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PREFACE

This is the final technical report summarizing the adaptive-wall

wind-tunnel research carried out in the Aerodynamic 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

I November 1976 to 31 October 1980. The research was sponsored jointly by

the Office of Naval Research, 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 principai 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. F. Phibbs and the late A. F. Gretch. The authors also 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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• to the original experimental configuration are described. Details
of adaptive-wall iteration experiments with a 4s-blockage NACA 0012 airfoil
model are presented, particularly those at a free-stream Mach number of 0.9
and nominal angles of attack of 3', 2* and 1l. In these experiments,
regions of supercritical flow terminated by shock waves extended to the
tunnel walls. The results of the experiments indicate that successful
iterations toward interference-free flow conditions are achieved. For
another phase of the research, conceptual design studies of a three-
dimensional transonic adaptive-wall test section using the segmented-plenum,
perforated-wall method of flow control are reported. Finally, numerical
simulations of low-speed flow within the Caispan test section, including
the interaction of the transpired boundary layer at the walls with the
flow over the model, are described in AIMA Paper No. 81-0160, which is
appended to the report.
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NOMENCLATURE

C pressure coefficient on aIrfoil surface, (p-p 0 )/q.
p
c airfoil chord

h distance from tunnel centerline to control surface

M Mach number

p static. pressure

q dynamic pressure

Re Reynolds number based on chord length, c

U 0  free-stream velocity

u, v perturbation velocity components in streamwise,
normal directions, respectively

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

x strewnwise coordinate with origin at the junction
between plenum chambers 6 and 7, and 16 and 17,
see Fig. I

oL angle of attack

Subscript

free-stream conditions
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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 reliable experimental data on flight vehicle configurations, especially

in transonic flow. Recognition of the deficiencies of existing techniques
1 2

and procedures led Ferri and Baronti and Sears , 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 progrim 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

Ferri, A. and Baronti, P. "A Method for Transonic Wind Tunnel Corrections"
AIAA Journal, Vol. II, No. 1, pp. 63-66, January 1973.

2 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.

1I



numerical simulations of the flow in two-dimensional adaptive-wall tunnels
3 4for incompressible 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 tested '6 in the Calspan

Eight-Foot Transonic Wind Tunnel to establish the aiefoil characteristics
6

in unconfined flow at a Reynolds number, Re of 1.00 x 10 based on chord

length, c. Aerodynamic data were obtained at free-stream Mach numbers,M

from 0.40 to 0.95 and angles-of-attack, , from -2* to 8*.

4,5
An experimental program was carried out during 1974 and 1975

in the One-Foot Tuiinel 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, sirce the solid blockage of the 6-inch

chord model is 6%, Iteration at several flow conditions in this regime of

operation indicated4 ' 5 satisfactory convergence to unconfined flow and

elimination of the wall interference.

Erickson, 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-l, November 1973.
Vidal, R.J., Erickson, 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 Plows by Adaptive-Wall Technology" ICAS Paper No. 76-02,
10th Congress of the International Council of the Aeronautical Sciences,
Ottawa, Canada, 3-8 October 1976; also Journal of Aircraft, Vol. 14, No. 11,
pp. 1042-1050, November 1977.

6 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

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. Moreover, consideration was given to a

perforated-wall, segmented-plenum implementation of the adaptive-wall

concept in three dimensions. This report summarizes the research performed

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 been 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
7

and supplemented the experiments performed with sponsorship by the

Arnold Engineering Development Center (AEDC). During 1980, additional

experiments were carried out as a continuation of research accomplished 9

during 1978 and 1979 with further ABDC 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-Foot Tunnel to meet these requirements.

This task was performed during 1978 and 1979.

Vidal, R.J. and Erickson, J.C., Jr. "Experiments oin 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.

Vidal, R.J. and Erickson, J.C., Jr. "Research on Adaptive-Wall Wind

Tunnels" AEDC Report No. AEDC-TR-78-36, November 1978.

Erickson, J.C., Jr., Wittliff, C.E. and Daughtry, D.C. "Further
Investigations of Adaptive-Wall Wind Tunnels" AEDC Report No.
ABDC-rR-80-34, October 1980.

3
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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 streaswise disturbance

velocity component, u , and the normal component, v. In Section 4, results

of experimental iterations toward interference-free flow conditions with

a 40-blockage NACA 0012 airfoil model are presented for supercritical flow

conditions at the walls. These experiments, which were performed during

1980 at M, - 0.9 andd= -o, 2* and 10, 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-Plenum, 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.

4
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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/Chalais, 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 .

Chevallier10 achieved successful iteration to unconfined flow in

197S with a 4.4%-blockage NACA 64AO10 model for M. up to 0.85. This tunnel

configuration and associated techniques have been adapted 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.

I1 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.

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

speeds12 in 1975, and then at transonic speeds13 in 1980. In these latter

experiments, unconfined-flow conditions were achieved at Mo w 0.89

and O . 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 implemented14 in a two-dimensional test section of

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

Research Center.

Ganzer 15,16 achieved fully-automated iterative control 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 plan1 1 ' 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
Goodyer, M.J. "A Low-Speed Self Streamlining Wind Tunnel" AGARD-
CP-174, October 1975.

13 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 l1th Aerodynamic Testing Conference, Colorado Springs, Colorado,
18-20 March 1980.

14
Ladson, C.L. *"A New Airfoil Research Capability" in Advanced Technology
Airfoil Research, Vol. 1, NASA CP-2045, Part 1, March 1979.

1s Ganzer, U. "Windkanale mit Adaptiven Wanden zur Beseitigung von

Wandinterferenzen," Zeitschrift fur Plugwissenschafteu und
Weltraumforschung, Vol. 3, No. 2, pp. 129-133, 1979; also translated into
English as NASA TM-75501, August 1979.

16 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.

6
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proposed by Kemp' 7 , 1 8 and later treated by Capelier, et al.19 and Murman 2 0 .

Ganzer also describes 1 6 plans for building a three-dimensional flexible-wall

test section.

Emphasis 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, Weeks 2 1

accomplished some wall control at the Air Force Flight Dynamics Laboratory in

1675 by slotted walls with contoured slots.

AEDC results ,2 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

rods 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 AE)C 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.

18 Kemp, W.B., Jr. "TWINTAN: A Program for Transonic Wall Interference

A:sessment in Two-Dimensional Wind Tunnels" NASA TM-81819, May 1980.
19 Capelier, C., Chevallier, J-P. and Bouniol, F. "A New Method for

Correcting Wall Interference" La Recherche Aerospatiale, 1978, No. 1,
January-February 1978, pp. 1-11; also translated into English as European
Space Agency Report BSA-TT-491, August 1978, available as NASA Accession
No. N79-11997.

20 Muran, E.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.

21 Weeks, TM. "Reduction of Transonic Slotted-Wall Interference by Means

of Slat Contouring: Air Force AFFDL-TR-74-139, March 1975.
22 Kraft, E.M. and Parker, R.L., Jr. "Experiments for the Reduction of

Wind Tunnel Wall Interferenced by Adaptive-Wall 'ihchnology"

AEDC Report No. AEDC-TR-79-51, October 1979.

7



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.

23 AEDC, in a paper published in 1980, also obtained significant reduc-

tions in interference in three-dimensional flows for a wing/fuselage/hori-

zontal-tail configuration in Aerodynamic Wind Tunnel (4T). In these experiments,

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.
SThe NASA Ames Research Center adaptive-wall test section2 4

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 N. w 0.8 for 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
24

has been suggested

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 llth
Aerodynamic Testing Conference, Colorado Springs, Colorado, 18-20 March 1980.

i8
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Section 3

EXPERIMENTAL FACILITY AND INSTRUMENTATION

3.1 Test Section and Airfoil Models

The Calspan One-Foot Tunnel 4 ' 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 suction 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 experiments

with this airfoil model at higher Mach numbers had shown 7 ' 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

V 9
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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 available 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 improve the tunnel performance. Consequently, an NACA 0012

airfoil model with a 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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3.2 Initial Flow-Velocity Measurement Techniques

In the experiments prior to those of Ref. 9, local flow angle was

measured by aerodynamic probes and the local static pressure by static pipes.

These measurements were used, respectively, to determine v and u . The

static pipes, each with 52 static orifices along its length, were located

with their centerlines nominally 4.0-inches above and below the tunnel

centerline and had a 0.5-inch diameter. Eighteen flow-angle probes 4 ' 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

to obtain sufficient measurements to define adequately the v distributions

in the vic-.nit> of the model.

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 .pproximation to u.

It was difficult to carry out conventional interpolation procedures accurately

based on the limited number of v measurements available. Fortunately,

however, sufficient 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.

The first step in this interpolation 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-d.ifference solution of the transonic small-

disturbance equations8. Next, the difference v - v[u) was determined at each

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-

tion of u[v] was carried out to give the next approximation to u which was

set in the tunnel. Again, transonic small-disturbance solutions were used.

12
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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 resolution.

The TSFOIL computer 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 AEDC sponsorship and is described in Ref. 9. Briefly, the

new pipes, of 0.62S-inch diameter, have diametrically opposed orifices on

25 Murman, S.M., Bailey, P.R. and Johnson, M.L. "TSFOIL-A Computer Code for
Two-Dimensional Transonic Calculations, Including Wind-Tunnel Wall Effects
and Wave-Drag Evaluation" Paper No. 26 in Aerodynamic Analyses Requiring
Advanced Computers, NASA-SP-347-Part 2, March 1975.

13

- - -|



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 PW . 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 conj~unction with the differential pressure data, the probes were re-

located to the plane of the static pipe centerlines from their original

locations 4.S 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 were 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

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

staggering of the probes was chosen to avoid interference effects.
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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 experiences9 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 M, a 0.8 and 0.9, the first three upper plenum chambers

were providing near-me.ximum suction, while the first two lower plenum
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chambers were providing slight blowing. Therefore, it is suspected that

the flow was inclined 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 ones, complicates the adjustment of comparable

amounts of suction. However, it has been observed (see 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 procedure.

9
In the ABDC-sponsored experiments , the differential pressure

measurements in uniform, parallel 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 most recent experiments at

Ma = 0.9, the rationale for the choice of supercritical-wall cases will

be described.

The lift data for the 6-inch chord NACA 0012 airfoil, as tested6

in the Calspan Eight-Foot Tunnel at a chord Reynolds number, Re c, of

1.00 x 106, showed unusual characteristics at M,,, = 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 30 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 cases 6,8 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.
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4

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 O.indicates considerable scatter. This appar-

ently results from relatively large changes in the shock-wave locations on the

airfoil due to small changes in C(. 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 NM. - 0.9 is suspect, however, because of the aforementioned scatter in

the data. This intercept has been used in the experiments presented here,

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 Tunnel, Rec is

limited to 0.67 x 106. This limitation arises because the tunnel cannot

be run continuously at conditions which provide for Re - 1.00 x 106 withC
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 Re . 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
8NACA 0012 model were carried out at M0 = 0.85 and 1l. 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

* 19
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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

M4 .0.8 and d-= 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 components were set close to the desired values, but the

resulting v componevts 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,

howaver, that an improved measurement technique for the v component was

necessary.

Accordingly, the new static-pipe technique for determining the v
9

component was developed and this case was investigated further . Two

converging steps in an experimental iteration were accomplished at M * 0.8

and O • 4o. Prom runs made prior to beginning the actual. iteration, it

was concluded that undesired c2vss-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

20



information to proceed to a flow with both walls supercritical. Accordingly,

the same model was tested at the same O but with M increased to 0.9.

Initial experiments at M - - 0.9 and O( - 40 were performed9

with the upstream control valves at their tunnel-empty settings and the

remaining valves at their M u 0.8 and OCi, 40 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.

Achievement of this flow9 provided the starting point for the most recent

experiments that are described in the next three subsections.

4.3 Experiments at M • 0.9 and 3* -

The angle of attack of the 4%-blockage NACA 0012 airfoil was
readjusted to the nominal condition of A = 3*, which corresponds to the
geometric angle of 3.620 in the One-Foot Tunnel when the zero-lift offset

in the Eight-Foot Tunnel (see Fig. 2) is taken into account. 7Ttis case

is in the region where the lift-curve slope is larger than It is at very

small O7 and provided a steady case for which OL could be reduced in later

experiments. Adjustment 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.o 0 0.9, and with the remaining valves

at their settings for the successful run at Ma = 0.9 and 4Y 4*.

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 TSPOIL

computer code. Care was taken to insure that comparable amounts of
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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 0 3", 20 and 10. The

normal velocity components, as measured by the new static-pipe technique,

aze 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

whici 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 Eight-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 0.3 for the third iterative step.
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Figure 3. MEASURED NORMAL DISTURBANCE VELOCITY DISTRIBUTION,
Mc,, a 0.9, YX a 3o, 4%-BLOCKAGE NACA 0012 AIRFOIL
FIRST ITERATIVE STEP AT UPPER CONTROL SURFACE,
h/cu 1.0.
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M" 0 0.9, , 3, 4%-BLOCKAGE NACA 0012 AIRFOIL,
FIRST ITERATIVE STEP AT LOWER CONTROL SURFACE,
h/c * -1.0.
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Figure 6. STREAMWISE DISTURBANCE VELOCITY DISTRIBUTIONS,
M,4 a 0.9, VL - 3*, 4%-BLOCKAGE NACA 0012 AIRFOIL,
FIRST ITERATIVE STEP AT LOWER CONTROL SURFACE,
h/c -- 1.0
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The agreement of the measured u distributions at the control

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 Pigs. 7 and 8. The

shock wave moved rearward on the upper surface of the airfoil and is now

too far forward by about l5% of the chord (x/c w 0.55 instead of x/c * 0.70).

Overall, the third iterative step was a significant improvement and

showed that sufficient control was available to iterate toward unconfined

flow. Moreover, the new static-pipe technique is a great improvement 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

resolved. These will become clearer by discussing the representative results

that are shown in Figs. 3 and 4.

The most obvious characteristic in the results of Figs. 3 and 4

is the dashed line representing the break in the curves in the vicinity of

the shock wave. There are three problems near and downstream of the shock,

First, the pipe orifices are spaced 1-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 layer were beyond the scope of this investigation, as was the

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

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 areextrapolated graphically as shown by the

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 variations 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 Fig. 4. Global considerations for the disturbances gen-

erated by the model in unconfined flow indicate that v - 0 should be

approached from the 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 x/c a 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 probably at the limits of measurement accuracy, so far as further

iterations were concerned. Therefore, it was decided instead to reduce Ot

successively to 2* and 10, so that an investigation could be made of these

cases where the lift-curve slope is smaller. It was in this range at

M• m 0.85 that steady flow could not be achieved.

Before these lower OL cases were investigated, however, several

runs were made at M W a 0.9 and OC - 30 to examine the effects of

increased Reynolds number. In order to achieve these conditions, the

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.

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 upstream of the shock wave, which moved rearward by about 2.5%
6

of the chord. As Re was increased further to 1.00 x 10 , C decreasedC p
by an additional 30% ahead of the shock, which moved forward by about 7.5%

6
of the chord so that it was 5% ahead of its location at Re - 0.67 x 10

c
The shock became stronger as Re 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 is, wall-interference

effects 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 Re on the model properly. This was not feasible with the limitedc

run time. These tests definitely established the sensitivity of the flow

to Reynolds number and iftdicated the necessity to repeat the iteration

procedure whenever M , , C or Re are changed.
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4.4 Experiments at M gt 0.9 and 0.( 2

The airfoil angle of attack was reduced to the nominal value

(Fig. 2) of OC - 2*, which corresponds to the geometric angle of Or - 2.620

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 Xa - 3- iterations and simply acquiring a full set of static-pipe and

probe data. The agreement at both control surfaces between the measured u

distributions 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 P. = 30. 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

Eight-Foot Tunnel data.

A second iterative step was made with a relaxation factor of 0.5,

as had proved better at k'- = 3o. 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 t.- 3V. 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 GL= 2° reflected the behavior at

O. - 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 0-, - 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 were

Sterminated at the second step so that the X - I* case could be investigated

more thoroughly.
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4.5 Experiments at Mm, 0.9 and OL 1I

The angle of attack was reduced to the nominal setting of Ot- 1,

which corresponds to the geometrical angle of 1.62* in the One-Foot Tunnel.

The first and second iterative steps were carried out as they had been for

20. That is, tha first step was made with the plenum control valves

at their final settings for OL- 2* and the second step was taken with an

Iterative relaxation factor of 0.5. The basic trend of the results for

the distributions is similar to the first and second steps at 14 = 20

and the first and third steps at 6- 30. However, the shock wave on the
upper surface of the airfoil moved from x/c = 0.65 at the first step to

x/c a 0.85 at the second. This is aft of its location at x/c - 0.725 in

the Eight-Foot TuTLnel tests. At the lower surface of the airfoil, the

shock was slightly forward of its Eight-Foot Tunnel location at the first

step, 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, again with a relaxation factor

of 0.5. The resulting measu-tid 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

compared 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

for any of the previous cases. However, there are still some important

differences downstream of the shocks. The chordwise distributions of the

airfoil surface pressures for the third iterative step, presented in terms

of 10,p , 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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Figure 9. MEASURED NORMAL DISTURBANCE VELOCITY DISTRIBUTION,
M,. - 0.9, QL" 3% 4%-BLOCKAGE NACA 0012 AIRFOIL,
THIRD ITERATIVE STEP AT UPPER CONTROL SURFACE,
h/c - 1.0.
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Figure 10. MEASURED NORMAL DISTURBANCE VELOCITY DISTRIBUTION,
M0 "- 0.9, a.- 1*, 4%-BLOCKAGE NACA 0012 AIRFOIL
THIRD ITERATIVE STHP AT LOWER CONTROL SURFACE,
h/c - -1.0.
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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 O * 3' (Fig. 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 V distribution is more reasonable

with only a small overshoot in the asymptotic behavior downstream. This
overshoot may result from uncertainty in the probe measurement at x/c W 2.515.

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

attack at Moa a 0.9 is towards convergence. Improvements were made in the

agreement between the measured u distributions and the u[v] 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

reasonable 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

number effects,

I3
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Section 5

CONCLUDING REMARKS

The new static-pipe technique9 for determining 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 theory 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 4he relationship

between the pressures and velocity components should be performed. Finally,

experiments should be made in which the results 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 3P 20 and 1. As the iterations proceeded, significant improvements
were observed in the agreement between the measured streamwise disturbance

velocity distributions and the corresponding distributions resulting from

the exterior-flow functional-relationship evaluations. These evaluations
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used the measured normal velocity distributions as boundary conditions

for transonic small-disturbance calculations. Therefore, we conclude that

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

adaptive-wall concept can provide sufficient control to iterate when locally-

supersonic flow and shock waves extend to both tunnel walls. In the wall-

control adjustment procedure, care must be exercised to balance the 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

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-cbamber

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. Finally, 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 zero angle of attack.

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.

Influence 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 implementatiou is viable for a fully

three-dimensional test section. This would be especially so if additional

design studies were to show that adequate 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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In addition, Calspan personnel participated in Adaptive Transonic

Wall Meetings held at AEDC on 19 January 1978, 10 August 1.978, 19 January 1979,

12 July 1979, 26 February 1980 and 16 January 1981. Research performed under

this contract was presented at these meetings.
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APIENDIX II

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 tiansonic small-
26disturbance equations, using the Bailey-Ballhaus code. The emphasis in th(.

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 teLing

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 horizontal tail to the pitching moment can be assessed. This 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 Model 23, which has a slender

axisymmetric body with a swept, untapered, constant-thickness wing and horizon-

tal tail. This model is attractive for a three-dimensional demonstration

because the wall interference should be relatively large.

26 Bailey, F.R. and Ballhaus, W.F. "Comparison of Computed and Experimental

Pressures for Transonic Flows About Isolated Wings and Wing-Fuselage
Configurations" NASA-SP-347-Part 2, March 1975.
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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 Bailey-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 subcritical.

PTandtl-Glauert calculations based on line distributions of

thickness and lift for rectangular planforms were useful for estimating the

effects 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
definitiv6 design can be achieved. i:'rly in the investigation, we examined

the prospects for a reflection-plane test section with control on only three
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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 laterzllly, we believe
that it is important to demonstrate that the walls can be adjusted so as to

insure the same symmetry in the flow field. 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 together so

that the distributions of the velocity components are no longer app-oximately

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.

so
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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 configurations, 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 practicei to test in a given
tunnel width. This still permits configurations to be tested at moderate

angles of attack. This ratio is also compatible with the existing contraction

section of the Calspan One-Foot Tunnel.

A preliminary layout was made of the plenum segmentation required
in the streamwise direction, using the features set forth above, based on
our two-dimensional experience. It was found that both the rectangular and
swept wings, which we considered, could be accommodated by the same basic seg-
mentation, provided that each model could be mounted in a different location
with respect to the plenum chambers. We believe that we can achieve wall
control using the same number of streamwise plenum chambers as in two dimen-

sions, including provisions for the fuselage-induced disturbance velocities.
In the resulting streamwise breakdown, the velocity components vary approxi-
mately linearly over the extent of each plenum. A corresponding segmenta-

tion of the side, top and bottom walls was also chosen on the same basis of
approximately linear variations. Overall, this initial design had 64 indi-

vidual plenum chambers, with 8 laterally at each of 8 streanwise 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 chambers than the rectangular. Consequently, octagonal

cross sections offer promise of more effective flow control, along with model

span maximization for a given tunnel mass flow.

Finally, a conceptual design for a new plenum chamber and header
configuration for providing both suction and blowing capability was developed.

This design promises a considerable reduction in the complexity of the auxi-

liary pressure and suction circuits, compared to our two-dimensional design.

However, it is regarded on1; as part of a first step toward a three-dimensional
design. Overall, the conceptual design holds considerable promise for a three-
dimensional demonstration experiment. Further researzh would be required to

refine the requirements and to prepare a final detailed design.
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NUMERICAL SIMIULATIONS OF A SEQIGENTED-PLENUE,
PERFORATED, ADAPTIVE-WALL WIND TUNNEL

£ J. C. Erickson, Jr. and G. F. Homicz
Aerodynamic Research Department

Caispan Advanced Technology Center

Abstract 6 boundary-layer thickness

Flow within the tunnel is simulated by model- k9 boundary-layer dislaementi thickness
ing the incompressible interaction of the trans- c ourdndare y-la er etwiith oicknessth
pired turbulent boundary layers on the walls with ,q codntsyemwhorgnate
the flow over the airfoil. Despite the fact that center of plenum chamber it midway

a fiitenumer f penu chaber ca exrt nlybetween the walls
a fiitenumer o plnumchamerscanexer ony * disturbance velocity potential inimperfect control over the flow, it Is demonstrated Appendix B

that one caii still achieve what is for all practi-
cal purposes unconfined flow about the airfoil,
Velocity differences produced at control surfaces Subscripts
outside the boundary layers by changing thle
pressure in ono plenum ebmhnihr at a time, holding a' evaluated at control gurface adjacent
the other chamber pressures constant, are presentedtopeu chmr
as influence functions. Implications of thle anal- t co endiio catmeder ofbudrna
ysis on tunnel design and automation tire describod, ,0 condition at plgenu ofbunayae

0 evaluated at control surface opposite

Nomenclaturo to plenum chamber it
S- Doa free-stream condition

Cf,C; friction coefficlunts With and without
*transpiration, respectively 1. introduction

Cp 1presure coefficient on airfoil surfnce,
(#- #.. ) 4 Theo concept of an adaptive-wail winp tunnel

Ole,, pressure coefficient in plenum rt *has attracted much attention recentlyl 1 1 because
Cc - I,, ) / j , Eq. (2) of its promise for significant reductions in tunnel-

a airfoil chord, Fig. 1 wall Interference, particularly in the transon kc
H boundary-layer shapeo Factor, (0/e flight rogime. An adaptive-wall wind tunnell
h distance from model to tunnel Walls, provides for active control of tile flow in thle

Fig I ucin vicinity of the test-section Walls in order to
1c, rvInfuene fnctons or L ad t doer- minimize or el iminaute the interference on thle

in1dflu om siultornLs. aefned III dter- modelI. The dIstributIons of the disturbance
m) ned (ro) siutin dfidinlq. Veloci ty coaponentls tire iiionnurvi. ait discrete points

I", ZV Ideal ized inifluence fianet ions, defined along control surfaces, or interfaces, in the flow
inI likls (11- 19) and (11-20) fielid near thle wal ls, but away' fromi the nodel 1And

S length of plenum chamber iL outs ido the boundary Ia -ers onl the wall1s. A thea -
rctet icl representation for the flow exterior to

M Miach numbehr these control suirfilces, IncludIng the douired uncon-
p stat Ic pressure f~Vi d- flow bouindiLry condition that all di sturbances
S dynasili pr'essure van iah at Intin Ity , is used to ustali sh the t'unc*-

total volocity component In 1 direct ion t ions I relations;hips whni ch must hie sat isfled att
'A11, perturbation velocity componontit In the( Coa1tI'oAl Uf(ILCCR by the measu1-red di sturbance

X . directionls volovitien. If the measuredl voleloct ls do not
LA change, in iA , v iifter changing u syteerltlahis nIea y rcdr

pressure In one plenum provides at now approxi mat lo for tho flow VieId ati
&, A()- A"C0)the surfaces, and the wall control is readjusted
Ve effectilye Invl scid 3iorma I velocity at wit tIi thle mensured quaint It Ioq sattkfy the functlion.

Wall dute to boun11dary-I myol dl 1' incement IIl relationshipis for uncon t'l ned f low.
(positive out of tile Wili), E q. (.1)

v,, transpiration veloci 1ty ait waill 1(posl the Al though the lilt iiiate appliicat ion is; to fail y
out of thle Wall) three-d lmensional flows, most of thle adapitive-wall
coordinate system with origin ait akirFoll worký to daite has been carried out in two dimensions.
quarter chord, H11. 1 Several different adapit vo-wa 11 implementations

X, streamwise location of center of plenum have been investigated experimentally In two-d men11-
chamber at sions * namely: impermeable, flexible wil Is,g 11 I

eX- X. ) / 1,. perforated walls with constant plenum pressure but
distance from tunnel center line to at porosity distri~bution that vavies% in the stresm-
control surfaces, luig, 1 wise direction, - perforated walls with constant

a?/ plenum pressure and a porosity which is uniform
1% artoil angle of attack along ea-l wall, but can vary from one wall to

0 -M Y nottlgM (including at three-dimensional appnlica-
P tion'"), slotted walls With segmented pllenum

il ' _hnc n7i1`neiie AIAA Member cilambors, 14 and perforated walls with segmented
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plenum chambers. 2-8 In the latter two ventilated- 1I. ?4ethodology.
watll implementations, the pressure in each of the
approximately twenty segmented plenum chambers can Tunnel Configuratior
be controlled individually. The Cal span One-Foot Wind Tunnel3-4 is a con-

Simulations of adaptive-wall tunnels, includ- tinuous-flow, closed-circuit facility thegt operates
ing heoetial epreenttios o theflo wihin at Mach numbers from about 0.5 to 0.95 at a unit

the thuoreticalarepresnimotantin roflte flo th ithinl Reynolds number of 2xl0 6 per foot. The adaptive-

development of the concept. Simulations werewaltsseioiswodmnoawthpr -
carried out by several investigators for incom- rated top and bottom walls of 22,5% open-area ratio.
pressible flows,4,lS compressible, subcritical The plenum chambers behind the perforated walls
flowsl(G-l 9 and flows which are supercritical at the have bean divided into 1$ segments, 10 on the top

tunlwalls.4&17-18  Not only did these stumies and 8 on the bottom, and each sogmc'it is connected
tumnnel e uercly ha h vralpoe to a pressure and a suction source C aough indivi-
do onvtrgte, noumercallyne th owt teovenfrall upero - dual control valves, Tho pressure source is the

dureconergd t uncnfied low eve fo suer- tunnel stilling chamber, and the suction source
critical wails, but they also cast a great deal of saauiarcopsordshgng ntte
light onl the nature of the iterative process,isaaular opso dchgngntte
espec;ially the necessity for underrelaxation of the tunnel circuit in the diffuser.
iterations, Furthermtore, the accuracy required in The model and test section are shown schemati-
the* satisfaction of the functicoal relationships
for unconfined flow was examined. Those simula- cally in Pig. 1. The model is an NACA 0012 airfoil

tion wee hihlyIdeaize, hoeve, Noattmpt section with a 6-inch chord, a , (6% solid block-
tios wore hihl iodeahlowined thoevicir t Nof atept ge) find is situated midway between walls that aire

actual wall configurations. Instead, it was lecatiod finstrumentation attnhes o Trol sufaest
assumed that porfect control of either tho stream- sctonsinst ruof elo tatnl it proe aond ro stutic-p essr
wiwe, &A , or normal, 4Y , disturbance velocitycostsf lwagepbsansai-rsue
component was available everywhere along the pipies. The control %urf~itce are located outside

conro sufa esoven at shock waves, 'ilie only the wall boundary layers, namely at Y,- t3.93 in.
ecntiol sitrfacesuyb cr 9wocniee The LA and vt disturhance "olocity components are

an approximate representation of Imporfoct wall deemndfo asifitt aowthhsInru
control aind exiimined the errors tin the convergod montat ionl. 7

go I it I nit.Tho simulation proceduit. that is developed
A to-dmesioalperforatod-wa II, segmelnted- hero does not provide directly for the simulation

pl i two-dimenationhal eniiotgtdotn of' the iterative process used in running the
sively ait Calspan in tho One-Ilout Wind Tunnel aud Call span tunnel. That Is, it does not s imul ato the

theoflotmnttlconfiguration illha beon described p1lenum-pressure adj ustment technique that Is
th epe~mntl so&3'1 to set desired u.(% lit)~ di stributions

previoaisly. 2- It wits not absolutely necessary
to know the details of the flow in the vicinity of in the tunnel, Such stitMuations could ho developed
the wallis in order to ach~ieve unconfinod-flow con- later, if desired, an the basis of the model dos-
d ItIoiols. That 14, if' the desired disturbance criihd here.
velocities tit the control slurfacas could bo got :cutto ehd
experimenetally lit ouch step of the iterative proce- CluainMto
dlure, the deotailIs of the flow at the witl Is were of Simulation of the flaw within this adaptive-
little Interest. Ilowever, ats the experimeontal wall test sectiont requires solutions for the flow
invest igat ion proceeded,2 It was concluded that over the ahefoil lit the presence of' the viscous
eporational procotdures for exorl.ising wall control, effectS ait the perforated, segmented, pflenum..
including Its eventual automat ion, could be on- prossuro-control led walls. outside of' the wallI
hanced by the development of mere realist ic !;imultl- bounidary I ayerb, the flow is,, ussuma'd to he nv iso id.
t lobs, These simulationls would model the flow 1or the hiviscid flow, it procedie s requIred for
througah the wallsa, the Influence of? that flow onl calculating the flaw over a model with prescribed
tho wall boundary layers find, consequiently, the distributions of the normal velocity components as
interaction with the flow within the control bouindary conditions at the walls. Two tools fire
surfaces, needed to treat the wall boundary layers, First,

af relationship Is roquired botween the transpira-
The simulation methodology developed for two- tIon velocity ait tho wall and the pressure drop

dimensional Incompressible flows is; described in acros;s the waill, Second, a method Is needed for
Section 11 with some details given in Appendix A. calculating the characteristics of turbulent bound-
Resutlts for the incompressible-f low approximation ary layers with a transpiration velocity (either
should bo representative of subsonic, qubcritical into or out of the walls) which is continuous over
flows fin general. Results for the base-line simu- each plenum segment, hut is likely to ble disconti-

*lation of at b'-blockage NACA 0012 airfoil section nuo011 lit Junctions between segments,
at an angle of attack, X. , of 40 are presented in
Section 111. Influence functions for the velocity Inviscid-Plow Mlodel

*perturbations Introduced In the test section byA optrpogadelpdoiinlyo
chanp~ing the pressure in one plenum chamber At It omue progrteto-iesoam devlope ovrarifinaly to
time, while holding the pressure in the otherprdctotw-iesna flw vrarols n
chmescntn, iepeetdi Section IV and if solid-wall wi, tunnel with nonuniformly-sheared
camber co nstrd nt, idaried presented in cton free stroams20 91 had been modifiod15 to simulate
arec omaredrvd w Ith id penlixed nFlu nce munctons the inviscid flow within an adaptive-wall wind

whic ar dervedin Apenix I. Fnall, mjor tirnine and was adapted further for this Invostiga&-
conclusions drawn from the simulations aire te, Tecmue rga a comoaear

preseted.foils with arbitrary thickness and camber. In the
program, the airfoil is represented lby a vortex
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distribution along its actual surface while the Boundary-Layer Model
walls are represented by surface source distribu- The most important characteristic of the bound-
tions. Those vortex and source distributions are Thlaer fosth iportsent carpiaceiticof ~ itherbun-
broken up into small segments, each of which has a ary layer for the present application is i s inter-
constant strength. Beyond a specified distance action with the inviscid flow. Lighthill

2  has

from the airfoil, both upstream and downstream, the described several ways of interpreting the displace-
sourcement thickness and its effect on the inviscid flow.decay inversely with b as h approaches am because The interpretation chosen here is an extension to

deca inersey wth ~as appoaces ~becuse transpired walls of what Lighthill calls the method
the source strength is closely related to the nor-
mal velocity there. The velocity components in- of "equivwaent sources. In this procedure, the
duced at any field point by each segment are given original wall surface is retained and the ef'ect of
by closed-form algebraic expressions. Total velo- the boundary layer on the inviscid flow is repro-

city components due to the walls and the airfoil sented by a diatributi'n of sources on this surface,

are then found by summing the contributions of all This procedure has been used with so'coss in calcu-

segments. The strength of each small segment is lations of the effect of the boundury layer on the
found by satisfying simultaneously the normal-flow flow over airfoils by several authors, as in Refs.

boundary conditions v %, i h ) at the walls, and 28 and 29, for example. In the present analyals

the condition of no normal flow through the airfoil then, the effect of the boundary layer on the

surface. The normal-flow boundary conditions are inviscid flow is written as an inviscid velocity

applied ut the center of each segment. For N vor- distribution 4 (9) (taken as positive out of the

tex and source segments, N algebraic equations wall) which, when applied at the actual wall sur-

result from the boundary conditions, but only N-I face, givos the proper displacement effect, For

of them are linearly independent, as shown by trunspirod boundary layers, vs is given by
Von Misus, 2 2 Addition of the Kutta-Joukowski con- (g) •- Y (gw) +atu'm 6*(%)] /CX (4)
dition ctmplates the set of equations, which is,'
solved using a smoothing tochnique. 2 3 - 2 4  where 6 Is the boundary-layer displacement thick-

noss, and Of is the total Inviscid stroauiwiso
Traaspirod-Wall Chn rcteris tics velocity component outside the boundary layer. In

The relationship between the transpiraton gnoraUl, 6*•x) in ilq, (4) depends on ut.t, Ugte)

velocity at the wall, v , (takon its positive oUt and the hintial conditlutoi for the boundary-layer

of the wall) and the pressure drop across the wall calcalet on.
was determined oeplrically. Dlata were obtained by Since the details of th. boundary-layer proS'lic
Chew2 5 for the same 22.5% open-area ratio walls

( 1/1 I in. thick plate with 1/16 in1. diameter holes iare of less concern for this applicntion, fiend's

on 1/8 in, centers pltos dt a, wichetr honly well-known integral method 3U was adopted for theon /8 n, ent rs] 'Those data, which tire only boiundtry-lay'or cuIculations . Ani outline of the
for suctiLn, were measured at Mach numbers from bound rulrulontionw ,Anut i In oth
], 75 to 1,175. Although those data woro an aver- jitethod nd representatIve results tre given In

aged ifw over t liong run of plate with constant Appendix A. The resultlng bounndary-lnyor equationsStunt (tir e Int ogr attod for arbi trar 1.ly-p ros e r ib d dl itr ihu-
plenum pressure, p, , and uniform pressure, 1 b, tions of Ute ) and Vw()o ar r apprer•bduto initll
in the test section, It was asSumed that they tould
be appleod in the present analysis on at point-by- conditions,
point basis, Tho data of Rof, 25 are corrohttod Silultlli i
r e a s o n a b l y w a l l h y b y. . . . . . . .

0'liho establishliont of the Inviscid- flow cah ci-(• ) + -e.O (Vw/1U)f (1) latlon method, the wall-chlricteristic model, and
where 9. and M. are the frue-stream dynamic pro.s- the boundary-tlayer c cuh ltitIon method thus sOe the
soro and Much numbor, This result had to hoe extend- statgo I'or dovel n opme t tat at Imulat ion procedure
ed to lower values of M., and to include blowing, or 1lt. l oixlinelting unconfiloed flow In tlhi tutinnel
For blowing, Fig. 6.2 of Rot. 20 indicltos that the whilo accountIng for the perforated wiillý: I'lIh
dat a cottlId reasonably I be as sumud to ho alntil -S Yaynot- sOgeiOntod ]QUIM1um c0htnheris. I'l rst, however, Idual

ie atbout r,. o , lItof 21 aklso d IcUatOs that tit linint-by-point wall control was oxailnod trom the
lower Mach numbors, a l'randtl-.MbIatuort behavior is ,ttandpolnt of trantspired t urbulont liounduriy- 1aycr
expected. Therefore, a l'randtl-Gl(tuort Sca ling was behavior,
matched to the empirictal variation of Elq . (1) and
the anti-.symmetric chartracter was accoanted for to Btoth ideal and wegaented-p 1enawll control
obtain shluhtttious aroiirleO use of the invlseld-ltiow p'o-

gIrailn to calculate the unconfined flow about the
v, moc d tit a given anglo of attacl,. This pro~vides

C (PM .j the unconfined-flow distributions #A ( X, h) and
V (Xý i k) at the walls so that 1),x9) -i U,+ h)

(2) 2111d hence 19,W ut each wall are known,

where Ideal Wall Control
Investigation of Ideal wall control was ini-

tiated in order to shed light on how the wall
N5 . "S , ' boundary-layer and transpiration velocity churac-

f(M) • (3• teristics m•st interact to provide perfect pnint.-
,M- )y,.polnt control of the flow within the tunnel,

Calculations with this procedure then serve as
guIdelInes for simulations of the imperfect wall
control that exists In the segmented-plentm config-

For the incompressible-flow calculations of this uration,
study, FIM) - 0.5 was used.
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The unconfined-flow distributions L&X.h instead of ideal. perfect wail control; this is
and i ( %, ioq at the wall Is, in the form of Ue cx discussed in the next section.

basis in order to calculate-the ideal, continuousM.bs-ieSmltoRsus

wall transpiration velocity distribution vw. (9)
which would reproduce exactly the unconfined flow. The exo~asI chosen for the base-line simulation
The boundary-layer problem posed by this ideal wall is the NACA 0012 airfoil of the experiments at an
control is an inverse one because U6 and 1'g are angle-of-attack, of. , of 4', This choice gives a
proscribed and v,~ must be found. Because of the good balance between tho lift and thickness effects

impict ntue o teirdeendnc onv, ,the on the disturbance velocity field at the control
governing equations cannot be integrated directly suioacs at nd wal.65 chrdlal v and boto-sraelow th
in this case, and an iterative solution becomes inat10nd.6 cosabvadbewth
nocessary. This In carried out at each stop of the model correspond to the experimental configuration.
Integration as follows. A value of vr,, constant Within this geometrical input, both Ideal and sog-
over the length of the stop is assumed, and the mented-illenusi wall control were oxamined.
equations are integrated for the stop. Eq. (4) is
ovaluated next to determine the calculated v, which P'or ideal wall control, thu calculated distri-
is compared with the desired value, If they do not bution of V, X)ad the prescribed, unconfined-
agree to aI specified accuracy, the value of V,',i flow distribution ve(;K) are presented in Fig. 2
readjustod and tile process is repeated itearatively for the upper wall. Note that upstream of the
until tho calculated v, agrees with the prescribed origin there is suction and a favorable pressure
value, Tite r,.,o. distributions which result from gradient so vs m) follows v~.ng) closely. Down-
this calculation provide a useful reference for stream of the origin there is blowing find an adl-
beginning more realistic segmeonted-plenum calcula- verse pressure gradient, which give rise to it ratio
tions, as Ilhwnnet. of Va to Vw, of two or greater, i~e., all amplifi-

sill~lcation of the wall volocit i when blowing Is present.
i~o~ontd-PlnumWallConrolSuch behavior is typical, and tile reasons for it

are described tit preator length inI Appendix A.
Thew modeling uf segmented.-plenum ivall control

nif su relies onl thle unconl'inod-flow dlitribuittIons The results of Fig. 2 were used to init late
N (i) and V# (X) , Trhe heart utf the procedure tile itvrative calculaltion of the streamwise distri-

In then the determi iaition of' *, , thle plenum butlons cof V,,(X) for the segmiontod-pionuuu model,
presure Lin the P~il plenum chamber, Thinl is accon- its described In Section 11, The result for the
p11 shed iter'atively (IS fellows. At thle contur of upper wall is shown as thle sol id curve tin Fig. 3;
ea10h plollom chamber%, , the Inv Iscid- flow pros- results for the lower wall display at similar
sure, ~ ,) , Is known, aind since in Initilal behavior, The tick marks el thle abscissa of l'1g. 3
estimate fur s,, ix) canl be obtained from thle Ideal- correspond to the Junctions between plenum chambers
wall calcalution, anl Initial guess for p, can be as !%hown in 11g. 1. i'or comparison, the ideal
found from l1iqa. (2) aind (3). With fj aind o, (X) point-by'-point distribution of Tw(c ) from 11g, 2
then known, tile corresponding Initial approxitImattion im shown as the dashed curve onl Fig,. 3. The addi-
to i~i.w(Z) is found over the length of each plenuim tionul curves and data points on this and thv next
chamber by ilqs, (2) and (3). In geneoral, thlis few figures will bo discussed In Section IV. The
procedure leads to discentinuitles in v. 00 at 4treantwiso distributions of v~iy) that resuilt
the boundaries betweon plenum chambers, The boa: d. from the matching procedure have very large var ia-

* ~ary- 10)01 calculation is then miado over each illenulin t ions over eaich pleonuma chamber, withi dliscont inuities
chamber In tarn on thle bas is oi' tile prescribed tin- ait thle Jul, tions between plenum chambelf:rs.
put .~%,t sanl thle hital condition,;. Thie
effective irnviscid velocity dhitribution ait the The dIsicontinuous1.1 v,,(%m distributions yield
walls, ; ix , Is founad from thle computed results correspondingly largeo variations In ve 04) from
and Ilq . (4) . The I ategral I af v. () ever euch thle boundary-I nyor cal cul atioens, pairt iculari y as.,
plenum chamber is- then compared with the Integral ausplfi fld when blowing Is present. The distriha-
of the unconfinedi-tlow distribution V? (-X. ut h tion of 1rg(%) for the upper wall is given its thle
over thle samo plenum. fit shouild be noted that in solid curve In Fi1g. 4, along with the dashed curve,

Sthle different coordinate systems used for the iii- which is thle unconfined- flow distribution (z, h)
viscid-flow find boundary- layer cal Culat 10)15, F'rom Pi1g. 2. The large variations in vc (z) aind
V ( X,h) - -V4r C% ) find VY 0e. -h ) M VC ( 9) 1 thle aIssociated di scontinuitios ait thle plenum Junc-

The p~, fire then revised and tile boundary- layer tiona fire certainly not realistic physically. The
calculation is repeated until the Integrals of resp:anse of thle boundary layers ait the Junctions

v, (%) and v(%,fh)ovor each plenmum agree. Satiui- would not have such ain extreme emitracter. Nuvor-
faction of thin condition, locally ait each pleonum. tholess, these detailIs do not have at significant
insures that the Integral of the source elements Influence on the resultant flow conditions at tile
over each wull I is zero asis 14thle cast; for fally, control surfaces or model, its willI be seen below,
unconf'ined flow. fhits Is aquivlVlont to the fact so this representation wats retained.
that tile drag oan the airfoil is zero in unconfi ned,
Inviscid flow. The segmeontod-plenum vd <x distribution of

F'ig. 4, arnd Its counterpart at thle lower wall,
Once thle v. (d) di stributionis ait both wails were used tin boundary conditionms In the calculation

hauve boeon touud in tills way, they arv used as bounid- of tile inviscid flow about thle airfoil. Rlesiults
sty conlditionls Lit tile iilviscid.-flow program to cal - for tile streamlwise mild normal velocity compoi'ents
culate the flow over tiue airfoil In tile presecelC of ait thle upper andi lower control Surf'aces are present-
tile segmiented-plenum, perforated-wall constraints. ad in F'igs. 5 andi 6 by the crosses. The unconfined-
Results found bly such at procedure can be used to flow distributions are given by the dashed carve
Investigatei the magnitude of tile errors introduced whilo the results givenl by the circles will he dIs-

* by having segmented-plenuim, implerfect wallI control cussed in Section IV.

4



Eixamination of Pigs. 5 and 6 indicates that provide the logic for the ultimate automation of
thoe agreement between tile 3semented-plenum and adaptive-wall wind tunnels, A first step toward
unconfined-flow di-ttributions is generally excel- logical procedures for tunnel adjustment is des-
lent where suction is present at the walls, namely cribed in the next section.
upstream of the origin at the upper control surface
and downstreami of the origin at the lower control
surface. TIhe discrepancies observed in L& at the IV. Influence Punctions Due to
upstream and downstream limits of the test section Plenum PressuroEh
resul~t from the truncation of Ve (it) from the dis- A-l

tributions shown in Fig. 4 to zero upstream and As a first step toward the development of
downstream of the controlled part of the test- automated wall-adjustment procedures, u study was
section walls. Repeating the inviscid flow calcu- made of the effect on the flow produced by changing
lation with vgh0  qual to the unconfined-flow the pressure, JP,, , in one plenumn chamber at a
distributions beyond the controlled sections result- time, while holding the pressure in the other
01 lin excellent agreement of ", at the upstream and chambers constant. The example described ill Section
downstream limits of the test section, III was chosen for those calculations, Numerous

cases were investigated, including plenum chiambers
Overall, tho results indicate that the finite at various streamwise locations in the tunnel with

size of the pilenumn chambers and thn attendant large suction and with blowing.
variations in v. (w) from modeling the I-low at the
walls do not prevent the roall~zation of a good InI one pair of examples, the pressure lin
approximation to thle unconfined-flow distributions plenum 6 (see Pi1g. 1) was changed by amount!; much
tfor thoso law-speod flow conditions. This is con- that 1r, (X,) / Uo was changled by ±0,.0100 (and so
sistent with the earlier experimental domonstratiens Cp by -0.031 and 01.053, respectively), whore
atf tho adaptive-wall concept for flows which are %,'is the 9 -coordinate of' tile center of plenum
supoerritical lit thle model, buit subcritical titt the r%. he overall changes in vY~w over plonumn (i
control surfacem and walls, 3 ,4  In those cases, thle aro shown In Vig. 3. The v, w~ distributions;
desired flows could bie set up experimuntally with- which result front the boundary-layer calculation
out large i'luc tuot ions in thle measured streamwise nre shown on Vig. 4. It is remarWabl that thesec
velocity cumponents from point to point, resulting vw cw) distrlmitat ons are chtangled 51 giot

ficant ly along, thle length otf that plenum chamber,
The distributions of tho pressure coefficient, but nogligibly' at aill other chamibers, oven those

c.,oat the airfoil surface aire given lin Fig. 7, Inviiodiatoly downst ream, Thin behuv lo occur.4 for
with thle dailiod lines indicating unconf'ined flaw till oxiaiplos considered, whether tile bus HIc Candi-
and the crosses thle resul ts of the sogniontod**plontm t ionl Is suct ion cr hliip (Wnitt thle p1CIII 01tmi chamer

moudl . The oxcal lont agreement shown is c.onfl'irmed where thle pressure Change 1: made, ibi's does nout
hy I 1tit Ojlrtatlg the a, dsti t Ibittions to obtain imply thait thle boundary layer' Is tuna ftected down-
norntal I'arva cueft'icipnt s of' 0,490 for uncotifinod st reaml. Many of its proport leic, e.g. , 86 nod
I'lIow tail 1.48.1 for the 4c -itan ted -p1 enum anode 1, a 9) chanige app ru i ably dowiast roam; luat-ve 'r,
ditfaerence of' only I,. The remuarkabl e agreement ofd CUg 6' / d% and hence I~ra (z f rom Eq. (4) are
lin bath thle a irfol I 1Cf. dist rihut lens aind the di s- not a ffected s Igo iflei cnt Iy thu ic,
tiarhanco velocity distributions tat the control sur-
falces, despite thle utr.1.1'e1tais c nature of thle V,(%sa Ik'tlt I'trou thV IlnV SII se ii flow cl clitat ion

3di stributionis, resuilts fromn tile elliptic naltUre 1,11t tile Inc teasted olctlIoli Q.\1III1p Ic of' Fig. 4
of' the governing, equations of met ion foar tlac flow ( ur,(XL.1/ J =-0.0 Plait' or l" -C 0 i.0(53) are shown
Wi thiti the tulnnel, Fiurther~more , this behavior is as thle CI cI-elk IIaI S~ aita (I. Whenl compaliredl
representalttIve of tho actual tunnell flow, wItith theit basu-I Ino 4 1111 tislt I ota re p resenlte by ) t. it!

Crosses, It Ik 01bOTared InI S g tha~t IA. has1 Ill-
Wo beull eve that. these s intal at ions, despite thle creased op-itto tatntd cdecreustitu downst reaat Ci of' tt~t

(xixgigorliti lolts IIn the var I itt lols of V,. (Y-) and ( ait bath Contrtol surf1aceq withi it cro.41laVor lta
v, (%) over the individual plenum chambers, capeo- ptbenuttt fi Itself9, Thil, beltiavluta ik CoitsIstoolt wi th

ChillIIy ait: tho p101iunm lutact ions, model tile assent. ml tile presence of at shink it thev tual (I' ata confinedl
feitturos of' thle i'low near tile wtalls. We haolieve Cittia1ne 0 , sulch It." as st a here. All ilc roulse Ill stic -
further that t he quai tati ye features of' these t ion (or it docretago iiit blowintg) iat oneit p1 enumi

* ba11Se- line sfimubatieis , al thouigh they are- Str ictly chtamtber givati rise to tanl Incroitsetl taink ittacni~tit
Cutr iutcomlprossIbleo flow only, cain he genertal ized litt thiat wall1 loctat ion. C:on~versely, other results
to comlptoss iiI.Ha, sulter ticta I flow bocua,:sc there are ntot preseonted here 111(w theat t decretase lIn suact ion
aic) ftndtamenttto dli icraneces in the tflow phenotenea for util increaiso in Milowing) gives rise to till Ill-
Itivolvotd. However, once thle flow bocomotLi supor- crotisud source strettgth iand thle Ii'f~erencevs Ill tile
critical at tile walls, ditfferent phenomenta tire it- LL distributionts will be of oppos ito sigin. Th Is
volvd tatnd modelintg of' thle shock-wave/boatindary- layer source (ur sintk) effect itlt ill otherwise CottttitLid
Interact ionl bocomos necessaruy. chanunel Is fltClt eveit to lairge di itt nLcs o,1tst reittil

antd dowta it rerim, its obse awed inl Hit .
lteo existing simulationi methodlology catn serve

as thle basis for further investigationts of tile iTho sinak effect detacrilted here wits observed
behtavior o1' adiapt ive-wall 1 wnd tunneols wItith thim lin till experiment performed ii ait th ii I aspuan Onte-
wall configuration. lFar example, It cotlt lit od15( to Foet Adaiative-Wal IT'utnnel beforv tilli anatlysis itWas
examinci thle effects if plenum eltambor numbter and undertaken. The suction wia% incrotamoda sitiultitanouts-
size atad of' the porosity distributiont of thle perfo- ly tat b~oth plenuam chambers 5 tand 15, VTae increased

*rated did IIis, Also, It formns a framework for tile suction incretased the flow velocity tat that stuitlitn
dove lopmntit of more taystetitatic ptrocedures for far upstream where M,. int meaisured tand set. Ill
adjusthiag tile tunnel flows that are required at order to imaintalit the desired M. , Qompensat iitg

* each steji at' the ovartall i daptive-wall iterative adjustments were made In tleo tutinel drive, offac-
process,.N.4 These adjustmeitt itroceduares wouald tively removing the uitstveam pertuarbation.



Therefore, during experimental iterations at a The influence functions 1,,. and 1,10 , where
constant M, ,one can expect the primary changes the subscript o denotes the control sur*4lIce at
in LL to occur at, and downstream of, the plenum the opposite side of the tunnel from plenum n ,
being adjusted. are presented in Figs. 12 and 13. Again, the de-

di- tails of the boundary-layer behavior at plenum nsOn the other hand, the changes in the v di- primarily affect the distribution only in the imme-
tributlons at the control surfaces, as shown in diate vicinity of that plenum while the behavior
Fig. 6, occur only locally in the immediate vicin- away fron this region is approximated ýoasonably
ity of the plenum chamber at which the control is wel1 by the idealized representation, ILL., and
changed. There is only a slight effect at the
same stroamwise position on the opposite control
surface and negligible effect upstream and down- .:lhe fact that the idealized dIstributions Z.
stream at both control surfaces. This localized and 7., derived for linearized, 'Imity-tunnel flows
behavior also was observoid in the One-Foot Tunnel are such a good representation of thuv listributions
experiments. comiputed with the model present, 1,. and %,,., is

quite remarkable. As can be seen from the deriva-
T'he rosultlT of all the calculations in which tion of the linearized model, the general behavior

the pressure in a single plenumi chamber was changed, is a function of plenum length and the distance of
while holding the remainder at their original the control surfaces from the walls, It is expect-
prossures, were analyzed and cast in torms of ad that ot~her segmented-plenum configurations, e~g.,
influence functions. 'the notation au(% will those with slotted walls or those with perforated
rofev to the difference given by the streamwise walls of different open-areat ratios or slanted
velocity perturbation after at plenum adjustment holes, should exhibit the same general chirlscturls-
has been made minus Its4 value in the bose-line t ICs.
simulation-, an analogous definition is made for
Av % . if 6, Av~c-; - dmltc-sm) is the differ- The relatlonship between the change in pressure,

once in this calculated perturbatlov ever tho d., saiy, in plenum ri and the total change in%
lengith )f tho text section, thvnn a natural form for the L4 component, dau, , will depend oil the wall1
expresshlag the influence fLAnctIonS Is geometry, of' course. 110!tl rL IatiOiiShIp) depends on

the detlLi l Of the houndIJ "' layeraend the Walli
a iA( so ~ )] / 6L (r,) r.haractorl sties and fur the' CaIJ~l spa 10n-FOnt' TunnelV

wall4 1.9 imlic ictly ropresiit red hy thie, form of Niqs,
d(n. (i4Vi i 6t (1) to (4). For exaimple, in hio cases preseontod in

Pfigs. .1 and 41, the inacrement Adf,, - -0.(1311) results
In 04/. . 0,00 filut nd the In:c rement depC - Ci.05.10where 5E - CX-X,,)/4 Is af coorin ate normalized hy results In 6"/U0 - -I, 0113?, where these cases

J,,the length of pleknum nL .The noritilinizatiun represent hicremeints In Y(xliJo 0.00 f~lipnd
Ill litia. 0 ) and (6) reflects the axperimentatl s itilli- -0.01010, respec-t.ivoly.
t ion in hilch the tunnel operator removes anfy Au.
that I s inatroducedl far i p stream so as to maiin ta ii There are twqo Impoert ant next stepls Ill the
at constant M,1 hence %(c-w - 0 f i)nd 2,~(-* . 1, develIopmeont ( it th is s mu llit iol aind tinfluence-
Tlie form of 1j, , mdittiniiii thc Slit. IS ChuHeji ".0 fuliction tvcha itiuc I'hu firsit would he the e.xtvi-
that press airo .ianges Lit- ho th upper and l ower s ion of the amai y iti to c ompressaibl 1e 1.1 owý As
plenum chambers tire cons latent with the icatillts of mlonlt ioiod In set.Inn lii, no4 s~lp~l ficanitdlf'ine
Appendix 11. (14ov the discuission leading lIp to aro expectud oat I siipercri ti cii -flow conditli flln

ki.(IB-I9) and (11-20).) lare reolcl.d Then 11It isCxloectcei I hut T" find I-,,
The111,11onc fnctoll I, fnd j, flire would depart a (galfii:iint i fromhi theu Iduti i lkd siub-ile iii~ iiiccfinet OlS.1,~ Sind I C, 110111' 10 1u' hh\ . The oth0r Stop) WOUNIi : ,C flie

*It'i jactilt to liiiiii' vs, r firne preselit-od iiIII Fifl"- 8 to hoehavior by 1licuisrinti ite ihipl1 ciol.h 0 l(111iiait it le
* ~ 1 i a fiinct bus of, i ,Whore tire Ilines fit Thiqi Woildi he stt iiiIght forwiard fllu LiINs 11yonsi the

i : t0.5 doesiirciito thev eiiii of' iii L'iilii nl II a Clcp of .the oxpor imanta I programis peiforimed t1.1s
HA,8 nad1L 1., the daita freiii afll tile ple~rittil it fflrihrs EIll, IBotapaiiI, et 111.14 haivue toiured Iu-, and 1,,

cons idored iii thli cialculalito ns art.c p1 otteki, iTilliU I y fI'M o mpty-tunat'i cond it ions lIn tiiui segmeited-
pleno111 C11hamhrs .2, S lind (r with iiicreasecd suet ion, polenum, a lotted-wiil test sect loll. Tholl veicul tli
p1 onuim ivi tii docrLelsed %tic tion, lin lenti (110101111 iiii~ iarc, geineral ly Of the l'orm prod ictetd here.
iI , 131 and 10 with Increased bulowhing Fori complll'i
soniridea I ized Influence funct lo ll!;, 11A. iti' ont the vaiiIdi ty of~ the Iifodilcted Int'liounce..

Il. ore 110t ted 11. 40ol d cvellI. . These I dcili filunctIon hheliviorflls 111!1 onM estahibIohi.4lo uxpl IcItiy.Lcit Iong aire dori- ot In Appendix It iuilng liIneariizeii the provedures Coruld be u1sed to invostigaltu otto-
thenory Withot (10* modelI pries5ent iinil lissome11 a tiaf (0 ia ma ted coniitroli pruec oditesa, For exampl e , in t he

Avg(%~) e0tweenl i - tLO 5. F111 pt, ilad II are. Cii Ispin expel mettsn, tile (k Componont Isi soit along~
* ~~p1lot ted to ain an In ivied k. sae1 10fb to Il listrte howu tili- control mirfutfces so thiat. 1". aiid %.~ arie of'

the detaul Is of tiio changes Iii the vil dl str, ilot ILIT) princlipal isilportllnce. in Order to effect a1 chanige
in Fig. 4 afl oct the inf luence funet Ions in the III L lit eaich Control point, the skiim Of the 01hingoes
Immodiiito viciuuity of' plenumi 0. Mliiceo the i ero. iniduiced lit thait pint tiitleii to pressure cihanges AC~*ments ITT Ve In that vicilliity fire larger ait the in echCI Of' the M plI)i0111 Chiimn'(3rs must he found.

*downstream end of the pllenum than uit the uphitreanit Since simi lar chalnges arv desired fit all the
end, 1". anldtiv f InPigs, 10 aind 11 are skewed control points, Ii system of equations canl he

asshown. Ptieawyfmth plumtmIdl- derived rolat ing the prescribeid changest In Li to
ivcod infuf'iuene f'ulct ions, which assiuimi a Cintanttiit the plemam pros sure changten. Thiis %ystt5iii I* 01(01-

* ~~~At, along the plenum, provide a -satisfactory tosms i ovdfrteA~fitoencs
alilpi'Oiit~ to thle lliS'uhptOt Ic condit ions. srily to uuclievo the desi red flow." Since the

intl oonce functlions of l~qs . (S) and (6) firie defined



in terms of 45w. this quantity must be related to colleagues Dr. J,. P. Nenni and Mr. C. L. Wittliff

the pressure change A Op. for each plenum. As and Calapan consultant Prof. W. R. Sears of the
discussed, this relationship is a highly nonlinear University of Arizona for tho~x useful discussions

*one. Use of both the idealized and the more oxact of this research.
relationships could be investigated by simulations
to establish the accuracy to which the Influence
functions must be represented in the vicinity of References
each control plenum to iterate automaticelly and
quickly to unconfined flow. 1, Ferri, A. and liaronti, P. "A Method for

'rrahsonic Wind 'runnel Corrections" AIAA
Journal, Vol. 11, No. 1, January 1973,

V. Concluding Remarks pp. 63..66
2. Sears, W.R. "Self-Correcting Wind Tfunnels"

'rho following are viewed as the principal (The Sixteenth Lanchester Memorial Lecture)
results and conclusions drawn from the present Aeronautical Journal, Vol. 78, No. 7S8/759,
Investigation. February/March 1974, pp. 80-89

3. Sears, W.R., Vidal, R.J., Erickson, J.C., Jr.

To the authors' knowledge, the base-line simu- and Ritter A. "Interference-Free Wind-Tunnel
lation represents the first realistic numerical Flows by Adaptive-Wall Technology" ICAS
donionstration that an adaptive-wall wind tunnel Paper No. 76-02, fannth Congress of the Inter.
with imperfect wall control can nevertheless national Council of the Aeronautical Sciences,
achieve what is, for most practical purposes, Ottawa, Canada, 3-8 October 1976; also Jc..urnal

unconl'ined flow about the mcodei (see Fig, 7). This of Aircraft, Vol. 14, No, .11, November 1977,
Is acuomplishod In spite of the fact that the pp. 1042-1050
modeling of the wall transpiration characteristics 4. Vidal, R.J., IEricka4on, Ti.C. , Jr. and Cactlin,
and boundary layers was relatively crude, and If P.A. "Experiments with a Salf.Correccting Wind
anything exaicerbated the effectsq of Imperfect Tunneil' AC.ARII-CI'.174, October 1975
control. S. Vidul, li.J. and FrJcký.on, .J.C. , Jr. ''lIxpor -

Monts 3n Supoerriticai Flows In a Self~-
'lhe local boundary-layer dlisplacement affect. Correcting Wind Tunnel" AIAA Paper No.

aIS embodied bly l4(1Yl in EqL. (4), Is inf luenced pri- 78-788, AIAA 10th Aerodynamic Testing Confer-
ccarlly by pressure changes lin the plenum, chambers once, San Diego, CA, 1 9-21 April 1978
lit tho immediate vicinity, and is somewhat depend.. 6. Vial H.,. and Erickson, .J.C. , Jr. "Research
ant oci the detailed distributtions of transpiration or. Adaptive Wall Wind Tunneils" ABDC Report
velocity through the wallis (seje Fig. 4). No. AIU)C-Tht-78-36, November 1978

7, llirckson, ,I.C, .Jr. IWittlift', C.F. and baugbtry,
When appropriatoly tdefined, the influence lI). G, "Further Investigatious of Adaptive-

tucictions, I1, and Iv, appear to fall onl a moer or Wall Wind Tunnels"1 AEiDC Report No.
loss universal curve Independent of~ plenum location AI:I)(-TR-80-34, OctoberTi98a
and whether suction or blowing Is being acpplied R. Erickson, .l.C., Jr., lWixtlii'f, C.1I. and
(see Figs. 8-15), Hocwever, the relationship b~etween 11acova. C. "Adaptive-Wall Wind-T'unnel
AC, and the normalization factor (q.5)and (c,)) Experiments wi'4lc Suporcritical Ilow at the
will depiond onl the p-irticulur tunnel configuration. Wal I s" Calspcin Report No. liK-6040-A-2

(to be published)
The Influence functions well away fraom the 9. Chevalller, J.P. "Soufflerio Transoniquo

immediate vicinity oi' a given plenum appear to a Parois-Adaptables" AlAlIl)-Ci'-l ?4, Oc:tober
depend only on tho Integr~ctod normal veclocity 19175; also translated into Bn1g]L .1 1' a,
and may ho predicted adoquately by at simplified Europacn S~pace Agency Reapeot HiA-',-1-32o,
theory. October 19-16, tinvilible aq NASA Accession No.

N77-13085
TIhough the present simculations are confined tn 10. (loodyer, M..J. and Wolf, S. W.lb "'lhe Dlevelop-

low-speed flow fer ,IaIpl Icity, the extension to ccent of at Sel f-Strecaml inlng Flexible Walled
comcprossible subsonic spoods is not expocted to 'friuallnnic 'rest Section" AIAA P'aper No.
alter those conclusions qualitatively, provided [i0-.0440, AIAA Iliti Aerodynamcic Testing
the flow remains subcritical. For supircrltical Cnnforonccu, Colorado Springs, CO, 18-20 March,
wall conditionsc, which may prove of great practical i980
signil'icance, a model of sh0ock-wave/boundary-layer 11. cGciczur, 1i. "Adaiptable Wind Tunnel Walls for
Interaction woculd have to be added; the attendant 2-1) and .1-1 Model lasts" WCAS P'aper No, 23.3,
possibility of separated flow at the wall and the 12th Congress of the International Council of
sensitivity of shock-wave position to detatils of the A~eronautical Sciences, Munich, Germany,
the flow ait the walls may land to qualitatively now 13-i? October 1080
phenomena. Once this question is answered, the 12. Kraft'r, li.M. and Pcarker, 11.L.., Jr. "E)qcerl-
application of the model to Simulating the actual Montsc for the Redutition of Wind Tunnel Wall
iterative wall-control procces!c3 4 at hilh, suibsonic Interference by Adaptive-Wall Technology"
Speeds should be possible. AEIIC Report No. AEDC-TR-79-5l, October 19791

13. Parker, R.I.., Jr. and Sickles, WI.. "Appli-
acation of Adal.tive Wall Tochnhquos icc a Three-

Acknowledgments. 1imensilonal Wind Tunnel with Variable WillI
Porosity" AIAA Paper No. 80-0157,

This inivestigation was sponsored jointly icy thew 14-1fi January 1Q80
office of Naval Research and the Air Force Off'ice of
Scientific Research. Trhe authors wishc to thaiuc the
techncical monitors, Mr. N1. Cooper of ONR and
D~r, J1. D. Wilson of APcOSH, as well as their Calspan

71



14. Bodapati., S., Schairor, EI. and Davis, S. 32, McQuaid, J. "The Calculation of Turbulent
"Adaptive-Wall Wind-Tunnel Development for Boundary Layers With Injection' R 4 M4 No.
Transonic Tosting" AIMA Paper No. 80-0441. 3542, January 1967
AIMA 11th Aerodynamic Testing Conference, 33. Ludwieg, H. and Tillmann, W. "Investigations
Colorado Springs, CO, 18-20 March 1980 oi the Wall-Shearing Stress in Turbulent

15. Erickson, J.C, Jr. and Nenni, J.P. "A Numer.. Boundary Layers" NACA TIN 1285, May 1950
Vical Demonstration of the Establishment of 34. Simps~on, R.L., Moffat, R.J. and Kays, W.N.

Unconfined-Flow Conditions in a Self-Correcting "The Turbulent Boundary L~ayer on a Porous
Wind Tunnel" Caispan Report No. Ri(-5070-A-1, Platei: Experimental Skin Friction With Variable
November 1973 Inj-ictlon and Suction" International Journal

16. Sears, W.R. "A Note on Adaptive-Wall Wind of Heat and Mass Transfer, Vol. 12, 1969,
Tunnels" Zeitschrift fur angewandte Mathema- pp.771-789
t.ik und Physik, Vol. 28, 1977, pp. 915-927 35. Schlichting, H. Boundary Layer Theo ry

17. Lo, C.F. and Kraft, E.M. "Convergence of the McGraw-Hill, New York, 1955, pp). 229-236
Adaptive-Wall Wind Tunnel" AIMA Journal, 36. Jacocks, .I.L. "An Investigation of the Aero-

* IVol. 16, No. 1, January 1978, pp. 67-72 dynamic Characteristics of Ventilated Test
18. Lo, C.F. and Sicklets, W.L. "Analytical and Section Walls for Transonic Wind Tunnels"

Numerical Investigation of the Convergence of Ph.D. Thesis, University of Tennessee,
the Adaptive-Wall Concept" AEDC Report No. Knoxville, TN, December 1976 (University

*AEDC-TR-79-55, November 1979 Microfilms No. 77-10777)
19. Sears, W.R. "Adaptive Wind Tunnels with 37. Ilrdelyi, A., Magnus, W., Oberhettinger, P. and

Imperfect Control"1 Journal of Aircraft, Tricomi, F.G., Editors of Tables of Integral
Vol. 16, No. 5, May 1979, pp. 344-348 Transforms, Vol. 1, Batoman Manuscript

20. Brady, W.G. and Ludwig, G.R. "Theorotical Pro*,ect, McC~raw-Hlill, New York, 1954. p. 88,
* and Eixperimental Investigation of the Aerody- Iiq. 7

namic Properties of Airfoils Near Stall in 38. Glauert, 11. "Theoretical Relationships for
Two-Dimensional NonunIformly Sheared Flow" an Airfoil With Hinged Flup" Aeronautical
U.S. Army AVI.ABS TR 66-36, .June 1966 Research Council, It Ij M No. 10.95, April 1927

*21. Ludwig, G.il. and Erickson, J.C., Jr. "Airfoils 39. Spence, II.A. "Tho 1,it't on a Thin Acrofoil
in Iwo- Dimens IonalI Nonuniformly Sheared Slip- With a .7et-Augincntei latp' The Aeronautical
streams" .Journal of Aircraft, Vol. R, No. 11, Quartouly, V'ol. 9, Aug~ust 1958, pp, 287-299
November 1971, pp. 874-880

22. von Misos, R. 'TheeiyoRfjFljjigh McGraw-Hiill,Aped.A
New York, 1945, pp. 188-198 - ___

23. Phillips, B.L. "A Technique for the Numerical ioudA~r - i~y _k~o el aii! mpiification liffect
Solution of Certain Integral Eqluations of the For the purpose of studying the effects of the
First Kind" Joeurnal of the Association for bound'ury layer on thek inviscid interior flow, it is
Computing Machinery, Vol. 9, No, 1, the Integral prope'rties of the layer, as opposed to
Janiuary 1962, pp. 84-97 h ealdpoiu c-s t hc r fpi

24. Twomey, S. "On the Numerical Solution of they detaiedr soest Accooding t, wh icha (are ofposre-
Fredholm Integral Equations of the First Kind mtr finterest. Acnco)dinelydawintschoal us oppomsed
by the Inversion of the Linear System by t iic.ifrne ehdwscoe stems
Quadrature" Journal of~ the Association of~ efficient mantis to model the boundary layer, The
Computing Machinery, Vol. 10, No. 1. ptirticu~lar method used is that first proposed by
January 1963, pp. 97-101 Illed,30 which bad been appliedl sucreossfully by

25. hew W.. "ros-Fle Caibrtio atothers in predicting, the behavior of transpired
Transonic Speeds of Fourteen P'erforated P'lates turbillent layeor'. .~-32
With Rou;'d Holes and Airflow P'arallel to the Iia,LsivalIly, leond's meothod consists of slImulta-
P'lates'' AlAW Report No. AiiDC-rRZ-54-6S, ioalv olingteeeutns. he1rti hi
July 195S utsysligtreoiutos h is ,, i

26. Goothert, 11.11I. Transonic Wind Tunnel TestIng sme-rlied entahivi, lnt equation,
* i'rganon I'ross, New York, 1961, Chapter 11 'L 2L Us H,) 04,) + v(A-1

27. Lighthi 11, M.J. "On 11isplacemont Thickness" _4 CLA-i)
Augusta 1958 Flp. 38cani-5V92 No, 4, where 1, Is at modlified shapec fac;tor defined by
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CnmineerinMtVol. in 1975,o pp.aic 14 n19 ted to tho moru conventional isbal'e fitctor, H a 6&/O

29. ineering, 1 Vol. 5,k Curvtur p nd Tra5ling hy H, - G(H) . The functions F C H,) and
2nteractiniRE "WffeCuvturin Visou Triing Ovr04C) were emnpirically derived from existingEdgle Ineato fet nVsosFo vr data. ihie rationale behind Eq. (A-i) can bec founud
Airfoils'. NASA CP-2045, Part 1, Vol. 1, iii lofs,. 30-32.
March 1979, pp. 255-270

0,Head, P4.1. "Entrainment in the TurbulentThseodqutnI:
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cil, R1 & M No. 3152, September 1958 (A-2)+)
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Laye Reearh" GA~logrph 7, ay 965 the local skin-friction coefficient,
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Head's original applications were to solid- increase in the magnitude of the amplification as
wall bomdary layers, for which he used the Ludwieg- more blowing was applied. Accordingly, the present
STillmann correlationhto predict Cc . For the boundary-layer computational method was used to
present application this procedure was modified as examine the relationship between v sndi v., ; i.e.,
follows: first, the Ludwieg-Tillmann correlation to cast light on the amplification of the normal
was used to compute C~, .the skin-friction coeffi- velocity across the bounadary layer. For these
cient that would obtain if no transpiration were calculations, flow without the model present was
present, represented by assuming uniform flow over a flat

-o0,78H - surface with zero stroamwise pressure gradient,
C, - (O,416) 10 ( A-3) With the assumption of constant transpiration

velocity along the controlled section, calculations
where P4  is the local momentum-thickness Reynolds were made to cover the range
number. This value was then corrected for the -0.0275 4 &w/U. 4 0.0150. A ot of V4 1/U. ve t(. /I.
effects of blowing or suction via the empirical over part of this range is given Fig. 15 for
"correction suggested by Simpson, Moffat, and Kays:3 4  

locations corresponding to the upstream and down-
a,7 stream limits of the controlled test section length

E- (A-4) and shows only a weak dependence on z . When
C+. P a Vrw /N U -0.0050, there appears to be an asympto-

tic suction behavior of the same nature that exists
where 8- 2•,/CpU. Due to the implicit depend- in laminar flow.

3 5 
That is, the boundary layer

ence of B on Op and the transcendental nature ceases to irow, and its integral properties, parti-
of Eq. (A-4), it had to be solved using Newton- cularly 6 . become independent of X . l1q. (4)
Raphson iteration, but the convergence is quite then predicts that Vil - v-,, so that the slope of
rapid. the curve in this region is just unity, and there

is no amplification by the boundary layer, flow-
The obove system of three equations (two dif- ever, as vr /U. increases above -0.0050, the slope

ferential, one algebraic) was solved for the three of the curve in Fig. 15 increases significantly,
unknowns 0 , H and Cf using a Runge-Kutta and in the region of blowing, tie greatly exceeds
procedure, Required inputs are the distributions Vw , Not only has the first term on the right-

U• (xi and vw (%) , and initial conditions on hand side of Eq. (4) increased, but this in turnt
* and H at the starting point, has greatly magnified the boundary-hayor growth

represented by the sact dl term; since those terms
To validato the boundary-layer program, its ire additivO, amplliflcati! r of thle normal velocity

predictions were compared with experimental data of across the layor results, ,lacocks
3

(1 has performed
other investigators for several representative calculatlons with a finite-differonce boundary-
flows, including various streamwiso pressure gra- layer code and oxporimontally-detorminod wall-
dients with and without transpiration, An example pressure data with a model present, The envelope
which is of particular interest to the present which he determined for his calculated results is
application is an experimental configuration inves- qulto similar to that exhibited in Plig, 15.
tigatod by McQuald.32 In this case, there was
uniform blowing of constant strength up to In addition to holp ong in an understanding of'
Sv 17.5 in.; downstream of this point v,,, was the simulation results discussed In the main text,

nominally :ero. The equations were integrated up Fig. 15 carries a very practical lesson for the
to X w 17.5 in. using the experimental values of users of such adaptive-wall tunnels; viz., cuotrol

0 and H at 9 - 11.5 in. as initial conditions of the inviscid flow via ploeuim adjustments Is
and i,,•z/• - 0.0035, The calculated values of 1inear and well-behaved for suction, but likely to
9 and H at % - 17.5 in. wore then used as ho highly nonlinear when blowig iIs ,oeedod.

initial conditions for further integration down-
stream with Vw /I),- 0. Results of the calcula-
tion are s;own in Fig. 14. The predicted develop- tTn• d jx. hi
ment of 8" , ( and H from their Initial values
agrees well with the data. In particular, the Idealized Influence FuncthIons
calculated distributions display discontinuities in Ir this appendix, an idealized fors of tho
their slop.s at the discontinuity in blowing velo- Influence functions of Section IV is found, A
city, and his behavior reflects the observed varha- linear approximation for the flow Ina f loundh Atit-

tion there reasonably well. This and other compar- lina appr esenti on f how l th-

isons gave confidence in the ability of the model out the model rlesent has beon croselt. edto the

to predict the integral properties of thle boundary differences found in the results of the slmulattnns
layer adeq ately, of Section IV when the pressure is changed In one

plenum, while holding the preossuro constant ill the
The f rst application of the boundary-layer other chambers. These relationships will be point-

model specifically to the Calspan One-foot Tunnel
configurattion shown in Fig. 1 was done to see ed out us the analysis proceeds.

whether it confirmed a so-called "boundary-layer The ( . coordinate system usod here is the
amplification" effect that had been noted in adjust- same as the c.ordi system in Fig, I except that

ing the plena to achieve a desired flow condition, tsame ai tc A system in Finexwit that

In early experiments with the model present in the the origin of c is located in line with thu center
tunnl,4it ws osered i may cses hatthe of the plenum chamber beilog adjusted, which hastunnel,4 it was observed in many cases that the length .4 w hereas the origin of z is ait the

normal velocity measured by a probe 1.5 in. from

the wall was considerably greater in magnitude quarter chord of the model. In the 4'r- system,
than 'i4, , the velocity at the wall itself. the flow investigated is induced by a uniform

Although part of this amplification was due to the normal velocity, • , imposed at the upper wall

increase over that distance In the inviscid veloc- over the interval - */ 4 t, 4.,/Z with ir . o
ity induced by the model, there was still a marked prescribed everywhere else on the upper wall as

well as on the entire lower wall. The freo..stream

I))

.•-- ."," . . . . .. ,. A ;



VI
velocity is UO and the streawise disturbances, Performing the appro,-iate operations on Eqs. (B-8),

tu , are assumed to be zero far upstream, just as (9-9) and (B-10) yields
in the experiments. The magnitude of V, is relat-
ed to the differences In the integral of ve ( % ) #(I;' ) - 'l(s1,/l).a fSsqh)]
over the length of plenum ,% as carried out before 4/j_81" gI . (a/5h)(
and after changing the pressure in that plenum.

The potential itself is then found by substi-

The linearized compressible-flow analysis is tuting in Eq. (B..6). Since the right-hand side
carried out in the Prandtl-Glauert approximation, of Eq. (B-11) is an even function of 9 , this
so that a disturbance velocity potential, , result can be simplified to
exists and satisfies

* .~ 4~~r-)+ ~(') 0 (5-) (%i7

where M= - and the subscripts 4r and ci sJ-12)
denote partial differentiation with respect to (
those variables. The boundary conditions that the Differentiating this twice with respect to ( gives

u. disturbance-velocity component must be zero at
infinity upstream and that v at the walls must
be as described above are expressed as

(B-2)~~~~B- le3) ý"[4 1

n - 0 (B-3) which can he integrated3 7 to give

V,) . .0

1 1 4--

The problem is solved by means of Fourier . I
transforms, which are defined as T t15 hj

'Tho desired L& component Is found by Intogrn-

ting Eq. (11-14) with respect to • , namely

e- + '(' S e d4 (B..6) -f V

Upon transformation, 13q. (B-1) becomes [2 -"J L-" J

-/3 s5 &~ + 5) = (B-7) (4 070

which i~i an ordinary differential equation with the L -i)
solution where A 4 is a constant of integration. ihis i%

- Ae + opt + u(B-8) evaluted by hlati sf'ying tho boundary condition in
3 (B-8) oq. (11-2), which gives

where A, to As are constants. Since the constant n4 - tJ/4/S (Bi-I,)
A, transforms back to the ý-4 coordinates as a

delta function, which has no physical significance so that
in this problem, As is taken to be zero. The
boundary condition of Eiq. (8-2) will he satisfied 4(cov - ,
later after transformation back to the -C coordi- 5N /I rlq+h)A
nate. The boundary conditions of Eqs, (8-3) and + - 6~-
(B-4) transform to e s.

(B-17)

"qh s 2• V, 66'"(11 1,•/ /(8-1O) The desired V component is found in a simi-

lar fashion. Using Eq. (B-14) in conjunction with
Eq. (B-1) gives an equation for 0,, ( f, n ) which
can be integrated with respect to q to yield

10
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(B-s) and %ti(p)is t1 according to whether 4 to . is etie goNanCOPCALw OIdP.NEFOOTADTAPIVI.WALLWIND
TUNINEL

The results are now cast in terms of the

variables I and j , where A - /I., and
i • ./• 'In particular, thq. ideai zed

infisuance/ofuncetions, denoted by 14L and 30. to dis-

tinguish them from those calculated in the simula-

tions, are found from Eqs. (B:17) and (B-19),

From Eq. (B-17), it follows that 0;(-op,n) - 0 and
that in terms of Hqs. (5) and -60

(6), -.o.,•) - ( (-'-, V 1)*A. Thus botl 04 - /u.,

and n,, must be divided by this factor to set L,

and , which for incompressible flow (/gia) are /V/u

------------- ---_------------

, V

Le . Figure 2 COMPAqISON OF DISTRIBUTIONS OF PRESCRIBED INVIIID

NORMAL VELOCITY v*/U., AND CALCULATED WALL

NORMAL VELOCITY vviU. FOR IDEAL WALL CONTROL
(1- 19) NACA 0012 AIRFOIL, M - 0, c - 40, UPPER TUNNEL WALL

AT yln- 1.0,

j• •,q) - •
"•'• • ' ;; • [•L•.1)]

K • T LI T•7.PLENU O

(Rt-20) 
46o- .0.03

01.04

The ~ .and %v. curves of 0,01

Pigs. 8 to 13 were evaluated from Eqs. (8-19) and(B-20) for J,/h* I and .- / - t. V/s .. ,The L--.1 -J1--1---&J-'.7 B 2.60 3,73 4.67

everywhere except at the two points V / - , N -.ot

where there are singuilarities introduced by the

disconltinuities in V at these points. As is well
known in linearized thin-airfoil theory, such a 

01

discontinuit.y leads to a logarithmic singularity in Piput 3 THAM.DIRATIOM VILOCITY AT UPPER TUNNEL WALL FOR4

th there. (See Refi. 38 and 39 for the singula- -$,g.4NTED.F•|NtCONTROL. NACA001AIRFOIL,A

rity at the kink in a aent flat plate.) In the Me.0, C 1° /S 110.

calculated values of tu shown in Pigs. 6 and o0,

there are no singularities because j - 1/8 , but

the ovorshuot observed near ) t F/C has its origin

in that singular behavior.

11
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