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SKIN FRICTION REDUCTION IN SUPERSONIC FLOW
BY INJECTION THROUGH SLOTS,
POROUS SECTIONS AND COMBINATIONS
OF THE TWO

By Joseph A. Schetz and Johannes vanOvereem
Virginia Polytechnic Institute and State University

INTRODUCTION

Fluid injection schemes for thermal protection and, more recently, skin
friction reduction on flight vehicles have been the subject of study for
some time. Energy conservation considerations have now elevated the im-
portance of the skin friction reduction application. The experimental in-
formation available at supersonic speeds (e.g. Refs. (1) - (3)) is limited
but sufficient to indicate that drag reductions large enough to be inter-
esting from an overall systems viewpoint may be achievable. The main, com-
peting configurations are the porous wall, and the tangential slot. There
have been few studies where a direct comparison of the two schemes was made
at the same nominal conditions and where the flow field was completely
documented. Further, combinations of the two schemes might be expected to
be beneficial as a result of synergistic interactions. Strong motivation
for studying combinations of slot and porous wall injection may be derived
from overall systems studies that indicate that a mucn more rapid decrease
in skin friction as a function of injectant mass flow rate than has been
achieved for porous wall injection alone will be required for successful
paractical appliéation.

This report presents the results of a comparative study of slot injec-
tion, porous wall injection through a short strip of surface and combina-
tions of the two at free stream conditions of Mach 2.9, stagnation pressure
of 6.9 N/m? (150 psia) and total temperature of 290°K. A "flat plate'", solid
wall configuration was also studied as a reference point. Total injectant

rates covering a wide range were considered. The principal data obtained were:



(1) schlieren photographs, (2) wall pressure distributions, (3) Mach Number
profiles at four axial stations and (4) wall shear measured with a self-nulling,
floating element balance. Wall shear data was also inferred from Preston Tube
measurements.

In the next section, the experimental apparatus, including the wind tunnel,
the model, the probes, the skin friction balance, the instrumentation, and the
optical equipment is described in detail. The succeeding sections outline the
test procedure, data reduction and experimental results. An error analysis is

given in Appendix A.

EXPERIMENTAL - APPARATUS

A. WIND TUNNEL

These experiments were performed in the 23 cm x 23 cm supersonic wind
tunnel at VPI§SU. This tunnel was designed and originally constructed at the
Langley Aeronautical Laboratory. The facility is of an intermittent, blow-down
type with interchangeable contoured nozzles. However, for this work a special
nozzle arrangemént was conétructed to incorporate the model into the nozzle.
The air is pumped by eight Ingersoll Rand, Model 90, reciprocating compressors
and stored in.sikteen storage tanks with a total volume 79.3 cubic meters. At
present, the maximum pressure obtainable by the compressors is 10.4 N/m2 (150
psia) in these tanks. The tunnel is activated by a quick opening butterfly
valve with a variable speed control.

The settling chamber contains a perforated transition cone, several
dampening screens, and probes to measure stagnation pressure and temperature.
After passing through the test section and diffuser, the air is dumped into

the atmosphere.
B. THE MODEL

The model was a modified version of the interchangeable contoured
nozzles generally used in this wind tunnel. The streamline normally pro-
duced at the axis of a two-dimensional, symmetric supersonic nozzle is
replaced by a solid surface. Just beyond the last expansion wave in the
nozzle, the surface steps down (0.64 cm) to form the slot for the slot in-

jection cases_(See Fig. 1(a)). The slot lip is 0.041 cm. thick. This special



nozzle configuration allows ample room for a plenum chamber for the in-

jected gas and uniformly distributes and straightens the slot flow thereby
insuring a uniform, two-dimensional injected flow. The block for the upper
half of the nozzle was selected to give a Mach number of approximately 3.0.
The bottom of the model was then designed in several sections. The first

two are of little importance except that they were designed to be compatible
with the upper half. Also the second section, which was designated the

dummy section, had three stations so that a spanwise survey of static pressure
could be made upstream of the injection station to ascertain the two dimen-
sionality of the experiment.

The injection 'boxes" were designed such that a uniform two-dimensional
flow could be obtained from a pipe which is essentially a point source. In
"order to achieve these desired results, the air flow was supplied to the
bottom of these sections through a header which was fabricated from a pipe
with holes drilled in such a manner as to provide more escape area toward
the ends of the header since the air entered in the middle. For the slot
box, the flow then passes through a flow straightener (5 cm long) in the
flow direction. This was constructed by placing about four hundred plastic
straws between wire screens. This arrangement gave a very uniform flow as
shown by the spanwise static pressure distributions.

The porous injection box measures 5.08 cm. in the streamwise direction
and spans the tunnel. There is a solid section 0.64 cm. long at the upstream
and downstream edges; the middle 3.81 cm. length is porous, sintered stain-
less steel (65 micron mean porosity), 0.64 cm. thick. For porous-wall tests, the
box was arranged as in Fig. 1(b), and no injectant was fed through the slot
box. For the combined slot/porous wall tests, the two boxes were arranged
as in Fig. 1(c¢).

The final section of the nozzle was a wall made of polished 304 stain-
less steel which was instrumented with static pressure taps and thermocouples
in both the streamwise and spanwise directions. The static pressure taps
were 0.787 mm in diameter and the thermocouples were 0.25 mm copper-constantan
wire press fitted on the plate's surface. The instrumentation locations and
their relative position to the slot is shown in Figure 2. Also shown in

this figure are the locations of the four stations where the vertical



measurements were taken. This instrumented plate was followed by a ramp
in order to bring the flow into the diffuser.

A "flat plate" configuration was obtained by raising the instrumented
section upward 0.64 cm. from that shown in Fig. 1(a), hence a solid, flat
surface was aligned with .the free stream flow.

Photographs of the model for the three test configurations are given

in Fig. 3.

INSTRUMENTATION .

A. SKIN FRICTION BALANCE

The skin friction balance used in these experiments is described in

detail in Ref. 4). Eséentiaily,.the balance is designed as a null-type
device in that the deflections of the floating head element due to shear
are returned.to zero by a servodrive mechanism. The balance was‘designed to
operate in a horizontal p051t10n, however in these experiments the unit was
used in an uprlght mode. In the former position graV1ty was used to supply
a small amount of tens1on to the servomechanlsm Here, the problem was
solved w1th a small spring opposed to the sprlng connectlng the balance
arm and servodrive. Also of note, is the fact that the balance did not
incorporate the cooling mechanism described in Ref. 4). The linear vari-
able differential transformer (LVDT) is excited by‘a carrier amplifier
which is in turn amplified by an amplifier which drives the servomotor.
The servomotor returns the LVDT to zero and at the same time activates a
potentiometer whose output is recorded on the strip recorders indicating
the shear load. To reiaté the output on the recorders to the shear loads
incurred, a calibration arm was added on the balance arm.

The floating head of the balance was made oblong in the lateral or
spanwise direction to minimize the pressure gradient effects. The area
of the fioatiﬁg elemeﬁf was 3.200 cmz, and the surfaoe'of the test section
wall and floating head were flush to within + 0.0025 cm for all tests.

Both the fioating head and.the upper lever arm of the balance were
made of aluminum to allow careful mechanical balancing of fhe entire

system.



B. PRESSURE PROBES

Three sets of probes were used to measure pressures in the flow. These
pressures are used to deduce Mach number number distributions and surface
shear via the Preston Tube technique.

All pressures were read using strain gauge transducers which were cal-
ibrated within +.15% of their individual full scale ranges. Transducer
outputs were read on Hewlett-Packard strip chart recorders with a microvolt
sensitivity +.1% full scale.

The wall pressures, the cone-static pressure probe, and the pitot
rake, described below, were read using a model 48J9-1021 Scani-valve.

Cone Static probes.-- The cone static probe used a 10° + 2' semivertex

angle brass cone with base diameter of 0.157 cm soldered to 0.160 cm stainless
steel tubing. The tip was precision ground and extreme care had to be
exercised to keep the vertex at its assigned value. Four 0.033 cm ports

were drilled perpendicular to the cone's surface approximately three quarters
back from the tip at 90° intervals around the circumference. The four ports
were connected to a common chamber, thus the recorded pressures were the
average pressures and angle of attack effects were reduced to a minimum.

Pitot probes.-- Two types of pitot probes were used out in the flow.

One was used in conjunction with the cone-static probe at the outer edge
- of the boundary layer to obtain the local free-stream static pressure and
hence Mach number. The probe tip was made by flattening 0.318 cm O0.D. stain-
less steel circular tubing to a rectangular cross section. The opening
on each probe was 0.0254 cm high with a lip thickness of approximately
0.0203 cm. The second type of pitot probe was simply 0.071 cm. O.D.,
0.041 cm. I.D. stainless steel tubes mounted on a thin rake. The rake
consisted of 12 probes, equally spaced at intervals of 0.127 cm. up from
the wall.

Preston Tubes.--Two sizes of Preston tubes (0.073 and 0.241 cm. O.D.

both with I.D./0.D. = 0.6) were used. They were chosen to correspond to
cases near the minimum and maximum size suggested in Ref. (5) based upon

the "flat plate'" boundary layer.
C. OPTICS

For schlieren pictures, a continuous collimated beam of light was passed



through the test section using the PEK model 910 L.H. light source and PEK
type 107 lens. The mirrors were 30.5 cm. diam. and had a focal length of
2.03 m. Exposures times were one millisecond. All photographs were taken
on Polaroid type 57 (ASA 3000) sheet film using a Graflex camera. The
windows of the test section were ground and polished to # 15 arc seconds

which is of schlieren quality.

D. FLOW METERS

The flow rates of the various injectant streams were determined with
ASME Orifice plate flow meters placed in each supply line.. These meters

were constructed, installed and operated in accordance with Ref. (6).

DATA REDUCTION

The directly measured wall shear force data were obtained from the
balance readings and calibration curves. The wall pressure distributions
were obtained via transducer calibrations.

The Mach number profiles were determined by processing the'edgé cone-
static and pitot probe and the pitot rake data as follows. First, the

cone pressure and pitot pressure were used to find the edge Mach number as

-GG

all of which are functions of Mach number only. A plot of pc/pé versus M
was then made. The quantity pc/p was obtained from Ref. (7), and Ref. (8)
was used for the remaining two ratios. Using the calculated M and measured
pé, Py and p were determined. It was then éssumed that the static pressure
was constant across the shear layer (previous work in Ref. (3) had in-
dicated that this was a good approximation), and this static pressure was
combined with the pitot pressures on the rake to obtain correéponding Mach
. number values.

The Preston Tube data was processed as suggested in Ref. (5) with the

static pressure obtained as above.



RESULTS
A. FLOW VISUALIZATION

A Schlieren photograph was taken for every test run to insure that the
tunnel was operating properly and that the probes were intact. Typical ex-
amples are shown in Figs. 4(a),(b),(c) where the main flow is from left to
right. Pictures of this type are extremely helpful in understanding the
qualitative aspects of the flow field and in interpreting the detailed pro-
file measurements. It can be noted that the initial boundary layer thickness
at the injection station is somewhat greater than the slot height. The
boundary layer is also turbulent.

For the porous wall injection case in Fig. 4(b),.weak shock waves are
produced at the joints between the injection box and the other sections and
between the solid and porous surfaces of the box itself. The thickening of
the boundary layer as a result of the normal injection is apparent.

For the over-expanded slot injection case shown in Fig. 4(a), one can
clearly see the adjustment required at the injection station in order to
match the static pressure on each side of the dividing streamline emanating
from the slot lip. The higher pressure free stream turns through an expan-
sion fan toward the wall, and the injectant stream is compressed. After a
length equal to several slot heights, the free stream turns back parallel to
the model - surface through a distributed recompression region. A 1lip shock
produced by viscous interactions near the lip of the finite thickness splitter
plate is visible. It is interesting to observe the curvature in this weak shock
as it proceeds out from the lip through the vortical flow of the splitter plate
boundary layer. An additional, perhaps important, feature of the flow is the
wake produced by the slot lip which can be discerned as a dark band through
the middle of the mixing region. This appears to extend as a separate identi-
fiable region for a downstream distance of several slot heights. .

The combined slot/porous wall injection case in Fig. 4(c) displays a
combination of the features of the slot and the porous wall injection. The
most interesting features are the thickening of the wall boundary layer and

the reduced turning of the shear layer.

B. PROFILE MEASUREMENTS

The cone-static and pitot pressure measurements were processed to give



distributions of Mach number across the mixing region. Profiles are

presented in Fig. 5(a),(b) and (c). The data are also tabulated in Appendix B.
The viscous mixing region is clearly delineated and the effects of the free
stream adjustments can be seen at the outer edge of the profiles. The combined
effects of viscous forces, axial pressure gradients and gross turning of the
flow to make the necessary initial pressure adjustments are displayed here in
detail. Finally, with the plausible assumption of constant total temperature,

these profiles can be easily converted into velocity profiles.

C. WALL PRESSURE DISTRIBUTIONS

Wall pressure distributions were measured for all cases studied. The data
corresponding to the locations were the profiles were obtained are given in

Fig. 6(a), (b) and (c). The recompression region for the underexpanded slot

injection cases is apparent. Finally, no wall pressure data were obtained in
the porous wall regions themselves for any of the cases. The tabulated data

are presented in Appendix C.
D. WALL SHEAR MEASUREMENTS

Wall shear data were obtained directly with the floating element balance
and indirectly via Preston Tube measurements. The balance data is presented with
the Preston Tube data then used for comparison with the balance data.

All the data were taken at an axial distance of 12.7 cm from the end of the
slot (X/a = 20). This corresponds to sfation '"b'" in Fig. 1(a) and station 'a"
in Figs. 1(b) and 1(c). '

Floating Element Balance Data.-- The presentation of the slot/porous wall

combination data required the choice of a new coordinate system, since the-
conventional choices were no longer suitable or informative. Indeed, it was
decided to present the data for the two separate configurations on this new

type of plot also for purposes of direct comparison. In Fig. 7, the

horizontal axis of the graph has been selected to reflect the actual total

mass flow injected, non-dimensionalized by the mass flow through a unit area

of the free stream. This has been done so that systems decisions for a practical
scheme are more easily reached. The vertical axis is simply a skin friction
coefficient based upon edge conditions ahead of injection.

A very sharp reduction in wall shear is clearly produced with increasing



injection rate down to a minimum in each case. Clearly, the tangential slot
provides the greatest reduction in wall shear per unit rate of injection.
Helium proved to be a more effective injectant than air for the slc+ con-
figuration.

The porous wall schemes apparently suffer from a roughness-induced
initial rise in shear at low injection rates. Further study will be required
. with the "roughness" of practical porous sections correctly scaled to the
flight sublayer thickness before final conclusions can be drawn. There does
seem to be a potential for gain by combining slot and porous injection if
the roughness-induced initial rise can be reduced. This assessment is
based upon a consideration of the points labelled 'a, ¢ and d" clustered
in the middle of Fig. 7. Point "a" corresponds to the slot/porous wall
configuration -(Fig. 1(c)) but with all the injection through the slot. The
reésulting skin friction is higher than that for the slot-only configuration
at the same injection rate as a result of the roughness of the porous wall
insert. Point 'd" corresponds to the same injection rate but with 50%
through the porous wall section. The skin friction is reduced. Thus, if the
roughness 1induced rise in skin friction could be eliminated or minimized,
the combination scheme might produée results below the slot-only results.

The data are tabulated in Appendix D.

Preston Tube Ddata.--In order to avoid greater confusion on the plots,

the Preston Tube results are presented separately for the slot-only and
porous-wall-only cases in Figs. 8(a) and (b). Also included for comparison
~is a fairing of the balance data from above. Some comments are in order.
First, the Preston Tube is clearly capable of providing very useful in-
formation for mass injection flows. This is especially true if one were to
recast the results as Cf/Cfo, since the shaﬁe of the curves is very well
predicted. Second, the larger Preston Tube consistently gave the best
quantitative results. This is presumably a result of the fact that the
smaller tube was near the minimum suggested based upon the 'flat plate"
boundary layer size. With injection, the viscous region was generally
sharply increased in thickness. Also, the data in Ref. (5) showed the best
results with tubes nearer the maximum size. The tabulated data is given

in Appendix E.



CONCLUDING REMARKS

The experimental results obtained here suggest several conclusions.
First, systems employing porous walls appear to suffer from a roughness-
induced increase in wall shear at low injection rates. Clearly, more
detailed study of this phenomena is warranted. Second, the tangential
slot arrangement provides the greatest reduction in wall shear per unit
mass of injectant. Third, for slot injection, helium was more effective
,per unit mass of injection than air. Fourth, the present limited results
indicate a potential for gain in the combined slot/porous-wail arrangement.
Last, the Preston Tube is capable of quite'acceptable measurements of skin

friction for the types of flows studied here.
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APPENDIX A: ERROR ANALYSIS

In this section, we present estimates of the maximum experimental errors
involved in the various measurements. The basic measurements made in the flow
were pitot and cone static pressures from which the Mach profiles were derived,
therefore let us start the analysis here.

Pitot Pressures.-- The errors incurred here were the sum of: 1) reading

from the strip chart recorders; 2) turbulence in the shear layer; 3) cali-
bration; and 4) response time. All of these are small and in some instances
do not apply, for example the reservoir pitot pressure had no response error.
As was estimated in detail in Ref. (10) for similar flow conditions, these
measurements were within + 0.5% of the true value.

Cone Static.-- Errors incurred making these measurements were estimated to

be slightly less than those ipcurred for the pitot pressures. This is due to
the fact that the gradients encountered were much less and the turbulence level
had little effect on the static pressure. However, in order to make a con-
servative estimate of all errors, the error here will be set at + 0.5%.

Pressure Ratios.-- The reservoir pressure was constant during any run to

within a maximum of about + 1.5%, thus the ratios, without consideration of
position, would be + 3.0% of their actual values.

Mach Number Profiles.-- Since the pressure ratios used to determine the

Mach profiles are within + 3.0% let us examine the pressure ratio pc/pé = 0.1860

which gives a typical Mach number of 2.40.

p
(+3.0%) p—? = 0.1916 M= 2.35 (-2%)
0
P. : .
(-3.0%) -7 = 0.1804 M= 2.45 (2%)
(o]

Hence an error in the pressure ratios of + 3.0% yields Mach number within + 2%.

Skin Friction.-- For the skin friction balance, the estimates of Ref. (9)

may be assumed to apply here which indicate that the error due to the skin
friction balance are + 6% due to tunnel noise, amplifiers, and recorders. Also,
from Ref. (10), an additional error of + 1% due to misalignment of the floating
element should be added yielding an error of + 7%. For the Preston Tube data,

the results of Ref. (5) indicate an error of 10% is to be expected.
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Tabulated Profile Data
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TABLE B-1

"Initial" Profile Upstream of the Slot Exit Station

x = 0.0 cm,

P o= 3-686 ESY . B o = 25.000 Egy , M =2.72, P = 3.573 327
Probe No. Y, ;% M
cm N/cm2

1 0.127 10.569 . 1.700

2 0.254 | 14.459 2.030
3 0.381 18.866 2:343

4 " 0.508 21.314 2.500

5 0.635 - 24,741 ~2.705

6 | 0.762 25.189 2.730

7 | 0.889 25.259 2.735

8 1.016 25.070 2.720

9 1.143 24,811 2.710

10 1.270 25.140 2.730

11 1.397 25.161 2.730

12 1.524 25.000 2.720

Slot only (rake at slot):

(1) Mj = 0.55 at mj = 52.6 gm/sec
(2) My = 0.53 at i, = 42.7 gn/sec
(3) Mj =-0.58 at mj = 29.5 gm/sec

14



Probe No.

10
11

12

Profiles for -

TABLE B-2

Slot Injection Cases

6.94 x 10

2.54 cm.

cm

.127

. 254

.381

.508

.635

.762

.889

.016

.143

.270

.397

.524

15

4

N/cm2

12

16.
19.
. 22,
22.
23,

23,

.574
.455
.784
.064
.261

.570

417

873

643

972

090

181

2.120

01534
0.463
0.636
1.011
1.623
2.0555
2.375
2.629

2.815,

2.837

2.844

2.850

N

cm



B, , = 3.253

b

Probe No.

10
11

12

cm

TABLE B-2

Profiles for Slot Injection Cases

N
2

" =7.36 x 10°

Pl (1)

’

poe

x = 7.62 cm.

N
= 23.461 —

cm
0.127
0.254
0.381
0.508
0.635
0.762
0.889
1.016
1.143
1.270
1.397

1.524

16

4

cm

M = 2,85
e

'
P'0

N/cm2

3.015
3.414
5.001
7.911
12.549
17.117
21.202
23.580
24.112
23.951
23.650

23.461

pe=

2.146

0.714
0.842
1.172
1.570
2.040
2.413
2.703
2.858
2.891
2.881
2.862

2.850

cm
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11

12

TABLE B-2

Profiles for Slot Injection Cases

m,
B B
Perthy, (1)
x = 12.7 cm.
N2 , Pl = 24.466

cm
0.127
0.254
0.381
0.508
0.635
0.762
0.889
1.016
1.143
1.270
1.397

1.524

7.26 x 10~

17

4

cm

M =
e

P
N/
4,
5.
7.

10.
14
19
22
24
24
24,
24,

24,

'

cm
414
393
583

730

.906
.355
.923
.420

.559

462

371

462

2.85

P
e

]

1.035

1.201

1.493

1.828

2.190

2.519

2,755

2.847

2.856

2.850

2.844

2.850

2.238'——5

cm



= 3,707
e

Probe No.

10
11

12

Profiles for Porous Wall Injection Cases

N

cm

b

m

TABLE B-3

—_d

Pen o

0,e

=1.072 x 10

oY)

X = 7.62

cm
0.127
0.254

0.381

26.392 .

0.508

0.635
0.762

0.889
1.016

1.143

1.270

1.397

1.524

18

3

M = 2.82
e

12.682
16.928
21.125
24.084

25.014
25.063

25.084
24.972
24.573

26.392

= 2.463

1.200

1.520

1.900

2.230

2.510

2.690

2,740
2.740

2.750

2.740

2.720

2.820

cm



= 3.567

cy€

Probe No.

10

11

12

TABLE B-3

Profiles for Porous Wall Injection Cases

b
"

cm

0.127
0.254

0.381

0.508

0.635

.0.762

0.889
1.016
1.143
1.270
1.397

1.524

19

1.034 x 10

12.7 cm.

3

M =2.73
e

Po

N/cm2
7.079
9.070

12.213

15.949

19.726

23.223

24.224

24,273

24.315

24,385

24,294

24,105

s P 2,417

1.365
1.590
1.880
2.180
2.443
2.663
2.723
2.726
2.728
2.733
2.727

2.715

N

cm



10
11

12

TABLE B-3

Profiles for Porous Wall Injection Cases

3

S

o,

pcnuuo (1)

pl

b

x = 7.62 cm.

= 25.616

cm

©0.127

©0.254

0.381

" 0.508

' 0.635

70.762

© 0.889

1.016

1.143

1.270

'“;,397

1.524

20

N

cm

= 5.76 x 10°

2

4

, M =280, P
e e

X
‘:_ N/cm2
5.260
7.431
10.998
14,822
19.042
22,559
24,615
24,706
24,706
24.056

24.196

2,423

1.114

1.405

cm

1.770

z,oéo
2.390
2.650
2.740
2.750
2.750
2.710

2.720

2



Probe No.

10

11

12

Profiles for

TABLE B-~3

Porous Wall Injection Cases

5.51 x 10~
17.78 cm.

= 24.762

cm

0.127

0.254

. 0.381

0.508

0.635

0.762

0.889

1.016

1.143

1.270

1.397

1.524

21

4

N/cm2

7.324
8.954

11.262

14.081
17.816
21.496
24.084
24.811
24,811
24,783
24.832

24.762

P =2.311
e

1.430
1.620
1.844
2.057
2.387
2.620
2.780
2.820
2.820
2.820
2.820

2.820

N

cm

2



Pe

b

Profiles for Slot/Porous Wall Injection Cases

= 3.365
e

Pfobe4No.

10
11

12

X
2 3

. Cm

—3 - 1.324 x 107
pmum(l)
X = 7.62 cm.

|2

|

’

TABLE B-4

m

70%'Slot/30% Porous

= 24.112

cm
0.127
0.254
0.381
0.508
10.635
0.762
0.889
'1.016
1.143
1.270
1.397

1.524

22

cm

N
2

?

3

M
e

10.

15

19.

22

24

24,

24

.553

.820

402

.088

264

.741

.420

580

.112

.365

2.220 N

cm

0.512
0.580
0.794
1.067
1.407
1.804
2.215
2.523
2.754
2.860
2.870

2.840




TABLE B-4

Profiles for ‘Slot/Porous Wall Injection Cases

—1 . 134 x107°
pmum(l)
x = 12.70 cm.
70% Slot/30% Porous
P -3 . P - o4.161 —N— , M = 2.8,
c,e cm2 s cmz e
Probe No. Y P;

cm N/cm2

1 0.127 3.365

2 0.254 3.826

3 0.381 4.876

4 0.508 6.792

5 0.635 9.870

6 0.762 13.857

7 0.889 18.334

8 1.016 22.181

9 1.143 24.070

10 1.270 24,350

11 1.397 24.210

12 1.524 24.161

23

792
.915
122
.400
.750
.110
455
.715
.834
.851
.843

.840




TABLE B-4
Profiles for Slot/Porous Wall Injection Cases
m,
3
Palles (1)

= 1.324 x 107>

X 17.78 cm.
70% Slot/30% Porous

N

. = 3.365 - P! = 24.489 M_ = 2.87, P_=2.210 N
cm ) .o cm ' . cm
Probe No. Y | Pé M
| cm . N/cm2
1 ' 0127 4.456 1.053
2 o256 5.225 1.185
3 ‘ 0.381 6,624 1.376
4 U 0.s08 - 8.373 ©1.59
5  o.e35 110,940 1.860
6 ' 0.762 14.228 2.150
7 ~ 0.889 18.236 2.457
8 |  1.016 22.083 2,717
9’ 0 1.143 231 2.854
10 1.270 ' 24.350 2,861
1 | 1.397 24.231 2.854
12 | 1.524 24.489 2.870

24




TABLE B-4

Profiles for Slot/Porous Wall Injection Cases

m,
J

p U ¢8)

1.324 x 1073

]

7.62 cm.

X

47.1% Slot/52.9% Porous

. = 3.295 g , Pl = 23.461 g , M =282, P_=2.190 N
cm cm cm
Probe No. Y p; M
cm N/cm2
1 0.127 . 2.616 0.510
2 0.254 ‘ 2.756 0.583
3 0.381 3.365 0.808
4 | 0.508 4.810 1.125
5 0.635 6.743 1.408
6 0.762 10.283 1.806
7 0.889 14.836 2.210
8 1.016 18.800 2.510
9 1.143 22.181 2.738
10 1.270 23.673 2.837
11 1.397 22.482 2.758
12 1.524

25




TABLE B-4

Profiles for Slot/Porous Wall Injection Cases

m,
1 - 1.324 % 1073
Pl (1)

x = 12.7 cm.

47.1% Slot/52.9% Porous

L= 3.3 —, P!, = 24.105 >, M_=2.8 , P =2.220
cm - cm
Probe No. B Y Pé M
cm N/cm2
1 . 0.127 - 3.584 0.856
2 . 0.254 4.050 0.968
3 - 0.381 5.332 1.200
4 | 0.508 7.431 1.483
5 0.635 10.751 1.839
6 0.762 14.892 2.200
7 0.889 19.369 2.531
8 1.016 22.748 2.755
9 1.143 24.147 2.843
10 1.270 24.147 2.843
11 1.397 24,147 2.843
12 1.524

26




TABLE B-4

Profiles for Slot/Porous Wall Injection Cases

= 3.421
e

Probe No.

10
11

12

m, -
J = 1.324 x 10

P (1)

3

x = 17.78 cm.

47.1% Slot/52.9% Porous

C: . Py . = 21377 ;;% , M_=2.57,
¥ 0
cm N/cm2
0.127 4.703
0.254 5.612
0.381 7.009
0.508 8.888
0.635 11.535
0.762 14.983
0.889 19.205
1.016 22.867
1.143 24.429
1.270 24.357
1.397 24.245

1.524

27

1.037
1.183
1.370
1.583
1.839
2.124
2.428
2.664
2.758
2.754

2.747



TABLE C-1

Wall Pressure Distribution for Slot Only Case

m-

3 - 7.26 % 107
Pl (1) '
X, cm pw/éo
2,223 1 0.0239
3.810 R 10,0242
5.080 0.0244
6.350 - 0.0247
7.620 0.0278
8.890 : - 0.0271
10.160 ' - 0.0271

11.430 0.0279

29



TABLE C-2

Wall Pressure Distribution for Slot/Poroué

Wall Combination Cases

m

—3 - 1324 1073
pu (1)
70% Slot/30% Porous

X, Em' fw/po
2.223 0.0255
3.810 0.0267
5.080 0.0267
6.350 0.0275
7.620 0.0283
8.890 0.0286
10.160 0.0288

30



TABLE C-2
Wall Pressure Distribution for Slot/Porous

Wall Combination Cases

M, -3
—1 < 1.324x10
Dcouoo(l)

47% Slot/53% Porous

X, cm | pw/po
2.223 | 0.0250
3.810 0.0271
5.080 0.0275
6.350 0.0281
7.620 0.0284
8.890 6.0284

31



APPENDIX D

. Tabplaﬁgd'Wéllzsheéf'Daﬁa from»thexsgin Friction

‘5'Baiaﬁcé5
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2.626 x 19~4
3.512 x 19~4
3.867 x 104
4.044 x 10~4

4.304 x 19™4
5.451 1074
8.609 x 154
10.715  3p~4
15.823 x 1074
14,155 4 1074
18.804 x 10~%

33

6.545 x 19™4
5.968 x 19~4
5.721 x 19~4
5.503 x 19~%
5.418 x 109~4
5.116 x 1974
4.426 x 19~4
3.934 » 154
3.082 « 10-4
3.357 x 1p~4
3.054 x 194
3.138 x 1974

7.3 X 10-4



TABLE D-2
Wall Shear Distribution for the Flat Plate With A

Porous Wall Section

X =12.7 cm
@, o
P, (1) G = 1—/2_0—;11: 2
7.098 x 1074 8.092 x 107%
10.632 x 107 7.835 x 107"
12.508 x 1074 o 7.100 x 107*
16.542 x 10°° 6.666 x 107"
18.251 % 10°% | 6.621 x 107
20.107 x 1074 5.869 x 107
26.796 x 1074 5.453 x 10°%
30.640 x 107 5.710 x 107*
0 9.05 x 1072

34



TABLE D-3

Wall Shear Distribution for Helium Slot Injection

Cases
x = 12,7 cm
rhj o .
P U, (1) £ 1/2p u 2
4.211 x 1072 4.89 x 10°°
3.293 x 107° 5.63 x 107
2.981 x 107% 6.10 x 107
4.252 x 107 4.723 x 107"
3.345 x 10°% 4.99 x 107

35



Wall Shear Distribution for §lot/Porous

% Porous

Total Flow

33.67
49.87

0.00
16.40
15.00

0.00 -

TABLE D-4

Wall Combination Cases

x = 12.7 cm

pu (1)

12.518
12.034
4.893
19,245
7.192

7.458

x 10~

x 10~
x 10~

x 10

x 10

x 10

36

f=

.837 x 107
.728 x 107
28 x 107
.584 x 1074
.755 x 107%
.487 x 10°%



APPENDIX E

Tabulated Preston Tube Data

- 37



Preston Tube Data

rh

.
Pl (1)
23.83 x 1077
23.35 x 107
22.41 x 107%
16.34 x 107%
16.28 x 1077
14.38 x 10°*
12.12 x 1074
7.68 x 10°%
5.10 x 107%
5.07 x 107°
4,91 x 107%
4.61 x 107%
3.86 x 107°
3.55 x 107%
0

TABLE E-1

for Slot Injection Cases

12.7 cm

0.073 cm

38

13.19

5.10 x 10°%
4.19 x 1077
5.12 x 107%
5.10 x 10
5.42 x 1072
5.88 x 1077
6.46 x 107
7.83 x 107
8.89 x 107%
9.04 x 107%
9.13 x 107%
9.33 x 107%
9.53 x 107%
9.73 x 107%
1074



TABLE E-2

Preston Tube.Data for Slot Injection Cases

X =12.7 cm
D= 0.241 cm
i, e

p_u_ (1) _ f 1/2peue2
0 8.95 x 107%
23.83 x 107 a62x 107
23.35 x 107" 322 x 107
22.41 x 107% 443 x 107°
16.34 x 107 4.11 x 107
16.28 % 107 4,03 x 107"
1438 x 107 4.22 x 1074
12.12 % 1074 4,69 x 107°
7.68 x 107 5.99 x 107%
5.10 x 107% 7.20 x 107
5.06 x 107% 7.44 x 107°
4.91 x 1074 7.64 x 107
4.41 x 107% 7.70 x 107%
3.86 x 107 8.11 x 107
3.55 x 107 8.29 x 1074

39



TABLE E-3

Preston Tube Data the Flat Plate

With A Porous Wall Cases

12.7 cm

>
1]

o
%

= 0.073 cm -

m, .
B .
Pl (1) T
4,582 x 207"

-4

935 x 1070 L T sl6s s

22369 x 107Y . 8.70"

26,453 x107% - 8,56

26,746 x 10°% - 8.30

30.645 x 100 8,15

40

C. =
: 1/2°eu¢2

X

X

X

X

K

10

‘10
10°

0t

10

4

111.23 %10

-4
-y

-4



. TABLE E-4
‘Preston Tube Data the Flat Plate

With A Porous Wall Cases

x = 12.7 cm
D= 0.241 cm
ﬁj ‘ i
pu (O Ce= 172 ju 2
4.582 x 1072 9.44 x 107
9.535 x 107" © 6.72 x 107%
22.369 x 107 . 6.80 x 1077
24.453 x 10°* 6.73 x 107"
26.746 x 107"  6.48 x 1077
30.645 x 107% o 6.23 x 107%

41



" TABLE E-5

Preston Tube Data for Slot/Porous Wall

Portion
(1) Sslot
(l) Porous

(2) slot

Portion
(1) Slot
(1) Porous

(2) Porous

Combination Cases

x = 12.7 cm

(a) D = 0.073 cm

N
J
Palipy (1)

6.275 x 10°%

6.243 x 1072

7.994 x 1074

(b) D =0.241 cm

6.275 x 10°%

6.243 x 10°%

4.040 x 10°%

42

T
f l/2peue2
7.41 x 10°%

7.41 x 10'4

7.46 x 1072

1/2 peueZ
4.57 x 10°°

4.57 x 1072

7.46 x 107"
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(a) Slotonly

(b) Porous wall

(c) Slot / Porous wall combination

Fig. No. 4 Schlieren photographs
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:I>Cf°oX|

¥V "Flat Plate’
A Porous Wall
® Slot Injection
‘ Helium
a W Siot /Porous Wall Comb.
| a. 100% Slot
A b. 8% Slot / 15% Porous
A c. 66% Slot /34% Porous
d. 50% Slot /50% Porous
o A
[ A A
A
A
A
a
} c
PY d
°
Y _
() ) L4
PR B U S TR SRR RN
i0 15 20 25 30
m.‘
} 4
p_u_m X0

Fig. No. 7 Skin friction balance data
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A
A
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-
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\

A Small tube, 0.073 cm
® large tube, 0.241 cm
Balance data

Fig. No. 8 Preston tube data
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\
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>
o A Small tube, 0.073 cm
0.4 " @ large tube, 0.241 cm
—— — Balance data
0.2 -
0 1 1 } ¢ 1 §
0 5 15 20 25 30
m.
— 1 X |04
_Dw'Uw(I)

NASA-Langley, 1975
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(b) Porous wall
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