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PREFACE

This is the final technical report summarizing the adaptive-wall
wind-tunnel ressarch carried out in the Aercodynamic Research Department of
the Calspan Advanced Technology Center, Buffalo, NY, under Contract Number
N00014-77-C-0052, Task No. NR 061-199, during the performance period from
1 November 1976 to 31 October 1980. The research was sponsored jointly by
the Office of Naval Rescarch, with Mr. Morton Cooper as technical monitor,
and by the Air Force Office of Scientific Research, initially with
Mr. Milton Rogers and later with Dr. James D. Wilson as technical monitors.

The late Mr. R. J. Vidal was principal investigator until May 1978
and was followed by Dr. J. C. Erickson, Jr. Dr. A, Ritter, Head of the
Aerodynamic Research Department, had overall cognizance of the research.

The authors of this final report are indebted to several other present

and former Calspan ATC personnel who participated in various tasks of this
research, namely P. A. Catlin, J. T. Curtis, D. C. Daughtry, J. Nemeth, Jr.,
J. P, Nenni, R. K. Phibbs and the late A, F. Gretch, The authors alsc wish
to acknowledge the valuable contributions of Prof. W. R, Sears of the
University of Arizona, who was a consultant to Calspan ATC on this research
effort.
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Snade to the original experimental configuration are described. Details »
of adaptive-wall iteration experiments with a 4%-blockage NACA 0012 aizfoil

{ ‘model are presented, particularly those at a free-stream Mach number of 0.9

; snd nominal angles of attack of 3*, 2°* and 1°. In these experiments,

1 regions of supercritical flow torminated by shock waves extended to the

E tunnel walls. The results of the experiments indicate that succassful

: iterations toward interference-free flow conditions are achieved, For

3 another phase of the research, conceptual design studies of a three-

3 dimensional transonic adaptive-wall test section using the segmented-plenum,

E perforated-wall method of flow control are reported. Finally, numerical

sinulations of low-speed flow within the Calspan test section, including

the interaction of the transpired boundary layer at the walls with the

flow over the model, are described in AIAA Paper No. 81-0160, which is

appended to the report,
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NOMENCLATURE

pressure coefficient on airfoll surface, (p-pw )/qu
airfoil chord

distance from tunnel centerline to control surface
Mach number

static pressure

dynamic pressure

Reynolds number based on chord length, ¢
free-stream velocity

perturbation velocity componsnts in streamwise,
normal directions, respectively

u and v found from the exterior-flow functional-
relationship evaluations, using v and u, respectively,
as boundary conditions

streamwise coordinate with origin .at the junction
between plenum chambers 6 and 7, and 16 and 17,

see Pig. 1

angle of attack

Vi

Subscript

free-stream conditions




Section 1
INTRODUCTION

The severity of transonic wind-tunnel wall interference and the

inability of conventional procedures to correct the data because of

the inherent nonlinearity of the flow again raised concern about ten years
ago. At that time, there was a renewed importance attached to achievement
of reiiable experimental data on flight vehicle configufations, especially
in transonic flow. Recognition of the deficiencies of existing techniques
and procedures led Ferri and Baronti1 and Searsz, independently, to propose
the concept of an adaptive-wall wind tunnel in which interference could be
reduced greatly at least, if not eliminated for practical purposes.

The reduction of interference in an adaptive-wall wind tunnel is
achieved by controlling the flow field in the vicinity of the tunnel walls.
Measurement is made of the components of the disturbance velocity at discrete
points along imaginary control surfaces, or interfaces, in the flow field
within the tunnel, A theoretical representation for the flow field external
to the control surfaces, including the boundary condition for unconfined
flow, i.e., that all disturbances vanish at infinity, is used to determine
if those measured velocity components satisfy functional relationships which
are consistent with interference-free flow. If they do not, an iteration
procedure provides a new approximation for the flow field at the interfaces,
and the flow control in the vicinity of the walls is readjusted successively
until the measured quantities are consistent with the boundary condition for
unconfined flow. In this way, theory and experiment are combined to minimize
wall interference. The concept of an adaptive wall-tunnel is discussed more
completely in References 2 to 5.

A progrm of research has been in progress at Calspan since 1971
to develop and demonstrate the feasibility of the adaptive-wall concept. The
concept was demonstrated theoretically in 1973 and 1974 by iterating idealized

1

B 2

Perri, A. and Baronti, P, "A Method for Transonic Wind Tunnel Corrections'
AIAA Journal, Vol. 11, No. 1, pp. 63-66, Junuary 1973,

Sears, W.R, "Self-Correcting Wind Tunnels'" (The Sixteenth Lanchester
Memorial Lecture) Calspan Report No. RK-5070-A-2, July 1973; also the
Aeronautical Journal, Vol. 78, No. 758/759, pp. 80-89, February/March 1974.
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numerical simulations of the flow in two-dimensional adaptive-wall tunnels
for incompressible3 and transonic, supercritical-wall conditions4. Also
in 1973, a two-dimensional adaptive-wall, transonic test section was
designed, fabricated and installed in the circuit of the Calspan One-Foot
Tunnel. The test section, which is described more fully in Section 3

and in Refs. 4 and 5, consists of perforated upper and lower walls with
segmented plenum chambers. Each plenum has an individual pressure control
to provide either suction or blowing. A model with an NACA 0012 airfoil
section and a 6-inch chord was fabricated and tested4’6 in the Calspan
Bight-Foot Transonic Wind Tunnel to establish the aivcfoil characteristics
in unconfined flow at a Reynolds number, Rec' of 1.00 x 106 based on chord

length, c¢. Aerodynamic data were obtained at free-stream Mach numbers,M s
from 0.40 to 0.95 und angles-of-attack, , from -2° to 8°.

4,5 was carried out during 1974 and 1975

An experimental program
in the One-Foot Tunnel for flows which were supercritical at the model,
but subcritical at the control surfaces and walls, i.e. for M 0.725,
Initial experiments with the tunnel operated so as to simulate conventional
perforated-wall tunnel operation displayed4 significant wall interference
for these free-stream conditions, since the solid blockage of the 6-inch
chord model is 6%, Iteration at several flow conditions in this regime of
operation indicated4'5

elimination of the wall interference.

satisfactory convergence to unconfined flow and

3 Brickson, J.C., Jr. and Nenni, J.P. "A Numerical Demonstration of the

Establishment of Unconfined-Flow Conditions in a Self-Correcting Wind Tunnel"
Calspan Report RK-5070-A-1, November 1973,

vidal, R.J., Brickson, J.C., Jr. and Catlin, P.A. "“Experiments with a Self-
Correcting Wind Tunnel' AGARD-CP-174, October 1975; also Calspan Report
No. RK-5070-A-4, October 1975.

Sears, W.R., Vidal, R.J., Erickson, J.C., Jr. and Ritter, A. "Interference-
Free Wind-Tunnel Flows by Adaptive-Wall Technology' ICAS Paper No. 76-02,
10th Congress of the International Ceuncil of the Aeronautical Sciences,
Ottawa, Canada, 3-8 October 1976; also Journal of Aircraft, Vol. 14, No. 11,
pp. 1042-1050, November 1977,

Vidal, R.J., Catlin, P.A, and Chudyk, D.W, "Two-Dimensional Subsonic
Experiments with an NACA 0012 Airfoil" Calspan Report No. RK-5070-A-3,
December 1973,
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The success achieved at these subcritical-wall conditions led

-
itk o,

to extension of the research effort to encompass tunnel operating conditions
at higher Mach numbers for which shock waves generated by the model reach
the control surfaces and walls. Morecver, consideration was given to a

J———rs

perforated-wall, segmented-plenum implementation of the adaptive-wall
concept in three dimensions. This report summarizes the research performed A
to meet these objectives with joint sponsorship by the Office of Naval
Research (ONR) and the Air Force Office of Scientific Research (AFOSR).

=

There have heen three principal tasks in the investigation.
First, experimental research was carried out in the two-dimensional test
section of the One-Foot Tunnel. During 1976 and 1977, this task complemented
and supplemented7 the experiments performed8 with sponsorship by the

Arnold Bngineering Development Center (AEDC). During 1980, additional
%: ! experiments were carried out as a continuation of research accomplished9
4 during 1978 and 1979 with further AEDC sponsorship. The second task,
performed during 1978 and 1979, was the development of more realistic
' numerical simulations of an airfoil in a two-dimensional adaptive-wall test
section, including the influence of tunnel-wall boundary layers. The third
task was a preliminary investigation of the design requirements for three-
" dimensional adaptive-wall test sections, with particular attention given to
%' the adaptability of the Calspan One-Fouot Tunnel to meet these requirements.
% This task was performed during 1978 and 1979.
i

i 7 Vidal, R.J. and BErickson, J.C., Jr. ‘Experiments on Supercritical Flows
in a Self-Correcting Wind Tunnel' AIAA Paper No. 78-788, AIAA 10th

Aerodynamic Testing Conference, San Diego, California, 19-21 April 1978.

vVidal, R.J. and Erickson, J.C., Jr. "Research on Adaptive-Wall Wind
" Tunnels'" AEDC Report No. AEDC-TR-78-36, November 1978,

B Investigations of Adaptive-Wall Wind Tunnels" AEDC Report No.

Brickson, J.C., Jr., Wittliff, C.E. and Daughtry, D.C. "Further
I\ ABDC-TR-80-34, October 1980, 1
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For completeness and to place in perspective the progress on
adaptive-wall wind tunnels, a brief survey of adaptive-wall experiments
at other laboratories is given in Section 2. The adaptive-wall test
section and airfoil models for the Calspan One-Foot Tunnel, including
modifications that were made during the present investigation, are described
in Section 3. Also described in this Section is the development of instru-
mentation and calibration techniques for measuring the streamwise disturbance
velocity component, u , and the normal component, v. In Section 4, results
of experimental iterations toward interference-free flow conditions with
a 4%-blockage NACA 0012 airfoil model are presented for supercritical flow
conditions at the walls., These ¢xperiments, which were performed during
1980 at M, = 0.9 and & = 3°, 2° and 1°, have achieved reasonable success
and have extended the applicability of the adaptive-wall concept to more
severe transonic conditions than had been accomplished previously,

Appendix I contains a list of papers, reports and presentations
that were prepared during this investigation. Appendix II contains a summary
of the Calspan Design studies for a three-dimensional adaptive-wall test
section. Finally, a copy is attached of AIAA Paper No. 81-0160 entitled,
Numerical Simulations of a Segmented-Plenunm, Perforated, Adaptive-Wall Wind
Tunnel. This paper by J.C. Erickson, Jr. and G.F. Homicz was presented at
the AIAA 19th Aerospace Sciences Meeting in St Louis on 12-15 January 1981,

and describes the results of the work on the second task.
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Section 2

SURVEY OF ADAPTIVE-WALL EXPERIMENTAL RESEARCH

There have been several different approaches to practical wall-
control methods for adaptive-wall wind tunnels. To date, with exceptions
to be noted, the experimental research has been carried out in two-dimensional
flows. Two fundamentally different wall-control methods have been pursued,
namely changing the shape of impermeable, flexible walls and using ventilated
walls, either perforated or slotted, with segmented plenum chambers and/or
porosity control. In this section, a brief survey is given of the experimental
results that have been achieved elsewhere. There will be no discussion here
of any theoretical efforts in support of the concept. !

Impermeable, flexible-wall tunnels have been developed by three
European groups, namely thosed led by Chevallier at ONERA/Chalals, Goodyer
at the University of Southampton, and Ganzer at the Technical University
of Berlin. In all of these implementations, the wall positions, with
corrections for boundary-layer displacement, are used to determine the
velocity component, V , normal to each control surface (the wall in this
case) and static pressure measurements along the walls are used to determine

the streamwise component, U .

Chevallierlo achieved successful iteration to unconfined flow in
1975 with a 4.4%-blockage NACA 64A010 model for M, up to 0.85. This tunnel
configuration and associated techniques have been adapted11 in a two-
dimensional test section of 0.4 m x 0.4 m for the T2 Transonic Tunnel at
ONERA/CERT at Toulouse.

10 Chevallier, J.P. "Soufflerie Transsonique a Parois-Adaptables" AGARD-
CP-174, October 1975; also translated into English as European Space Agency
Report ESA-TT-326, October 1976, available as NASA Accession No. N77-13085.

Poisson-Quinton, P, "Some New Approaches for Wind-Tunnel Testing Through
the Use of Computers" AIAA Paper No. 79-0707, First Intersociety Atlantic
Aeronautical Conference, Williamsburg, Virginia, 26-28 March 1979; also
ONERA TP No. 1979-24,

11




Goodyer, et al. have obtained similar success, initially at low

speed312 in 1975, and then at transonic speedsl3 in 1980. In these latter

experiments, unconfined-flow conditions were achieved at My, = 0.89
and Ol = 4° with an 8%-blockage NACA 0012-64 model, However, it should
be noted that although shock waves extend to the walls, the exterior-flow

calculation was based on subcritical-flow theory. Goodyer's configuration

and techniques are being implemented

14 in a two-dimensional test section of

0.33 m x 0.33 m in the 0.3 m Transonic Cryugenic Tunnel at the NASA Langley

Research Center.

15,16

Ganzer achieved fully-automated iterative contrcl of the

walls for 8%-blockage models of NACA 0012 and supercritical CAST 7 airfoils
up to M, = 0.82 during 1979 and 1980. Again, subcritical exterior-flow

16

calculations were performed. Ganzer also has carried out = preliminary

experiments in the two-dimensional tunnel with a three-dimensional model,

and the other groups plan

11,13 to do so as well. The objective in these

experiments is to achieve partial control and then to use the measured

wall pressures to compute residual corrections along the lines first

12

13

14

16

Goodyer, M.J. "A Low-Speed Se¢lf Streamlining Wind Tunnel' AGARD-
CP-174, October 1975,

Goodyer, M.J. and Wolf, S.W.D. 'The Development of a Self-Streamlining
Flexible Walled Transonic Test Section' AIAA Paper No. 80-0440,

AIAA 11th Aerodynamic Testing Conference, Colorado Springs, Colorado,
18-20 March 1980.

Ladson, C.L. -"A New Airfoil Research Capability" in Advanced Technology
Airfoil Research, Vol., 1, NASA CP-2045, Part 1, March 1979.

Ganzer, U. "Windkanale mit Adaptiven Wanden zur Beseitigung von
Wandinterferenzen! Zeitschrift fur Flugwissenschafteun. und
Weltraumforschung, Vol. 3, No. 2, pp. 129-133, 1979; also translated into
English as NASA TM-75501, August 1979. '

Ganzer, U. '"Adaptable Wind Tunnel Walls for 2-D and 3-D Model Tests"
ICAS Paper No. 23-3, 12th Congress of the International Council of
the Aeronautical Sciences, Munich, Germany, 12-17 October 1980.
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17,18 20.

proposed by Kemp and later treated by Capelier, et al.lg and Murman
Ganzer also describes16 plans for building a three-dimensional flexible-wall

test section.

Bmphasis in the United States, namely at AEDC and NASA Ames Research
Center besides Calspan, has been on ventilated adaptive-wall configurations.
Also, although the complete adaptive-wall procedures were not used, Weeks21
accomplished some wall control at the Air Force Flight Dynamics Lesboratory in
1675 by slotted walls with contoured slots.

AEDC results?? published in 1979, describe experiments with two
different wall configurations in the Aerodynamic Wind Tunnel (1T) up to M, =
0.80 for an NACA 0012 model with 6%-blockage. One wall configuration has pro-
visions for varying the hole angle of a perforated wall as a function of the
streamwise direction by means of multiple rows of bored spheres connected by
10ds normal to the streamwise direction, The other wall configuration has
variable-porosity walls formed by matched sliding plates that have inclined
holes like those in the AHDC Aerodynamic Wind Tunnel (4T)., These walls can be
adjusted globally to give a porosity that is uniform on each wall, but may
differ between the top and bottom walls. In each implementation, the top and
bottom walls were both vented to a single plenum chamber, the pressure of which
17

Kemp, W.B., Jr. "Toward the Correctable-Interference Transonic Wind
Tunnel' AIAA Paper No. 76-~1794, AIAA 9th Aerodynamic Testing Conference,
Arlington, Texas, 7-9 June 1976.

Kemp, W.B., Jr. "TWINTAN: A Program for Transonic Wall Interference
Assessment in Two-Dimensinnal Wind Tunnels' NASA TM-81819, May 1980.

Capelier, C., Chevallier, J-P. and Bouniol, F. "A New Method for
Correcting Wall Interference'" ILa Recherche Aerospatiale, 1978, No, 1,
January-February 1978, pp. 1-11; also translated into English as European
Space Agency Report ESA-TT-491, August 1978, available as NASA Accession
No. N79-11997,

Murman, BE.M. "A Correction Method for Transonic Wind Tunnel Wall Inter-
ference’ AIAA Paper No. 79-1533, AIAA 12th Fluid and Plasma Dynamics
Conference, Williamsburg, Virginia, 24-26 July 1979.

Weeks, T.M. "Reduction of Transonic Slotted-Wall Interference by Means
of Slat Contouring: Air Force AFFDL-TR-74-139, March 1975.

Kraft, E.M. and Parker, R.L., Jr. "Experiments for the Reduction of
Wind Tunnel Wall Intexrferenced by Adaptive-Wall T.achnology"
AEDC Report No. ABDC-TR-79-51, October 1979.

18
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was adjustable in magnitude. In both experiments, u was measured by static
pipes and v by aerodynamic probes. Both subsonic and transonic small-
disturbance theory were used, as appropriate, to evaluate the functional rela-
tionships for unconfined flow. Sufficient control existed with both wall
configurations to reduce the interference significantly, but complete iterations

to unconfined flow were not achieved.

ABDC, in a paper published in 1980, also obtained significant reduc-
tions23 in interference in three-dimensional flows for a wing/fuselage/hori-
zontal-tail configuration in Aerodynamic Wind Tunnel (4T). In these experimmnts,
global porosity variation on the top, bottom and side walls was used as with
the two-dimensional variable-porosity walls, again with constant plenum pressure.
A single translating probe was used to measure both u and v at a control surface
of rectangular cross section that surrounded the model.

The NASA Ames Rosearch Center adaptive-wall test section24 has
slotted top and bottom walls with ten independently-controlled plenum
chambers behind each wall. Laser velocimetry is used to measure v at two
different distances from the model and the corresponding functional-
relationship evalutions were carried out by subsonic theory. Measured
influence functions based on plenum pressure adjustment were used to
determine control adjustments. Successful iteration to unconfined flow was
reported in 1980 up to about My, = 0.8 fox an NACA 0012 airfoil model with
7%-blockage. The use of this two-dimensional tunnel for examining fully
three-dimensional flows in the manner of the European experiments also

has been suggested24.

23 Parker, R.L., Jr. and Sickles, W.L. "Application of Adaptive Wall Techni-
ques in a Three-Dimensional Wind Tunnel with Variable Wall Porosity'" AIAA
Paper No. 80-0157, AIAA 18th Aerospace Sciences Meeting, Pasadena,
California, 14-16 January 1980.

Bodapati, S., Schairer, E. and Davis, S. '"Adaptive-Wall Wind-Tunnel
Development for Transonic Testing" AIAA Paper No., 80-0441, AIAA 1llth
Aerodynamic Testing Conference, Colorado Springs, Colorado, 18-20 March 1980.




Section 3

EXPBRIMENTAL FACILITY AND INSTRUMENTATION

3.1 Test Section and Airfoil Models

The Calspan One-Foot Tunne14’5, shown schematically in Figure 1,

is a closed-circuit, continuous flow facility. The two-dimensional adaptive-
wall test section is 12-inches high, 10-inches wide and 56-inches long with
perforated top and bottom walls of 22,5% open-area ratio. The plenum
chambers behind the perforated walls have been divided into 18 segments, 10
on the top and 8 on the bottom, and each segment is connected to a pressure
and a suctlon source through individual control valves. The pressure source
is the tunnel stilling chamber, and the suction source is an auxiliary
compressor discharging into the tunnel circuit in the diffuser. Six plenum
chambers in the immediate vicinity of the model have provisions for a
distributed porosity which can be varied linearly in the streamwise direction.
This capability was not exercised in these experiments and a constant open-

area ratio was used.

As mentioned in the Introduction, a model with an NACA 0012
airfoil section and a 6-inch chord (6% blockage in the One-Foot Tunnel)
was fabricated and tested4'6 in the Calspan Eight-Foot Transonic Wind Tunnel.
This model is instrumented with a row of pressure orifices on both the upper
and lower surfaces, and with a three-component force balance supporting a
metric section on the tunnel centerline. An initial series of experimeats
with this airfoillmodel at higher Mach numbers had shown7’8 that the available
wall control was limited so that successful iteration to unconfined flow
could not be achieved. This recurring inability to achieve full control of
the flow field at all plenum sections led to an analysis of the flow in the

auxiliary suction system and the test section7’8.
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Basically, the analysis consists of writing a pressure balance
for the auxiliary suction system. The analysis includes the operating
characteristics of the auxiliary compressor, the losses in the pipes, the
recompression pressure loss arising from the compressor discharge into the
diffuser, the pressure drop across the perforated walls, and the required
unconfined-flow pressure at the wall locations due to the model. When
suitable engineering approximations for these pressure terms were made,
using, in part, data measured in the One-Foot Tunnel, the predicted limits
on avallable control agreed reasonably well with experimental observations.
One conclusion from this analysis was that the recompression penalty could
be reduced considerably, This was accomplished by introducing an area change
in the tunnel diffuser at the location where the flow from the auxiliary

blower is vented into the tunnel circuit.

The analysis also illustrates the three major trade-offs available
in the design and application of adaptive-wall test sections of this
configuration; namely compression ratio, wall open-area ratio and model size.
Tunnel performance could be improved by increasing the compression ratio,
but the improvement would be available only at Mach numbers above about 0.75,
because the wall perforations would be choked at Mach numbers below that
value., That restriction could be relaxed considerably by using a larger
open-area ratio, although the shock-wave reflection characteristics might not
be as favorable. Decreasing the model size from 6% blockage to a smaller
value would decrease the magnitude of the disturbance velocities at the
walls and would iﬁprove the tunnel performance. Consequently, an NACA 0012
airfoil model with & 4-inch chord (4% solid blockage) was constructed. It
has a row of pressure orifices along its centerline on the upper and lower
surfaces, but there are no provisions for measuring the forces and pitching
moment directly., This model was used in the experiments to be described

below.
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1 3.2 Initial Flow-Velocity Measurement Techniques

b In the experiments prior to those of Ref. 9, local flow angle was
measured by asrodynamjc probes and the local static pressure by static pipes.
These measurements were used, respectively, to determine V and W . The
static pipes,d’s each with 52 static orifices along its length, were located
. with their centerlines nominally 4.0-inches above and below the tumnel ; k
k centerline and had a 0.5-inch diameter. Eighteen flow-angle probes4'5 were

. mounted nominally 4.5-inches above and below the centerline with each -one

:' opposite the center of a plenum chamber. Blockage and probe wake consider-

ations limited the number of probes to this quantity, which made it difficult N
to obtain sufficient measurements to define adequately the vV distributions : 5

in the vicinity of the model.

P

R e ey

Operational procedures required that the distributions of the
measured normal velocity component v be used as the boundary conditions ,
on the external-flow calculations to provide the next spproximation to u. -
It was difficult to carry out conventional interpolation procedures accurately
based on the limited number of v measurements available. Fortunately,
however, sufficlent numbers of u measurements were available to provide
a good definition of their distributions., Based on this situation, a
procedure was devised to provide a better interpolation in the v data.

. T e v

The first step in this intexpolation procedure was to use the
extensive u data,.as interpolated by a cubic spline (smoothed or not, as
desired), to calculate the corresponding unconfined-flow distribution v[u].
This calculation used a finite-difference solution of the transonic small-
disturbance equationss. Next, the difference v - v[u] was determined at each

TR oL
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ﬁff x looation where v measurements were made. These differences were then inter-

| polated linearly in x, so that the resultant interpolation in v was found by

adding the interpolated difference, v - v[u], to the calculated v{u] distri- :
bution. Once the v interpolation had been found, the exterior-flow calcula-

-Au. tion of ufv] was carried out to give the next approximation to u which was

set in the tunnel., Again, transonic small.disturbance solutions were used. f
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This procedure thus used the shape of the v[u] distribution as
a basis for interpolation since the distribution was well-defined experi-
mentally. Clearly,as convergence of the tunnel iteration was approached,
the differences v - v[u] approached zero and the interpolation improved.
Limited use of this procedure in the experiments of Ref. 8 and a few
subsequent ones indeed showed an improvement in the interpolation. However,
questions still existed about the actual behavior of v - between measuring
points. Moreover, the probes have limited the research in other ways.
The small probes used are very sensitive to contamination from oil present
in the tunnel air stream and must be cleaned frequently. This cleaning can
disturb them and render their calibrations for zero flow angle suspect, and
. thus require frequent re-calibration. Therefore, an alternative technique
was sought.

3.3 Revised Flow-Velocity Measurement Techniques

The alternative technique selected for measuring v involves

measuring the static pressures at one control surface and the difference
between those pressures and the pressures at a second surface slightly
farther away from the model. In effect, this can be regarded as measuring
the local static pressure and its gradient, from which the streamwise
derivative of the normal velocity, dv/dx, can be inferred, The advantage

in this measurement technique is that static pressure is easy to measure
with good precision and one can easily obtain good spatial resclution.

The TSFOIL computér code25 was used to calculate preliminary estimates of
the pressure differences to be expected, and these differences are readily
measurable in the immediate vicinity of the airfoil,

Development of a new static-pipe technique to achieve this was
performed with ABDC sponsorship and is described in Ref. 9. Briefly, the
new pipes, of 0.625-inch diameter, have diametrically opposed orifices on

25 Murman, E.M., Bailey, F.R. and Johnson, M.L. "TSFOIL-A Computer Code for

Two-Dimensional Transonic Calculations, Including Wind-Tunnel Wall Effects
and Wave-Drag Bvaluation" Paper No. 26 in Aerodynamic Analyses Requiring ;
Advanced Computers, NASA-SP-347-Part 2, March 1975, g
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their top and bottom in the vicinity of the model. There are 18 pairs of
these orifices extending 9 inches upstream and 11 inches downstream of the
junction between plenum chambers 6 and 7, as shown in Figure 1, These dual
orifices span the region where the static pressure differences are equal to,
or greater than, the resolution capability of the pressure transducers being
used. Upstream and downstream of this region, the static pipes have orifices
which extend the full length of the test section along the side of the pipe
facing the model, The most forward static pressure orifice on each pipe
(which is located at the beginning of the test section) is connected to a
manifold and the reading is taken to be the free-stream static pressure, P
All remaining 33 pressures on the model sides of the pipes are measured
relative to P, . In addition, the differential pressures between the 18
opposing pairs of orifices on each pipe are measured. The differential
pressure transducers used have a probable error of 0.001 psi or less, and

the read-out system has a resolution of 0.001 psi. .

After fabrication, the new static pipes were mounted with their
centerlines nominally 4.0 inches from the test-section centerline, as the
original pipes were. However, in order to use the probe flow-angle data
in conjunction with the differential pressure data, the probes were re-
located to the plane of the static pipe centerlines from their original
locations 4.5 inches from the test-section centerline. In the original
configuration, four of the probes in the vicinity of the model were mounted
through the test-section windows and their frames. It was not feasible to
relocate or remove these probes, so they werc retracted to lie against the
side walls. However, two new flow-angle probes were fabricated and mounted
in the vicinity of the model. The resulting locations of the flow-angle i
probes at the lower control surface are shown in the side view of Figure 1,
while the upper probes are shown in the top planform view. The lateral i
staggering of the probes was chosen to avoid interference effocts.
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The flow about static pipes in the presence of model/wall-induced
disturbances was analyzed9 within the framework of conventional slender-body
theory for subcritical, compressible flow and the theory of matched asymptotic
expansions. This analysis relates the average of the pressure measurements

across the pipe to u at the pipe centerline. In addition, the analysis
relates the differential pressure measurements across the pipe to the stream-
wise derivative of the v at the pipe centerline. The derivative, dv/dx, can
be integrated to obtain the distribution of v if at least one independent
measurement of v is made. Based on experiencesg with supercritical flows in
which the shock wave from the model intersects the pipe, separate integrations
of dv/dx are carried out upstream and downstream of the shock, thus requiring

independent v measurements in each region,

As mentioned previously, it is necessary to calibrate the probes
in the tunnel periodically to determine their apparent flow-angle readings
for uniform flow parallel to the tunnel centerline. The procedure for this
part of the overall probe calibration technique is to use the wall control
to set a uniform static pressure along the entire length of both static
pipes. The flow is assumed to be parallel to the tunnel centerline and the
probe readings are taken to be those for zero flow inclination. An efficient
independent measurement technique to assure that the flow is parallel to the
centerline is not available. However, the procedure just described was
verified independently early during this research effort by obtaining
corresponding probe measurements in the test section after conversion to
solid walls by the application of tape to the top and bottom walls.

While reviewing the empty-tunnel runs performed as part of the
experiments in Ref. 9, however, it was observed that although the uniformity
of the flow was comparable to that measured in earlier experiments, plenum
pressure control valve settings to achieve uniform flow were quite different.
In particular, at Mg = 0.8 and 0.9, the first three upper plenum chambers
were providing near-meximum suction, while the first two lower plenum
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chambers were providing slight blowing. Therefore, it is suspected that
the flow was inciined upwards at a constant angle along the length of the
test section. This would cause probe calibration errors and could lead to
observation of an apparent negative cross-flow bias in the experiments.
Unfortunately, a uniform flow inclination along the length of the test
section would not be apparent in the measurements of differential pressures
across the static pipe since those measurements detect dv/dx, rather

than v itself.

Accordingly, in the most recent empty-tunnel runs at M, = 0.8,
0.9 and 0.94, extreme care has been taken to insure that the upper and lower
valves were set to provide comparable amounts of suction at the upper and
lower walls. The asymmetry of the test section, namely ten upper plenum
chambers and eight lower onos, complicates the adjustment of comparable
amounts of suction. However, it has been observed (se2 Fig. 6 of Ref. 9)
that relatively large variations in pipe static pressure measurements
occur near the upstream and downstream ends of the test section. Thus, by
relaxing the requirements at the upstream end during the early stages of
the adjustment process, uniform pressure could be set over most of the test
section length with balanced amounts of suction. Further adjustments then
could be made upstream and downstream to achieve uniform flow. The final
valve settings do indicate that comparable suction is being applied at the
upper and lower walls. The data obtained in this fashion provided revised
probe calibrations for zero flow inclination and were incorporated into the
data reduction prdcedure.

In the AEDC-sponsored experimentsg, the differential pressure
measurements in uniform, parailel flow indicated an apparent gradient in
normal velocity at the upper pipe for all Mach numbers tested, It was
concluded that this gradient is an artifact of the pipe construction and
installation. Accordingly, it was eliminated by treating the empty-tunnel
gradient as a tare reading. In the most recent experiments, a slight
revision of the empty-tunnel gradient tare was made for the upper pipe,
and a small tare for the lower pipe was introduced as well,

16
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Section 4

EXPERIMENTS WITH SUPERCRITICAL FLOW AT THE WALLS

4.1 Background

The major part of this investigation has been directed at flows
which are supercritical at the control surfaces and walls. Experiments
were performed which had the objective of demonstrating the segmented-
plenum, perforated-wall implementation of the adaptive-wall tunnel concept
for these practically important flow conditions. In the previous section,

changes in the test section, auxiliary suction system, airfoil model and
the instrumentation have been described. All of these were accomplished
in order to provide the capability for completing these experiments
successfully. Before summarizing briefly the early supercritical-wall
experiments7—9 and describing in detail the nmost recent experiments at
M, = 0.9, the rationale for the choice of supercritical-wall cases will
be described.

The 1ift data for the 6-inch chord NACA 0012 airfoil, as tested6
in the Calspan Eight-Foot Tunnel at a chord Reynolds number, Rec, of
1.00 x 106, showed unusual characteristics at M o = 0.85 and 0.9, see
Fig. 2. In particular, the lift-curve slope is very small at small oL
and then has a gradual break between . = 2° and 3° to a larger slope.
This behavior was not observed at M, = 0.8 and below (see Fig. 5 of Ref, 6),
or at M, = 0.925 or 0.95, as shown in Fig. 2. The airfoil surface pressure
data for these caSe56’8 show that both the upper and lower airfoil surfaces
are supercritical over a fraction of the chord length. It might be expected
that the shock-wave formations on the upper and lower surfaces would be
sensitive to wall-interference effects, so these test conditions promised
to be realistic tests of the Calspan adaptive-wall implementation. Accordingly,
operation at M,= 0.85 and 0.9 was originally selected for the supercritical-
wall experiments.

17
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Later, while conducting supercritical-wall tests at M= 0.9, diffi-
culties encountered in the iteration process prompted the reconsideration of
the Eight-Foot Tunnel data. A close examination of the Eight-Foot Tunnel data
at M, = 0.85 and 0.9 for low & indicates considerable scatter. This appar-
ently results from relatively large changes in the shock-wave locations on the
airfoil due to small changes in O(. Furthermore, the data in Fig. 2 and in
Fig. 5 of Ref. 6 show that there was a small positive flow angularity in the
Eight Foot Tunnel for all M except 0.9, where it was -0.62°. The intercept
at M,y = 0.9 is suspect, however, because of the aforementioned scatter in
the data. This intercept has been used in the experiments presented heve,
but the uncertainties associated with the Eight-Foot Tunnel data in this Mach
number range might have unduly contributed to the difficulties encountered in
providing definitive verification of interference-free flow. In principle,
these uncertainties could be removed by operating at a higher Mach number,

In these studies, however, this was prevented by the limitations in the One-
Foot Tunnel capabilities.

One final aspect of the data concerns the Reynolds number., In
the experiments with the 4%-blockage model in the One-Foot Tunmnel, ReC is
limited to 0.67 x 106. This limitation arises because the tunnel cannot
be run continuously at conditions which provide for Rec = 1,00 x 106 with
the smaller model. Both these values are in a range where significant
differences in the detailed and integrated flow characteristics can be
expected as a function of Rec. Therefore, a question remains about the
pressure distributions, including shock-wave locations, that are to be

expected in interference-free flow about the 4%-blockage model.

4.2 Initial Supercritical Wall Experiments

The first supercritical-wall experiments with the 4%-blockage
NACA 0012 model were carried out8 at M, = 0.85 and L= 1°, This case
is in the range where the lift-curve slope is very small, see Fig. 2.
These experimen.s were inconclusive because of flow-field unsteadiness.,
Wall control was used to obtain a first iterative step toward unconfined
flow, but the shock wave on the lower surface fluctuated over about 15%
of the chord. Subsequent attempts to iterate at this test condition did not

an ety




lead to a steady flow field, and it was concluded that this test condition
was not suitable for iteration at this stage of the tunnel development.

Next, experiments were performed with the 4%-blockage model at
M, = 0.8 and A= 4°, for which there is no shock wave on the lower airfoil
surface and the upper shock extends almost to the static pipe. It was felt
that this case should be a less severe test of the tunnel and could provide
a basis for proceeding to higher M, . The iteration in this case exhibited
steady flow at each step and convergence was approached as shown by compari-
sons between the measured data and evaluations of the functional relationships
after three iterative steps. After the third step, the relationships were
in good agreement with the worst discrepancies occurring in u at the lower
contrel surface downstream of the model. A comparison of the airfoil
pressure distributions also suggested that the flow field was approaching
unconfined flow. A fourth iterative step was attempted at this test condi-
tion. The u compcnents were set close to the desired values, but the
resulting Vv components were in much worse agreement with the corresponding
unconfined-flow distributions. This iterative step was attempted twice
with similar results, which seemed to indicate a tunnel cross-flow condition.
The airfoil pressure distribution confirmed that this was apparently a
divergent step. The reasons for this behavior were not clear. It was clear,
however, that an improved measurement technique for the v component was

necessary.

Accordingly, the new static-pipe technique for determining the v
component was developed and this case was investigated furtherg. Two
converging steps in an experimental iteration were accomplished at M __ = 0.8
and o = 4°. From runs made prior to beginning the actual iteration, it
was concluded that undesired cross-flow conditions upstream of the model
could be minimized in the first iterative step by initiating the wall-
control adjustment with the upstream valves set at their tunnel-empty
positions at that M _ . These two iterative steps yielded sufficient
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information to proceed to a flow with both walls supercritical. Accordingly,
the same model was tested at the same of , but with M increased to 0.9.

Initial experiments at M = 0.9 and K = 4° were perf’ormed9
with the upstream control valves at their tunnel;empty settings and the
remaining valves at their M ,, = 0.8 and o= 4° settings. The measured
components at the control surfaces exhibited a reasonable distribution
from the beginning of the test section to the vicinity of the airfoil trail-
ing edge with these settings. Downstream of this point, however, the flow
was choked and supersonic flow persisted to the end of the test section.

The choking was relieved by increasing the suction at plenum chambers 6 and 16
just upstream of the model (see Fig. 1). Further control adjustments led to
reasonable . u distributions along the entire length of the control surfaces.
Achievemont of this flow9 provided the starting point for the most recent
experiments that are described in the next three subsections,

4.3 Bxperiments at M oe = 0.9 and o( = 3°

The angle of attack of the 4%-blockage NACA 0012 airfoil was
readjusted to the nominal condition of & = 3°, which corresponds to the
geometric angle of 3.62° in the One-Foot Tunnel when the zero-1ift offset
in the Eight-Foot Tunnel (see Fig. 2) is taken into account. Tnis case
is in the region where the lift-curve slope is larger than it is at very
small & and provided a steady case for which o could be reduced in later
experiments ., Adjuétment of the flow at this condition was begun with the
valves in plenum chambers 2, 3, 14 and 15 (see Fig. 1} at the new
empty-tunnel settings obtained at M_, = 0.9, and with the remaining valves
at their settings for the successful run at M, = 0.9 and XK = 40,

A first iterative step toward unconfined flow at this condition
was performed by setting the pressures on the sides of the static pipes
nearest the model approximately to the values predicted by the TSFOIL
computex code?s Care was taken to insure that comparable amounts of




suction were used at the upper and lower wails upstream of the model,

At the upper wall, blowing was required in plenum chambers 8, 9, 10 and 11
in this and all subsequent iterative steps at & = 3°, 2° and 1°, The
normal velocity components, as measured by the new static-pipe technique,
ase presented in Figs. 3 and 4 at the upper and lower control surfaces,
respectively, These measured v distributions were used as the boundary
conditions at the control surfaces to evaluate the functional relationships
whiclt must be satisfied in unconfined flow according to solutions of the
transonic small-disturbance equations. The measured streamwise disturbance
velocity components, also found by using the new static-pipe technique,

are presented in Figs. 5 and 6 at the upper and lower control surfaces,
respectively, along with the results of the functional-relationship evalua-
tions u[v]. Reasonable agreement is observed upstream of the shock,

but the agreement is unsatisfactory downstream of the shock. In addition,
the pressure distribution on the airfoil was in fair agreement with the
Eight-Foot Tunnel data on both surfaces up to the shock wave. On the

lower surface of the airfoil, the shock is at the trailing edge as it was
in the Eight-Foot Tunnel tests. On the upper surface, however, the shock
is too far forward of the Eight-Foot Tunnel position by about 25% of the
chord (x/c = 0.45 instead of x/c = 0.70) and agreement with the Bight-Foot
Tunnel data is very poor downstream of the shock.

A second iterative step was then taken based on the results of
the first step. Small changes in the static pressure settings from the
previous step were taken, corresponding to an iterative relaxation factor
of 0.1. This small value of the relaxation factor had been found to be
necessary in earlier experiments. The resulting functional-relationship
evaluations, however, indicated that very little improvement had actually
been accomplished. Accordingly, the relaxation factor was increased
to 0.5 for the third iterative step.
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‘ The agreement of the measured u distributions at the control

N surfaces in the third iterative step with the distributions u [v] from

the functional-relationship evaluations improved significantly downstream ‘ ‘
of the model and remained good elsewhere as shown in Figs. 7 and 8, The ]
shock wave moved rearward on the upper surface of the airfoil and is now

too far forward by about 15% of the chord (x/c = 0.55 instead of x/c = 0,70).

Overall, the third itezative step was a significant improvement and
showed that sufficlent control was available to iterate toward unconfined

flow. Morecver, the new static-pipe technique is a great improvément over
the use of the flow-angle probes alone, especially with respect to ease

. and repeatability of the measurements. Nevertheless, certain limitations
in the present implementation of the new technique were found to exist and

_ certain fundamental questions about the pipe characteristics remain to be
3 resolved. These will become clearer by discussing the representative results
F that are shown in Pigs. 3 and 4,

9 The most obvious characteristic in the results of Rigs. 3 and 4 3
l ' is the dashed line representing the byeak in the curves in the vicinity of _
\ the shock wave, There are three problems near and downstream of the shock, !
A First, the pipe orifices are spaced l-inch apart, so that there is a gap |
of A(x/c) = 0.25 between measurements. Second, the slender-body theory9 .
relating pipe pressures to u and dv/dx is not strictly applicable when

the disturbance causes formation of a supersonic pocket, followed by a
shock such as occurs at both pipes in this case. Third, the response of
the pipe boundary layer to the shock wave is not known. Proper assessment
of the inviscid shock-pipe interaction and the possible effects on the pipe
boundary laysr were beyond the scope of this investigation, as was the

e ey

development of a pipe traversing mechanism. In order to overcome these

i

problems, it has been assumed that the slender-body analysis applies

independently upstream and downstream of the shock. Then the curves on
each side of the shock afeextrupolated graphically as shown by the l
dashed lines.
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In each of Figs. 3 and 4, the data for dv/dx up to the shock were
fit by cubic splines and integrated up to the last data point before the
shock with the constant of integration found by a least-squares fit to
the probe data over that interval. Figures 3 and 4 are typical of all the
results upstream of the shock in that the generally smooth v distributions
are similar to those expected from theoretical considerations. Downstream
of the shock, a similar spline fit and integration were performed. At the
lower pipe, the probe measurement at x/c = 0.8275 was not considered in the
fit to determine the constant of integration because its location with

respect to the shock was not known precisely, nor was its accuracy.

The results in Figs. 3 and 4 downstream of the shock are typical
of most of the experiments to be described below, especially with regard
to the veriations in v downstream of the shocks. These unusual variations
give rise, of course, to the variations in u[v] shown in Figs. 5 to 8.
In particular, the asymptotic approach to v = 0 far downstream was not
always from negative values of v at the upper pipe as it is in Fig. 3,
while in most cases, the approach at the lower pipe was from the negative
side as shown in Rig. 4. Global considerations for the disturbances gen-
erated by the model in unconfined flow indicate that v = 0 should be
approached fromthe negative side for the upper pipe'and from the positive
side for the lower pipe. There are several possible reasons for deviations
from this expected behavior. First, the applicability of the subsonic,
shock-free theory relating the pipe pressures to u and dv/dx is in doubt
near the shock. Second, the flow control during early steps in the adaptive-
wall iterative scheme may be such that the flow is so far from interference-
free conditions that the measurements are actually correct despite their
unexpected behavior. Finally, the probe measurements used to fix the
constant of integration may be in error, especially at the lower pipe,
where only the single measurement at Xx/c = 2,515 is available.
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These lingering uncertainties about the interpretation of the
static-pipe measurements led to the conclusion that the third iterative step
was prohably at the limits of measurement accuracy, so far as further
iterations were concerned. Therefore, it was decided instead to reduce &
successively to 2° and 1°, so that an investigation could be made of these
cases where the lift-curve slope is smaller. It was in this range at
M, = 0.85 that steady flow could not be achieved.

Before these lower ¢ cases were investigated, however, several
runs were made at M ,, = 0.9 and K = 3° to examine the effects of
increased Reynolds number. In order to achieve these conditions, the

TR R L T N, ST T A P AGRGy Ipirtrr m

tunnel pressure conditions were changed. However, no valve setting changes

were made in the auxiliary suction and pressure systems. The power require-
ments and heating behavior of the tunnel were such that run time was limited
to about 20 minutes at the higher Re .. This time did permit acquisition of

pressure data on the upper surface of the airfoil.

Fo——-y

As Rec was increased from 0.67 x 106 to 0.83 x 106, Cp on the

upper airfoil surface decreased by about 30% (acceleration of the flow)
everywhere upstvream of the shock wave, which moved rearward by about 2.5%

of the chord. As Rec_was increased further to 1.00 x 106, Cp decreased

by an additional 30% ahead of the shock, which moved forward by about 7.5%
of the chord sn that it was 5% ahead of its location at Rec = 0.67 x 106.

The shock became stronger as Rec increased., This behavior apparently results

from the interaction of the revised pressure levels in the tunnel with those

in the auxiliary suction and pressure systems. That ls, wall-interference
offects are introduced by the mismatch in pressures. Complete readjustment
of the wall control at each flow condition would be necessary to assess the
effect of Rec on the model properly. This was not feasible with the limited
run time. These tests definitely established the sensitivity of the flow

to Reynolds number and indicated the necessity to repeat the iteration

procedure whenever M =, &£ or Re  are changed. %
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4.4 Experiments at Mos =~ 0.9 and ol = 2°

The airfoil angle of attack was reduced to the nominal value
(Pig. 2) of K = 2°, which corresponds tu the geometric angle of o = 2,62°
in the One-Foot Tunnel. The first step in the iterative procedure was made
by retaining the plenum pressure control valves at their final settings for
the OL = 3% iterations and simply acquiring a full set of static- pipe and
probe data. The agreement at both control surfaces between the measured u
distributicns and the u[v] obtained from the functional-relationship
evaluations is generally comparable to that shown in Figs. 5 and 6 for the
first iterative step at o = 3°, The largest differences still are down-
stream of the shock waves. The shock on the upper surface of the airfoil
is at x/c = 0,55, as compared to x/c = 0.75 in the Eight-Foot Tunnel data.
On the lower surface, the shock is at x/c = 0.95 instead of 0.975 as in the
Bight-Foot Tunnel data.

A second iterative step was made with a relaxation factor of 0.5,
as had proved better at &L = 3°, This choice was satisfactory here, too,
inasmuch as the agreement at this step is comparable to that shown in
Figs. 7 and 8 for the third step at ({ = 3°. The shock on the upper surface
of the airfoil moved rearward to x/c = 0.65, while the lower surface shock

moved slightly rearward.

Overall, then, these results at A = 2° reflected the behavior at
0L = 3°, The flow was again steady, without evidence of shock-wave fluctu-
ations. At the lower control surface, the measured v distributions at
both iterative steps were very similar to those at K = 3°, (see Fig. 4).
The asymptotic approach to zero downstream was still contrary to that
expected for interference-free flow. At the upper control surface in both
iterative steps, however, there was a departure from the behavior shown in
Fig. 3; that is, the asymptotic approach to zero downstream was from the
positive side. Despite these questions, the iterations for this case ware
terminated at the second step so that the & = 1° case could be investigated

more thoroughly.

32

' L L o T - R R Ty e e | ol AT RE © D W e e XN AR

e el




4.5 Experiments at Mo = 0.9 and & = 1°

The angle of attack was reduced to the nominal setting of ol 1°,
which corresponds to the geometrical angle of 1.62° in the Cne-Foot Tunnel.
The first and second iterative steps were carried out as they had been for

0l = 2°, That is, the first step was made with the plenum control valves
at their final settings for ¢ = 2° and the second step was taken with an
lterative relaxation factor of 0.5, The basic trend of the results for
the distributions is similar to the first and second steps at & = 2°
and the fivst and third steps at (£ = 3°. However, the shock wave on the
upper surface of the airfoil moved from x/c = 0.65 at the first step to
x/c = 0.85 at the second. This is aft of its location at x/c = 0,725 in
the Eight-Foot Tunnel tests. At the lower surface of the airfoil, the
shock was slightly forward of its Eight-Foot Tunnel location at the first
s5tep, but subsequently moved aft. The flow was steady at each step and
there was no exceptional difficulty in setting the second step.

A third iterative step was taken, aéain with a relaxation factor
of 0.5. The resulting measurod V components at the control surfaces are
given in Figs. 9 and 10. These are used, in turn, as the boundary conditions
for the functional-relationship evaluations u{v], results of which are
conpared with the measured u data in Figs. 11 and 12, The agreement in the
u distributions at both control surfaces is far superior to that observed
fur any of the previous cases. However, there are still some important
differences downstream of the shocks. The chordwise distributions of the
airfoll surface pressures for the third iterative step, presented in terms
of ,Qcp , are compared with the corresponding Eight-Foot Tunnel data in
Fig. 13. The shock waves on both surfaces are nearly coincident for the
two flows. However, there is an appreciable deviation of the pressures on
the upper surface ahead of the shock and the One-Foot Tunnel data appear
to have a smoother variation than the Eight-Foot Tunnel data. The reason
for these differences is not known.
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The v distributions measured at the third iterative step follow
the trend expected from theoretical predictions for unconfined flow. That
is, the nonuniform variation in the distribution downstream of the shock
at the upper control surface (Fig. 9) is not as severe as it was for the
first iterative step at & = 3° (PFig. 3) and for most of the intervening
cases. Also, the asymptotic approach to v = 0 is satisfactory. At the
lower control surface (Fig. 10), too, the Vv distribution is more reasonable
I with only a small overshoot in the asymptotic behavior downstream. This
i overshoot may result from uncertainty in the probe measurement at x/c = 2,515,

Overall, the trend of the iterations for all three angles of

. attack at M 4 = 0.9 is towards convergence. Improvements were made in the
agreement between the measured u distributions and the ufv] computed by
the functional-relationship evaluations at each iterative step. Thus, it
would appear that the entire angle-of-attack range can be iterated to a
reasonablc approximation of interference-free flow conditions. Further
refinement of the results achieved here should be possible after resolution
of the outstanding questions about the static-pipe data and the Reynolds

| numbex effects.
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Section §

CONCLUDING REMARKS

The new static-pipe t_echn:l.que9 for determiﬁing the streamwise and
normal disturbance velocity components provided significant improvements
in the ease and reliability of the normal component measurements. The
extensive use of the technique that has been accomplished herein, however,
has led to uncertainties about the interpretation of the pipe measurements
in some regions of the flow field. In particular, results in the vicinity
of the interaction of a shock wave from the model with the pipe has raised
several questions which must be answered before additional use of the
technique is undertaken. Although the new static pipes have greatly improved
the definition of the normal velocity distribution near the model, an even
more refined definition is needed in regions of rapid gradients, especially
near a shock. A translation mechanism for the static pipes could provide
this capability. The subsonic slender-body theoxy developed in Ref. 9
should be replaced by a transonic theory, particularly in the vicinity of
the shock, in order to provide an accurate relationship between the pressure
measurements on the pipe and the two velocity components. Furthermore, an
analysis of the effects of the pipe boundary-layer on *he relationship
between the pressures and velocity components should be performed. Finally,
experiments should be made in which the rmsults of the static-pipe measure-
ments can be compared with independent measurements of the two velocity
components. Successful resolution of these questions could lead to use of
the new static-pipe technique for measurements in flow fields other than
those in adaptive-wall wind tunnels.

Successful experimental iterations toward interference-free flow
have been achieved at a free-stream Mach number of 0.9 and angles of attack
of 3°, 2® and 1°. As the iterations proceeded, significant improvements

were observed in the agreement between the measured streamwise disturbance
velocity diastributions and the corresponding distributions resulting from
the exterior-flow functional-relationship evaluations. These evaluations




used the measured ncrmal velocity distributions as boundary conditions
for transonic small-disturbance calculations. Therefore, we conclude that

the existing perforated-wall, segmented-plenum implementation of the ' i

Pt b i lh, i b« 2 N o U

adaptive-wall concept can provide sufficient control to iterate when locally- _ i
supersonic flow and shock waves extend to both tunnel walls. In the wall- '

e e

control adjustment procedure, care must be exercised to balance th¢ amount
of suction in the upper and lower plenum chambers upstream of the model.
This is necessary to avoid introducing unwanted flow inclination upstream
. of the model. Furthermore, positive pressure was necessary in the upper
. plenum chambers downstream of the model in order to provide the blowing
' velocity through the wall from the plenum chambers into the tunnel that }
N was required to achieve control of the flow. ‘

We believe that an improved two-dimensional test section with the
same perforated-wall, segmented-plenum, wall-control technique is possible.
These improvements, which are described in Appendix II, should provide more
refined control in the near vicinity of the model for supercritical-wall
cases. The refinements would be accomplished by changing plenum-chamber
size, particularly by reducing.the length of those chambers near the model
where the gradients in the disturbance velocity components are greatest.
Also, walls with different open-area ratios for smaller losses in the
auxiliary suction system might be possible away from the immediate vicinity
of the shock waves. Pinally, symmetrical plenum segmentation on the upper
and lower walls would provide greater flexibility of operation, particularly
for calibration and routine checks of the instrumentation, both without a
model present and with a symmetrical model at zerv angle of attack.

[P ——
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The numerical simulation investigation is presented in detail in
the AIAA paper that is attached to this report, and extensive concluding
remarks are given there., However, it is worthwhile to summarize them here.
The low-speed numerical-simulation methodology gives a realistic description
of the behavior of a perforated-wall, segmented-plenum test section, as
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demonstrated by baseline numerical simulations of a representative case.
Infiuence functions calculated for changes in the velocity components at
the control surfaces due to a change in the pressure in one plenum chamber
at a time, while holding the other chamber pressures constant, can be
approximated reasonably well by universal curves based on linearized theory.
Extension of the numerical simulation technology to flows which are super-
critical at the walls could be used as a basis for wide-ranging studies of
test-section design and operational procedures, In particular, simulations
would enable the development of procedures for automated wall adjustment,
which is crucial to the ultimate practical application of the adaptive-wall
concept. This is clearly apparent in light of the great care that was
necessary in the manual adjustments required during the iteration experiments
described in this report.

As a result of our entire experience with the two-dimensional
test section, through both experiment and numerical simulation, and the
preliminary design studies described in Appendix II, we believe that the
perforated-wall, segmented-plenum implementation is viable for & fully
three-dimensional test section. This would be especially so if additional
design studies were to show that adequute control would be possible with
even a smaller number of plenum chambers than the 64 discussed in Appendix II.
Appropriate adaptations of the numerical simulation methodology could be used
to perform these design studies. The new static-pipe technique has been

shown theoretically9 to be applicable to the measurement of three-
dimensional disturbance velocity fields when suitably modified. This
technique is an attractive possibility for use in a three-dimensional
adaptive-wall test section,
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APLENDIX Il
THREE-DIMENSIONAL ADAPTIVE-WALL DESIGN STUDIES

The objectives of these studies were to establish requirements for
three-dimensional adaptive-wall test sections and then to examine the adapta-
bility of the Calspan One-Foot Tunnel to meet these requirements. The test
section requirements were investigated by calculating the unconfined flow
about a few representative configurations. Estimates were based on both
Prandtl-Glauert theory and finite-difference solutions of the transonic small-
disturbance equations, using the Bailey-Ballhaus code?G The emphasis in thc
adaptation study was on working toward the design of a suitable test section,
as well as a corresponding model configuration with which to carry out a

demonstration of the concept.

Choice of a suitable model configuration for demonstration testing
is very important. The model should not only be representative of practical
configurations, but should also have a large amount of interference in a
passive-wall tunnel so that a clear-cut demonstration can be made. A wing-
body-horizontal tail model is a minimum requirement so that the contribution
of the herizontal tail to the pitching moment can be assessed. Thls contri-
bution should be sensitive to the capability of the chosen adaptive-wall
implementation for assuring that the trailing vortex system from the wing
retains its unconfined-flow characteristics and location. The most suitable
existing model is the AEDC Wall-Interference Modelzs, which has a slender
axisymmetric body with a swept, untapered, constant-thickness wing and horizon-
tal tail. This wmodel is attractive for a three-dimensional demonstration

because the wall interference should be relatively large.
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Before the above model was considered, initial calculations of the
unconfined flows about two different wing configurations were made with the
Bailey-Ballhaus code. One wing was swept, tapered and untwisted while the
other was rectangular in planform and untwisted. Thus, their flowfields,
which were calculated for a single angle of attack, each at a Mach number
of 0.9, were quite distinctive. A computer program was written to evaluate
the disturbance velocity components at walls or control surfaces of rectangu-
lar cross section. This program reads the velocity potential for unconfined
flow throughout the field, as saved on tape in the Balley-Ballhaus program,
and differentiates and interpolates numerically to get the desired flowfield
velocities. It also estimates the separate effects of thickness and lift so
that superposition can be used to approximate the velocity field for other

values of these parameters. Superposition is not strictly valid for nonlinear
supercritical flows. However, it does provide useful estimates of the

velocity magnitudes and distributions, especially when the flow at the field
location is suberitical.

Prandtl-Glauert calculations based on line distributions of
thickness and 1ift for rectangular planforms were useful for estimating the
eftfects of free-stream Mach number on the disturbance velocity distributions.
In both two and three dimensions, an increase in Mach number shifts closer
together the maxima and minima of the normal and streamwise velocity distribu-
tions on the upper and lower walls, For bodies, slender-body theory was used
to obtain an axial source distribution for a given axisymmetric body-cross-
section distribution. The source distribution is then approximated by
discrete source elements, which are used in conjunction with Prandtl-Glauert
theory to calculate the velocity components at the control surface and wall
locations.

Once these three-dimensional unconfined flow fields had been
obtained, we began to consider test section designs so that we could define
more fully the outstanding problems which require resolution before a
Jdefinitive design can be achieved. Uirrly in the investigation, we-examined

the prospects'for a reflection-plane test section with control on only three




.

walls. This is attractive, principally, because a larger model can be accom-
modated for a given tunnel cross-sectional area, thus providing more uncon-
trolled wall interference to be eliminated in the demonstration. However, a
convincing demonstration would require that the same model also be tested in
a larger tunnel to obtain substantially irterference-free data for comparisons.
It would be very difficult to account properly for the differences in the
reflection-plane boundary layers on tests in two, very different tunnel sizes.
Moreover, for model configurations that are symmetrical laterally, we believe
that it is important to demonstrate that the walls can be adjusted so as to
insure the same symmetry in the flow fisld, Also, demonstrations should be
made for moderately non-symmetrical model attitudes. Therefore, we concluded
that a fully three-dimensional test section should be built with active
control on all four walls,

We decided that an extension of our two-dimensional design
principles would be used as a base line. That is, the test section would have
perforated walls, behind which would be segmented plenum chambers with individ-
ual pressure control. Accordingly, the next step in the design process was
to reconsider the present two-dimensional design in light of our operational
experience. It appears that smaller plenum chambers near the model would be
advantageous to accommodate the rapid variations that occur in the velocity
components along and normal to the walls at high Mach numbers. The original
design was based on distributions calculated at low speeds. As mentioned
above, at higher Mach numbers, the maxima and minima are closer togethear so
that the distributions of the velocity components are no longer approximately
linear over the plena near the model, On the other hand, farther away from
the model, it appears that larger plenum chambers might be possible. In
addition, the use of walls with a larger open-area ratio is attractive for
reducing the suction requirements in regions where no shock waves are expected.
Where shocks are expected, the present 22.5% open-area ratio probably should
be retained because of its superior shock-cancellation properties. Although
these features appear attractive, based on our experience in two dimensions,
more evidence of their effectiveness is required and consequently, further
work should be carried out to resolve these matters.
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An important decision on the test section configuration is the
cross-section shape. Most modern tunnels are square for maximum flexibility
in testing a wide variety of configuratiens, including vehicles at very large
angles of attack. For the purposes of an adaptive-wall demonstration, we
initially considered rectangular cross sections with height-to-width ratios
from about 1/2 to 1. A ratio of 0.7 gives a good balance between the peak
magnitudes of the unconfined-flow velocity components on the side, top and
bottom walls for as large a model span as is practicelr to test in a given
tunnel width. This still permits configurations to be tested at moderate
if angles of attack. This ratio is also compatible with the existing contraction

Hc
e

soction of the Calspan One-Foot Tunnel.

i A preliminary layout was made of the plenum segmentation required

i in the streamwise direction, using the features set forth above, based on

% our two-dimensional experience. It was found that both the rectangular and

i swept wings, which we considered, could be accommodated by the same basic seg-
g mentation, provided that each model could be mounted in a different location

é 3 with respect to the plenum chambers. We believe that we can achieve wall

f control using the same number of streamwise plenum chambers as in two dimen-
sions, including provisions for the fuselage-induced disturbance velocities,

Yk
t ' In the resulting streamwise breakdown, the velocity components vary approxi-
. v mately linearly over the extent of each plenum., A corresponding segmenta-

i tion of the side, top and bottom walls was also chosen on the same basis of _
3 approximately linear variations. Overall, this initial design had 64 indi- ;
vidual plenum chambers, with 8 laterally at each of 8 streamwise segments, '

After completion of the preliminary layout, alternative tunnel

cross-section shapes were considered. For rectangular cross sections at a
given axial station, the induced normal velocity for unconfined flow over
representative wings varies considerably over the walls and becomes small in
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the corners. If the corners are modified by wall segments that make the

cross section octagonal, it was found that the normal velocity is nearly
constant over these additional segments, if the segments are proportioned
suitably. Also, the streamwise variation of the normal velocity is essentially
the same for both the octagonal and rectangular shapes. Consideration of

flow control requirements then indicates that the octagonal section does not
require any more plenum chambexs than the rectangular. Consequently, octagonal
cross sections offer promise of more effective flow contxol, along with model
span maximization for a given tunnel mass flow.

Finally, ¢ conceptual design for a new plenum chamber and header
configuration for providing both suction and blowing capability was developed.
This design promises a conslderable reduction in the complexity of the auxi-
liary pressure and suction circuits, compared to our two-dimensional design.
However, it is regarded only as part of a first step toward a three-dimensional
design. Overall, the conéeptual design holds considerable promise for a three-
dimensional demonstration experiment. Further research would be required to
refine the requirements and to prepare a final detailed design.
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NUMERICAL SIMULATIONS OF A SEGMENTED-PIENUM,
PERPORATED, ADAPTIVE-WALL WIND TUNNEL
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and G, F. Houicz‘
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Calspan Advanced Technolcgy Center
Buffalo, New York 14225

Abstract

Flow within the tunnel is simulated by model-
ing the incomprossible interaction of the trans-
pired turbulent boundary layers on the walls with
the flow over the airfoil, Despite the fact that
a finite number of plenum chambers can exert only
imperfect control over the flow, it is demonstrated
that one cap still achieve what is for all practi-
cal purposes unconfined flow about the alrfoil,
Velocity differences produced at control surfaces
outside the houndary layers by changing tho
pressure in onc plenum chamber at n time, holding
the other chamber prossures constunt, are prosentod
as influence functions. Implications of the anal-
ysis on tunnel desipgn and automation are described,

Nomone luturo

Cs €y, friction coufficlonts with and without
transpiration, respoctively

Cs  Drossure cocfficient on airfoil surface,
(- Pou) /G
an pressure coefficiont in plonun o
(Pe-Pr) 74 » 1. (2)
¢ airfoil chord, I'ip. 1
H  bhoundary- layor shapo Factor, 670
h distunce from model to tunnol walls,
Fig, 1
I,,I, influenco tfunctions for w und v doter-
minod trom simalations, definod In Lqgs.
- (8) and (6)
Ju.ly idoulized Influence functlons, defined
in ligs. (B=19) and {(#-20)
da  lenpth of plenum chamber

M Mach number
P statle pressure
dynamic pressure
J total veloclty component in % dlrection
u, ¥ perturbution volocity compornents in
X, diroectlons
AuAv change in w , v ufter changing
pressure In one plenum
du Altss) = AL L~w)
vy effective inviscld norma) veloeity ot
wall due to boundary-loyer displacement
(positive out of the walll}, Lg. (4)
T transpiration veloeity at wall (positive
out of the wall)
x, 4 coordinate system with origin at airfoll
quarter chord, ¥Fig. 1
Xn stroumwise location of ¢enter of plenum
chambsr #
(% - ”n )/ 1”
distance from tunnel contor line to
control surfaces, l'ig, 1

Rami af

u?rfoil angle of attack
[N
p (1 -M,)

“Principal Englneer, AIAA Momber

Copyright © Americon Iustitnie of Asronauiies sad
Avtronsuties, Inc., 1991, AN righis resorved,

é boundary-layer thickness

'S boundary-layer displacement thickness

[ boundary-layer momentum thickness
Z,n coordinate system with origin at the

coenter of plenum chamber n midway
between the walls

¢ disturbance velocity potential in
Appendix B

Subscripts

a cvaluated at control surface adjacent
to plenum chamber n

& condition at odge of boundary layer
n condition in plenum n
-] evaluated at control surface opposite

to plenum chambor a
. o froe-stroam condition

1. Introduction

The concept of an adaptivo-wall wl?s tunnel
has attracted much attention rocentiy!-14 hocause
of ity promise for significant roductlons in tunnel-
wall interference, particularly in the t\nn:onkc
fFlight rogimo. An adaptive-wull wind tunne1l
provides for uctlive control of the flow in the
vicinity of the test-section walls in order to
minimize or eliminate the interference on the

model. The distributiony of the disturbunce
velocity components are measured at discrete points
along control surfaces, or interfaces, in the flow
fleld neur the walls, but away from the model and
outside the boundary lavers on the walls. A theo-
retical representation for the flow exterior to
theso control surtaces, Including the desired uncon-
fined-flow boundary condition that all disturbances
vanish at Infinity, is used to vstablish the func-
tional relationships which must ho sutistfled at

the control surfuces by tho measured disturbance
volocitien, If the measured velocities do not
sutisfy theso relationships, an iterative procedure
provides a noew approximation for the flow field ar
the surfaces, and the wall control s readjusted
until tho mensured quantitios satisty the function-
al relationships for unconfined flow,

Although the ultimate application s to fully
three-dimensional flows, most of the adaptive-wall
work to date has boon carried out In two dimenslons.
Several differont udaptive-wull implemontations
hive boen lavestigated oxporimentally in two djmen-
sions, namely: lmpermeuable, flexible wnlls, 9~
perfornted walls with constant plenum pressure but
a porosity dlstyibutian that varies in tho stream-
wise direction,’~ perforuted walls with constant
plenum pressure and a porosity which is uniform
along ea%h wall, but can vary from one wall tso
unotngr ¢ (lncluding o three-dinensional applics-
tion!?), glotted walls with segmonted plenum
chambers, 14 and perforated wuils with seguented
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plenum chambers.2™8 In the latter two ventilated-
will implementations, the pressure in euch of the
approximately twenty segmented plenum chambers can
be controlled individually.

Simulations of adaptive-wall tunnels, includ-
ing thooretical representations of the flow within
the tunnel, played an important role in the early
devolopment of the concept. Simulations were
carried out by several investigators for incom-
pressible flows,4,158 compressible, subcritical
flowsl6-19 and flows which are supercritical at the
tunnel walls.4,17-18 Not only did these stucies
domonstrate, numerically, that the overall proce-
durc converged to unconfined flow, even for super-
erlticul walls, hut thoy also cast a great deal of
1ight on the nuture of the iterative process,
vspoclally the necessity for underrelaxation of the
itorations, Furthormore, the accuracy required in
tho satisfuction of the functional relationships
for unconfined flow wus cxumined. Theoso simule-
tions wore highly ldealized, however, No attempt
wus nado to model the flow in tho vicinity of
uctusl wall conflgurations. Instead, it wns
assumed that perfoct control of eithor the stroum-
wise, & , or norma}, ~ , disturbanco veloclity
componont wus avallable evorywhore along the
control surfucos, oven at shock waves, 'The only
exception was o study by Sours, 9 yho considered
an approximate reprosentation of Imporfoct wull
control and oxumined the orrors in the convervgod
solutlons,

A two-dimensionnl perforutod-wall, sogmontod-
plenum cont'iguration has beon investigatod oxten-
sively at Calspan in tho Ono-lFoot Wind Tunnel and
the oxporimental contiguration hus boen doseribed
provlously.z' It wus not absolutely nocessary
to know tho dotails of tho flow in the vicinity of
the walls in order to achieve uncontinod-flow con-
ditions. That s, It the desired disturbanco
velocitios at the control surfuces could bo sot
exporimontally nt onch stop of tho itorutive proco-
duro, thoe detulls of tho flow nt the wnlls were of
littlo interest. llowever, us tho oxporimontal
invostigation procuudod,z‘ It was concluded thut
oporutional procedures for oxervising wall control,
including lts ovontunl uutomation, could be on-
hanced by the developmont of more realistic simula-
tiohs, These simulations would model tho flow
through tho walls, tho Influonce of that flow on
tho wall boundary layers and, consoquently, the
intoructior with the tlow within the control
surfaces,

The simnlution methodoloyy developed for two-
dimonsionul incompressible flows is described in
Section I1 with some detalls given in Appondix A.
Results for tho incompressiblo-flow upproximation
should bo roprosontative of subsonic, suberitienl
flows in gonorul. Rosults for the buse-line simu-
lation of a o%-blockuge NACA 0012 airfoll section
at an angle of attack, o , of 4° are presented in
Soction 111, Influence functions for the velocity
perturbations introduced in tho test section by
changing the pressurc in one plenum chamber at u
time, while holding tho pressure in the othor
chambors constant, are presentoed in Section IV und
are compuared with idealized influence functions
which are derived in Appendix B. Finally, major
concluslons drawn from the simulations are
prosented,

11, Methodology .

Tunnel Configurationr

The Calspan One-Foot Wind Tunnels" is a con- '
tinuous-flow, closed-circuit facility thet operates PR
at Mach numbers from about 0.5 to 0.95 at a unit !
Reynolds number of 2x106 per foot. The adaptive-
wall tost section is two dimensional, with perfo-
rated top and bottom walls of 22,5% open-area ratio. .
The plenum chambers behind the perforated walls '
have beon divided into 18 segments, 10 on the top '
and 8 on the bottom, and each segmeut is connected
to a prossure and a suction source t rough indivi- !
dual control valves. The pressure source is the :
tunne! stilling chamber, and the suction source
is an suxiliary compressor discharging into the
tunne! circuit in the diffuser.

The model und test section are shown schemati-
cully in Fig, 1. The model is an NACA 0012 airfoil
sectlon with u 6-inch chord, & , (6% solid block-
uwge) and isx situnted midway botwoen walls that are
locuted at w th w 16,00 inchos, Tho test-
soction instrumontution ut the control surfaces
consists of flow-ungle probes and static-prossure
pipes. The control surfaces aro located outside
the wall boundury Luyers, numely ut y, = £3,93 {n.
The w and v disturbunce volocity components are
determined from measurcements uado with this Instru-
mentution,

The simulation procedur. that is developoed
hero doos not provide directly for the simulation
of tho itorative process used {n running the
Calspun tunmel, That is, it does not similuto the
plonum=prossure udjustment tochnlque that is
usod?"% to sot dosired w(%,2ye) distributiona
{n tho tunnel. Such simulations could bo deoveloped
lutor, if desired, on the basiy of the model des-
cribed hero,

Galeulation Mothed

Stmalation of tho flow within this adaptlive-
wall tost sectlon roquires solutions for the flow
ovor the airtoll In the presence of tho viscous
offocts at the porforated, sogmonted, plomum-
prossurve-controlled wnlls, Outside of the wall
boundiry layors, tho flow is ussumed to bo inviscid.
For the inviscld flow, n procedius s required for
culeulating the flow ovor a wmodol with proscribed
distributions of tho normul velocity components as
houndary conditions at the walls. Two tools are
nooded to treat the wnll boundary layers. First,

u rolationship is royuired botween tho transplra-
tion velovity at the wull and tho prexsuro drop
across the wall, Socond, u mothod is needed for
caleulating the charactoristics of turbuleont hound-
ary layors with a transpiration velocity (olthoer
into or out of the walls) which Is continuous over
ouch plonun segmont, but is 1lkely to bo disconti-
nuots at junctiuns between segments,

Inviscid-Tlow Model ) p

A computor program doveloped originally to
prodict tho two-dimensional flow over uirfoils in
i solid-wall wlg? tunnel with nonuniformly-sheared
froo stroams20-<! pad been modified!S to simulate
the inviscid flow within an adaptive-wall wind -
tuniol and was sdapted further for this investigu-
tion. The computer program can accommodate uire
folls with arbitrary thickness and camber. In the
program, the anlrfoil is ropresonted by u vortex




distribution along its actual surface while the
walls are represented by surface source distribu-
tions. These vortex and source distributions are
broken up into small segments, each of which has a
constant strength., Beyond a specified distance
from the airfoil, both upstream and downstream, the
source distributions at the walls are assumed to
decay inversely with x as z approaches £e because
the source strength is closely related to the nor-
mal velocity there., The velocity components in-
duced at any field point by each segment are given
by closed-form algebraic expressions. Total velo-
city components due to the walls and the alrfoil
are then found by summing the contributions of all
sogments. The strength of each small segment is
found by satisfying simultanecusly the normal-flow
boundary conditlons v (x,th) at the wulls, and
tho condition of no normal flow through the airfoil
surface. The normal-flow boundary conditions are
upplied ut the contoer of ocuch segmont. For N vor-
tox and source segments, N anlgebraic equations
result from the boundary conditlons, but only N-)
of thom urg lincarly independent, us shown by

von Misus, 22 Addition of the Kutta-Joukowski con-
dition complotes the set of equutions, which is
solved using o smoothing technique.23-24

Transpired-Wall Characteristics

The relationship botween the transpiratlion
voeloelty at the wall, ww , (takon as positive out
of the wall) and the pressuro drop across the wall
was detormined ompirically. Data wore obtailned by
Chaw28 for tho same 22,5% opon-aren ratio walls
(1/16 in, thlck plate with 1/16 In. diametor holes
on 1/8 in. centers), Those dutu, which are only
for suctlon, werc measurod at Mach numbers from
0,75 to 1,176, Although thoso duts wero un avor-
agod v, ovor a long run of plate with constant
plonum prossure, -, , und unlform prossuro, ¢, ,
in tho tost soctlon, it was assumed that they vould
o appliod in tho prosent analysis on u polint-by-
point basis, Tho duta of Rof. 25 are correlutod
reagonably woll hy

(Pg = Pa)/ My G = 0.003 +280,0 (v, /U (1)

where g, and M, arc the froe-stroam dynunie proy-
suro and Mach number, ‘This rosult had to ho extend-
od to lowor values of Mg and to Include blowlng.
ligr blowing, Flg. 6.2 of Rof. 26 Indicntes thnt the
data could roasonably buo assumed to bo anti-gymmnot-
ric about  w,«o0, Rof, 20 also indicatos that at
lowor Mach numbors, a Prandtl-Glauort hohnvior is
expoctod,  Therefore, n MPrandtl-Glauvert scualluy was
matchod to the empirical variation of Ly, (1) und
the antl-symmetric chaructor was uccounted for ro
obtain

an . (P‘ “ W) /q.. - fUM) [0.006 ~d20.0 |—Y’%|(“3‘f)]

{2)

whoroe

f(M) = (3)

N/ -
05 (1-MY"" mewy™
M , Mecay

for the incompressible-flow calculations of this
study, FiM) = 0.5 wns usoed,

Boundary-Layer Madel

The most important characteristic of the bound-
ary layer for the present appiication is its inter-
action with the inviscid flow. Lighthill?’ has
described several ways of interpreting the displace-
ment thickness and its effect on the inviscid flow,
The interpretation chosen here is an extension to
transpired walls of what Lighthill calls the method
of "equivalent sources." In this procedure, the
original wall surface is retained and the effect of
the boundary layer on the inviscid flow is ropre-
sented by a distribution of sources on this surface,
This procedure has been used with su-coss in calcu-
lations of the vffoct of the boundary layer on the
flow over airfoils by sevoral authors, as in Reofs,
28 and 29, for example. In the prosent analysis
thon, the effect of the boundary layer on tho
inviseid flow is written as an inviscid velocity
distribution g (%) (taken as positive out of the
wall) which, when applied at the actunl wall sur-
fuce, glvos the proper displacemont offect, Vor
transpired boundary luyors, v, is given by

Y () = W, (%) bl [Utrs 8] el x 4)

where &% 1s tho boundury-lnyer displacement thick-
noss, and Uy 1s the totul inviscid stroumwise
velacity component outside the boundary layer. 1In
genoral, &%xy In Hg. (4) depends on  bz), Upgtx)
nnd the inikial conditions for the boundary-layoer
culeulation,

Since the dotails of the boundary-layer profile
are of loss concern for this application, Head's
woll-known intogral method$0 was adopted for the
boundary-layer calculations, An outline uf the
method and reprosontative rosults are given in
Appendix A, The rosulting boundury-layer equations
are integrated for arbltrarily-proscribed distribu-
tions of Ug(%) and ¥ (¥) und appropriuto initial
conditions,

Simulution logle

Tho ostablishmont of the Inviscid-tlow culeu-
lation method, the wall-charnctoristic model, and
tho boundary-1ayoer culeulation mothod thus set the
staga for dovolopmont of a4 simulation procodure
For approximating uncontined flow In the tunnel
whilo nceounting for the perforated walls with
sogmonted plenum chambers,  Fiest, however, fdoul
paint=by-point wall control was examinod from the
standpolnt ot transpired turbulont houndary-layoer
behavior.

Both idoul and segmented-plenum wull control
simulations require use of the inviscid-flow pro-
pram to culculnto the wnconfined {low about the
modol nt o glven anple of attack., 'This provides
the unconflned-flow distributions w (%, 2h) and

vz, th) ut the walls so that Ugx) = U +uf %, th)
and honce M%) ut oach wall are known,

ldonl Wall Control

Invostigation of ideal wall control was ini-
tintod In order to shod light on how the wall
boundary-layer and transplration velocity charac-
toristics must intoract to provide perfect point-
by-point control of the flow within the tunnel,
Calculations with this procedure then serve as
guldelines for slmulations of the imporfect wull
control thut exists in the sogmented-plenum contiy-
uration.
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The unconfined-flow distributions w(x.th)
and 2 (x,1h) at the walls, in the form of Uy (x)
and 4 (X) , are specified on a point-by-point
basis in order to calculate'the idesl, continuous
wall transpiration velocity distribution vw (&)
which would reproduce exactly the unconfined flow.
The boundary-layer problem posed by this ideal wall
control is an inverso one because Up and Vg are
proscribed and v, must be found. Becuuse of the
implicit nature of their dependence on v, , the
poverning equations cannot be integrated directly
in this cose, and an iterative solution becomes
necessury, This is carrvied out at each step of the
integration as follows, A value of w, constunt
ovor the longth of tho stop is assumed, and the
oquations are integrated for tho stop, Eq. (4) is
ovaluatod noxt to detormine the calculated v which
is compared with the desired value, If thoy do not
agroe to u spucified accuracy, the value of v, 1is
rondjustod and the process iy ropeated iteratively
until tho calculated v agrees with the preseribed
viluo., The w,(x) distributions which result from
this caleulution provide o useful reforence for
boglnning more reallstic seymented-pleonum calcula-
tlons, us shown next.

Sogmonted-Plenum Kall Control

The modeling of sogmontod-plenum wall control

utso rolies on the unconfined-flow distributions

M (¥) and vy (), Tho heurt uf the procedure
Is thon the detormipation of 4, , tho plonum
prossure In the wth plonum chambor. This ts wccom-
Plished ftoratively as follows. At the contur of
ench planum chumbovr, =%, , the lnviscid-flow proes-
suroe, a0, I3 known, and sinco un Initlal
ostimnte fur (%, can be obtulnod from tho ldeal-
wall culculutlon, an initiul guess for @, can be
found Yrom Has. (2) and (3), With s, and p, X)
thon known, thoe corresponding Inltiul approximation
to M. (%) ls found ovor the length of ouch plenum

chambor by ligs. (2) and (3). In penoval, this
procoduro leads to dlscontinudtios in vy () ut
tho boundarios botweon plonum chambors,  Tho bouw: d-

arysluyor calculution is thon mude over cuch plenum
chumbor in turn on the basis of the prescrihod in-
put mle), v, (%), und the initlal conditions. The
offoutive Inviscid voloclty distylbution at tho
walls, %), {s found trom the computed results
und lig. (4).  The integral of ¥y «x) over ouch
Menum chamber is thon compared with the intogral
of tho unconfined-tlow distribution vz, th)
over the sumo pleaum, (1t should be noted that in
the dlfferent coordinate systoms used for the in-
visedd-flow und houndary-layer caleulations,

v (xh)m -y (X)) und v (%,-h) w V(%) )
The 4,, are thon rovisod and the boundury-layor
caleulation is vopontod until the intograls of

Vg () and V(x,ih)over euch plenum agroe. Satis-
fuction of this condition, locully at cach plonum,
insures that the Integral of the source olomonts
ovor onch wall is zero as ls the case for fally
unconfined flow. This Is oyulvalont to tho fact
thnt the drng on the airfoil i8 zoro in unconfined,
inviscld tlow.

Onco the ve(®) distributions at both walls
hnve beon found in this way, thoy are used as bound-
ury conditions tn tho inviscid-tlow program to cal-
culute the flow over the airtoll in the presence of
the sogmented-plonum, perforntod-wall constraints.
Rosulty found by such a procedure can be used to
Invostignto the mugnitudo of the errors introduced
by having sogmentod-plenum, imperfoct wnll control

instead of idem), perfect wall control; this is
discussed in the next section.

111, Baso-Line Simulation Results

The example chosen for the base-line simulation .
is the NACA 0012 airfoil of the experiments ut an
angle-of-attack, o , of 4*. This choice gives a
good balance between the lift and thickness effects
on the disturbance velocity field at the control
surfaces and walls, Wall and control-surface loca-
tions at 1.0 and 0,655 chords above and below the
model correspond to the experimental configuration.

Within this geometrical input, both ideal and seg-
mented-plenum wall control were oxamined.

For ideal wall control, thu calculated distri-
bution of v, ¢x) and the prescribed, unconfined-
flow distribution ve () aro prosented in Fig. 2
for the uppor wall. Note that upstreum of the
origin thore {8 suction and a favorable pressure
gradient so Vg (x) follows v, (%) closely. Down-
stream of tho origin there is blowing and an ad-
vorse pressure grodient, which give rise to u ratio
of V¢ to vV, of two or groater, i{.,o., an amplifi-
cation of the wall veloclty when blowing is present.
Such behavior is typical, and the rouasons fov it
are describod at proutur length in Appendix A,

The results of Iig. J were used to initiato
the iterative calculation of tho stroumwise Jdistrl- ‘
butlony of 7Py (%) for the segmentod-plenur model,
us doscribed in Scction 11, The result for tho
upper wall is shown as the solld curve in Fip, 3;
rosults for the lowor wall display a similar ’
bohavior, The tick marks on the abscissn of ldg. 3
correspond to the junctions botwoen plonum chambers
ax shown in Fig. 1. For comparison, the idenl
point-by-point distribution of Pwt®) from I'tp, 2
is shown us tho dashed curve on Fig, 3. The nddi-
tional curves and data points on this and the next
fow flguros will ho discussed In Section IV, Tho
stroumwiso distributions of v, (%) thut rosult
from tho matching procedure have vory lurge varia-
tions over ovuch plonum chamber, with discontinuities
nt the Jun tions botwoon plenum chumbers,

The discontinuous v, () distributiony yleld
corrospondingly larpo varlations in vg ) from
the boundary-luyer calculatlons, particularly uas
umplifiod whon blowing is prosent. The distribu-
tion of we(x) for the uppor wall is glven us the
sobdd curve In Flg. 4, along with tho dashed curve,
which 1a the unconfinod-flow distribution vw{x, h)
from Fig. 2, The lurgo varlations in wve(x) and
the associated discontinuitios ut the plonum junc-
tions nre cortainly not realistic physically. The
rosponse of the boundary layers at the junctions
would not have such an extrome character. Novor-
tholess, those details de not have o significant
Influence on the rosultant flow conditions ut the
control surfaces or model, as will be soen bolow,
s0 thls voprosontation wug retained.

The sepmonted-plonum  wg (x> distribution of
g, 4, and lts counterpart ut the lower wall,
wore usod us boundary conditions in the calculution
of tho {nviscid flow about the airfoil. Results
for the streamwise and normal velocity components
at the uppor and lowoer control surfaces are present- -
od in Figs, 5 and 6 by the crosses. The uncontlined-
flow distributions are glven by the dashed curve
while the results given by the circles will he dis-
cussod in Section 1V,
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Examination of Pigs. 5 and 6 indicates that
the agreemont between the segmented-plenum and
unconfined-flow distributions is generally excel-
lent where suction 1s present at the walls, namely
upstream of the origin at the upper control surface
. and downstream of the origin at the lower control
surface. The discrepancies observed in w at the
upstream and downstrean limits of the test section
result from the truncation of g (%) from the dis-
tributions shown in Fig., 4 to zero upstream and
downstroam of the controlled part of the test-
section walls, Ropeating the inviscid flow calcu-
lation with wet® equal to the unconfined-flow
distributions boyond the controlled sections result-
od in excollent agreement of w, at the upstream and
downgtroam limits of the test soction.

Overall, the regults indicato that the finite
slzo of the plonum chambers and the attendant large
varlations in 24 (¥ from modoling the tlow at the
walls do not prevent the roallzation of a goud
upproximution to thoe unconfined-flow distributions
for thoso low-speed flow conditions. 'This is con-
sistont with the oarller experimentul demonstrations
of tho adaptive-wall concept for flows which are
suporcritical at tho model, but suberitical at the
contrel surfaces and walls, 3 In those cases, the
doslred flows could he set up oxporimentally with-
out larpe fluctuntions in the moasured streamwise
velocity components trom point to point,

The distributions of the pressure coofficlent,
Cp , un the uirfoll surfuce are given In lig. 7,
with the dushoed lines indicating unconfined flow
and tho crossos tho results of the segmentod-plenum
modol, The oxcellent agroomont shown |y confirmed
by Intoproting the e, distributions to obtain
normal force cooftlelonts ot 0,490 for uncontined
. flow and 0,482 for the s¢imented-plonum model, n
ditforence of only 1,60% The remorkable agrooment
in both tho alrtoll Cw distributions and the dis-
turbanco velocity dlstributions at the control sur-
fuces, dosplte the unrealistic nature of the vy (x)
distributions, results trom tho olliptic nature
of the poverning equations of motlon for tho flow
within tho tunnel, VFurthermore, this bohavior is
roprosentotive of tho aceunl tunnol flow,

We boliove that these slmulations, despite the

oxaggerat fons in tho variations of v, (%) and

Ve ¢x) ovor the individual plonum chumbors, ospe-
clally at the plonum junctions, model the ossential
fontures of tho {'low neur tho wulls. Wo bollevo
further that the qualitative features of thesoe
hase-1ino simulatlons, nlthough they are styrictly
tor incomprossible flow only, can bo gonorallzed
to comprossinle, subecrisical flow bocause there are
no fundamentu! diffevoncos in the f'low phenomenn
Involved. llowover, onco the flow bocomas super-
critical at the walls, ditferont phenomonu are in-
volvod and modeling of the shock-wave/boundary-lnyer
Interuction bocomes necossary,

The existing simulation methodology cun serve
us tho basis for further investigations of tho
behuvior of adaptive-wall wind tunnels wlth this
wall configuration. For example, it ¢an bu used to
exnmine tho offects of plonum chamber number and
sizo and of the porosity distribution of the perto-

. ratod Jully, Also, LIt forms a framowork for the
developmont ot more systomatic procodures for
adjusting the tunnel flows that ure required at
ouch step of the overnll udaptive-wall iterative

- process.3=4  These adjustment procedures would

provide the logic for the ultimate automation of
adaptive-wall wind tunnels., A first step toward
logical procedures for tunnel adjustiment is des-
c¢ribed in the next sectlon,

IV. Influence Functions Due to

Plenum Pressure Change

As n first step toward the development of
automated wall-adjustment procedures, a study was
made of the effect on tho flow produced by changing
the preossure, 4, , in one plenum chamber at a
time, while holding the pressure in the other
chambers constant. The example described in Section
[T was chosen tor these calculations., Numerous
cases were lnvestigated, including plenum chamboers
nt various streamwise locations in the tunnel with
suction and with blowing.

In one pair of oxamples, the pressure lu
plenum 6 (seo Pig. 1) wus changed by amounts such
that ¥, (x,) / Uy was changed by 00,0100 (and so

C,‘ by -0.031 and 0.053, respoctively), where

%, 18 the %z -coordinate of the venter of plonum

n . The overnll changes in w, (x) over plenum ¢
are shown in g, 3. Tho v (%) distributions
which result trom tho boundary-layor caleulation
ure shown on g, 4. It i3 remarhable that those
resulting we ) distributlons ure chanpod sipni.
flcantly ulong the length of that plenum chamber,
but nopligibly at all other chambers, cven those
{nmodiately downstrewm,  This bohavior occurs for
ull oxamples considerod, whether tho basle condd-
tion {8 suction or blowing at the plenum chamber
where the prossure change s made, This does not
fmply that the boundury layer 1s unffoctod down-
strenm,  Many of ies propesties, c.y., & *and

&, chanpe approclably downstreaw; however,
d(Ugé® /dz mnd honce Vg x) from by, (4) are
not affoctod slgniticantly thore,

Rosults trom the inviscid-tlow caleulation

for the Increased suction example of Fig, 4
(A VWX /Uy ==0.0100 0 ACq, = 0,083) aro shown
as the clreles dn Flpse 5 amd o, When comparol
with the base-line sinulution reprosentod hy the
crosses, 1t lus ohserved In Flpg, § that w has in-
croased upstvenn und deereused downstream of plonum
0 at both control surfaces with a crossover ot
plonum 6 ttsedf,  This bohavior ts consistont with
tho presence of o sink ot the wnlil of o contined
channol, such as oxlsts heve,  An Incrcase In suc-
tion (or u decrenso in blowing) at one plonum
chambor pives rise to an ineroased sink stronpth
ut that wall location. Conversoly, other results
not presoentod here show that a decrease In suction
{or an incereaso in blowing) plves rise to an in-
ercased sowrco strongth and the difforences in tho

W distributions will be of opposite sign. This
source (or sink) offoct In un othorwise confined
chinnel 1s folt oven to large distuoncoes upstroam
and downstroeam, as obsorved in Fig, 5.

The sink offect describod hore was observed
in an exporiment porformed in the Calspan Ono-
Foot Adaptive-Wall Tunnel before this analysis was
undertakon, The suction was Incronsed simultuneous-
ly at both plonum chambars 5 and 15, The increasod
suction incroased the flow velocity at that station
fur upstreum whore M, is moeasured and set, In
order to maintain the dosired M, , compensating
adjustments were made In tho tunnel drive, offoc-
tively removing the upstveam perturbation,
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Therefore, during experimental iteratlions at a
constant M, , one can expect the primsry changes
in w to occur at, and downstream of, the plenum
being adjusted,

. On the other hand, the changes in the + dis-
tributions at the control surfaces, as shown in
Fig, 6, occur only locally in the immediate vicin-
ity of the plenum chamher at which the control is
changed. There is only a slight effect at the
Sume streamwise position on the opposite control
surface and negligible effect upstream and down-
stream at both control surfuces. This localized
behavior nlso was observed in the One-Foot Tumnel
oxperiments.

The results of all the calculations in which
the prossure in u single plenum chamber was changed,
whilo holdlng the remuainder at their original
prossures, were analyzed und cast in torms of
influonce functions, Tho notutlon Aw (%) will
rofer to the difference given by tho streamwise
volocity perturbution after a plenum adjustment
has been mude minus its valuo in the base-line
slmulation; un analogous dofinition is mude for

AviX). If dum dutw)-auc-ew) iy the diffoer-
vnco in this calculuted porturbutior ovoer the

tongth »f tho tost section, then a natural form for
oxprossing the influence functlions is

I (&) =~ [au(®) - aut-o)] /bu ()
T, (8) » - |av(R) / Su| (6)

whore 2 = ({x-x,)/4 18 u coordinato nornnlized by
4, , tho longth of plenum n . Tho normalization
in ligs. (5) and (6) roflocts the oxperlmental situu-
tion in which tho tunnel oporator removes any AW
that 1s introduced far upstroam 5o a3 to maintain
nocongtunt Mg 3 hence I, e u U and I, (w) w1},
The form of I, , lnelading the stgn, ls chosen so
that prossuro changes ot hoth uppor and lower
plenum chambors ave consistont with tho rosulty of
Appondix B, (See the discussion londing up to
lejse (B-19) and (B-20),)

The inlluence functions Iy, and Ty, where
the subseript a denotes the control surface
wljaeont to plonum A, are presentod b Figs, 8 to
Il as functions of &, where the lines nt

Z = £0.5 dewnrcato the cudas of nlenum n o In
Flgs, 8 and 9, tho Jata from all the plenum chambors
congldered In the caleulatlons are plottod, namely
plenun chumburs 2, & and 6 with incroased suction,
plontm 6 with docrensod suction, and plenum chidbors
L, 15 and o wlith incronsod hlowing., Vor compuri-
son, idonlizod Influenco functions, Iu, ond

v, o urc plottod as solid curves. Those Tdonl.

Lzatlons are dorived In Appondix B using Iinonrlzod
theory without o mode!l presont and assumo a unitowm
AVe(®) botweon £ = N5, Plps. 10 and 11 are
Mottod to an onlurged X scale to Hllustrate how
tho dotails of the changes In the we distribution
in Fig. 4 affoct tho influence functlons in the
lnmedinte viciniey of plonum 6. Sinco the Incro-
wents in v, in that vicinity ave larger at tho
downstrenm ond of tho plonum than at the upstream
ond, Iy, and Iy, in Figs, 10 and 11 are skowed
as shown.  Parthor away from the plenum tho ideul-
fzod Influonce functlons, which assume o constant

avg ulong the plonum, provide a satisfactory
approach to the nsymptotlc condlitlons.

The influence functions l., and I, , where
the subscript o denotes the control surfiace at
the opposite side of the tunnel from plenum n ,
are presented in Figs. 12 and 13. Again, the de-
tails of the boundary-layer behavior at plenum n
primarily affect the distribution only in the inme-
diate vicinity of that plenum while the behavior
away from this region is approximated roasonahly
we{l by the idealized representation, Tu, and

v,

The fact that the idealized distributions I,
and 1,, derived for linearizod, empty-vunnel flows
are such a good representation of the .listributlons
computed with the model present, I, and I, is
quite remarkable, As can be seen from the deriva-
tion of the linenrizod model, the goneral hehavior
is a function of plenum length and the distunce of
the control surfaces from the walls, It is expect-
od thut other segmented-plenum configurations, o.g.,
those with slotted walls or those with porforuted
wills of differont open-areu ratios or slantod
holes, should oxhibit the sume general charactoeris.
tics,

The relationship butwoon the change in pressure,

dp,, sny, in ploenum n and the total change in
the w component, du , wlll dopend on tho wall
goomotry, of course. This relationship deponds on
the Jetnils of tho boundu v layer and the wall
sharactoristics and for the Calspan Ono-Fout Tunnel
wialls is dmplicitly roprescnted by the form of lys.
(1) to (1}, For exumple, In ‘he cases presentod in
flgs. 3 and 4, the incroment Aly, = -0.0310 rosulty
In Suw/Uy = 0,0009 nnd the increment ACw, » (.0530
resulty in du/U,» -0.0037, where these cises
reprosont incromonts in Aw, (0 /U 0f 0,0100 nnd
-, 0100, rospoctively.

There are two Important next steps in the
dovelopmont of this simulution and Influoence-
funetion tochnique,  Thu first would he the oxtun-
sion of the analysle to comprossible flows., As
mentionad tn Soctlon 111, no sipnificant difforencos
nre oxpectod unttl suporeriticnl-flow conditlons
are veachod,  ‘Then 1t is expected that T, and I,
would depart sipnifieantiv from the ldonllized sub-
sonte bohavior. The other stop would e the
oxporhmenta] voeriflcation of the Influence-tunct ion
bohavior by meusuring the approp-be o quantitivs,
This would be strolghtforward but was beyond the
scope of tho experimontul progroms porformod thus
for, Bodapatl, ct al,14 have mensured Iy, ond I,
for empty-tunnel conditions {n thelr sepmontod-
plenum, slotted-wall test scction, Tholyr vesults
arce gonorilly of tho form predictod hore,

Onee thoe valldity of the predictod intfueneo-
function behavior has beon establizhed explicitily,
the provodures could bo used to investigaty auto-
umntud control procodures,  For example, in the
Calspan experbnonts, the w component Is sot along
the control surfucos so that I., and I, aro of
principal importarce. 1In order to offect n chanpe
in w at ench control point, tho sum of the chrapos
Induced at that point dus to prossure chinges 8¢y
In cach of thoe A plonum chambers must be found,
Since similar chunges ure desired ut all the
contrul polnts, o system of oquations can ho
dorived reluting the prescribed changes In w to
the plenum pressure changes. This system off cyua-
tioms must be solved for the Al, thut are necos-
sapy to nchiove the desired Flow., Since tho
influence functions of Lgs. (5) and (6) nre dofined
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in terms of dw , this quantity must be related to

the pressure change 4Cy, for each plenum. As

discussed, this relationship is a highly nonlinear

one, Use of both the idealized and the more cxact

relationships could be investigated by simulations

» to establish the accuracy to which the influence
functions must be repregented in the vicinity of
each control plenum to iterate automaticelly and
quickly to unconfined flow.

V., Concluding Remarks

The following are viewed as the principal
results and conclusions drawn from the present
investigation,

To the authors' knowledge, the base-line simu-
lution represents the first realistic numerical
detionstration that an adaptive-wall wind tunmnsl
with imperfect wall control can nevertheless
achieve what is, for most pructical purposes,
uncentined flow about the modes (see Flg, 7).
is accomplished in spite of the fact that the
modeling of the wall transplration characteristics
and boundary layers was relatlvely crude, and if
anything exacorbated the cffects of imperfect
control.

This

The locul boundary-layer displucement offect,
' as embodiod by et in Eq. (4), is influenced pri-
morily by prossure changes in the plenum chumbers
in the immediate vicinity, and is somewhat depend-
ent on the detailed distributions of transpiration
. velociey through the walls (sae Fig. d4).

Whon appropriatoly defined, the influence
tunctions, I, aund Iy, uppesr to fall on a more or
loss universal curve lndependent of plenum location
und whether suction or blowing is being applied
(soc Figs. 8-13). llowever, the relutionship botween
Acly, and tho normalization tfactor (Lqs.(5) and (0))
will depend on the pirticulur tunnet contiguration,

Tho influence functions well away from the
immediate vieinity of a glven plonum appear to
depond only on the intograted normal velocity
and may ho predicted udequately by a simplified
thoory.

Though the present simulutions arc confinoed to
low-spoed flow for simplicity, the oxtension to
comprossible subsonic spoeds is not expected to
ultor thesc conclusions qualltatively, provided
tho flow remains subcritical. For suparcritical
witll conditions, which may prove of great practical
significznee, a modol of shock-wave/boundary-layer
interaction would have to be added; the attendant
possibility of separated flow at the wall and the
sensitivity of shock-wave position to dotails of
the flow at tho walls may lond to qualitatively now
phenomena. Once this quostion is answered, the
application of the model to simulating the sctual
iterative wall-control procoss®=4 ut high subsonic
speeds should bo possible.
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Appondis A

Boundary-Layor Model and Amplification liffect

For tho purpose of studying the effocts of the
boundary layer on the inviscid interior flow, it is
the integral properties of the luyer, us opposed to
the deotniled profiles ucross it, which are of pri-
mary interest. Accerdinpgly, un integral (as opposed
to finite-difforenco) method was chosen us the most
efficiont means to model the boundary layer. ‘The
particular method used Is that first proposed by
Hoad , 30 which hud beon appliod suctessfully by
others in predicting the bohavior of transpired
turbulent layers,31-32

Basically, lHead's mothod consists of slulta-

neously solving throe equations. The first is his
so-called entrainment equation,
v,
- ;‘_'._ (U 8H,) = FiH)Y+.2 (A-1)
% d‘ U‘
where H, is a modified shape fuctor defined by

H,®(5-8%/6, and Ug Is tho local stroamwiso
volocity at the luyer's odge. Here & , &* , and
8 rolor rvespectivoly to the boundary-layer, dis-
placomont, and momentum thicknesses. H, 1is rolu-
ted to tho moro conventional shape factor, He 88,

by H, = G(H), 'The functions F(H,) and

GC(H) were omplrically dorived from existing
data. Tho rutionale bohind Lg. (A-1) can be found
in Refs. 30-32.

The second equation is:

dae o d'ud V. C'F
m— ——— (H'a — e — - ——— -
ax = Us ! dx U 2 (-2)

which is simply tho well known von Karman integral
momentum oquation derived in most bhoundary layer
toxts, The ouly new quantity introduced is ¢ ,
the local skin-friction coefficient.
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Head's original applications were to solid-
wall boundary layers, for which he used the Ludwieg-
Tillmenn correlationi3ito predict ¢4 . For the
present application this procedure was modified as
follows: £irst, the Ludwieg-Tillmann correlation
was used to compute C, , the skin-friction coeffi-
cient that would obtain if no transpiration were
present,

-0.LTEN  -0ikbd
Cs, = (0.240) 10° Re, . (A-3)

where Ra, is the local momentum-thickness Reynolds
number, %his value was then corrected for the
effects of blowing or suction via the empirical
correction suggested by Simpson, Moffat, and Kays:34

0.7
S . [:9_"_1.’_"_?_'..] (A-4)
Cs, 8

where 8= 2w, /Cpl,. Due to the implicit depend-
ence of B on Cp und the transcendental nature
of Eq. (A-4), it had to be solved using Newton-
Raphson iteration, but the convergenco is quite
rapid.

Tho above system of three equations (two dif-
ferential, one algebraic) wus solved for the three
unknowns 8 , H and Cf wusing a Runge-Kutta
procedure. Required inputs are the distributions

Ug txy and v, (x) , und initial conditions on
4 und H at the starting point,

To validate the boundary-layer program, its
prodictions were compared with experimental datn of
other investigators for several representuative
flows, including various stroamwise pressure gra-
dients with and without transpiration. An oxamplo
which is of particular interost to the prosent
upplication is an exgerimentul configuration inves-
tigatod by McQuaid.3Z In this case, there was
uniform blowing of constant strength up to

% » 17.5 in.; downstream of this point <, wus
nominally :oro. The equations wers integrated up
to ¥ = 17,5 in. using the oxporimental values of

@ and H at x = 11.5 in, as initial conditions
und 1, /U, = 0.0035. ‘The caleulated values of

@ and H at x> 17.5 in, were then used as
initial conditions for further intogration down-
styoum with %, /Uy = 0. Results of the calcula-
tion are siwown in Fig. 14, The prodicted devolop-
ment of &%, & und H from their initlul values
agrees well with the data. In particular, tho
calculatod distributions display discontinuities in
their slop-s at the discontinuity in blowing velo-
city, and his bohuvior reflects tho observed varia-
tion there reasonubly well., This and othor compar-
isons gaveo confidence in tho ability of the model
to prodict the integral properties of the boundary
layer adoqately,

The  rst application of the Loundary-layoer
model spoc.fically to tho Calspan One-Hoot Tunnel
configurition shown in Fig, 1 was dono to see
whether it confirmed a so-called "boundary-layer
amplification" offect that hud been noted in adjust-
ing the plena to achieve a desired flow condition,
In early experiments with tho model present in the
tunnel,? it was observed in many cuses that the
normal velocity measured by a probe 1.5 in. from
the wall was conslderably groeater in magnitude
than v, , tho velocity at the wull itself.
Although part of this amplification was due to the
increase over that distance in the inviscid veloc-
ity induced by the model, there was still a marked
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increase in the magnitude of the amplificetion as
more blowing was applied, Accordingly, the present
boundary-layer computational method was used to
examine the relstionship betwesen v, ané v, ; i.e.,
to cast light on the amplification of the normal
velocity across the boundary layer, For these
calculations, flow without the model present was
repraesented by assuming uniform flow over a flat
surface with zero stressmwise pressure gradient,
With the assumption of constant transpiration
velocity along the controlled section, calculations
were made to cover the range
-0.0275 ¢ v, /U, & 0.0150. A - ‘ot of v/U, vatt, /4
over part of this range is given Fig. 15 for
locations corresponding to the upstream and down-
stream 1imits of tho controlled test section length
and shows only a weak dependence on x ., When

Yy /U, < ~0,0050, there appears to be an usympto-
tic suction behavior of the same nature that exists
in laminar flow.35 ‘That is, the boundary layer
ceases to grov, and its integral properties, parti-
cularly & , become independont of « . Eq, (4)
then predicts thut g = %, so that the slope of
the curve in this region is just unity, and there
is no amplification by the boundary layer. llow=
over, as v, /U, increasez ahove -0.0050, the slope
of the curve in Fig, 15 increases significantly,
and in the region of blowing, % greatly oxceeds

Vw . Not only has the first tomn on the right-
hand side of Eq., (4) incroused, but this in wurn
has groatly magnified the boundary-luyor growth
ropresonted by the seciad torm; since these terms
are additive, amplifieativn of the normal veloeity
across the layer results. Jacocks30 has portormod
culculations with u finite-difference boundury-
luyor code und oxperimentally-determined wall.
pressure data with u wodel present. The onvelopo
which he detormined for his calculuted results iy
yuite similar to that exhibited in Fig, 15.

In uddition to helping in an understanding of
tho simulation results discussed In thoe main text,
I'ig, 15 carries a very practical lesson for tho
usors of such adaptive-wall tunnels; vie., control
of the inviscid flow via plenum adjustments s
linoar and well-behaved for suction, but likoly to
bo highly nonlinear when blowing is needod.

Appendix b

Idoalized Influence Functlons

Ir this appendix, an idealized form of the
influenco functions of Secction IV is found. A
lineur approximation for the flow in a tunnel with-
out the model present has been chosen., Thus, the
idealized anmlysis hore will be relatod to the
difforences found in the results of tho simulations
of Sectlon IV when the prossure is chunged in ono
Plenum, while holding the pressure constant in the
athor chumbers. These rolationships will be point-
od out us the analysls procoeds.

The & - coordinuto system uscd here s the
same us the X~ systom in Flg, 1 except that
the orvigin of & "is locuted in line with the centor
of the plenum chamber belng adjusted, which has
length ., , whoreas the origin of z is at tho
quarter chord of the model. In tho &£ -+ systom,
the flow investigated is induced by o uniform
normal velocity, <, , imposod at the upper wall
over the interval -L,./2 & £€ 4,/2 with V=~ o0
prescribed everywhere else on the upper wall as
well as on tho entire lower wall. The frec-stream
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velocity is U, and the streamwise disturbances,

W, aro agsumed to bo zero far upstream, just s
in the experiments. The magnitude of V; is reiat-
ed to the differences in the integral of Ve (%)
over the length of plenum A as carried out before
and after changing the pressure in that plenum,

The linearized cowpressible-flow snalysis is
carried out in the Prandtl-Glauert approximation,
s0 that a disturbance velocity potential, ¢ ,
exists and satisfies

A 6 + 8,80 = 0 (8-1)

where p'- v-M.: and the subscripts § and 7
denote partial differentiation with respect to
those variables, The boundary conditlons that the

uw disturbance-velocity component must be zero at
infinity upstrean and that v at the walls must
be as described above are expressed as

45‘(—00,") v 0 ' ' (8-2)
$q(&i-h) =0 (B-3)

v, -A,/2<Fcd, /2
# (&, h) {0 y 1%l > B,/ (B-4)

The problem is solved by means of Fourler
trunsforms, which are definoed as

$nis) ——~fm Me' ;v“.' (B-5)

¢ (&, 'ﬁ‘-’-,ﬂ—/&“liﬂe-‘:.df (B-6)
-ty

Upon transformation, Lq. (B-1) becomes
t 87 by
-A's ¢(rz;s)+¢,m(r),-s) =0 (B-7)
which iy an ordinary differential oquation with the

sclution 2
- Asn  -psn
¢tnis) = Ae + A, + A, (B-8)

where A, to A, are constants. Since the constant

Ay transforms back to the ¥-n coordinates as u
delta function, which has no physical significance
in this problem, Ay is taken to bho zero. The
boundary condition of Byq. (B-2) will be satisfied
later after transformation back to the & coordi-
nate. Tho boundary conditions of Eqs. (B-3) and
(B-4) transform to

Jq(—h;n -0 (B-9)

$n(h;s) “« 2Y am(sl, /2)/VEH s (B-10)

Performing the approp-iate operations on Eqs. (B-8),
{B-9) and (B-10) yields

Fni RV, Aim (34, /8)cod [AS(n¢h)]
' VET A8t Ak (2peh)
The potential itself is then found by substi-
tuting in BEq., (B+6). Since the right-hand side

of Eq. (B-11) is an even function of 8 , this
result can be simplified to

. 2%
M: (R
"l [AN +h)3 ] cath (2 As) o (L s/n)uog's

o st (B- 12)
Differentiating this twice with respect to & gives

1)" ”
¢;;‘4’.’I) - 'r;:,;_[udv[,s(wh)ﬂ tash (e B hs)

. {mm; s A /8)8) - am[CE- 4, /w)s]} ds
(B-13)
which can bo integrated3? to give
oo [l
v, 2ph
45 frcu;'u.,/:)] [‘rﬂmh)}
otk | - YT R Y

ke [n( ;2-;,‘,1/:)]

Y [n(i—;‘;‘h) ] . w[n:(qa;h)]

ézg(g,q) - -

(B-14)

The desired « componont s found by integra-
ting U, (B-14) with respect to E , namely

vy
¢‘<g.'[) .- -1

an p
re(E+d, /e e+ h
ot [ST ] e [ 225
’ [rr(g--l /a] [ncmh)] +Ay
2fh (B-15)
where R., is u constunt of integration, This is

evaluatod by satlsfying thoe boundury condition in
g, (B-2), which givos

A= -v b, /4% (B-10)
30 that
P8, = - —%’—;
ook [T’ﬂ &+ 1,,/1)] . M[vt(nm)
L 2h *h
2 1':). k-4, /2) TN +h)
“"“[ % fh ] ”“[."ET
(B-17)

The desired v component is found in a simi-
lur fashion. Using Eq. (6-14) in conjunction with

. (B-1) gives an oquation for ¢y, ( &7 ) which
cnn be integratod with rospect to n to yield




b1+ Flamigehm o a2
. u,[n:n;h)]}_ g CE =4y 10

wrfes (25 5]

{B-18)

where the constant of integration is zero by Eq.
(B=3) snd S is 3| according to whether & %o .

Yhe Tesults are now cast in terns of the

variables % and § , where R<E/4, and

§ = n/h . In particular, th& idealized
influsnce functions, denoted by lg and I, to dis-
tinguish them from those calculated in the simula-
tions, are found from Rgs. (8-17) and (B-18).
From Bq. (B-17), it follows that ¢‘C~-.HJ = 0 and
g, n)#-v,4,/2h, 50 that in torms of Hqs. (5) and
(6), Su~ ¢‘(.,p|) - @y l-0, M-V, 2,78k, Thus botg “
and @, must be divided by thls factor to get I,
and X, , which for incompressible flow (A =t) are

-~ - 1 h
L&P- 5+ 77,
M[m!.»ch&)} w[n(i’u)]
. dn 2h F
sk [_'._‘n‘;‘"’”] + M[’_'ii_ﬂl]
ah 2
(B-19)
oS, zh -
I (E,5) =~ {E"{W(“ )
o1 w12k 7ELg +1)
o tem W[ p ]’t“"[ % ]
-t z-" TG+ )
- aqn (R -%h) Tan {w l’i"_:l{—i‘]m[_%— ]ﬂ-
' (8-20)
The iu., , 2v., , fu,. and I,,_ curves of
Figs, 8 to 13 were evaluated from Eqs. (B-19) and

c/h =t a/s . The

(B-20) for A,/he! and g-
q. (B-19)_is valid

sxprassion for I, <£,§> 1n
everywhere sxcept ut the two points
where there are singularities introduved by the
discontinuities in 1 at these points, As is well
known in linearized thin-airfoll theory, such &
discontinulty leads to a jogerithmic singularity in

w there, (See Refs. 38 and 39 for the singula-
rity at the kink in @ ?cnt flat plate.) In the
calculated values of T, shown in figs. 8 and 10,
there are tio singularicies because c; =2/ , but
the overshvot observed near £ =& e
in that singular behavior.
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