y/s = 0.337 y/s = 0.546
Upper Lower Upper Lower
x/c Real Imag Real Imag x/c Real Imag Real Imag
.0731  -2.4667 0.7920 .0681 -3.8789 1.2007
.1120 -2.1392 0.5334 .1217 -3.2047 0.8407
.1974 -2.1072 0.3867 .2485 -2.4548 0.4240
.2478 -2.1140 0.2596 .3004 -2.0958 0.3020
.2987 -1.0684 0.0766 .3481 -1.3275 0.2174
.3486 -2.2901 0.0880 .4487 -2.9393 0.0359
.4477 -1.8757 -0.1377 .4997 -2.1027 -0.0992
.5506 -2.0993 -0.1542 .5500 -2.4586 0.1935
.6009 -2.1938 -0.4623 .6014 -2.6647 0.0651
.6459 -2.5171 -0.6136 .6494 -4.7044 -0.1889
.6979 -4.0662 -0.8791 .6995 -4.5903 -2.0919
.7805 0.2918 -3.4253 L7747 1.0737 -2.1090
.8500 0.8783 -0.8655 .8964 0.3784 -0.5410
.8996 0.7067 -0.4199
.9495 0.4162 -0.1668
y/s = 0.590 y/s = 0.698
Upper Lower Upper Lower
x/c Real Imag Real Imag x/c Real Imag Real Imag
.0767 -3.6778 1.2163 .0754 -2.2762 0.2674
L1271 -3.2311 0.9326 1237  -4.1315 1.0378
L1993 -2.9437 0.7558 .1980 -3.8566 0.7217
.7802 1.6063 -1.4734 .2502 0.6121 -3.4714
.8514 0.3705 -0.2741 .3001 -1.4630 0.1409
.9016 0.6694 -0.3851 .3476 -3.2697 0.3494
.9511 0.6307 -0.0754 .4495 -3.1492 0.3032
L4974  -2.9312 0.3495
.5484 -2.5658 0.0134

.6007 -3.1078 -0.1955
.6514 -4.3593 -1.4164
.7000 -2.1524 -2.9626
L7795 0.6742 -0.4254

.8547 0.5982 -0.1213
.9033 0.5532 -0.1917
.9522 0.6080 -0.0529
y/s = 0.856
Upper Lower
x/c Real Imag Real Imag

L1955 -3.1322
.2458 -4.2549
.2915 -4.8539 .0672
.3454 -1.7394 .0372

0.5975
0.
1
3
L4519 -3.6992 0.0323
0
2
4
0
0

8271

.5497 -4.8832 -0.6950
.6025 -4.2134 -2.8634
. 6545 1.1374 -4.1181
.7049 3.4864 -0.9446
.7808 1.0075 .0537

(a) Tabulated data for 9E25
Figure 6. Pitching oscillation, Test Case number 9E25 (point 90-D-5).
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x/c

L0731
L1120
.1974
.2478
.2987
.3486
.4477
.5506
.6009
. 6459
.6979
.7805
.8500
.8996
.9495

x/c

L0767
L1271
.1993
.7802
.8514
.9016
L9511

x/c

L1955
.2458
L2915
.3454
.4519
.5497
.6025
.6545
.7049
.7808

.90-D-35
MACH

o
0.901 192
Yy
Upper

Real
-0.3013 0
-0.2954 0
-0.2567 0
-0.2545 0
-0.0003 0
-0.2807 0
-0.2034 0
-0.1782 -0
-0.2402 0
-0.3362 0
-0.2748 -0
0.0218 -0
0.0343 -0
0.0133 -0
-0.0012 0.
Y
Upper

Real
-0.7556 0
-0.5800 0
-0.4027 0
0.0688 -0
-0.0005 0
0.0258 -0
0.0037 0
Yy
Upper

Real
-0.2882 0
-0.43498 0
-0.3566 0
-0.4440 0
-0.4439 0
-0.3540 -0
0.2054 -0
0.4322 -0.
0.1496 0.
0.0026 0.

sf
.0

/s =

Imag

.0483
.0389
.0238
L0151
.0014
.0059
.0025
L0175
.0139
.0563
.0416
.1008
.0304
.0053
0085

/s =

Imag

.1278
.0825
.0466
.0562
.0028
.0002
.0123

/s =

Imag

.0252
.0220
.0056
.0008
.0108
.2255
L2757
1017
0151
0199

To
deg R
565.2

0.337

Real

0.590

Real

0.856

Real

H ALPHAO
psf deg
654.1 0.05

f = 16.00 Hz k

Lower
Imag x/c
.0681
.1217
.2485
.3004
.3481
.4487
.4997
.5500
.6014
.6494
.6995
L7747
.8964

Lower
Imag x/c
.0754
.1237
.1980
.2502
.3001
.3476
.4495
L4974
.5484
.6007
.6514
.7000
L7795
. 8547
.9033
.9522

Lower
Imag

THETA DELTA
deg deg
0.00 4.00
0.338
y/s = 0.546
Upper
Real Imag Real
-0.1346 0.0014
-0.3132 0.0346
-0.2704 0.0128
-0.2546 0.0142
-0.0008 0.0012
-0.4544 0.0703
-0.2319 0.0081
-0.2116 -0.0122
-0.2879 -0.0030
-0.3553 -0.1293
-0.2401 -0.1588S
0.0796 -0.0610
0.0180 -0.0142
y/s = 0.698
Upper
Real Imag Real
-0.2543 0.0182
-0.1991 0.0010
-0.2930 0.0195
-0.3981 0.0489
-0.0006 0.0013
-0.4392 0.0547
-0.3093 0.0070
-0.3492 0.0140
-0.3953 0.0048
-0.4157 -0.0673
~-0.3653 -0.2793
0.2386 -0.3260
0.0521 -0.0096
0.0902 0.0036
0.0968 -0.0106
-0.0052 0.0068

(c) Tabulated data for 9E37
Figure 7. Control surface oscillation, Test Case number 9E37 (point 90-D-35).

RN

9.84*

Lower

Lower

10**6

Imag
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10. SUPERSONIC 2D WING WITH CONTROL SURFACES

P. Naudin
ONERA
29, Av. de la Div. Leclerc 92320 Chatillon
France

INTRODUCTION

For some years ONERA, in collaboration with AEROSPATIALE, has undertaken research into improvement of CFD codes, in
the framework of studies on a new supersonic plane. The main goal has been to take unsteady effects, induced by movements of
control surfaces such as spoilers or trailing edge flaps, into account with improved accuracy. For this purpose a wind tunnel] test
was carried out to provide an extensive database of unsteady behavior of control surfaces in supersonic conditions. ONERA has
designed a generic 2D rigid model with two control surfaces: a spoiler and a trailing edge flap. These two control surfaces were
moved in rotation by electro-hydraulic actuators, allowing an adjustment in static position as well as a harmonic excitation. A
model with steady and unsteady pressure transducers, and accelerometers, was installed in the ONERA S2 wind tunnel at
Modane in March 1994 (figures 1 and 2).

Figure 1: Model in the wind-tunnel section

LIST OF SYMBOLS AND DEFINITIONS
A amplitude of harmonic excitation, (deg.)
o angle of attack, alpha

deflection of the trailing edge flap, beta

c wing chord
Cp unsteady pressure coefficient _ Pgleen)
Q,.A
Cpm mean pressure coefficient
Cpq quasi-steady pressure coefficient Cpq = Cpm(f+AB)-Cpm (B -ApB)
2.A8
F excitation frequency
M Mach number
P modulus of the unsteady pressure at excitation frequency @,

Pi0 stagnation pressure
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Qo0 dynamic pressure

R Reynolds number referred to model chord (0.4 m)
Ti0 stagnation temperature

x/c non-dimensional chord location

TESTING EQUIPMENT

MODEL

The model, a rectangular wing of 1.1 m span and 0.4 m chord was manufactured in aluminum alloy. Figure 3 shows general
dimensions of the model. The airfoil had a biconvex symmetrical shape of 7 % relative thickness with a sharp leading edge as
indicated in figure 4. Co-ordinates are shown in table 1 and in a separate file “airfoil.txt”. The spoiler and trailing edge flap have
chords, respectively, of 10% and 20% of the root chord. Spans of these control surfaces were limited in order to minimize their
inertia and to preserve a good quality of the supersonic flow on the measured sections for the lower Mach number (M= 1.65).

In order to improve the dynamic behavior of the model, guys lines were connected to the middle of the wing tip (visible on the
left side of the figure 1). A tension of 1500 N increased the first bending frequency by about 50 %.

Other details of the test apparatus are presented in the formulary.

INSTRUMENTATION

Instrumentation of the model consists of two pressure sections with 53 steady and unsteady pressure taps each. Details of span
locations and chord distribution of these pressure taps are presented on figures 5 - 6 and table 2. Kulite transducers (type
XCQLO093D) were used for unsteady pressure measurements. In order to obtain more accurate pressure measurements, pressure
taps do not have the same layout on the lower and the upper surfaces. Pressure taps on upper surface are mainly put around the
spoiler while they are concentrated near the flap hinge on the lower surface.

There was no steady deflection measurement of the model. Steady torsion was indirectly observed through Cpm distribution on
the outside measurement section. This effect was almost non-existent on the mid-span section.

Dynamic deflection of the model was measured with 16 accelerometers, 6 on the spoiler, 4 on the flap and 6 on the fixed part.
Locations of these accelerometers are shown on Figure 6 and Table 3.

Control surface motion was measured by two rotating potentiometers located on hydraulic actuator's shaft.

AVAILABLE DATA

Only measurements with trailing edge flap motion are provided in this data base, none relevant to the spoiler configuration are
included. In order to limit the amount of data, a reduced number of representative data points has been chosen; these points and
the corresponding test conditions are listed on table 4. The pressure data file “pressure.txt” includes steady, quasi-steady and
unsteady pressure distributions on the mid-span section (upper and lower surface at Y= 509 mm). A self-explanatory listing of
one data set is presented, with corresponding graphs, in the appendix. Accelerometer measurements are also included for all the
selected points in a separate data file “accelero.txt”.

CONTENTS OF NUMERICAL DATA FILES

The folder includes three ASCII data files. The file named “airfoil.txt” contains the co-ordinates of the theoretical airfoil shape as
presented in tablel (Size =2 KB).

The file named ‘pressure.txt’ contains all steady, quasi-steady and unsteady pressure measurements for the data points listed in
table 4 (Size = 59 KB). An example of the format used is presented in the appendix; it is self-explanatory, and all symbols are
listed above. Quasi-steady values were calculated from 2 steady measurements with 2 different flap deflections (+0.5 and -0.5
deg. from the indicated deflection). Quasi-steady distributions are comparable with unsteady Cp distribution modulus at low
frequency.

Accelerometer measurements, and locations, are included in the file ‘accelero.txt’ (Size = 22 KB). The values presented
correspond to the transfer function between acceleration and angle measured at the flap root. Two frequencies are presented, so
there are two complex values, measured by accelerometer in (m/s?)/deg.



FORMULARY
1  General Description of model
1.1 Designation
1.2 Type
1.3 Derivation
1.4 Additional remarks
1.5 References
2  Model Geometry
2.1 Planform
2.2 Aspectratio
2.3 Leading edge sweep
2.4 Trailing edge sweep
2.5 Taper ratio
26 Twist
2.7 Wing chord
2.8 Semi-span of model
2.9 Area of planform
2.10 Definition of profiles
2.11 Wing-body
2.12 Form of wing tip
2.14 Control surface details
2.15 Additional remarks
3  Wind Tunnel
3.1 Designation
3.2 Type of tunnel
3.3 Test section dimensions
3.4 Type of roof and floor
3.5 Type of side walls
3.6 Ventilation geometry
3.7 Thickness of side wall boundary layer
3.8 Thickness of boundary layers at roof and
floor
3.9 Method of measuring velocity
3.10 Flow angularity
3.11 Uniformity of velocity over test section
3.12 Sources and levels of noise or turbulence in
empty tunnel
3.13 Tunnel resonance's
3.14 Additional remarks

ONERA 2D Supersonic wing
Generic model

Model manufactured at ONERA
None

1

Rectangular
2.75

0°

0°

N/A

0°

400 mm
1100 mm
0.44 m*
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7 % supersonic airfoil, bi-convex symmetric sharp leading edge

(see figure 4, table 1 and file “airfoil.txt” for co-ordinates)

None
Straight

2 rectangular control surfaces (flap and spoiler)

(see figure 3 for positions and dimensions, and figure 4 for

maximum steady amplitude)

Two guys were fixed between the middle of the wing tip and the
right side wall for improving dynamic behavior of the model.
Tension in guys was about 1500 N. Attachment point on the

model was on the rotating axis (see figure 1).

ONERA 82 at Modane
Continuous, variable pressure
Height=1.935 m, width=1.75m
Solid

Solid

N/A

150 mm at model location (empty tunnel, for any Mach number)

150 mm at model location (empty tunnel, for any Mach number)

Not Available
Not Available
Not Available
Not Available

Fan blade resonance's
None
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3.15 References on tunnel

Model motion

4.1 General description

4.2 Natural frequencies and normal modes of
model and support system

Test Conditions

5.1 Model planform area/tunnel area

5.2 Model span/tunnel width

5.3 Blockage

5.4 Position of model in tunnel

5.5 Range of Mach number

5.6  Range of tunnel total pressure

5.7 Range of tunnel total temperature

5.8 Range of model steady or mean incidence
5.9 Definition of model incidence

5.10 Position of transition, if free

5.11 Position and type of strip, if transition fixed
5.12 Flow instabilities during tests

5.13 Changes to mean shape of model due to
steady aerodynamic load

5.14 Additional remarks
5.15 References describing tests

Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2  Steady pressures for small changes from the
mean conditions

6.3 Quasi-steady pressures
6.4 Unsteady pressures

6.5 Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes from
the mean conditions by integration

6.7 Quasi-steady section forces by integration
6.8 Unsteady section forces by integration

6.9 Measurement of dynamic motion at points
of model

6.10 Observation or measurement of boundary
layer properties

6.11 Visualisation of surface flow
6.12 Visualisation of shock wave movements
6.13 Additional remarks

None

Steady incidence about an axis normal to wind tunnel side-wall
located on the middle of root chord.

First bending mode at 37 Hz, torsion at 76.9 Hz, second bending
mode at 96.3 Hz (with the tensioned guy lines). The values of
excitation frequencies have been chosen between modal
frequencies in order to avoid dynamic deformation of the wing,
Only rotation of the trailing edge has to be taken into account in
CFD simulations. Acceleration measurements are provided to
check that dynamic motion of the wing is negligible.

13%

62.86 %

1.2 % max.

Model fixed on a wall turret on the left side wall
1.65,2.0,2.5

0.9 bar

300K

-2, 0,+2 deg.

model incidence defined relative to horizontal wind tunnel axis
Not available

Free transition (no transition strip).

Not available

Not measured

None
1

Yes

Yes
Yes

No

No
No
Yes



7  Instrumentation

7.1

7.2

73

7.4

7.5
7.6

Steady pressure

7.1.1 Position of orifices spanwise and
chordwise

7.1.2 Type of measuring system
Unsteady pressure

7.2.1 Position of orifices spanwise and
chordwise

7.2.2 Diameter of orifices

7.2.3 Type of measuring system

7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration
Model and control surfaces motion

7.3.1 Method of measuring motion
reference co-ordinate

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
Additional remarks

References on techniques

8 Data presentation

8.1

8.2

8.3
8.4

8.5
8.6
8.7
8.8
8.9

8.10

Test cases for which data could be made
available

Test cases for which data are included in
this document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments

Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

9 Comments on data

9.1

Accuracy
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2 sections with 53 taps each (total number 106)

Sections were located at Y= 504 and 704 mm. For each section
there was 29 taps on the upper surface and 24 taps on the lower
surface (see figure 5 and table 2 for locations).

PSI system
2 sections with 53 pressure transducers each (total number 106)

Sections were located at Y= 509 and 709 mm. Chordwise layout is
the same than steady pressure taps (see figure 4 and table 2 for
locations.

0.8 mm
ONERA's conditioners and amplifiers
Kulite XCQL 093 5D

Calibrated in situ with an harmonic pressure generator.

Rotating potentiometer

16 accelerometers: 6 on the spoiler, 4 on the flap and 6 on the
fixed part. Locations of these accelerometers are shown in Fig. 6
and Table 3

0.01° (angle measurement with potentiometer)

Sampling frequency was 32 times the frequency of the sinusoidal
excitation

Real time FFT

Cp referenced to control surface motion

N/A
Accelerometers measurements in file “accelero.txt”

None

See Table 4

See file “pressure.txt”

See file “pressure.txt”

See file “pressure.txt” (2 frequencies)
No
No
No

None

None
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9.1.1 Mach number +0.001 M
9.1.2 Steady incidence $0.01deg
9.1.3 Reduced frequency Not Available
9.1.4 Steady pressure coefficients Better than £0.002 Cpm
9.1.5 Steady pressure derivatives Not Available
9.1.6 Unsteady pressure coefficients Not Available
9.2 Sensitivity to small changes of parameter Not Available
9.3 Non-linearities Not Available
9.4 Influence of tunnel total pressure N/A (Constant pressure 0.9 bar)
9.5 Effects on data of uncertainty, or variation, Not Available
in mode of model motion
9.6 Wall interference corrections Not Available
9.7 Other relevant tests on same model None

9.8 Relevant tests on other models of nominally  None
the same shapes

9.9  Any remarks relevant to comparison None
between experiment and theory

9.10 Additional remarks None

9.11 References on discussion of data N/A

10 Personal contact for further information

P. NAUDIN; ONERA, 29 Av. de la Div. Leclerc 92320 Chatillon, France
Tel: 33 01 46 73 46 21

Fax: 3301 46 73 41 43

Email: naudin@onera.fr

11 List of references

1 P. Naudin, Résultats d'essais d'une maquette bi-dimensionnelle munie d'un spoiler et d'une gouverne en
supersonique. Avril 1996 ONERA Report n° 24/5115RN031R



x/c z/c x/c z/c x/C z/c
0 0 .38 3.232093E-02 .66 3.311437E-02
.02 5.966748E-03 4 .0328363 .68 3.231008E-02
.04 9.564082E-03 42 3.330968E-02 7 3.138345E-02
.06 1.263181E-02 .44 3.374017E-02 72 3.021743E-02
.08 1.534582E-02 .36 3.175883E-02 .74 2.896985E-02
B! 1.771105E-02 .38 3.232093E-02 .76 2.747098E-02
12 1.972565E-02 4 0328363 .78 0258573
14 2.148475E-02 42 3.330968E-02 .8 2.406145E-02
.16 2.299185E-02 44 3.374017E-02 .82 2.209795E-02
.18 0243222 46 3.412692E-02 .84 2.001825E-02
2 2.549977E-02 A48 .0344435 .86 1.775008E-02
22 2.654872E-02 .5 3.469358E-02 .88 1.542041E-02
24 2.748777E-02 .52 .0348817 9 1.292678E-02
26 2.833828E-02 .54 3.498145E-02 .92 1.041014E-02
.28 2.911947E-02 .56 3.496132E-02 .94 7.797632E-03
3 0298445 .58 3.485948E-02 .96 5.181032E-03
32 3.052228E-02 .6 3.463373E-02 .98 2.590508E-03
.34 3.115928E-02 .62 .0342517 1 0
.36 3.175883E-02 .64 3.378113E-02
Table 1: Theoretical airfoil co-ordinates
Upper Surface Lower Surface
X from L.E.(mm) X/C (%) X from L.E.(mm) X/C (%)
20 5 20 5
40 10 40 10
60 15 60 15
80 20 80 20
100 25 100 25
120 30 120 30
140 35 140 35
152 38 164 41
160 40 188 47
168 42 212 53
175 43.75 236 59
182 45.5 260 65
188 47 272 68
194 48.5 284 71
204 51 294 73.5
212 53 304 76
220 55 312 78
228 57 326 81.5
236 59 335 83.75
244 61 344 86
252 63 353 88.25
260 65 362 90.5
268 67 371 92.75
276 69 380 95
284 71
304 76
326 81.5
344 86
362 90.5

Table 2: Locations of unsteady pressure taps for sections at Y=509 or 709 mm
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Nbr Accelero. X from L.E.(mm) X/C (%) Y from root (mm)

1 80 20 242

4 300 75 242

Wing 7 80 20 542

10 300 75 542

13 80 20 948

16 300 75 948

2 208 52 242

3 234 58.5 242

Flap 8 208 52 542

9 234 58.2 542

14 208 52 948

15 234 58.2 948

5 336 84 242

Spoiler 6 380 95 242

11 336 84 542

12 380 95 542

Table 3: Locations of accelerometers
Mach Steady Flap Run Steady Quasi.- 1* Unsteady 2" Unsteady
Angle of attack Deflection Number Measur. steady freq. (Hz) freq. (Hz)

al =-2° B1=0° 301 X X 60 (A=0.5) 125 (A=0.3)
p1=0° 305 X X 60 (A=0.5) 130 (A=0.15
1.65 a2=0° B2=2° 310 X X 60 (A=0.5) 130 (A=0.2)
B3=4° 313 X X 70 (A=0.5) 130 (A=0.2)
a3 =2° B1=0° 317 X X 70 (A=0.5) 130 (A=0.2)
B1=0° 342 X X 60 (A=0.5) 130 (A=0.2)
a2=0° p2=2° 348 X X 60 (A=0.5) 130 (A=0.2)
2.0 B3=4° 353 X X 60 (A=0.5) 130 (A=0.2)
a3=2° B1=0° 327 X X 60 (A=0.5) 130 (A=0.2)
B2 =2° 332 X X 60 (A=0.5) 130 (A=0.2)
B1=0° 391 X X 60 (A=0.5) 120 (A=0.2)
a2=0° p2=2° 397 X X 60 (A=0.5) 120 (A=0.2)
2.5 B3 =4° 402 X X 60 (A=0.5) 120 (A=0.2)
a3 =2° Br=0° 407 X X 60 (A=0.5) 120 (A=0.2)
B2=2° 412 X X 60 (A=0.5) 120 (A=0.2)

Table 4: List of selected data points
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SUPERSONIC MODEL IN S2MA
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Figure 2: Dimensions of the wind-tunnel test section
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Figure 3: Dimensions of the model
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AIRFOIL SECTION

7% relative thickness

400 "

Y N
N

Figure 4: Airfoil and control surfaces

This equipment on 2 chords

Upper Surf. (29 Kulites)

Lower Surf. (24 Kulites)

Figure 5: Transducers location
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e Accelerometers (16)
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Figure 6: Placement of unsteady transducers
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APPENDIX

Hereafter, an example of the formatted data file ‘pressure.txt’. This part of file shows data relative to Run N° 305 (M= 1.65,
alpha= 0, beta= 0). Steady and unsteady pressure coefficients distribution for this run are presented in Figures 7, 8 and 9.

Run= 305
M= 1.649 Pi0O(Pa)= 89943 Ti0(K)= 299.83 Q0 (Pa)= 37447.1
R= 5.04 million alpha (deg.)= 0.008 beta(deg.)= -0.020

Upper Surface
F:60 Hz A:0.5 F:130 Hz A:0.15

x/c Cpm Cpq Re (Cp) Im(Cp) Re (Cp) Im(Cp)

S
w
~J
w
|
(@]
(@)
(64
o
[e0]
|

ur
©
o
o
|
[}
o
o
@
e
I

.1449 -0.9555 -1.0544 0.0238 -3.3092 0.4860
.1428 -0.9722 -1.0674 0.0176 -3.2185 0.3293

F:60 Hz A:0.5 F:130 Hz A:0.15
x/c Cpm Cpg Re (Cp) Im(Cp) Re (Cp) Im(Cp)
0.0500 -0.3093 -0.0078 -0.0178 0.0005 -0.0861 -0.0276
0.1000 -0.2001 -0.0211 -0.0184 0.0015 -0.0837 0.0177



O 0O 0O 0O 0O 0 0O 0O 0O 0O o0 o0 0O 0O 0O o0 O o o o o o

.1500
.2000
.2500
.3000
. 3500
.4100
.4700
.5300
.5900
. 6500
. 6800
.7100
L7350
.7600
.7800
.8150
.8375
.8600
.8825
.8050
L9275
.9500

-0.1347 -0.0097 -0.0220 0.0136 -0.0817 -0.0134
-0.1009 0.0290 -0.0095 0.0060 -0.0849 -0.0212
-0.0767 0.0345 -0.0075 0.0005 -0.0697 -0.0244
-0.0620 0.0496 -0.0016 0.0029 -0.0633 -0.0019
-0.0549 -0.0220 -0.0111 0.0045 -0.0463 0.0054
-0.0445 -0.0240 -0.0133 0.0061 -0.0711 -0.0081
-0.0376 -0.0174 -0.0073 -0.0004 -0.0643 -0.0270
-0.0211 -0.0566 -0.0100 0.0048 -0.0748 -0.0228
0.0003 -0.0413 -0.0123 0.0056 -0.0496 0.0007
0.0289 0.0338 -0.0204 -0.0114 -0.0699 -0.0728
0.0425 -0.0004 -0.0124 -0.0112 -0.0504 -0.0833
0.0642 0.0162 -0.0110 -0.0115 -0.0637 -0.0670
0.0771 -0.0033 -0.0113 -0.0100 -0.0556 -0.0646
0.0872 0.0134 -0.0121 -0.0108 -0.0446 -0.0745
0.09590 0.0034 -0.0134 -0.0127 -0.0501 -0.0814
0.1336 0.8978 1.0383 -0.0236 3.3105 -0.3136
0.1391 1.0306 1.0813 -0.0497 3.3478 -0.4582
0.1428 0.9907 1.0888 -0.0709 3.2548 -0.5421
0.1459 1.0320 1.1130 -0.0456 3.2976 -0.3863
0.1507 0.9905 1.1055 -0.0051 3.3169 -0.1975
0.1523 0.9821 1.0826 -0.0453 3.1006 -0.3928
0.1570 1.0509 1.1165 0.0210 3.2651 -0.0127
Steady Cp - Run 305
05 ; T T T T T T T T
' _:,— Upper Surface
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Figure 7
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Unsteady Cp - Run 305
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Figure 8: Cp F=60 Hz
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11E. RAE TESTS ON AGARD TAILPLANE

Reported by
I W Kaynes
1008, AS
DERA
Farnborough
GU14 0LX
UK

INTRODUCTION

This data set relates to tests at RAE which were carried out and reported by D G Mabey, B L Welsh and B E Cripps, ref.1. The
tests were undertaken to provide data for the validation of codes for the prediction of both steady and unsteady pressures on low
aspect ratio configurations, suitable for the wings or controls of military aircraft. Comprehensive measurements have not been
available to verify such codes, although some measurements were obtained during the NORA programme. This was a
collaborative test on a low aspect ratio model oscillating about a swept axis, with the main aim of investigating dynamic
interference in transonic wind tunnels. NORA was named after the participating organisations: NLR, ONERA, RAE, and AVA
(branch of DFVLR). For the verification of transonic theories, a serious limitation of the NORA tests was that the steady and
unsteady pressures were measured at different sections, with only a few measurements at each section. To overcome the lack of
comprehensive measurements on a low aspect ratio configuration it was decided to make extensive measurements of steady and
unsteady pressures on a model of the AGARD SMP (Structures and Materials Panel) tailplane, which has a planform similar to
that of the wings and controls used on many military aircraft.

Previous tests have shown that for experiments in time-dependent aerodynamics it is essential to minimise aeroelastic distortion
when the model is driven. To avoid measured pressures with a significant contribution due to the distortion in the present tests,
the model had to move almost as a rigid body when it was oscillated at high frequencies. Hence the model was constructed in
carbon fibre, which provided both high stiffness and low inertia. The high stiffness was aided by the 10% thickness of the
section used, which is significantly thicker than the sections usually employed on combat aircraft. These two parameters ensured
that the first bending frequency was high for a model of this size, 180 Hz when bolted to a large mass reducing to 120 Hz when
the model was mounted on the drive system. This determined the maximum drive frequency to about 70 Hz, up to which
frequency the model distortions were small.

This paper considers the measurements made in the RAE 3ft Wind Tunnel at Bedford in December 1982. The same model has
been tested over a wider range of conditions in the DFVLR Im Tunnel at Géttingen in October 1983 under a collaborative
programme.

LIST OF SYMBOLS AND DEFINITIONS

c local chord

C, pressure coefficient, (p- p.) /q

Com mean pressure coefficient, (p- pm) /q

CPMAG magnitude of oscillatory pressure coefficient C,
CPPHASE phase angle of oscillatory pressure coefficient C, (deg)
CPST steady pressure coefficients, mean value during oscillation C,,
F frequency (Hz)

M free stream Mach number

M. local Mach number external to boundary layer

p pressure

P root mean square pressure fluctuation

Pm mean pressure during oscillation

Po static pressure

q dynamic pressure

Re Reynolds number, based on wing semi-span
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VMST local Mach number

o geometric angle of incidence (deg)

O model angle of incidence corrected for flow angle (deg)

d pitch amplitude (deg)

£ root mean square wing root strain

n non-dimensional spanwise coordinate (based on model semi-span)
AL, At Sweep angle, leading edge and trailing edge, deg

£ non-dimensional chordwise coordinate (x/c)
PRESENTATION OF DATA

Sample flow visualisations are presented as data files VIS9A3.JPG, VIS9AS.JPG, VIS11A3.JPG, and VIS131A0.JPG (see 6.11)

The sectional geometry is given as an ASCII file RAEGEOM.DAT for 6 sections. The data are in the format of heading denoting
the section station followed by 51 values of chordwise position and height.

The data for all runs are included on a single ASCII data file RAETPSEL.DAT. A FORTRAN program (RAETPR.FOR) is
provided which demonstrates the extraction of the data. The program includes a sample main segment which lists the data of a
run via a call to subroutine RAESEL. This subroutine may be employed in a user’s code to extract the data for a single run or to
serve as a model for other data extraction codes.

RAESEL subroutine
A description of the subroutine arguments follows:

CALL RAESEL (NCH, IRUN, IPASS, VMACH, FREQ, DISPL,ALPHA,RE,V
1 ,CPST,VMST, CPMAG, CPPHASE, NUMP, STN, IFAULT)

-- Arguments are as defined below (all except NCH must be variables):
Input values
NCH channel number to be used for reading the input file
IRUN Specifies the required run number.
Returned values
IPASS The data recording pass for this run
VMACH The Mach number for this run
FREQ The oscillatory frequency for this run (Hz)
DISPL The oscillation amplitude for this run (degq)
ALPHA The steady incidence for this run (deg)
RE The Reynolds number for this run
A The airspeed for this run (m/s)
The following 4 quantities are arrays of values at each chordwise location
on the 1 or 2 chords for which data is given in this pass
CPST Static pressure coefficients
VMST Local Mach numbers
CPMAG Oscillatory pressure coefficients magnitude
CPPHASE Oscillatory pressure coefficients phase angle (deq)

NUMP The number of data points in the above arrays

STN The chordwise locations of transducers (same on each chord)
array of size 20

IFAULT Indicator of any faulty transducers in this data set
(see table 2). Integer array size 40, array elements are
set non-zero for faulty transducer positions

a0
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Sample data

Sample output from RAEPTR for the data of run 459 is given below.

RUN 459 M= 1.31 FREQ= 70.31 AMPLITUDE= .575 MEAN ALPHA= -2.16
stn CP mag CP phase CP real CP imag CP steady
.015 2.6315 -32.6 2.2161 -1.4191 .1384
.025 2.7004 -31.2 2.3086 -1.4009 .0405
.050 2.2566 -29.1 1.9708 ~1.0991 .0157
.100 1.4835 -28.2 1.3080 -.7000 .0879
.150 1.3652 -23.8 1.2494 -.5503 .0652
.200 1.2337 -20.0 1.1595 -.4214 -.0273
.250 1.2614 -16.7 1.2082 -.3623 -.0812
.300 1.1%907 -14.2 1.1541 -.2930 -.1075
.350 F .0982 -46.6 .0675 -.0713 .0042
.400 1.0141 -9.3 1.0007 -.1642 -.1608
.450 .9494 -10.9 .9323 -.1795 -.2019
.500 .9290 -6.9 .9223 -.1113 -.1699
.550 .9190 -7.1 .9119 -.1141 -.1427
.600 .9412 -12.6 .9186 -.2051 -.1333
. 650 .7965 8.8 .7872 .1214 -.1557
.700 L7911 7.8 .7838 .1069 -.2055
.750 .8691 5.3 .8653 .0809 -.2070
.800 .8397 9.7 .8276 .1422 -.1573
.850 F .8146 13.3 .7929 .1869 -.0426
.900 .8695 19.7 .8188 .2926 -.1339

FORMULARY

General Description of model

1.1 Designation AGARD SMP Tailplane

1.2 Type Low aspect ratio tailplane

1.3 Derivation Planform used as standard configuration for prediction method
evaluation

1.4 Additional remarks

1.5 References 1
Model Geometry
2.1 Planform Tapered low aspect ratio tailplane, see fig.1
2.2 Aspectratio 2.42
2.3 Leading edge sweep 50.2°
2.4 Trailing edge sweep 14°
2.5 Taper ratio 0.27
2.6 Twist 0
2.7 Wing centreline chord 0.575m
2.8 Semi-span of model 0.442m
2.9 Area of planform 0.161m?
2.10 Location of reference sections and definition NACA 64A010. See coordinates for 6 sections given in the data
of profiles file RAEGEOM.DAT
2.11 Loﬁing procedure between reference Constant section
- sections
2.12 Form of wing-body junction None
2.13 Form of wing tip Straight, no rounding

2.14 Control surface details None
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- 215

Additional remarks

2.16 References

Wind Tunnel

3.1 Designation

3.2 Type of tunnel

3.3 Test section dimensions

3.4 Type of roof and floor

3.5 Type of side walls

3.6 Ventilation geometry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

3.9 Method of measuring Mach number

3.10 Flow angularity

3.11 Uniformity of velocity over test section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances

3.14 Additional remarks

3.15 References on tunnel

Model motion

4.1
42

General description

Natural frequencies and normal modes of
model and support system

Test Conditions

5.1
5.2
53
5.4
55
5.6
5.7
5.8
5.9
5.10
5.11

5.12

Model planform area/tunnel area

Model span/tunnel height

Blockage

Position of model in tunnel

Range of velocities

Range of tunnel total pressure

Range of tunnel total temperature

Range of model steady or mean incidence
Definition of model incidence

Position of transition, if free

Position and type of trip, if transition fixed

Flow instabilities during tests

For details of model structure see fig.2.
1

RAE 3ft Tunnel

Transonic/supersonic

0.91m high, 0.64m wide

Transonic: slotted; supersonic: closed
Solid

6% open area ratio

Not known

Not known

Sidewall static with a correction derived from calibration.

Flow direction was considered to be the main factor in the
observed angle of incidence for zero bending moment which
varied from about +0.4° for M in range 0.65 to 0.9 to -0.4° for
M=1.1 and 0° for M=1.2. Tests at zero mean aerodynamic
incidence are included in the data, for comparison with the bulk of
measurements which were made at zero mean geometric
incidence. The geometric incidence for zero steady bending
moment is given in table 1.

Not known
See ref.2

Significant preessure fluctuations at 3 Hz in subsonic tests
For model installed in wind tunnel see fig.3.
2,3

Oscillated in pitch about an axis at 68.2% root chord.

Lowest frequency mode (fundamental bending) of model alone on
fixed base 180 Hz, reduced to 120 Hz when model mounted on the
drive system. This is significantly above the maximum oscillation
frequency of 70 Hz.

0.486

Centrally mounted on side wall.

Tests presented here were all at 0.47 bar
Close to 293°K

-5 to +5°

Measured at root chord

NA

Band of ballotini 2mm wide at 0.075c. Ballotini diameter was
0.076mm for the subsonic and transonic tests (M<1.2) and
0.180mm for the supersonic tests.

None recorded



5.13

5.14
5.15

Changes to mean shape of model due to
steady aerodynamic load

Additional remarks
References describing tests

Measurements and Observations

6.1 Steady pressures for the mean conditions
6.2 Steady pressures for small changes from the
mean conditions
6.3 Quasi-steady pressures
6.4 Unsteady pressures
6.5 Steady section forces for the mean
conditions by integration of pressures
6.6 Steady section forces for small changes from
the mean conditions by integration
6.7 Quasi-steady section forces by integration
6.8 Unsteady section forces by integration
6.9 Measurement of actual motion at points of
model
6.10 Observation or measurement of boundary
layer properties
6.11 Visualisation of surface flow
6.12 Visualisation of shock wave movements
6.13 Aditional remarks
Instrumentation
7.1 Steady pressure
7.1.1 Position of orifices spanwise and
chordwise
7.1.2 Type of measuring system
7.2 Unsteady pressure
7.2.1 Position of orifices spanwise and
chordwise
7.2.2 Diameter of orifices
7.2.3 Type of measuring system
7.2.4 Type of transducers
7.2.5 Principle and accuracy of calibration
7.3 Model motion

7.3.1 Method of measuring motion
reference coordinate

7.3.2 Method of determining spatial mode
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Negligible

N

Y Visualisations made on prototype of the model (identical
except for having only 2 pressure transducers). Sample
visualisations are presented as data files VIS9A3, VIS9AS,
VIS11A3, and VIS131A0. A sample is shown in fig. 4b
(VIS9AS); note that these visualisations do not correspond to the
conditions of specific test runs in the data.

N

None

Measured with same transducers as unsteady pressure
See 7.2.1

See 7.2.3

Instrumented sections on one surface at non-dimensional span 1 =
0.14, 042, 0.65, 0.84, 0.96. Each section has 20 chordwise
measurement positions, at locations & = 0.015 0.025 0.05 0.1 0.15
0.20.250.30.350.40.450.50.550.6 0.650.7 0.75 0.8 0.85 0.9

Note that faults observed in specific transducers are recorded in
table 2.

Kulite pressure transducers type XCQL 093/25A mounted on
lower surface of the model

Laboratory calibration as defined in ref.4

Steady incidence measured by a potentiometer on hydraulic
actuator. Dynamic pitch amplitude derived from double
integration of the signal from an accelerometer close to the model
leading edge, see ref.1 appendix A.

Model distortion during the pitching excitation was assessed as
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7.4

7.5
7.6

of motion
7.3.3 Accuracy of measured motion
Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces
Additional remarks

References on techniques

Data presentation

8.1

8.2

83
8.4

85

8.6
8.7
8.8
8.9

8.10

Test cases for which data could be made
available

Test cases for which data are included in this
document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments
Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

Comments on data

9.1

9.2
9.3

9.4

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients

9.1.5 Steady pressure derivatives
9.1.6 Unsteady pressure coefficients
Sensitivity to small changes of parameter

Non-linearities

Influence of tunnel total pressure

very small by analysis

Recorded on Presto system with capacity for 64 channel unsteady
data. Note that to record data from all 5 sections runs were
repeated three times (as shown in table 3, pass numbers 1, 2 ,3)

Harmonic analysis to give magnitude and phase angle of the
unsteady pressure from each transducer.

Magnitude and phase of unsteady pressures. Repeatability very
good for same conditions, +0.06 for both real and imaginary parts
of CP

NA
No
4,5

See table 3

See table 4. The test points which are not included here are those
cases assessed as having large wind tunnel interference, those with
large model motion, the sweep excitations, and the 3 Hz runs in
the transonic section. Note that some of the runs which are
included here are for conditions above the buffet threshold
indicated in fig.4 (marked B in table 4).

CPST
No

Given in data as magnitude CPMAG and phase angle CPPHASE

A sample contour plot of local Mach number and pressure for
sample zero incidence case is given in figure 7.

No
No
Unsteady root strain rms values shown in figures 4, 5, 6

Original data available from the author for all runs listed in table 3
in the same format used here for the runs of table 4

1

Of the order of +0.03°

Pressure measurement repeatability about +0.002 at subsonic and
transonic speeds, and about +0.006 at supersonic speeds

NA
Repeatability of real or imaginary components estimated as +0.06

Minor effects found. Runs investigated the effects of oscillation
amplitudes 0.4, 0.8, 1.2°.

For a limited number of tests at M=0.86 a=0° the total pressure
was increased by 50% (test 6). Both steady and unsteady
measurements were virtually unaffected compared to the



9.5

9.6
9.7
9.8

9.9

Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections
Other relevant tests on same model

Relevant tests on other models of nominally
the same shapes

Any remarks relevant to comparison
between experiment and theory

9.10 Additional remarks

9.11 References on discussion of data

Personal contact for further information

DrJ Gibb

Unsteady Aerodynamics Team
DERA Bedford

Clapham

Bedford

England

MK41 6AE

jgibb@dera.gov.uk

List of references

1
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corresponding data for the regular total pressure.

For a pitch amplitude of 0.52°%at M=0.86 the model distortion
estimated to give an incidence of 0.03° at the wing tip for the
worst-case frequency of 70 Hz.

The model was also tested in the Im Tunnel at Géttingen

D G Mabey, B L Welsh and B E Cripps. Measurements of steady and oscillatory pressures on a low aspect ratio
model at subsonic and supersonic speeds. RAE TR 98095, 1984

D G Mabey. Flow unsteadiness in the new perforated working section of the 3ftx3ft tunnel. 1968

E P Sutton et al. Performance of the 3x2.9ft slotted transonic working section of the RAE Bedford 3ft wind tunnel.

ARC R&M 3228.

B.L. Welsh, D.M. McOwat. Presto: a system for the measurement and analysis of time-dependent signals.

RAE Technical Report 79135 (1979)

B.L. Welsh. A method to improve the temperature stability of semi-conductor strain gauge pressure transducers.

RAE Technical Report 77155 (1977)

© British Crown Copyright 1999/DERA

Published with the permission of the Controller of Her Britannic Majesty's Stationery Office
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Table 1 Geometric incidence for zero steady bending moment

M o M o
0.65 -0.31 1.10 +0.21
0.80 -0.31 1.20 0
0.86 -0.41 1.32 -0.1
0.90 -0.41 1.52 +0.2
0.95 -0.40 1.62 +0.1
1.05 +0.41 1.72 +0.1

Table 2 Pressure transducer faults

Transducer or cable faults were noted for the following conditions:

Run numbers Section n £
1 0.14 0.35,0.85
1'to 353 2 0.42 0.40, 0.90
(slotted transonic section) 3 0.65 0.20, 0.85
4 0.84 0.45, 0.60(intermittent), 0.85
5 0.96 -
1 0.14 0.35, 0.85
354 t0 499 2 0.42 0.40
(closed supersonic section) 3 0.65 0.20, 0.85
4 0.84 0.45, 0.60
5 0.96 0.60, 0.80




Table3 Tests for which data is available

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5%10°

ZERO GEOMETRIC INCIDENCE
Data points for sections

TEST 1

2]

[=Reol-Nels oo ool oo - s s N o No e o oo ol o Na o Xe No No o Ne o o o Ne e o e o Ra e e o N N o N = N -]

-0.37
-0.37
-0.37
-0.37
-0.37

M ) f 1 2&3  4&S
pass3 pass1 pass2
0.65 0 0 238 136 277
0.65 0.4 3 239 137 —
0.65 0.4 12 240 138 39
0.65 0.4 33 241 139 4/10
0.65 0.4 70 242 140 5/11
0.65 0.4 S 243 141  6/12
0.80 0 0 244 142 13
0.80 04 3 245 143 14
0.80 0.4 12 246 144 15
0.80 0.4 33 247 145 16
0.80 0.4 70 248 146 17
0.80 0.4 S 249 147 18
0.86 0 0 250 148 19/55
0.86 0.4 3 251 149 20/56
0.86 04 12 252 150 21/57
0.86 0.4 33 253 151 22/58
0.86 0.4 70 254 152 23/59
0.86 0.4 S 255 153 24
0.90 0 0 256 154 25
0.90 0.4 3 257 155 26
0.90 0.4 12 258 156 27
0.90 0.4 33 259 157 28
0.90 0.4 70 260 158 29
0.90 0.4 S 261 159 30
0.95 0 0 262 160 31
0.95 0.4 3 263 161 32
0.95 0.4 12 264 162 33
0.95 0.4 33 265 163 34
0.95 0.4 70 266 164 35
0.95 0.4 S 267 165 36
1.05** 0 0 268 166 37
1.05** 04 3 269 167 38
1.05** 0.4 12 270 168 39
1.05** 04 33 271 169 40
1.05** 0.4 70 272 170 41
1.05** 0.4 S 273 171 42
1.10** 0 0 274 172 43
1.10*¥* 04 3 275 173 44
1.10** 0.4 12 276 174 45
1.10** 04 33 277 175 46
1.10*¥* 0.4 70 278 176 47
1.10** 04 S 279 177 48
1.20 0 0 280 178 49
1.20 0.4 3 281 179 50
1.20 0.4 12 282 180  SI
1.20 0.4 33 283 181 52
1.20 0.4 70 284 182 53
1.20 0.4 S 285 183 54
TEST 1A ZERO AERODYNAMIC INCIDENCE
0.86 0 0 332 190 —
0.86 0.4 3 333 191 —
0.86 0.4 12 334 192 —
0.86 0.4 33 335 193 —
0.86 0.4 70 336 194 —
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Table 3 continned Tests for which data is available

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5*10°

TEST 1B ZERO AERODYNAMIC INCIDENCE
Data points for sections

o M 3 f I 2&3  4&5
pass3 pass! pass2

-0.37  0.86 0.4 S 340 — —

-0.37 0.86 0.8 S 341 — —

TEST 2 +2° GEOMETRIC INCIDENCE

+2 0.86 0 0 286 196 62
+2 0.86 0.4 3 287 197 63/74
+2 0.86 0.4 12 288 198 64
+2 0.86 0.4 33 289 199 65
+2 0.86 0.4 70 290 200 66
+2 0.86 0.4 S 291 201 67
-2 0.86** 0 0 292 202 68
-2 0.86** 0.4 3 293 203 69/77
-2 0.86** 0.4 12 294 204 70
-2 0.86** 04 33 295 205 7172
-2 0.86** 04 70 296 206 90
-2 0.86** 04 S 297 207 73

TEST3 TEST OF LINEARITY

+2 0.86 0.4 3 298 208 74/63
+2 0.86 0.8 3 299 209 75
+2 0.86 1.2 3 300 210 76
+2 0.86 0.4 12 301 211 86
+2 0.86 0.8 12 302 212 87
-2 0.86** 04 3 303 216 77
-2 0.86** 0.8 3 304 217 78
-2 0.86*%* 1.2 3 305 218 79
-2 0.86** 0.4 12 306 219 88
-2 0.86** 0.8 12 307 220 89

TEST 4 +4° GEOMETRIC INCIDENCE

+4 0.86 0 308 — 80
+4 0.86 0.4 309 221 81
+4 0.86 0.4 310 222 82
-4 0.86¥* 0 311 — 83
-4 0.86%* 0.4 312 223 84
-4 0.86%* 0.4 313 224 85

nNwowmwo



Table 3 continued Tests for which data is available

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5*10°

TEST5 +5° GEOMETRIC INCIDENCE

+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5

TEST 6 ZERO GEOMETRIC INCIDENCE — HIGH REYNOLDS NUMBER

[=RNeNeNoNoNo

M

0.65
0.65
0.65
0.65
0.65
0.65
0.80
0.80
0.80
0.80
0.80
0.80
0.86
0.86
0.86
0.86
0.86
0.86
0.65
0.65
0.65
0.65
0.65
0.65
0.80
0.80
0.80
0.80
0.80
0.80
0.86**
0.86**
0.86**
0.86**
0.86**
0.86**

0.86
0.86
0.86
0.86
0.86
0.86

0
0.4
0.4
0.4
0.4
0.4

0
0.4
0.4
0.4
0.4
0.4

0
0.4
0.4
0.4
0.4
0.4

0
0.4
0.4
0.4
0.4
0.4

0
0.4
0.4
0.4
0.4
0.4

0
0.4
0.4
0.4
0.4
0.4

0
0.4
0.4
0.4
0.4
0.4

0
3
12
33
70
S
0
3
12
33
70
S
0
3
12
33
70
S
0
3
12
33
70
S
0
3
12
33
70
S
0
3
12
33
70
S

0
3
12
33
70
S

Data points for sections

1

2&3

4&5

pass3 pass 1 pass2

326
327
328
329
330
331

348
349
350
351
352
353

231
232
233
234
235
236

92

93

94

95

96

97

105
106
107
108
109
110
117
118
119
120
121
122
98

99

100
101
102

103/104

111
112
113
114
115
116
123
124
125
126
127

129
130
131
132
133
134/13
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Table 3 continued Tests for which data is available

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5%10°

TEST7 M=132
Data points for sections

o M & f 1 2&3  4&S

pass3 pass1 pass2
-0.13 132 0.4 3 456 410 354
-0.13 132 0.4 12 462 411 355
-0.13 132 0.4 33 466 412 356
-0.13 1.32 0.4 70 460 413 357
1.87 1.32 0.4 3 457 414/416 358
1.87 1.32 0.4 12 463 415 359
1.87 1.32 0.4 33 467 — 360
1.87 1.32 0.4 70 461 419 361
2,13 132 0.4 3 458 420 362
2,13 132 0.4 12 464 421 363
=213 1.32 0.4 33 465 417 364
-2.13 132 0.4 70 459 418 365
4.87 1.32 0.4 3 468 422 366
4.87 1.32 0.4 12 472 425 367
4.87 1.32 0.4 33 475 426 —
4.87 1.32 0.4 70 471 429 369
-5.13 132 0.4 3 469 423 370
-5.13 132 04 12 473 424 371
=513 1.32 0.4 33 474 427 —
-5.13 132 0.4 70 470 428 373

TEST8 M=1.52

0 1.52 0.4 3 476 432 374
0 1.52 0.4 12 482 438 375
0 1.52 0.4 33 486 441 376
0 1.52 0.4 70 480 435 377
+5 1.52 0.4 3 477 433 378
+5 1.52 04 12 483 439 379
+5 1.52 0.4 33 487 442 380
+5 1.52 0.4 70 481 436 381
-5 1.52 0.4 3 478 434 382
-5 1.52 0.4 12 484 440 383
-5 1.52 0.4 33 485 443 384
-5 1.52 04 70 479 437 385

TEST9 M=1.62

0 1.62 0.4 3 — — 386
0 1.62 0.4 12 — — 387
0 1.62 04 33 — — 388
0 1.62 0.4 70 — — 389
+5 1.62 0.4 3 — — 390
+5 1.62 0.4 12 — — 391
+5 1.62 0.4 33 — —_ 392
+5 1.62 0.4 70 — — 393
-5 1.62 0.4 3 —_ — 394
-5 1.62 0.4 12 — — 395
-5 1.62 0.4 33 — — 396

-5 1.62 0.4 70 — — 397



Table 3 continued Tests for which data is available

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section

TEST10 M=1.72

a M

0 1.72
0 1.72
0 1.72
0 1.72
+5 1.72
+5 1.72
+5 1.72
+5 1.72
-5 1.72
-5 1.72
-5 1.72
-5 1.72

*  Very large model amplitude
** Tunnel interference serious
S Denotes frequency sweep, from 5 to 75 Hz in 10 sec. Logarithmic sweep up to run 85, Linear sweep from run 116

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
04
0.4
04

12
33
70

33
70

12
33
70

Data points for sections

1

pass3 pass ! pass2

488
494
498
492
489
495
499
493
490
496
497
491

2&3  4&S5
444 398
450 399
454 400
448 401
445 402
451 403
455 404
449 405
446 406
452 407
453 408
447 409
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Table 4 Tests for which data is presented in this report

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5*1 0°

TEST! ZERO GEOMETRIC INCIDENCE

Data points for sections

a M ) f 1 2&3  4&S
pass3 pass! pass2
0 0.65 0 0 238 136 277
0 0.65 0.4 12 240 138 39
0 0.65 0.4 33 241 139 4/10
0 0.65 0.4 70 242 140 5/11
0 0.80 0 0 244 142 13
0 0.80 0.4 12 246 144 15
0 0.80 0.4 33 247 145 16
0 0.80 04 70 248 146 17
0 0.86 0 0 250 148 19/55
0 0.86 0.4 12 252 150 21/57
0 0.86 0.4 33 253 151 22/58
0 0.86 0.4 70 254 152 23/59
0 0.90 0 0 256 154 25
0 0.90 0.4 12 258 156 27
0 0.90 0.4 33 259 157 28
0 0.90 0.4 70 260 158 29
0 0.95 0 0 262 160 31
0 0.95 0.4 12 264 162 33
0 0.95 0.4 33 265 163 34
0 0.95 0.4 70 266 164 35
0 1.20 0 0 280 178 49
0 1.20 0.4 12 282 180 51
0 1.20 0.4 33 283 181 52
0 1.20 04 70 284 182 53

TEST 1A ZERO AERODYNAMIC INCIDENCE

-0.37  0.86 0 0 332 190 —
-0.37  0.86 0.4 12 334 192 —
-037  0.86 04 33 335 193 —
-0.37  0.86 0.4 70 336 194 —

TEST 1B  ZERO AERODYNAMIC INCIDENCE

-0.37  0.86 0.4 33 337 — —
-0.37  0.86 0.8 33 338 -_ —_
-0.37 0.86 1.2 33 339 — —

TEST 2 +2° GEOMETRIC INCIDENCE

+2 0.86 0 0 286 196 62
+2 0.86 0.4 12 288 198 64
+2 0.86 0.4 33 289 199 65
+2 0.86 0.4 70 290 200 66

TEST 4 4° GEOMETRIC INCIDENCE

+4 B 0.86 0 0 308 — 80
+4 B 0.86 0.4 3 309 221 81



Table 4 continued Tests for which data is presented in this report

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5%10°

TEST5 +5° GEOMETRIC INCIDENCE

Data points for sections

+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
-5
-5
-5
-5
-5
-5
-5
-5

TEST 6 ZERO GEOMETRIC INCIDENCE — HIGH REYNOLDS NUMBER

M

0.65
0.65
0.65
0.65
0.80
0.80
0.80
0.80
B 0.86
B 0.86
B 0.86
B 0.86
0.65
0.65
0.65
0.65
0.80
0.80
0.80
0.80

0
0.4
0.4
0.4

0
0.4
0.4
04

0
0.4
0.4
0.4

0
0.4
0.4
0.4

0
0.4
0.4
0.4

0 0.86 0
0 0.86 0.4
0 0.86 0.4
0 0.86 0.4
TEST7 M=132
-0.13  1.32 0.4
-0.13 132 0.4
-0.13 132 0.4
-0.13 132 04
1.87 1.32 0.4
1.87 1.32 0.4
1.87 1.32 0.4
1.87 1.32 0.4
-2.13 132 0.4
-2.13 132 0.4
-2.13 132 0.4
=213 132 0.4
4.87 1.32 0.4
4.87 1.32 0.4
4.87 1.32 0.4
4.87 1.32 0.4
-5.13 132 0.4
-5.13 132 0.4
=513 1.32 0.4
-5.13 0 132 0.4

0
12
33
70
0
12
33
70
0
12
33
70
0
12
33
70
0
12
33
70

0
12
33
70

1

pass3 pass1 pass2

348
350
351
352

456
462
466
460
457
463
467
461
458
464
465
459
468
472
475
471
469
473
474
470

2&3

410
411
412
413
414/416
415
419
420
421
417
418
422
425
426
429
423
424
427
428

4&5

92

94

95

96

105
107
108
109
117
119
120
121
98

100
101
102
111
113
114
115

129
131
132
133

354
355
356
357
358
359
360
361
362
363
364
365
366
367
369
370
371

373
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Table 4 continued Tests for which data is presented in this report

Tests 1 to 6 — Slotted transonic section, Tests 7 to 10 — Closed supersonic section
Nominal Reynolds number 3*10° for all tests except Test 6 at 4.5*10°

TEST8 M=152

Data points for sections
o M b f 1 2&3 4&S5
pass3 pass1 pass2

0 1.52 0.4 3 476 432 374
0 1.52 0.4 12 482 438 375
0 1.52 0.4 33 486 441 376
0 1.52 0.4 70 480 435 377
+5 1.52 0.4 3 477 433 378
+5 1.52 0.4 12 483 439 379
+5 1.52 0.4 33 487 442 380
+5 1.52 0.4 70 481 436 381
-5 1.52 0.4 3 478 434 382
-5 1.52 0.4 12 484 440 383
-5 1.52 0.4 33 485 443 384
-5 1.52 0.4 70 479 437 385

TEST9 M=1.62

0 1.62 0.4 3 — — 386
0 1.62 0.4 12 — — 387
0 1.62 0.4 33 — — 388
0 1.62 0.4 70 — — 389
+5 1.62 0.4 3 — — 390
+5 1.62 0.4 12 — — 391
+5 1.62 0.4 33 — — 392
+5 1.62 0.4 70 — — 393
-5 1.62 0.4 3 — — 394
-5 1.62 0.4 12 — — 395
-5 1.62 0.4 33 — — 396
-5 1.62 0.4 70 — — 397

TEST 10 M=1.72

0 1.72 0.4 3 488 444 398
0 1.72 0.4 12 494 450 399
0 1.72 0.4 33 498 454 400
0 1.72 0.4 70 492 448 401
+5 1.72 04 3 489 445 402
+5 1.72 0.4 12 495 451 403
+5 1.72 0.4 33 499 455 404
+5 1.72 0.4 70 493 449 405
-5 1.72 0.4 3 490 446 406
-5 1.72 0.4 12 496 452 407
-5 1.72 0.4 33 497 453 408
-5 1.72 0.4 70 491 447 409

B : runs at conditions above the onset of Buffet as given in fig.4
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Streamwise section NACA64A010 ]‘ 0.31 N 0.35
Aspect ratio 2.42
Taper ratio 0.27
———————— 1=0.96
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0.89 - 0.41

Fig.1 Planform of model (AGARD SMP tailplane)
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Fig.4 Slotted section - subsonic and transonic speeds. Unsteady root strain and flow visualisation
v incidence and Mach number
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Flow visualisation, M = 090, & = 5°

Fig. 4b
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12.NAL SST ARROW WING WITH OSCILLATING FLAP

M. Tamayama, K. Saitoh, H. Matsushita and J. Nakamichi
NAL, Tokyo

INTRODUCTION

A wind tunnel model of a SST( Supersonic Transport ) arrow wing was tested in transonic regime. The purpose of this
experiment is to accumulate verification data for the establishment of aeroelasticity related CFD codes and ACT ( Active
Control Technology ) in the Japanese SST program.

The model is a semi-span arrow wing with a fuselage. The leading edge is double-swept-backed as shown in Fig. 1 and
2. The inboard sections of the model was constructed mainly with 7 mm thickness aluminum plate. A NACAQ003 airfoil was,
then, shaped by urethane resin. The dimensionless coordinates are shown in Table 1. At outboard sections, the NACA0003
airfoil was directly manufactured by cutting down an aluminum alloy. The detailed information on the model fuselage is shown
in Table 2. Table 6 shows the model’s natural frequencies acquired by both FEM analysis and a vibration test. Figure 5 shows the
contours of model natural modes acquired by FEM analysis.

There is a flap, which can oscillate in the rear part of the inboard wing. The flap was driven by an electric motor around
a hinge shaft which is parallel with the trailing edge. The deflection angle of the flap was measured using an appropriate
transducer with installed inside the model fuselage. Downward motion was measured as positive angle.

Main measurement items presented here are pressures and deformations of the model. Steady and unsteady components
of pressures were measured independently in order to remove the effect of thermal drift of pressure transducers. The pressure
orifices are located at positions shown in Table 3 and Fig. 3. Chord positions in Table 3 are those for unsteady pressure
transducers. The positions of steady pressure orifices are slightly different, because the span positions deviates 0.4% from the
unsteady pressure orifices. The steady pressure orifice No.15 was not available because of the blockage of the vinyl tube, and it
is not included in the experimental data provided.

The dynamic deformation of the model was measured by tracing optical targets installed in the wing surface. The
positions of the optical targets are shown in Table 4 and Fig. 4. Multiple targets distributed in spanwise direction were measured
with a single CCD camera. Four CCD cameras were used. While there were problems with the light intensity and some of the
camera measurement systems failed, dynamic deformations were obtained at the target positions shown in Table 7.1. Four
accelerometers are installed in the model. The locations are shown in Table 5 and Fig. 4. The accelerometer signals are useful for
the verification of the dynamic deformation measurement system.

Tables 8.1 to 8.6 included in the accompanying CD-ROM show the results of steady and unsteady components of
pressure coefficient, unsteady aerodynamic forces, steady and dynamic optical target displacement, and unsteady accelerometer
signals. The unsteady results are presented only by the fundamental and 2nd harmonic components based on the flap frequency.
The FFT function of Matlab was utilized in the frequency analysis. After data were FFT-processed in several intervals beginning
from different time, they were averaged. The data length was double the sample frequency for each FFT-processing. The
unsteady results presented in Tables 8.1 to 8.6 are not normalized by the flap amplitude. The phase characteristics are presented
with respect to the flap motion. The results are also shown in Figs. 6, 7.1 to 7.12, 8.1, 8.2 and 9.1 to 9.6 (the whole set of figures
is included in the accompanying CD-ROM here only some examples are presented). In these figures, only the fundamental
component normalized by flap amplitude is shown.

LIST OF SYMBOLS AND DEFINITIONS

c Local chord length

Cl Unsteady section lift coefficient (normalized with c)

Cm Unsteady section moment coefficient about 25% local chord (normalized with c?)
Crean Mean geometrical chord length (1.27 m)

Cp Steady pressure coefficient

C Root chord length



f Frequency

k Reduced frequency. fricpe/U

M Free stream Mach number

p Unsteady Pressure above plenum chamber
P’ Real component of fundamental of P

p" Imaginary component of fundamental of P
PI' Real component of 2nd harmonic of P

P1" Imaginary component of 2nd harmonic of P
Po Free stream total pressure

q Free stream dynamic pressure

Re Reynolds number based on free stream conditions and c,
s Semi-span width

To Free stream total temperature

U Free stream velocity

X Chordwise coordinate

y Spanwise coordinate

z Model deformation

A Real component of fundamental of z

z" Imaginary component of fundamental of z
zl' Real component of 2nd harmonic of z

zl" Imaginary component of 2nd harmonic of z
o (alpha) Angle of incidence

8 (delta) Mean angle of flap deflection

8o (delta_o) Amplitude of flap deflection

n{eta) Dimensionless spanwise coordinate, y/s

A (lambda ) Sweepback angle

E(xi) Dimensionless chordwise coordinate, x/c

6 ( theta ) Phase lag of pressure with respect to flap motion
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1  General Description of model

1.1
1.2
1.3
1.4
1.5

Designation

Type

Derivation
Additional remarks

References

2  Model Geometry

2.1
22
23
24
2.5
2.6
2.7
2.8

29
2.10

2.11

2.12

2.13

2.14

2.15

2.16

Planform

Aspect ratio
Leading edge sweep
Trailing edge sweep
Taper ratio

Twist

Wing root chord

Semi-span of model

Area of planform

Location of reference sections and definition
of profiles

Lofting procedure between reference
sections

Form of wing-body junction

Form of wing tip

Control surface details

Additional remarks

References
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NAL SST Arrow Wing with Fuselage
Double swept-back semi-span model
Proposed by Society of Japan Aircraft Company ( STAC ).

Ref. 1,2

Double tapered

2.01

72.81 deg. ( inboard )/ 51.57 deg. ( outboard )
6.57 deg. ( inboard ) / 16.94 deg. ( outboard )
1.0q=0% : 0.274570;, : 0.0783 10094

0

2103.3 mm

1000.0 mm ( From fuselage symmetry axis to wing tip. 35mm
thickness base plate inserted between fuselage symmetry plane
and tunnel side wall. See Table 2.)

0.8890 m* ( only wing ) [ fuselage : 0.2778 m?, base : 0.135 m? ]

NACAO0003 at 8 %, 57 % and 100 % semi-span positions ( see
Table 1)

Straight line generators

Wing root supported from 52.8 % to 81.4 % chord-stations at 3
points (see Fig. 2). Rest of root free to deform, so it presented
vertical displacements when the wing oscillated. A 1 mm
clearance was thus given between fuselage and wing root section
without any fairing.

Fairing using complex curve at 100 % semi-span position ( semi-
span length is slightly wider than 1000 mm. See Fig. 2)

Semi-span position : 1=20.0 - 50.0 %
Hinge-line : 110.0 mm upstream from trailing edge
Small chordwise and spanwise gaps (see Ref. 1)

Wing surface consist of aluminum alloy and urethane resin.
Accuracy of wing section shape considered within 0.25 and 1.0
mm respectively for aluminum and urethane surfaces.

Fuselage swell to cover the flap actuator presented in Table 2.

Ref. 1,2



298

Wind Tunnel

3.1 Designation

3.2 Type of tunnel

3.3 Test section dimensions

3.4 Type of roof and floor

3.5 Type of side walls

3.6 Ventilation geometry

3.7 Thickness of side wall boundary layer

3.8 Thickness of boundary layers at roof and
floor

3.9 Method of measuring Mach number

3.10 Flow angularity

3.11 Uniformity of Mach number over test
section

3.12 Sources and levels of noise or turbulence in
empty tunnel

3.13 Tunnel resonances

3.14 'Additional remarks

3.15 References on tunnel

Model motion

4.1
42

43

44

4.5
4.6
4.7

4.8

General description

Definition of motion

Range of amplitude

Range of frequency

Method of applying motion
Timewise purity of motion

Natural frequencies and normal modes of
model and support system

Actual mode of applied motion including
any elastic deformation

NAL 2m x 2m transonic wind tunnel

Continuous and pressurized / depressurized

Height : 2000 mm, Width : 2000 mm

Length : 4130 mm

Slotted

Closed

6 slots on each of roof and floor. 6 % open ratio

ca. 0.1 m

ca. 0.1 m ( thicker than 0.1 m at slot sections )

Derived from total and static pressures measured in settling and

plenum chambers, respectively. Ratio of specific heats assumed
1.4.

Less than 0.1 deg. ( upwash ).

Standard deviation of Mach number is less than 0.0025 for flow of
IMach number less than 1.0.

At flow condition of M=0.7, Po=98kPa and To=310K, sound
pressure levels based on 2x10”° Pa are less than 130dB for each
noise of 1st and 2nd fans and tunnel resonance.

About 1 kHz corresponding to 1st natural frequency of test section
plate.

Ref. 3 and 4 written in Japanese

Sinusoidal pitching of flap about swept hinge line

Flap deflection angle relative to hinge line measured with a cam
attached to hinge axis and a depth meter installed in fuselage.

Maximum command signal is 2 deg. with mean deflection angles
of 0, 5 and -5 deg.

0, 5, 10, 15( applied only to the mean deflection angle of 0 deg. ),
20,25 and 30 Hz

Forced by an electric motor
Adequate purity of sinusoid

First bending frequency at 9.79 Hz and second bending frequency
at 40.25 Hz with 3 point support. Analytic and tested results
shown in Table 6. Analytic natural modes presented in Fig. 5.

Model dynamic deformation measured by observing optical
targets installed in model. See Tables 8.1 to 8.6.

Model 1* resonant frequency is almost 13.5 Hz with airflow. Flap
oscillations at and below 15 Hz produce significant elastic
deformations that influence unsteady pressure distributions and
should be included in the calculations. Model deformation takes



4.9 Additional remarks

4.10 References

Test Conditions

5.1 Model planform area/tunnel area

5.2 Model span/tunnel width

5.3 Blockage

5.4 Position of model in tunnel

5.5 Range of Mach number

5.6 Range of tunnel total pressure

5.7 Range of tunnel total temperature

5.8 Range of model steady or mean incidence
5.9 Definition of model incidence

5.10 Position of transition, if free

5.11 Position and type of trip, if transition fixed
5.12 Flow instabilities during tests

5.13 Changes to mean shape of model due to
steady aerodynamic load

5.14 Additional remarks

5.15 References describing tests

Measurements and Observations

6.1 Steady pressures for the mean conditions

6.2 Steady pressures for small changes from the
mean conditions

6.3 Quasi-steady pressures

6.4 Unsteady pressures

6.5 Steady section forces for the mean
conditions by integration of pressures

6.6 Steady section forces for small changes from
the mean conditions by integration

6.7 Quasi-steady section forces by integration
6.8 Unsteady section forces by integration

6.9 Measurement of actual motion at points of
model

6.10 Observation or measurement of boundary
layer properties

6.11 Visualisation of surface flow
6.12 Visualisation of shock wave movements

6.13 Additional remarks
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place most prominently in the 1% bending mode (Fig. 5). Detailed
definition of the first 8 modes is included in the CD-ROM as file
“FEM.txt”

Ref. 1,2

0.222 (wing only). 0.325 (wing with fuselage and base plate)
0.500 ( wing and fuselage). 0.518 (model with base plate)
1.27%

Side mounted at middle height

0.80, 0.85, 0.90 and 0.95

70 and 80 kPa

306 to 315 deg. K

-4,-3,-2,-1,0,1and 2 deg.

Model set to zero incidence in horizontal plane.

Not measured

No remarkable instabilities detected.

About 7.5 mm wing tip displacement at M=0.85 and Po=80 kPa.
See Tables 8.1 to 8.6.

Available
Not Available

Not Available
Available
Not Available

Not Available

Not Available
Available
Available

Not Available

Not Available
Not Available

Accelerometer signals also measured.
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6.14 References

Instrumentation

7.1

72

73

7.4

7.5
7.6

Steady pressure

7.1.1 Position of orifices

7.1.2 Type of measuring system
Unsteady pressure

7.2.1 Position of orifices

7.2.2 Diameter of orifices

7.2.3 Type of measuring system
7.2.4 Type of transducers

7.2.5 Principle and accuracy of calibration

Model motion

7.3.1 Method of measuring motion
reference coordinates

7.3.2 Method of determining spatial mode
of motion

7.3.3 Accuracy of measured motion

Processing of unsteady measurements

7.4.1 Method of acquiring and processing
measurements

7.4.2 Type of analysis

7.4.3 Unsteady pressure quantities obtained
and accuracies achieved

7.4.4 Method of integration to obtain forces

Additional remarks

References on techniques

Data presentation

8.1

Test cases for which data could be made
available

Ref. 2

See Table 3 and Fig. 3

Orifices connected to scannivalves through vinyl tubes.

See Table 3 and Fig. 3

1.0 mm

Individual in situ transducers
Kulite XCS-062 range 15 PSI

Steady calibration against DPI601 using reference tube of pressure
transducer. Accuracy of the device is 0.05%.

Distance measured by depth meter mounted in fuselage and cam
attached to hinge root.

Not measured for flap, but for wing itself. Optical targets set in the
model were traced with CCD cameras. The position of targets
presented in Table 4 and Fig. 4.

Time response of angular transducer is less than 1 msec, which is
equal to 10.8 deg. phase lag at 30 Hz flap motion. Accuracy of
magnitude is less than 1 % taking into account non-linearity of
depth meter and cam, and temperature characteristics of depth
meter and its amplifier.

Pressure above the plenum chamber, accelerometer signal, flap
control signal and its actual motion sampled simultaneously at
25.6 kHz and stored. Data processed off-line to 256 Hz. Dynamic
model deformation measured by another system at 333 Hz and
stored.

Complex components of Cp using about 5 seconds data for each
flap frequency. Averaging conducted. See INTRODUCTION.

Fundamental and 2nd harmonic components for each flap
frequency presented. Although no unsteady calibrations were
conducted, accuracy shown in 9.1.6 is expected.

Simpson method. Discretely divided distributions using spline
interpolation. Leading edge unsteady Cp assumed to zero. At
outboard section, trailing edge unsteady Cp assumed to mean of
values extrapolated on each of upper and lower surfaces.

4 accelerometers installed in wing ( see Table 5 and Fig. 4).

Ref. 1

Table 7.2 (Included in accompanying CD-ROM)
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8.2

83
8.4

85
8.6
8.7
8.8
89

8.10

Test cases for which data are included in this
document

Steady pressures

Quasi-steady or steady perturbation
pressures

Unsteady pressures

Steady forces or moments

Quasi-steady or unsteady perturbation forces
Unsteady forces and moments

Other forms in which data could be made
available

Reference giving other representations of
data

Comments on data

9.1

9.2
93

9.4
9.5

9.6
9.7
9.8

9.9

9.10
9.11

Personal contact for further information

Accuracy

9.1.1 Mach number

9.1.2 Steady incidence

9.1.3 Reduced frequency

9.1.4 Steady pressure coefficients
9.1.5 Steady pressure derivatives

9.1.6 Unsteady pressure coefficients

Sensitivity to small changes of parameter

Non-linearities

Influence of tunnel total pressure
Effects on data of uncertainty, or variation,
in mode of model motion

Wall interference corrections
Other relevant tests on same model

Relevant tests on other models of nominally
the same shapes

Any remarks relevant to comparison
between experiment and theory

Additional remarks

References on discussion of data

Masato Tamayama

Aeroelasticity Laboratory, Structures Division

National Aerospace Laboratory
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Table 7.1

Tables 8.1 to 8.6 (Included in accompanying CD-ROM)

Tables 8.1 to 8.6 (Included in accompanying CD-ROM)

Tables 8.1 to 8.6 (Included in accompanying CD-ROM)

Static and dynamic model deformations presented in Tables 8.1 to
8.6. Accelerometer signals also presented in Tables 8.1 to 8.6.

Less than 0.001

0.1 deg.

Less than 0.12%

Less than (7.9xCp? + 5.9)>° x 0.001

Accuracy of | P/q | less than (0.22x| P/q [* + 1.2)*° x 0.01. Effects
of repeatability and temperature sensitivity of pressure transducer
and calibration error were considered.

Not examined

Expansion waves seemed to appear only on the flap at higher
Mach number.

Unsteady pressure distribution affected by non-linearity of
dynamic model deformation at model 1st resonant frequency.

Total pressure of 70 and 80 kPa examined.

Not estimated yet

None

Ref. 1
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11

7-44-1, Jindaiji-Higashi-Machi,
Chofu, Tokyo 182-8522, JAPAN
Phone : +81-422-40-3392

Fax

: +81-422-40-3376

E-mail : masato@nal.go.jp

List of references

1

2

M. Tamayama, H. Miwa, J. Nakamichi; Unsteady Aerodynamics Measurements on an Elastic Wing Model of SST,
AIAA 97-0836, 1997

M. Tamayama, K. Saitoh, H. Matsushita; Measurements of Unsteady Pressure Distributions and Dynamic
Deformations on an SST Elastic Wing Model, CEAS International Forum on Aeroelasticity and Structural Dynamics,
Rome, Italy, 1997, Vol.3, pp.231-238.

N. Kawai, Y. Oguni, M. Suzuki; Measurements of Free-Stream Turbulence and Disturbance in NAL 2m x 2m
Transonic Windtunnel, NAL TM-342, 1978 (in Japanese).

K. Suzukii et al; Refurbishment of the NAL 2m x 2m Transonic Wind Tunnel Test Section, NAL TM-674, 1995 (in
Japanese).

Table 1 Airfoil Section Shape

Airfoil NACAO0O03

zt(€) / ¢ = 5 x 0.03 x {aoE"+ aif + az8? + a3f3 + asl?}
ao = 0.2969, a1 = -0.1260, a2 = -0.3516

a3z = 0.2843, a4 = -0.1015

zt(E):Local airfoil thickness

3 z(3) 3 z(%)
0.00 0.00000 0.52 0.01291
0.04 0.00807 0.56 0.01220
0.08 0.01077 0.60 0.01141
0.12 0.01247 0.64 0.01055
0.16 0.01360 0.68 0.00964
0.20 0.01434 0.72 0.00867
0.24 0.01478 0.76 0.00764
0.28 0.01498 0.80 0.00656
0.32 0.01498 0.84 0.00542
0.36 0.01482 0.88 0.00423
0.40 0.01451 0.92 0.00299
0.44 0.01408 0.96 0.00168
0.48 0.01354 1.00 0.00031




Table 2 Definition of Fuselage
0% Semi-Span

Tunnel Side Wall

35

79

3
a
\
.
¥ <
/ /
.
(unit: mm)
STA R H(REF) | A(REF)
-760 0.00 000 | -
-700 15.31 3063 | -—-
-600 36.65 7331 | -
-500 63.27 106.54 o
-400 65.76 131.52 e
-300 74.71 149.42 e
-200 80.71 161.41 33.02
-100 84.34 168.69 59.10
0 86.21 172.43 69.04
100 86.90 173.80 72.41
190 87.00 174.00 72.88
200
: 87.00 174.00 72.88
1700
1824.4
: *( control surface actuator swell )
2204 4
2300
: 87.00 174.00 72.88
2400
2500 86.62 173.24 71.05
2600 84.04 168.08 57.32
2700 78.02 156.04 | -
2800 68.56 13712 | -—--
2900 55.52 111.04 | -
3000 37.32 74.64 S
3100 0.00 0.00 e

The origin of STA is the wing leading edge

at 8% semi-span position (wing-fuselage junction).
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*( control surface actuator swell )

0% Semi-Span
Tunnel Side Wall
35 y

Elipse

a

(unit: mm)
STA y a
1824.4 80.00 88.10
1864.4 85.50 94.16
1904.4 95.50 | 105.17
1944.4 | 109.50 | 120.59
1984.4 | 115.00 | 126.64
20244 | 114.00 | 125.54
2064.4 | 107.00 | 117.83
2104.4 94.00 | 103.52
2144.4 84.00 92.51
2184.4 80.00 88.10
2204.4 79.50 87.55




Table 3 Pressure Orifice Locations

n= 38.4% span ( Steady ) n= 73.5% span ( Steady )
38% span ( Unsteady ) 73.9% span ( Unsteady )
Upper Surface | Lower Surface | Upper Surface | Lower Surface
ch | x/c[%] | ch | x/c[%] | ch | xc[%] | ch | x/c[%]
1 2.5 22 70.0 30 10.0 39 79.0
2 5.0 23 60.0 31 20.0 40 66.0
3 7.5 24 50.0 32 30.0 41 54.2
4 10.0 25 40.0 33 35.0 42 48.0
5 15.0 26 30.0 34 41.8 43 41.8
6 20.0 27 20.0 35 48.0 44 30.0
7 30.0 28 10.0 36 54.2 45 20.0
8 40.0 29 5.0 37 66.0 46 10.0
9 50.0 38 80.0
10 60.0
11 70.0
12 80.0
13 82.5
14 85.0
15 86.5*
16 88.0
17 91.6
18 93.1
19 94.6
20 96.1
21 100.0*
* : Only for Unsteady Measurement
Table 4 Optical Target Locations
n & n 3
No. % % No. % %
*1196.0 | 13.0| 11| 41.0 | 43.2
*2]196.0 386 ] 12| 41.0 | 63.2
3196.0|64.2 |*13[ 41.0 | 74.0
4 176.0 [ 28.2 |*14| 41.0 | 834
*5176.0 [ 485 | 15| 18.0 | 38.2
*6| 76.0 | 66.3 | 16| 18.0 | 59.9
7 1600 34 |*17| 18.0 | 73.0
8 | 600|414 |*18] 18.0 | 80.2
*9 1600 | 59.1 |*19| 18.0 | 87.1
10 [ 41.0 | 5.0 [*20{ 60.0 | 74.5
21] 18.0 | 20.6

* Available
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13E TRANSONIC BUFFET OF A SUPERCRITICAL AIRFOIL

Reported by
X.Z. Huang
of work by
B.H.K. Lee and F.C. Tang, et al

INTRODUCTION

This investigation was carried out in the Institute for Aerospace Research (IAR) 2D High Reynolds Test
Facility (Ref. 1 to Ref. 3 and Fig. 1) to study the buffet characteristics of a supercritical airfoil, BGK No. 1 (Fig. 2).
Steady, unsteady surface pressure and normal force were measured at various angles of attack and Mach numbers.
The statistical properties of the normal force and pressure were carried out by spectral analyses. Buffet onset
boundaries were cvaluated from the divergence of the fluctuating normal force while buffet intensities were
determined from the normal force measurements. The attached and separated flow regions on the airfoil as well as
the merging of a shock induced separation bubble with the trailing edge separation region were determined by skin
friction measurements.

The test program is presented in Table 1. There are two BGK No.1 models. One has normal static pressure
orifices and 6 pressure ports to measure pressure fluctuations (BGK-1). Another has 15 fast response transducers
(BGK-1(m)). The model’s coordinates and the locations of pressure orifices and transducers are listed in Table 2
Table 3 respectively (in CD ROM). The experimental arrangement and results have been described in detail in Ref.
4 to Ref. 9. Tabulated data and illustrations are presented in Table 4 to Table 7 and Fig. 3 to Fig. 16 in CD ROM
with part of the illustrations shown here.

Fig. 3 and Table 4 show the fluctuating normal force on BGK-1 model for various Mach numbers. Typical
power spectra of the normal force are shown in Fig. 4. The frequencies of the shock motion vary from 70-80 Hz for
the Mach number range of 0.688~0.796 and are partly listed in Table 5. The flow conditions where discrete shock
oscillations were detected are summarized in Fig. 5. The test program for BGK-1(m) in Table 1 can be sorted in
three cases as seen in Fig. 5: 1) points A, B, C, D, and E; 2) points a, b, ¢, d and e; and 3) points 1, 2,3,4,and 5
respectively. The shaded region was obtained by fixing a Mach number but varying the incidence in the
experiment. A power spectra plot of the normal force was computed at each o and the presence of shock waves
was determined from observing whether the 70-80 Hz peak was present or not. The buffet boundary, which was
obtained from divergence of the fluctuating normal force, is included in this figure for reference. This buffet onset
is identified from the divergence of the normal force fluctuations by noting the point on the curve with a slope

dCN/dCp=0.1. This value is arbitrarily chosen, but in those cases where buffet onset is primarily due to trailing

edge separations, this criterion for deriving the buffet boundary is found to give consistent results and agrees with
values computed from trailing edge pressure divergence.

The static surface pressure distributions are listed in Table 6 with some examples shown here from Fig. 6 to
Fig. 8. The cross-hatched and open bar symbols in Fig. 7 and Fig. 8 denote regions of attached and separated flows
determined from skin friction measurements.

Table 7 presents the unsteady pressure or the pressure intensities along airfoil chord of BGK-1 and BGK-1(m)
models. The corresponding figures are shown in Fig. 10 and Fig. 11.

The statistical properties such as power and cross power spectral density, auto and cross correlation functions,
as well as coherence functions of pressure and normal force have been measured at different Mach numbers and
angles of attack. As examples Fig. 12 shows a set of the spectral analyses at the condition of M=0.753 and 0=5.66°
for BGK-1 model. The frequency response of the installed transducers was calibrated and established to be flat up
to approximately 200 Hz. The normal force signal was obtained at the sampling frequency of 1.6 kHz. Power
spectra of unsteady pressure on upper surface of BGK-1(m) at different locations are shown from Fig. 13a to Fig.
13c. Fig. 14 shows the cross correlation functions between different transducers at M=0.688 and 0=3.99°, 6.43°
and 9°.

The pressure-time histories on BGK-1(m) model at M=0.71 and various o are presented in Fig. 15. The
unsteady pressure fluctuations behind the periodic shock wave have two contributions. One is from a random
component associated with the turbulent motion in the separated flow region. Another is a deterministic part from
the pressure field as a result of shock wave oscillation. Thus, approximately 175 ensemble averages of the pressure
signals were performed. Each ensemble, which was synchronized to the zero crossings decided from balance
normal force spectra, had 32 samples. A Fourier analysis was then performed to obtain the fundamental and
harmonics of the oscillatory pressure field.
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For supercritical airfoils such as the BGK No. 1, it-is found that at the lower Mach number range, separation
can occur behind the shock wave as a bubble and propagates downstream as the angle of incidence is increased.
Trailing edge separation can occur at the same time and it moves upstream and the two separated regions will
eventually merge. An investigation on the model was carried out at M=0.688 using a Preston tube to measure the
skin friction on the surface at various angles of attack. The typical distributions of the skin friction coefficient are
presented in Fig. 16. The results show that at 0=4.67°, a small separation bubble begins to form behind the shock
wave. The separation bubble grows as the incidence increased and at =6.15°, trailing edge separation has already
begun and has moved to nearly 90% of the chord as seen in Fig. 16.

LIST OF SYMBOLS AND DEFINITIONS

b model span

c model chord

CL lift coefficient =L
gbc

Cles design lift coefficient

CN normal force coefficient =N
gqbc

Cp pressure coefficient =p_—qp,i

EP ensemble-averaged pressure coefficient

C;) fluctuating pressure coefficient = P,:s

C‘N fluctuating normal force coefficient = :;:‘

f frequency

L lift

M free stream Mach number

Myes design Mach number

Mgy, drag rise Mach number

N Normal force

N time-averaged normal force

Nrms rms value of normal force Nrms= J Th_r)r; %;};(N —N)2(0)dt

P local static pressure

P. free stream static pressure

P time-averaged pressure

. ’ T _
Pins rms value of the fluctuating pressure Pms= Tlim % [(P=P)(t)dt
Idad)

Qq free stream dynamic pressure



Re Reynolds number based on chord
Rx (1) auto correlation function of x(t) R, (1) = 'l!l—r)n -l_ix(t) - x(t+T)dt
Rxy(t) cross correlation function of x(t) and y(t) R, (D= Th_rfL L}'x(t) -y(t+ T)dt
Sx(f) power spectral density of x(t) S, (f)= Z_TRx(t)e_iZ"hdt
Sxy(f) cross power spectral density of x(t) and y(t) Sy ()= Z_Tny(t)e‘iz""dt
t,T time
X distance measured along chord from the leading edge
x(t) random signal
y(t) random signal
o mean wing incidence
2

Yiy coherence function of x(t) and y(t) Y ='S_f%(-g|(_f)

x y
T time delay
FORMULARY

1  General Description of model

1.1
1.2

1.3

1.4
1.5

Designation

Type

Design condition

Additional remarks

References

2  Model Geometry

2.1
22
2.3
2.4
2.5
2.6
2.7
2.8

Chord length

Span

Model coordinate
Nose radius

Maximum thickness
Trailing edge thickness
Additional remarks

References

3  Wind Tunnel

3.1

Designation

3.2 Type of tunnel

3.3 Test section dimensions

Bauer-Garabedian-Korn (BGK No. 1) airfoil

Aft-loaded, natural laminar flow-capable, shock-free
supercritical airfoil

Potential flow
Mges=0.72, My=0.75, Cp4.s=0.63

Ref. 10

10 in

151in

See Table 2 in CD ROM
t/c=11.8%

0.1% of the chord

Ref. 4, 10
IAR 2D High Reynolds Test Facility

Blowdown, closed test section

Rectangular, height 60 in, width 15 in, (see Fig. 1a)
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34
35
3.6

3.7

3.8
39

Length of parallel section
Floor and ceiling porosity

Side wall boundary layer

Side wall near model area

Ventilation geometry

Range of Mach numbers

3.10 Re
3.11 Wake traverse probe

3.12 Turbulence intensity level

3.13 Turbulence intensity level

3.14 Reference on tunnel

Measurements and Observations

4.1
42

4.3
4.4
4.5
4.6
4.7
4.8
4.9

Steady pressure for the mean conditions

Unsteady pressure for the mean
conditions

Steady forces for the mean conditions
Unsteady forces for the mean conditions
Spectral analysis of the pressure
Spectral analysis of the loads

Local skin friction

Buffet boundaries

Synchronous Cp time histories

Test Conditions

5.1
5.2
5.3
54
5.5
5.6
5.7
5.8
59

Tunnel height/model chord ratio
Tunnel width/model chord ratio
Range of Mach number
Incidence range

Reynolds number range

Range of tunnel total pressure
Maximum mass flow

Definition of model incidence

Position of transition, if free

5.10 Flow instabilities during tests
5.11 Model deformation under the loads

5.12 References describing tests

Instrumentation

6.1

Steady pressure measurements for BGK-

141 in.
20.5%

A gap between inlet and nozzle section permit bleeding into
the plenum chamber of fairly thick side wall boundary layer
(~2 in.), see Fig. 1b.

Additional porous with boundary layer suction to
atmospheric, see Fig. lc.

See Fig. 1d.

0.1to1.1

40x10%/ft at M=1, 10 seconds total run time

7 wafer (12 ports) Statham miniature transducer unit
0.1% for Re/ft < 6x10°

0.16~0.24% for Re/ft 10x10°~27x10°

0.1% for Re/ft < 6x10°

0.16~0.24% for Re/ft 10x10°~27x10°

Ref. 1,2 and 3

measured directly

measured directly

measured directly
measured directly
yes.

yes

yes

yes

yes

6

1.5

0.501 ~ 0.805
-0.36 ~ 11.74
15x108 ~20x10°
300 psi

10 Ibm/sec
between “x” of model axis (Fig. 2) and tunnel axis
Not applicable
No evidence
Negligible

Ref. 4 to Ref. 9



1 model
6.1.1 Position of orifices
6.1.2 Type of measuring system

6.2 Unsteady pressure measurements for
BGK-1 model

6.2.1 Location of transducers
6.2.2 Type of transducers
6.2.3 Dynamic response
6.2.4 Signal record

6.2.5 Data reduction

6.3 Unsteady pressure measurement for
model BGK-1(m) model

6.3.1 Location of transducers

6.3.2 Type of transducers

6.3.3 Diameter of screen

6.3.4 Type of screen

6.3.5 Signal measurements

6.3.6 Sampling rate

6.4 Loads measurement
6.4.1 Type of sensors
6.4.2 Balance

6.4.3 Pitch drive system

6.4.4 Sampling rate
6.5 Skin friction measurement

6.5.1 Type of transducers

6.5.2 Method of measurement

6.5.3 Spatial resolution

Data presentation

7.1 Test cases

7.2 Normal force fluctuation

7.3 Shock oscillation frequencies
7.4 Region of shock oscillation
7.5 Steady pressure

7.6 Unsteady pressure

7.7 Spectral analysis

7.7.1 Power spectral density

See Fig. 2a and Table 3 in CD ROM

70 pressure tubes + 15 in situ pressure transducers

See Fig. 2a (in the middle chord) and Table 3 in CD ROM
6 Kulite TQ 360 25 psid transducers
Flat up to approximately 200 Hz.

Recorded on FM tape for subsequent analysis.

See Fig. 2b and Table 3 in CD ROM

16 of 25 psid custom made CQ-062-25D differential Kulite
transducers

0.042 in.

0.005 in thick with 0.062 in diameter holes in a mesh
pattern

Signals were filtered by a four pole low pass filter having a
300 Hz 3db point and a —24 db/octave slope beyond 600
Hz.

1.6 kHz

strain gages

3 component side balance with max capacity of N=20,000
Ibf, m=22,500 in.Ib and X=2,000 Ibf

Range: 55°

maximum angular rate: 12° /sec, fully loaded
step program: 0.25°, 0.5°, 1°, 2°, 5°

ramp program: 0° — 10°/sec

1.6 kHz

Given by the difference between the total and static
pressures

Preston tube to determine the pitot pressure

0.05¢ for x > 0.6¢ and 0.02c¢ for x < 0.6¢ respectively

See Table 1

Fig. 3, Fig. 4 and Table 4 in CD ROM
Table 5 in CD ROM

Fig. 5

Fig. 6 to Fig. 9 and Table 6 in CD ROM
Fig. 10, Fig. 11 and Table 7 in CD ROM
Fig. 12, Fig. 13 and Fig. 14

Fig. 12a and Fig. 13
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(5]

(6]

(7]

(8]

7.7.2 Auto correlation functions Fig. 12b

7.1.3  Cross correlation functions Fig. 12c and Fig. 14
7.7.4 Cross power spectral density Fig. 12d

7.17.5 Coherence function Fig. 12¢

7.7.6 Cross power spectral density and Fig. 12f

coherence function between pressure
and normal force

7.7.7 Pressure-time histories Fig. 15
7.8  Skin friction Fig. 16
7.9 Example illustrations of results Fig. 6, Fig. 7, Fig. 8, Fig. 10 to Fig. 16

Comments on data

8.1 Mach number Mach number be maintained constant by control system

8.2 Steady incidence measured by a potentiometer

8.3 Balance linearity maximum 0.3% and generally < 0.1%

8.4 Balance interaction <1.26%

8.5 Balance natural frequencies 140, 215, 320, 360 Hz, buffet excitation frequencies=70-80
Hz

8.6 Unsteady pressure coefficients a discrete frequency of ~420 Hz was detected due to tunnel
disturbances (See Fig. 4)

8.7 Wall interference corrections distributed suction was applied through porous plates in the
vicinity of the model to minimize any three-dimensional
effects

Personal contact for further information

X.Z. Huang, Aerodynamics Laboratory, Institute for Aerospace Research, National Research Council of
Canada

M-10, IAR/NRC, Montreal Rd. Ottawa, Ontario, Canada, K1A OR6

e-mail: xingzhong.huang@nrc.ca
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Table 1 Test matrix

M.. ReL.XIO'6 o’ Cp Model Cases in Fig. 5

0.501 | 21.0 |11.74 1.124 BGK-1
0.703| 21.3 [-0.31,6.77,8.71 0.278, 1.077, 1.02 BGK-!
0.753 | 21.1 |5.66 0.945 BGK-1
0.775] 15.3 ]2.55,3.57,4.61 0.762,0.859, 0.868 BGK-1
0.783| 21.0 [-0.34,2.55,3.55,4.57,5.60,6.61 ]0.304, 0.756, 0.807, 0.820, 0.827, 0.84{ BGK-1
0.805] 209 | -0.36,3.52 0.314,0.727 BGK-1
0.597} 20.0 {595 BGK-1(m) a
0.688 | 20.0 ]3.99,4.95,6.43,6.94,9.0 0.981, 1.052, 1.059, 1.052, 1.069 BGK-[(m) AB,C.DE
0.688| 20.0 ]3.99,4.45,4.67,495,5.16,5.44 BGK-1(m)

5.65,5.92, 6.15, 6.43, 6.67 skin friction b
0.71 20.0 |-0.316,1.396,3.017,4.905, 6.97  10.322, 0.610, 0.886, 1.034, 1.016 BGK-1(m) 1,2,3,4,5
0.722] 20.0 1598 BGK-1(m) C
0.747] 20.0 ]6.01 0.916 BGK-1(m) d
0.772] 20.0 ]6.04 BGK-1(m) e
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