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PREFACE -
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for the AEDC, AFSC, Amold Air Force Station, Tennessee, under ARO Project Numbers
P32A-J5A and P32A-J9A. The Air Force project monitor was Capt. S. L. Lamkin. The
manuscript was submitted for publication on February 27, 1978.



AEDC-TR-78-20

CONTENTS

1.0 INTRODUCTION . . . .t i it it e et e e et s e e o s e e s a s

2.0 APPARATLS

| 21 Tunnel 4T . . . o e e e e e e e e e e e e e e e e e
2.2 Screen OVEHAY v v v v v v e et e e e e e e e e e
2.3 Calibration Models . . . . . ¢ .t v i it e e e e e e e e e e e e s
24 Transition Cone . v v v v v i s e e e et e e e e s e s
2.5 Lifting Models . . . . . . . 0 i i i e e e e e e e e e e
2.6 Instrumentation . . . . ¢ ¢ ¢t it e e e e e e e e e e e e e

3.0 PROCEDURE
3.1 Test Procedure . . . v @ v v v i v v i e e e e e e e e e e e e e
3.2 Precision of Measurements . . . . . . v . v 4 0t b et n e e e

4,0 RESULTS AND DISCUSSION
4.1 Longitudinal Flow Uniformity .. .. ... ... ..o
4.2 Wave Cancellation . . . . . . . 0t i i e e e e e e e e e e
4.3 Noise Reduction . . . . . . v i i i i i it it i it e e s e e
44 Effectson Transition . . . . . . . . . . . . ¢ i i i i v et v e v a e
4,5 Lifting Model Results . . . . . . . . 0 o i i i it e s e e e

5.0 CONCLUDING REMARKS . . . . . @ @ @ i ittt e e et et e n e e
REFERENCES . . . . . i i e it i e et e e e e e e s e e e s s

ILLUSTRATIONS

Figure

Dimensions of the Axisymmetric Pressure Models . . . . . .. ... .. ...
The AEDC Transition Cone . . . . . . . 0 ¢ i i v v v i e s v s o e n o
Dimensions of the Lifting Models . . . . . . . . .. i v v,
Tunnel Centerline and Bottom Wall Mach Number Distribution .. ... ...
Comparison of the Longitudinal Flow Uniformity with and without
the Wall Screens . . . . . . i i i i i i i e e e et e e e e e e e
6. Comparison of the Mach Number Distribution with and without

the Wall Screens . . . . . . . . L .. L e e e e e
7. Pressure Distribution on the 20-deg Cone-Cylinder Model, 7 = 3 percent
8. Pressure Distribution on the 20-deg Cone-Cylinder Model
for Various Porositiess at My = 1.10 . . .. ... ... .. ' e,

Nk we -

00~ O O b W



AEDC-TR-78-20

Figure Page
9. Pressure Distribution on the Ellipse-Cylinder Model,

i T o o1 1 1 20
10. Pressure Distribution on the Ellipse-Cyclinder Model

for Various Porositiesat My =1.10 . . . ... ... .. ............ 21
11. Comparison of the Noise Level with and without

the Wall Screens . . 0 ort o v v 0 0 0 i e e e e e e e e e e e e 23
12, Comparison of End of Transition Reynolds Number with and without

the Wall Screens . . . . 0 . . L i i i it i e e e e e e e e e e e e 24
13. Wing Surface Pressure Distribution Variation with Reynolds Number

(Screen Off), M; = 0.60,a=6deg . .. ... ..o v v oo 25
14. Comparison of the Wing Surface Pressure Distribution

with and without the Wall Screens, M; =0.60,a=6deg ........... 26
15. Wing Surface Pressure Distribution Variation with Reynolds Number

(Screen Off), M\; =080, a=6deg ... ... . i enreneenen. 27
16, Comparison of the Wing Surface Pressure Distribution with and

without the Wall Screens, M; =080, a=6deg ................ 28
17. Variation of the Upper Surface Pressure Distribution with Angle

of Attack, M; =0.80, Re, =226 x 106 , ., ... .. . .. v i 29
18. Wing Surface Pressure Distribution Variation with Reynolds Number

(Screen Off), My =090, a=5.55deg . ... ... i i v i enaon 30
19. Comparison of the Wing Surface Pressure Distribution with and

without the Wall Screens, M =090, a=6deg .. .. ... ......... 31
20. Variation of the Upper Surface Pressure Distribution

with Angle of Attack, M; = 0.90, Re, =293 x 106 .. ... ......... 32
21. Wing Upper Surface Pressure Distribution Variation with Porosity

(Screen Off), Re, =2x 106, ., . ... ..... J R 33
22. Effect of Fixing Transition on the Wing Surface Pressure Distribution

at M; =0.80, Re, =2.26x 106, a=6deg . ... .. ..o vuuuuno. 35
23. Effect of Fixing Transition on the Wing Surface Pressure Distribution

at M; =090, Re,=293x 106, a=6deg ....... ..o uvuuuo. 36
24, Wing Surface Pressure Distribution Variation with Reynolds Number,

My =095, a=545deg . ... . . i it ittt e e e e e e 37
25. Comparison of the Wing Upper Surface Pressure Distribution

with and without the Wall Screens, M; =095 ... .. ... ......... 38

APPENDIX
A. PLENUM-STREAM CALIBRATION . . ... .. ... it i i it in 43
NOMENCLATURE . . . . i i e et s e e s e e e e et e 47



AEDC-TR-78-20

1.0 INTRODUCTION

Perforated walls in transonic wind tunnels generate noisc, termed edgetones, that is
thought to degrade the quality of model test data. Methods of suppressing these
edgetones are available (Refs. 1 and 2). but no definitive information exists concerning
the impact of wall modification on test data. To provide a comprehensive evaluation of
the effects of wall modification on tunnel performance parameters and model data, a
series of tests was conducted in the AEDC Aerodynamic Wind Tunnel (4T) of the
Propulsion Wind Tunnel Facility (PWT).

Edgetone suppression was achieved by using wire screen overlays on the airside of
the test section walls. The test program included evaluation of the effects of the wire
screen overlay on the Tunnel 4T longitudinal flow uniformity, plenum-stream calibration,
and wall crossflow and wave canccllation characteristics. An investigation was also made
of the effects of perforated wall cdgetone noise on transition Reynolds number and
representative static pressure distributions on a test model. The results of the test
progrum and evaluations of the wall characteristics of thc modified wall are presented
herein.

2.0 APPARATUS
2.1 TUNNEL 47

The Acrodynamic Wind Tunnel (4T) is a closed-loop, continuous flow, variable
density tunnel in which the Mach number can be varied from 0.1 to 1.3 and also can be
set at 1.6 and 2.0 by placing nozzle inserts over the permanent nozzle. At all Mach
numbers. the stagnation pressure can be varied from 300 to 3,700 psfa. The test section
is 4 ft square and 12.5  ft long with perforated, variable porosity (0.5- to 10-percent
open) walls. It is completely enclosed in a plenum chamber from which the air can be
evacuated, allowing part of the tunnel airflow to be removed through the perforated walls
of the test section.

2.2 SCREEN OVERLAY

Preliminary tests conducted in the AEDC Aerodynamic Wind Tunnel (1T) and the.
AEDC Acoustic Research Tunne! (ART) utilized wire screecn overlays of 40 by 60 mesh
with wire diameter of 0.006 in. Simple scaling resulted in the selection of 10-mesh screen
with 0.020-in.-diam wire for usc in Tunnel 4T. Although the screens survived the test,
including several removals and re-installations, some physical degradation occurred.

/l;nrnw/v, = (,- mgly- = (‘._G,).,%)L ~ 49 4= uuvdovy .00 8

= (t-rn(.m))"' = (1-3Y = 44 c—r jorrnx.02°
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2.3 CALIBRATION MODELS

A static pipe of 2.875-in. diameter was used to determine the centerline Mach
number distributions. -The pipe was supported at its upstream end by forward-swept
struts attached to the nozzle sidewalls and at its downstream end by the half-sector
model support. The pipe contained static pressure orifices with nominally 2-in. spacing
within the test region.

Wave canccllation properties of the walls were determined utilizing two bodies of
revolution of 1-percent blockage. The model geometries consisted of a common
cylindrical afterbody with interchangesble forebodies: a 2:1 ellipsoid and a 20-deg
included angle cone. Pertinent dimensions of the models are given in Fig. 1 with
additional details, such as pressure orifice locations, available in Ref. 3. The cone-cylinder
nosetip was located at tunnel station 76 and the ellipse at station 83.

ALL DIMENSIONS IN INCHES

62 894 '
!
_ - - - 5.4160
|
—{5 q16|— T
f— 14.894 —
b 21936 48.000

20 5.416p

69.936

Figure 1. Dimensions of the axisymmetric pressure models.

2.4 TRANSITION CONE

The transition cone model, Fig. 2, is a pointed, stainless steel, 10-deg included angle
conce with a surface finish polished to 8- to 12-uin. root-mean-square waviness. The cone
is equipped with a traversing pitot probe for transition detection, two surface-mounted
0.25-in.-diam condenser microphones, and a surface temperature thermocouple. The
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traversing probe, which traverses along the cone surface at a height of nominally 0.005
in., is equipped with a 0.125-in.-diam strain-gage-type pressure transducer close-coupled to
the sensing tube. The cone was installed on the tunnel centerline at zero incidence angle.
A more detailed description of the transition cone can be found in Ref. 4.

i :
t'::t""’;f

o

. b it
el sl e G

L L e e M L R T P RN LT

Figure 2. The AEDC transition cone.

2.5 LIFTING MODELS

The lifting models consisted of sting-mounted, wing-body combinations. The
geometrically similar models have rectangular planform wings with NACA 63A006 airfoil
sections. Pertinent dimensions of the models are given in Fig. 3. The wing models have a
longitudinal ray of pressure orifices along the top and bottom of the center bodies and a
chordwise ray of pressure orifices at the mid-semispan of the upper right and lower left
wing surfaces. The sting supporting the large model was equipped with strain gages to
monitor deflections, whereas the small model sting was not instrumented, and its
deflections were assumed to be zero.
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ALL DIMENSIONS IN INCHES

o] LARGE | SMALL

MODEL | MODEL
Al 717 | 507
B | 900 | 450
c | 1650 | 1000
D , 3200 | 13.00

Figure 3. Dimensions of the lifting models.

2.6 INSTRUMENTATION

The static pressure on the model and test section wall was measured with 50
Kistler® trunsducers referenced to plenum pressure, P¢, and spanned for 2,160 psf, full
scule. Two-position valves associated with each transducer allowed sensing of pressures at

up to 100 locations. Primary tunnel parameters (P., Pg, and Pr) were measured with
Datametric® systems.
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3.0 PROCEDURE
3.1 TEST PROCEDURE

Each calibration model and the static pipe were aligned with their centerlines
coincident with the tunnel centerline. The test variables were tunnel stagnation pressure,
Mach number, and wall porosity, and data were obtained at the following conditions:

PT = 2,000 psfa

0.2 < M < 1.3

0.5 < v < 7.0 percent

Limited data were acquired at P = 1,200 and 2,500 psfa. The test section Mach number
is defined by the plenum-stream calibration, Refs. § and 6, for the "screen off" wall
configuration and as discussed in Appendix A of this report for the "screen on"
configuration. Each of the test variables was sct and maintained by automatic computer
control, with the cxception of Mach number at supersonic test conditions, which was
manually controlled.

Manual initiation of the data acquisition cycle resulted in the isolation (trapping) of
the transducer reference pressure with subscquent computer scanning of each transducer
readout until stcady-state readings were indicated. The transducer valves were then
switched on computer command, and another pressure-lag routine was executed; then the
trapped reference was rcleased. Tunnel conditions were computed on the basis of the
average of the two data acquisition periods.

Data were obtained with the transition cone at unit Reynolds numbers of 2, 3, and
4 x 106 per foot. The conc was aligned with the geometric centerline of the wind tunnel,
and the incidence to the test section flow was assumed to be zero. Location of the
transition point was obtained by traversing the pitot probe in the forward direction in all
cases while holding tunnel conditions as constant as possible. Sufficient time was allowed
for the cone temperature to reach equilibrium with the flow to minimize heat-transfer
effects.

Data were obtained with the lifting models at Mach numbers of 0.60, 0.80, 0.90,
and 0.95.' The unit Reynolds number was varied from 1.5 to 4.8 x 106 per foot by
adjusting stagnation pressure, which along with the two wing chord lengths of 4.5 and 9
in., provided a chord Reynolds number variation from nominally 0.6 to 3.6 x 106. Data
were obtained at the above conditions both with natural boundary-layer transition on the
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wing surfaces and with an artificial trip consisting of distributed No. 90 glass beads at the
S-percent chord location. To permit comparison of the wing pressure distributions
between the various model and tunnel configurations at a constant angle of attack, the
model gravimetric angle of attack was matched at discrete values within £0.05 deg and was
defined as

a = a, + Ao
i
where
o = gravimetric angle of attack
a, = sting support angle
and
Aax = sting deflection angle (assumed to be

zero for the small model).
3.2 PRECISION OF MEASUREMENTS

Uncertaintics (95-percent confidence level) in the instrumentation systems werc
estimated from repeated calibrations of the systems against secondary standards whose
precisions arc traccable to the National Burcau of Standards. These uncertainties were
combined using the Taylor serics method of error propagation to determine the precision
of the reduced parameters, which are shown below.

Parameter Uncertainty (+)
&M 0.0055
AMl 0.0035
AMC 0.0033
ADM 0.0035

AP/PT 0.0034
Ax 0.0043
At 0.07
A2¢g 0.0012
ACP 0.010
Aa 0.10

10
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40 RESULTS AND DISCUSSION
4.1 LONGITUDINAL FLOW UNIFORMITY

Representative centerline Mach number distributions are presented in Fig. 4 at wall
porosities of three and five percent. For the subsonic Mach numbers, plenum suction was
achieved via reentry diffuser flaps at the exit of the test scction on the basis of the
results of Ref. 5. This mode of operation, rather than using auxiliary suction, resulted in
excessive tunnel pressure ratio with corresponding Mach number gradients at the
downstream end of the test section. Since subsequent tests with the screens would not be
affected by these gradients, tunnel operation procedure was not altered.

O TUNNEL CENTERLINE
O BOTTOM WALL

LOCAL MACH NUMBER, M

|+—TEST REGION —

0 20 40 60 80 100 120 140 160
TUNNEL STATION, inches

0.1

a. 7=3,020 <M, <0.80
Figure 4. Tunnel centerline and bottom wall Mach
number distribution.

11
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Also given in Fig. 4 is thc Mach number distribution as indicated by static pressure
measurcments on the bottom wall. The orifices were installed in the studs which support
the airside wall. Since the studs werc not uniformly flush, there are individual bias errors
associated with each orifice. Nonetheless, reasonable consistency of the wall and
centerline data is evident, and the wall static pressure can provide an independent
estimate of the test section Mach number and longitudinal flow uniformity.

O TUNNEL CENTERLINE
O BOTTOM WALL

LOCAL MACH NUMBER, M

TEST REGION —™
0 80 ] ,-_ ] I

o 20 40 60 80 100 120 140 160
TUNNEL STATION, inches

b. 7=3,090 <M; <120
Figure 4. Continued.

12
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A quantitative description of the degree of flow uniformity is provided by the
standard deviation of the Mach number distribution. These results are given in Fig. 5
along with comparative data from Refs. 5 and 6, which are the basic tunnel (screen off)
calibrations. Also given in Fig. 5 are the upper limits of acceptable Mach number
deviation as defined in Ref. 7, which are exceeded at five-percent porosity for Mach
numbers of 1.15 and 1.20 with the screens installed. In gencral, the screens had an
adverse effect on the flow uniformity, but flow of good quality was nonetheless
obtainable, particularly at rcduced wall porosity. (It should be noted that the test region
was defined as cxtending from tunnel station 72 to 120 with the screcns installed,
whereas the normal test region is from station 72 to 140.) A portion of the degradation

O TUNNEL CENTERLINE
0O BOTTOM WALL

LOCAL MACH NUMBER,

fe— TEST REGION 4‘
0.1 l i

o 20 40 60 80 100 120 140 160
TUNNEL STATION, inches

c. 7=5,020<M,; <080
Figure 4. Continued.

13
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in flow quality may be attributed to the method selected for the screen installation. The
screen was attached to the walls with round-head screws and washers which were exposed
to the airstream and thus introduccd disturbances into the flow.

O TUNNEL CENTERLINE
0 BOTTOM WwWALL

LOCAL MACH NUMBER, M

I-—~TEST REGION‘,
1 1

0 20 40 60 80 100 120 140 160
TUNNEL STATION, inches

0 80

d. 7=5,090 <M, <1.20
Figure 4. Concluded.

A second source of disturbances with the screen installed was a wedge plate of
0.125-in. thickness installed at tunnel station 1.0 on cach wall for the purpose of
fastening the screen leading edge to the wall. These plates formed an effective nozzle
throat and gencrated overexpansions in the flow at supersonic Mach numbers. As
illustrated in Fig. 6, the subsequent local flow disturbance was multiply reflected from
the tunnel walls (at r = 5 percent) and was the major contribution to the degradation in
flow quality at supersonic Mach numbers.

14
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5 e
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0.004 FLOW .QUALITYi (REF 7))_ /=
L — " 436
— | 0
L emooa8y %]
0 02 04 06 08 1.0 12 .4

MACH NUMBER, M,

Figure 5. Comparison of the longitudinal flow uniformity
with and without the wall screens.

4.2 WAVE CANCELLATION

"The primary function of a variable porosity test section wall is to minimize
model-generated shock and expansion waves reflecting from the wall and impinging back
on the model. The porosity required for the cancellation of these waves is a monotonic
function of Mach number, increasing from 1.5 percent at M = 1.0 to 6.2 percent at M =
1.3, for the scrcen-off wall configuration. The common method of assessing the quality
of wave cancellation is the examination of pressure distributions on bodies of revolution
and comparison with pressure distributions for the same body geometry in an
interference-free environment. Two models were used for this purpose, a 20-deg included
angle cone-cylinder and a 2:1 ellipsoid-cylinder as previously described.

15
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O TUNNEL CENTERLINE
0O BOTTOM WALL

|3
i SCREEN ON
! 20=00I39 M, =198
I 2 T
SCREEN OFF

= <

: 20:=00074 M, =120l
T
[+a]
=
o}
Z
I
-
= //// //// A
2 /\ /\ /\ 7/
(& ]
9 o PATH OF DISTURBANCE FROM STATION 10 |

/ \/ /! E SIN-!(1/M)
- —¢ LL e _
-20 0 20 40 60 80 100 120 140

TUNNEL STATION, inches

Figure 6. Comparison of the Mach number distribution
with and without the wall screens.

4.2.1 Cone-Cylinder Model

Pressure distributions on the cone-cylinder model are presented in Fig. 7 and
compared with screen-off results from Ref. 8 and the interference-free data of Ref. 3. At
a given geometric wall porosity, the screen changed the wall crosstflow properties to yield

1 “effective” increase in open area. Thus, cancellation of the model compression waves
with the screen installed occurred cither at increased Mach number for fixed porosity or
at decreased porosity for a given Mach number relative to screen-off conditions.

The effect of porosity changes at a fixed Mach number of 1.1 is illustrated in Fig. 8.
Although there is an attached bow shock, the cone surface flow is subsonic. Wall porosity
changes with the screens produce significant variations in the cone pressure distributions
rclative to the results obtained without screens (Ref. 8). Progressive deviation of the cone
pressure distribution from the interference-free results occurred with reduction of wall
porosity, yet low wall porosity is required for wave cancellation at this Much number.
Comparison of the data taken at 2.0 and 2.5 percent porosity with screens indicates that

16
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Figure 7. Pressure distribution on the 20-deg
cone-cylinder model, 7 = 3 percent.
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b. 7 = 6.0 percent
Figure 7. Concluded.

the best porosity for compression-wave cancellation lies somewhere between these
porosities. The demarcation between compression and expansion waves impinging on the
wall and reflecting back to the model occurs at x/d = 6.5, and the nonuniformity
downstream of this station indicates that a porosity of something less than 2.0 percent
would be required for optimum expansion wave cancellation with screens at M = 1.1.

18
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Figure 8. Pressure distribution on the 20-deg cone-cylinder
maodel for various porosities at M; = 1.10,

4.2.2 Ellipse-Cylinder Model

Representative pressure distributions obtained with the clliptic nose are presented in
Figs. 9 and 10 with the interference-free results derived from the computations of Ref. 9
(Hsieh) and Ref. 3. The degradation of the wave cancellation properties of the wall with

19
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the screen is not demonstrated clearly by these results. However, it is clear that the
screen changed the model/tunnel flow interaction.

—— INTERFERENCE FREE
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&  SCREEN OFF

LOCAL PRESSURE RATIO, p/p,

MODEL STATION, x/d

Figure 9. Pressure distribution on the ellipse-cylinder
model, 7 = 5 percent.

20



AEDC-TR-78-20

— INTERFERENCE FREE
© SCREEN ON
&4 SCREEN OFF

o
n
-

It
w

g
N

o ©
H (]

o©
o

.

o
'S

LOCAL PRESSURE RATIO, p/p,
o
o

o
>

o
o

0.6

1 1 1 1 1 1 1 1

l 2 3 4q 5 6 7 8 9 10 I i2
MODEL STATION, x/d

0.7 L
0

Figure 10. Pressure distribution on the ellipse-cylinder
model for various porosities at My = 1.10.

4.3 NOISE REDUCTION

The primary acoustic disturbance produced in perforated wall wind tunnel test
sections is edgetones generated by the individual holes. At some Mach number, depending
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on the wall geometry and test section dimensions, a resonant condition occurs. This
resonant condition takes place in Tunnel 4T at about M = 0.8. The overall noise level is
generally presented in terms of the fluctuating pressure coefficient, ACp, defined as:

AC. = 1:‘rms x 100, percent
P q

where Py, is the time-averaged, frequency-integrated fluctuating pressure measured by
microphones. A ACp level of 0.5 percent corresponds to the expected level of sound
radiation from a turbulent boundary layer.

Noise data obtained with and without the screen overlay are presented in Fig. 11.
The noise reduction with the screen overlay was as great as threefold in ACp at the
resonant condition.

44 EFFECTS ON TRANSITION

End-of-transition Reynolds number as measured with the transition cone is shown in
Fig. 12. The porosity at each Mach number was individually selected for the two wall
configurations, on the basis of the best wave cancellation properties. As shown in Fig. 12,
there is a significant effect of the noise suppression on the transition Reynolds number.
For the screen-on casc, Rer tends to remain at a constant value with Mach number and
unit Reynolds number, as does the noise level. Note that, comparing Figs. 11 and 12,
there is a definite inverse trend of transition Reynolds number with noise level for the
screen-off wall. The results shown in Fig. 12 may be affected at supersonic Mach
numbers by the disturbances from the screen installation, as discussed in Section 4.1.

Detailed information concerning the relationship between noise level and transition
Reynolds number is presented in Ref. 4.

45 LIFTING MODEL RESULTS

Wing surface pressure distributions at Mach number 0.6 are shown in Figs. 13 and
14. Results with the standard 4T wall configuration (screcn off) are presented in Fig. 13
to illustrate the insensitivity of the pressure distribution to Reynolds number at Mach
number 0.6. A comparison of the screen-on and screen-off wall configuration data for the
chord Reynolds number range from 0.71 x 106 to 2.3 x 106 is shown in Fig. 14, The
data for the two wall configurations are in good agreement. The pressures in the
leading-edge expansion region are extremely sensitive to small changes in angle of attack
due to the magnitude of the pressure gradient, and the differences for the wall
configurations as shown in Fig. 14 are within the normal data scatter, The lower surface

pressure distribution is virtually the same for all three Reynolds numbers, so only one
comparison is shown, to preserve clarity.
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Figure 11. Comparison of the noise level with and

without the wall screens.
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Figure 12. Comparison of end of transition Reynolds number
with and without the wall screens.
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Figure 13. Wing surface pressure distribution variation
with Reynolds number (screen off), My = 0.60,
a = 6 deg.
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Figure 14. Comparison of the wing surface pressure distribution
with and without the wall screens, M; = 0.60,
a = 6 deg.
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A comparison of the surface pressure distributions for various Reynolds numbers at
M = 0.8 and @ = 6 deg is shown in Fig. 15. The main shock moves rearward, and its
strength increases with increasing Reynolds number. Comparison of the data with the
screen on and off, Fig. 16, indicates a significant difference in the locations of the main
shock at the highest Reynolds number. Again, the lower surface distribution is
representative of that for all three Reynolds numbers. The shock displacement appears at
both 4 and 6 deg angle of attack when a strong shock exists, as shown in Fig. 17. The
forward displacement of the main shock occurs both with reduced Reynolds number
(Fig. 15) and with reduced noise (Fig. 16).

-1.6 T T T T
Rec x 107°

o 0.84
u|

PRESSURE COEFFICIENT, Cp

o8 | i 1 1
(o] 0.2 0.4 0.6 o8 1.0

x/¢c

Figure 15. Wing surface pressure distribution variation with
Reynolds number (screen off), M; = 0.80, a = 6 deg.
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Figure 16. Comparison of the wing surface pressure distribution
with and without the wall screens, My = 0.80,
a = 6 deg. :
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Figure 17. Variation of the upper surface pressure distribution
with angle of attack, M, = 0.80, Re, = 2.26 x 108,

Comparison of the upper surface pressure distributions for various Reynolds
numbers at Mach number 0.90 is shown in Fig. 18. As Fig. 18a shows, for natural
boundary-layer transition, as Reynolds number increases, the compression occurs over a
shorter distance along the chord and the main shock is displaced forward. A separation
bubble appears aft of the shock for a chord Reynolds number of 3.1 x 106, as evidenced
by the inflection of the pressure distribution, and the bubble increases in size toward the
trailing edge for a chord Reynolds number of 3.7 x 106, Detailed descriptions of this
type of phenomenon on airfoils are attempted in Refs. 10, 11, and 12. Note that the
effects of Reynolds number illustrated in Fig. 18a can be suppressed by fixing transition
at the S-percent chord location, as shown in Fig. 18b. The pressure distribution for all
three Reynolds numbers is in good agreement. Note also that the shock is yet farther
forward and the separation bubble aft of the shock is larger for the fixed transition cases
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than for the highest chord Reynolds number with natural transition. The data in Fig. 18,
then, imply that with increasing Reynolds number, as the boundary-layer transition
moves forward on the surface, the recompression becomes a strong normal shock and a
separation bubble appears aft of the shock and spreads toward the trailing edge. The
main shock position also moves forward, probably as a result of the rearward separation.

Rec x 10™°
0 1.88
a 3.10
A 375
|

o

PRESSURE COEFFICIENT, Cp

x/c

b. Fixed transition
Figure 18. Wing surface pressure distribution variation
with Reynolds number (screen off), My = 0.90,
a = 5.55 deg.
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A comparison of the pressure distributions for the screen-on and screen-off walls at
Mach number 0.9 and various Reynolds numbers is shown in Fig. 19. The lower surface
distribution is representative of all the Reynolds numbers shown. A significant difference
occurs at a chord Reynolds number of 2.93 x 106. The shock for the screen-off wall
configuration is displaced upstream, and there is an extended separation bubble. There is
little or no separation aft of the shock for the screen-on wall. The upper surface pressure
distribution is shown in Fig. 20 for the angle-of-attack range from O to 6 deg and a chord
Reynolds number of 2.93 x 106, The effect of the noise reduction (screen on) exhibited

in Figs. 19 and 20 in each case is similar to that of reducing Reynolds number, as shown
in Fig. 18.

-1.2 -1 T T T
SCREEN ON

SCREEN OFF

> o

PRESSURE COEFFICIENT, Cp
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0 0.2 04 06 0.8 1.0

x/c

Figure 19. Comparison of the wing surface pressure distribution
with and without the wall screens, M, = 0.90,
a = 6 deg.
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Figure 20. Variation of the upper surface pressure distribution
with angle of attack, My = 0.90, Re, = 2.93 x 106,

In Section 4.2 the screen-on configuration was shown to cause a small change in the
wall crossflow characteristic. Therefore, classical wall interference effects (the presence of
the wall itself as opposed to unconfined flow) cannot be ignored as the cause of the
difference between thc pressure distribution for the two wall configurations. The effect
of reducing the wall porosity (r) from 5 to 2 percent is illustrated in Fig. 21. The effect
of wall porosity adjustment for each Mach number is simply a displacement of the shock
location, the shock for 7 = 2 percent being displaced aft of that for 7= § percent. This is
consistent with wall interferenc studies (Ref. 13, for example) which show aft shock
displacement resulting from reducing the porosity of the ventilated walls. Fixing
transition does not alter the basic character of the wall interference effects as seen in Fig.
21b. The effect of fixing transition is shown for Mach number 0.8 in Fig. 22 and for
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Mach number 0.9 in Fig. 23 at the Reynolds numbers where the biggest difference
between the screen-on and screen-off configurations occurred. The relative difference
between the distribution for the two configurations remains essentially unchanged at
Mach number 0.8. However, at Mach number 0.9, fixing transition brings the distribution
for the wall configurations into agreement as it did for the Reynolds number variation in
Fig. 18. Note also that the shock displacement between the two wall configurations at
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Figure 21. Wing upper surface pressure distribution variation
with porosity (screen off), Re, = 2 x 108,
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b. Fixed transition
Figure 21. Concluded.

Mach number 0.9 is opposite that resulting from wall interference effects; i.e., the shock
location for the screen-on (more open) wall is aft of that for the screen-off wall. The
cause of the difference in the pressure distribution at Mach number 0.80 cannot be
identified as noise or wall interference effects. However, at Mach number 0.90, the
disagreement can be attributed to noise effects.

At Mach number 0.95, the differcnces between the pressure distributions for the
wall configurations with and without screens are less pronounced, but are of similar form
to those for Mach number 0.90, as can be seen in Figs. 24 and 25. The comparison of the
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Figure 22. Effect of fixing transition on the wing surface
pressure distribution at My, = 0.80, Re,; =
2.26 x 108, a = 6 deg.
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b. Fixed transition
Figure 23. Effect of fixing transition on the wing surface
pressure distribution at M; = 090, Re, = 293
x 108, ¢ = 6 deg.

pressure distributions at various Reynolds numbers for the screen-off wall is presented in
Fig. 24. The upper surface pressure distribution for the angle-of-attack range from Q to 6
deg is shown in Fig. 25. Again, when a difference cxists, the effect of reducing the noise
level with the screen is similar, but not equivalent, to that of reducing the Reynolds
number,
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Figure 24. Wing surface pressure distribution variation with
Reynolds number, My = 0.95, a = 5.45 deg.
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Figure 25. Comparison of the wing upper surface pressure

distribution with and without the wall screens,
M1 = 0.95.
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Figure 25. Continued.
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Figure 25. Concluded.
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5.0 CONCLUDING REMARKS

It has been demonstrated that use of a screen overlay on the test section wall is a
viable method of reducing the wall noise level. Although the present screen installation
generally resulted in increased longitudinal flow nonuniformity, it is expected that a
permanent installation would yield good quality airflow comparable to that obtainable
without screens. The screen overlay adversely affected the wave cancellation properties of
the variable porosity wall.

The noise level in the test section was reduced threefold in terms of ACp at the
resonant conditions. The ACp value for the screen overlay wall was generally constant
with Reynolds number and Mach number. Correspondingly, the transition Reynolds
number increased with reduced noise and also became gencrally invariant with Mach
number and Reynolds number; this behavior strongly suggests a dependency of transition
Reynolds number on the acoustic environment.

Effects of the acoustic energy were also obscrved on the wing surface pressure
distribution in localized ranges of Reynolds number, Mach number, and angle of attack,
predominantly at Mach number 0.90. The effect of reducing the noise level by suppressing
the edgetonec generation was similar, but not necessarily equivalent, to a decrease in
Reynolds number. This effect apparently is visible only when the boundary layer is
undergoing transition either near the shock location or at relatively small distances
upstream of the shock.
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APPENDIX A
PLENUM-STREAM CALIBRATION

For perforated wall wind tunnels, it is generally accepted that the relationship
between plenum pressure and test section pressure is independent of model size or shape. '
This assumption permits the setting and determination of test section Mach number from
measurements of the tunnel stagnation and plenum pressures.

A plenum Mach number (M;) is defined on the basis of an isentropic expansion
from stagnation to plenum pressure and a relationship formed to express the difference
(DM) between the average test section Mach number (My) and M. as a function of the
pertinent independent variables. For the screen installation, the primary independent
parameters were determined to be M. and wall porosity (7), and a least-square surface fit
was constructed in the form of

where the constants are given in Table 1. A comparison of the data and the surface fit is
presented in Fig. A-1. These results are significantly different from the plenum-stream
calibration of the basic tunnel (screens off). Some calibration data were obtained at
stagnation pressure levels other than 2,000 psfa that indicated the plenum-stream
calibration with screens was insensitive to Reynolds number within measurement
accuracy.

Reference 14 argues that the plenum-stream calibration concept is incorrect and
should be reexamined. To address this problem, several static pressure taps were installed
in the test section walls, as mentioned previously, and data were obtained during each
phase of testing. Somewhat surprisingly, the screen overlay did not significantly affect the
accuracy of the wall pressure measurements. During the tunncl calibration phase, the wall
static pressures were in agreement with the centerline measurements, screens on and off.
However, with either of the one-percent-blockage models and the screens installed, a
consistent deviation was observed between the calibrated Mach number (M;) and that
indicated by the wall static pressure taps for subsonic Mach numbers and low wall
porosity. Representative results are given in Fig. A-2 in the form of M; - M. An
indication of the true Mach number (M_) with the cone-cylinder model installed can be
obtained by comparing the cone static pressure distribution to the data of Ref. 3. These
results are also given in Fig. A-2 (M; - M), where the screen-off data are reproduced
from Ref. 8. Both the model pressure distribution and the wall pressure distribution

indicate that the plenum-stream calibration is not valid at low wall, porosities. Similar
results are given in Ref. 15.
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Comparison of the Mach number differences with the cone and wall pressures
indicates that less error in Mach number would result through use of the wall static
pressure to set Mach number rather than the plenum-stream calibration. However, this is
not a satisfactory solution because the proper location of the wall static pressure is a
function of Mach number. Further analysis is required before an alternative method of
determining test section Mach number can be recommended. Use of the plenum-stream
calibration introduces insignificant errors at moderate wall porosity with a ‘model
blockage of one percent or less.
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Figure A-1. Plenum-stream calibration.
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Table A-1. Plenum-Stream Calibration Constants

> 2 1.3 445
DM= L I C.M ™, 1+j <5

i=0 j=0 I
1] cij
00 1.1352-03
10 1.0090-04
01 -1.6220-03
20 -9.4967-03
11 6.1341-03
02 1.7902-04
30 -1.0296-01
21 4,2736-02
12 -9.6376-03
03 3.0871-04
40 7.4659-02
31 1.2886-02
02 -1.2121-02
13 2.7487-03
04 -9.3615-05
50 ~3.0468-02
41 -3.2343-04
32 -8.5806-04
23 9, 1565-04
14 -2.1161-04
05 7.2052-06

Note: 1.1352-03 = 1.1352 x 10°>
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Cp*

DM

Re,

RCT

NOMENCLATURE
Pressure coefficient
Pressure coefficient at sonic conditions
Wing chord, in.
Tunnel calibration parameter, M; - M,
Model diameter, in.
Mach number
Average test section centerlinc Mach number
Equivalent plenum Mach number
Test section wall Mach number
Free-stream Mach number
Static pressure, psfa
Plenum pressure, psfa

Diffuser exit pressure, psfa

Root mean square of pressure fluctuations, psf

Stagnation pressure, psfa
Free-stream dynamic pressure, psf
Unit Reynolds number of free stream, 1/ft

Reynolds number referenced to model chord

Reynolds number referenced to the end of transition

Model station, in.
Gravimetric angle of attack, deg

Sting support angle, deg
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Aa Sting deflection angle. deg

ACp Fluctuating pressure coefficient. Py, /9., percent
A Tunnel pressure ratio, P /Pg

o Standard deviation

T Wall porosity, percent-open area
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