SECURITY INFORPMATION C. &

- ' Copy 6
RM 1.53728

s memnn

NACA RM L53]28

LT

v suth

RESEARCH MEMORANDUM

AN EXPERIMENTAL INVESTIGATION OF THE
TRANSONIC-FLOW-GENERATION AND SHOCK-WAVE -REFLECTION
CHARACTERISTICS OF A TWO-DIMENSIONAL WIND TUNNEL WITH

24-PERCENT-OPEN, DEEP,
MULTISLOTTED WALLS

By Thomas B. Sellers Don D. Davis, and George M. Stokes
CLASSIFICATION CHANG=™

ey Aeronautical Laborator
UNCLASSIFIES® gy i, V™ _ LIBRARY copy

ey - Ra-
ity of. ny are Quit 2C S0y LANGLEY AROnAuTIcA LuoRATORy

nAaca &.»d.b-o - DEC 16 1939

T q-r247 CLASSIFIED DOCUMENT “ANGL"‘“B{?IREYLJ AeA B e

This material containe information aifecting the National Defense of the Uuhdsuulwiﬂﬂ.n:hmmnz
of the upionlcu hws -rm- 18, ul;s.c.,lm?;ahu.;dm the of which in any

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
December 10, 1953




NACA RM L53J28 IS
NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

3 1176 01357 2301 - - ;
o AN EXPERIMENTAL INVESTIGATION OF THE

TRANSONIC-FLOW-GENERATTON AND SHOCK-WAVE-REFLECTION
CHARACTERISTICS OF A TWO-DIMENSIONAL WIND TUNNEL WITH
24~PERCENT-OPEN, DEEP,

MULTISLOTTED WALIS

By Thomas B. Sellers, Don D. Davilis, and George M. Stokes
SUMMARY

The flow-generstion and shock-wave-reflection charscteristics of a
two-dimensional tunnel with 24-percent-open, deep, multislotted walls
have been studied. The flow-generstion tests included Mach numbers from
0.80 to 1.32 and slotted-wall divergence angles of 0', 20', and LO'.

The shock-wave-reflection characteristics were studlied for two shock
strengths which resulted in Msch number decrements of 0.07 and 0.12 at

a free-stream Msch number of 1.278. Suction outflows which were required
to generate the test-section flow were measured for the Mach number and
dlvergence-angle range.

Under the test conditions, the deep multislotted wall proved unsetls-
factory as a means of reducing boundary-reflected disturbances, because
& mixed disturbance was reflected from the wall. This disturbance con-
sisted of a wesk compression wave followed by a strong expansion wave
gnd then a strong compression region.

The flow-generatlon tests showed that slight wall divergence improved
the center-line velocity distribution near a Mach number of 1.35. Also,
diverging the tunnel wells reduced the suction power required to genersate
a glven Mach number. At subsonic speeds, the velocity distribution near
the diffuser entrance is a function of the mass of air removed by suction.

INTRODUCTION

In the low supersonic Mach number range, the presence of boundary-
reflected disturbances in transonic wind tunnels has resulted in the
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reduction of model size and.a lack of Iinterference-free data near a Mach
number of 1. Each transonic tunnel is limited to & supersonic interference-
free test-section length which 1s governed by the particular Mach number
testing range and the exial distance required for the bow shock wave from
the model to travel to the wall and reflect back to the tunnel center line.
The magnlitude and locations of these boundary-reflected disturbances In

a typical slotted transonic wind tunnel are reported in reference 1.

The preliminary investigations reported in references 2 and 3 indi-
cated that a reduction in the strength of wall-reflected disturbances
could be obtained by employing a porous-wall wind tunnel with the correct
uniform porosity. In order to investigate more extensively the general
shock-wave reflection phenomensa, a study was undertsken in a 3- by 3-inch
transonic flow epparatus. For this program a two-dimensional test sec-
tion was constructed with 2h-percent-open, deep, multislotted, top and
bottom walls. The multislotted type of wall was selected as an inltilsl
exploratory effort which more nearly approached a homogeneous porous wall
than the existing slotted walls of the slotted NACA transonic tunnels.
The 24-percent-open ratio was chosen on the basis of a preliminary deter-
mination of the normal-flow-porosity characteristics of similar test
semples and the theoretical outflow requirements for shock-wave cancellsa-
tion (refs. 2 and 3) at a Mach number of 1.28. The slotted walls were
also used to generate the supersonic flow, Instead of solid nozzle blocks,
in order to eliminate the problems associated with & Juncture of two dis-
similar tunnel walls Just shead of the test region.

The wave-reflection characteristics for this slotted-wall configure-
tion were investigated at a Mach number of 1.28 with two different shock-
wave strengths. The transonic-flow-generation characteristics of -these
walls and the effect of wall divergence on the center-line velocity distri-
bution were investigated for a Mach number range of 0.8 to 1.3 and sglotted-
wall divergence angles of 0', 20', and 40'. Ailr was removed through the
slotted wall by means of a separate source of suction and tests were mede
to determine the mass flow removed in order to generate various Mach num-
bers over the wall-divergence-angle range. '

SYMBOLS
H totel pressure in tunnel upstream of test section, lb/sq 't
M Mach number
Al S decrement in Mach number across lncident shock wave
m total mass filow in wind tunnel
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Am suction mass flow

P static pressure, 1b/sq ft
x axiel distance, in.

z vertical distance, in.

EQUIPMENT AND APPARATUS

Basic Tunnel Circuit

The photogrephs in figure 1 and the schematlic dlagram of figure 2
show the transonic flow epparatus which 1s a two-dimensional trensonic
wind tunnel with & 3-inch by 3-inch throet. The baslic tunmnel is a single-
return, closed-circuit, continuously operating type of wind tunnel which
is powered by a single-stage, varleble-speed, alrcraft-engine type of
supercharger. The maximum pressure ratio produced by this maln-drive
supercharger is 2.2 at a flow quantity of 80 cubic feet of standard air
per second. The supercharger 1s driven by a 250-horsepower, alr-cooled,
squirrel-cage induction motor with speed controlled by means of a variable-
frequency power supply.

The tunnel circult was covered with a 3-inch thickness of asbestos
which reduced the amount of heat radistion from the steel shell. The
tunnel stagnation air temperature was meintained at 200° F by an air
exchanger shown in the photograph of figure 1(2) and in the schematic
of figure 2. The inteke air was drawn in through an alr Ffilter from the
atmosphere.

Suction Equipment

In this tunnel, air wes removed from the test section plenum chember
by a separate source of suction. With this arrengement, the suctlon con-
trol was entirely independent of the main tunnel drive, and furthermore,
the mass of alr removed from the test section was easlily measured. The
arrangement of the suction equipment is shown in Figure 2. The source
of suction was a two-~stage, two-speed, aircraft-engine-type supercharger
which was driven by two 200-horsepower, water-cooled induction motors.
The suction equipment was capable of a maximum pressure ratio of 5.6 at
a flow quantity of 40 cubic feet of standard alr per second. The speed
was controlled by means of a varieble-frequency power supply similar to
that which wes used for the mein-drive supercharger.

The air removed from the test section was carried through separate
3-inch-diameter pipes which were connected to the top and bottom plenum
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tanks (fig. 1(b)) and through a transition duct into a 6-inch-diameter
circular duct to the inlet of the suction supercharger. A calibrated
orifice plate which was used to determine the suction mass flow was
located in the 6-inch duct. Manually operated gate valves, which per-
mitted separate regulation of the pressure in each plenum tank, were
located in the 3-inch-diameter pipes. In order to determine the tank
pressure, flush static-pressure orifices were located in the walls of
each tank.

Because the small mass of air removed from the test section was
insufficient to prevent the suction supercharger from surging, a sepa-
rate bleed into the supercharger inlet was regquired. The air bled into
the system was taken from the atmosphere and the quentity of alr was con-
trolled by a manually operated 3-inch gate valve which was located in
the bleed ducting. This valve was set for nonsurging operation at a
meximum pressure ratio condition and was locked at this setting.

Test Section

The removeble test section extends from the entrasnce cone (station -3
in fig. 3(a)) to the diffuser (?tation l}%) and is comnstructed in a man-

ner whlch permits various porous nozzle configurations to be instelled
without altering the baslc-test-section structure. Figure 3 presents

the overall dimensions and general details of this construction. The
test-section top and bottom walls were 24-percent-open, deep, slotted
walls which were made up of 73, l/32-inch-thick l-inch-wide steel plates
stacked a8 shown in figure 3(a). The plates were located with 0.010-inch
slots between plates, but, In order to span the 3.019-inch-wide tunnel,
the two slots at the side walls were made 0.015-inch wide. The stacked

plates extended from station -{%»to station\13%. The entire stacked-

plate wall was supported by l/h-inch—thick steel side ralls and the
plates were held together with three rows of 1/16-inch-diameter rods
which were located 5/8 inch below the tunnel wall surface and passed
through the stacked plates into the side rails. The rods were threaded
on each end and secured in place with nuts. The spacing between plates
was obtained with 0.010-inch-thick 1/8-inch-diameter spacers which were
fitted over each rod between each plate. .

In the region from station -5/16 to 1, flow guides were inserted
between the stacked plates with the result that the distance between the
tunnel wall surface and the flow gulde graduslly increased. The contours
of the two flow guides tested are presented in figure 3(b). It should
be noted from these contours that the slots begin to open at station O,
not -5/16. The Jjuncture at the intersection of the stacked-plate wall
and flexure plate was mede falr and smooth.

QMR



NACA RM 153728 | conmmmmms 00 5

The test-sectlon construction allowed the top and bottom walls to
be independently diverged from the parallel condition to an angle of 60'
of divergence for each wall. The diverging of the walls was accompliished
by means of the wall-positioning jack screws which were attached to the
flexure plates. Bending the flexure plates caused the slotted wall to
diverge because the steel side rails of the stacked plate walls were
securely fastened to the flexure plates. Once the walls were positioned
on the correct angle, the walls were locked in place by the wall-locking
screws. A plvoted pointer was attached by mechanical linkage to each
wall and the divergence-angle settings were calibrated by the movement
of this pointer. Figure 1l(c) shows this pointer arrangement and the
wall-diverging mechanism. The glass side walls, which permitted schlieren
observation, were bonded into steel window frames and were mounted on the
removable test section with the glass walls parallel. The window unilts
were removeble to permit probe changes and model installation.

Model

The model was a two-dimensional plain wedge 3 inches in length with
" a 5° apex angle (fig. 3(a)). Nine flush static-pressure orifices were
located every 0.3 Inch on the bottom surface of the wedge. Support shafts

0.205 inch in diameter were located 1% inches from the wedge spex and

extended from each side of the wedge. In order to mount the model in
the glass side walls, a 5/16-inch-diameter hole wés drilled through the
glass wall end a plastic bushing was inserted into the hole in the glass.
This plastic bushing was drilled to fit the model shafts. In order to
install the model in the tumnel, one side wall was removed, the model
shafts were inserted 1n the plastic bushings, and the glass wall was
replaced.

Probes

Figure 4 presents the details of the 0.040-inch-diameter movable
static probe. The 0.0ho-inchfdiameter static-pressure tube was supported
by a l/k-inch-diameter rod. The pressure tube extended beyond the rear
of the rod into the diffuser and out the tunnel wall to a manometer.

The moveble static probe could be moved longltudinally and vertically
from outside the diffuser.

The center-line probe, as shown in figure 4, was mounted along the
tunnel center line by means of streamiined strut supports located in the
tunnel entrance cone and diffuser. The center-line probe consisted of a
1/h-inch-diameter stainless-steel tube that contained nine 0.010-inch-
diameter flush static orifices. The orifices were located 2 inches apart
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and, in order to allow the complete statlc-pressure survey, the probe
could be moved 2 inches along the tunnel center line. This movement
allowed complete static-pressure surveys from station -4 to station 1k.

Schlieren Apparatus

The schlleren apparatus conslisted of a point source of light, two
8-foot-focal-length parabolic mirrors, 12 inches in diameter, a movable
crosshead and knife-edge arrengement, and & ground-glass viewlng screen.
A schematic dlagram of this system is presented in figure 5.

A weter-cooled mercury-vapor light source was used. Afiter passing
through & focusing lens, the light beam was directed through & 0.010-inch-
diameter orlfice and upon mirror A and then through the test section to
mirror B. From mirror B, the light was focused on the knife edge and
then was reflected from a plsin mirror to the ground-glass screen.
Schlleren photographs were taken with l/5-second exposure time.

TESTS AND PROCEDURES

Flow~-Generation Tests

In the center-llne veloclty-distribution tests, the tunnel-wall
divergence angle was held constant and the Mach number was varied through
the Mach number range. The center-line Mach numbers were determined by
the static-pressure measurements which were obtalined with the center-
line probe (fig. 4) at 1/4-inch axial intervals from station -4 to 1h.
Center-line Mach number distributions were determined with flow guides
1l and 2 installed 1n the slotted wall. The contours of these flow guides
are presented in figure 3(b). The term "basic wall configuration" will
refer to the test section with flow guide 1 installed. Center-line Mach
number distributlions were also determined with a wall restriction which
was a screen woven of eighty 0.004k-inch-diameter wires per inch one way
snd seven hundred 0.003-inch-dlameter wires per inch the other way. The
restriction spanned the back surface of the slotted wall and extended
from station 1.125 to 4.125. The mass of gir removed through the slotted
walls was determined for the range of Mach numbers and divergence angles
tested. For these tests the pressure differential over a calibrated
orifice plate was used to determine the mass flow removed for each
condition.

Wave-Reflection Tests

For the wave-reflection tests, a two-dimensionsl, 5°, 3-inch-chord
wedge model was mounted on the tunnel center line with the model leading
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edge located_at_station_S%. The model solid blocksge was 8.9 percent of

the tunnel ares with the walls diverged 20'. Reflection tests were made
at a free-stream Mach number of 1.278 and at 20' of wa%l divergence with
the model set at angles of attack of approximately 1/2° and 1°.

In studying the wave-reflection characteristics of the 24-percent-
open, deep, slotted weall, three longitudinal-static-pressure surveys were
taken at vertical locations of 1/2, 3/4, and 1 inch from the tunnel cen-
ter line. These surveys included the flow region from upstream of the
model leading-edge shock to a point downstream of the reflected wave.

The static-pressure measurements were taken with the movable static probe
(fig. 4). In conJunction with the flow surveys, the wedge surface pres-
sures were determined at nine stations.

Schlieren Pictures

Qualitative data were obtained with the schlieren spparatus described
in the equipment and apparatus section. Schlieren photographs which show
vertical and horizontal density gradients were teken during the tests.
Care was teken in selecting high-guality optical glass for the tunnel
glass side walls and in adjusting the sensitivity of the schlieren system
in order to obtain the grestest amount of the flow detail.

RESULTS AND DISCUSSION

Flow Generation

In this paper the flow-generation charscteristics of the multislotted
wall will be presented first in order to establish the uniformity of the
flow in the region of the test section where the wave-reflection tests
were conducted. The center-line Mach number distributions with the multi-
slotted walls set at divergence angles of 0', 20', and 40' over a range
of Mach numbers from M = 0.8 to 1.3 are presented in figure 6.

Tunnel walls parallel.- Generally, for the parallel-wall case
(fig. 6(a)), three flow-development ranges which were identified by the
average Mach number from x = 8 inches to x = 11 inches were evident
as the Mach number was increased. These ranges were M = 0.816 to 1.030,
M near 1.128, and M = 1.219 to 1.320. In the low Mach number range .
Prom M = 0.816 to 1.030, the flow was rapldly accelerated and the final
Mach number was established withlin an axlizl distance of 1 tunnel height
(x = 3 inches) from the origin of the slots. In the modersate Mach num-
ber range, M near 1.128, the initial flow expansion created a maximum
Mach number nesr the value of the final Mach number, but an undesirable
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expenslon~compression wave was created at the upstream end of the slots.
This expansion-compression wave resulted in a c¢yclic center-line velocity
distribution. Although the megnitude of the cyclic variation was reduced
as the flow progréssed downstream, vearlatlions were present throughout the
length of the test section. In the high Mach number range from M = 1.219
to 1.320, the initial flow acceleratlon reached & meximum Mach number
which was less than the final Mach number and egain the expension-
compression wave was present, but, in contrast with the flow in the mod-
erate Mach number range, the cyclic-flow variations were more quickly
demped.. _The cyclic-flow varistions were not present in the resr portion
of the test section at M = 1.32 but a general flow acceleration was
present 1in thls region. The presence of this flow acceleration indicated
that the slotted walls were too dense to produce an equilibrium center-
line velocity condition in the available length.

In summation, although the maximum Mach number variation in the flow
generated by the multislotted test sectlon was within £0.005 up to
M = 1.219 in the region from x = 8 inches to x = 11 inches, the flow
expansion-compression wave at Mach numbers greater than 1.03 and the flow
acceleration in the rear of the test section (x = 8 inches
to x = 11 inches) at M = 1.32 were undesirsble.

Effect of divergence.- As a possible means of eliminating the flow
acceleration located from x = 8 inches to 11 inches at the high Mach
numbers, the tunnel walls were diverged from O' to 20' and 40'. Diverging
the top end bottom tunnel walls resulted in a forward movement of the
sonic point (figs. 6(b) and 6(c)). A study of the wall-divergence mech-
anism (fig. 3(a)) indicates that this shift in the location of the sonic
point was due to the physical bending characteristic of the tunnel flex-
ure plate. As the walls were diverged, the station for minimum distance
between the flexure plates moved upstream; this resulted in a similar
movement of the sonic point. Therefore, the flow was supersonic upstream
of the intersection of the flexure plate and the slotted-wall assembly

(station - Eg? fig. 3(a)). Although the juncture appeared smooth,

undoubtedly a discontinuity did exist because the shock wave which was
seen near X =0 as a sharp decrease in velocity in the diverged. cases

was traced to statlion - é%.

Increasing the tunnel-wall divergence angle did not alter the rate
of the initial flow expansion due to the slots, but the magnitude of the
initial expansion increased with increassing wall divergence angle. Alsoc
the flow acceleration at x = 8 inches to 11 inches whilch was present
near M = 1.3 with the walls parallel was reduced as the walls were
dlverged. Although increasing the divergence angle altered the magnitude
of the various flow characteristics, the general flow pattern was quall-
tatively simller for the dlvergence angles tested.
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It is of interest to note that the three general flow-development
ranges discussed in the previous section were also evident with the walis
diverged. A study of the data at the supersonic Mach numbers at the
three divergence angles indicates that the strength of the cyeclic-flow
varistions was determined by the magnitude of the initisl expansion-
compression wave, the Mach number, and the porosity characteristics of
the slotted wall. Specifically, the magnitude of the expansion-compression
wave determined the initial amplitude of the oscillations; the Mach num-
ber determined the sxlel distance required to complete 1 cycle of the
oscillation; and the wall porosity charascteristics determined the number
of cycles necessary to damp the disturbance. In the Mach number region
near 1.12, these three factors comblned to create an oscillation which
extended throughout the test section at all divergence angles tested.

This oscillation is apparent not only in the veloclty-distribution
plots, but also in schlieren photographs. Figure T(a) is a schlieren
photograph of the flow at M = 1.12 with 20' of wall divergence. The
osclllation is clearly wvieible. The black round object near the rear
of the test section is the plastic bushing which was used to mount the
model in the test section.

Test region.- The data in figure 6 indicated thet near M = 1.28
the 20" -wall-divergence case was the minimum wall divergence-angle setting
at which e uniform center~line velocity dlstribution was present over a
3-inch test section length. that was sultaeble for the wave refiection
tests. For the wave reflection tests, therefore, the walls were set at

20" divergence. The selected test region extended from station 8L
to ll%. Figure 7(b) 1s a schlieren photograph of the flow at M = 1.28

with 20' of wall divergence, the condition at which the wave-reflection
tests were made. The dashed vertical lines drawn in the downstreem end
of the test section indicate the location of the leading and tralling
edges of the 5° wedge model. In the test reglon the maximum center-line
Mach number variation wes *0.003 et a Mach number of 1.28 with the walls
diverged 20' (fig. 6(b)).

Vertical-velocity distributions in the test region at stations 8.5
end 10.5 are presented in figure 8 for 20' wall divergence and M = 1.283.
This figure shows a Mach number variation of +0.009 at station 8.5 and a
variation of +0.004 at station 10.5. The improved flow uniformity at
station 10.5 is due to damping of the flow disturbances at the slotted
walls between these two stations.

Effect of screen backing.- For the particular wall configuretion
tested, it was apparent from the data of figure 6 that the distance
required to generate & uniform supersonic flow at & Mach number of 1.12
would be reduced considerably if the expansion-compression wave could
be controllied. In an effort to exert some control on the magnltude of
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the initiasl flow expasnsion, s screen restriction, which spanned the width
of the slotted wall and extended from x = 1.125 inches

to x = 4.125 inches, was installed on the back surface of the slotted
wall within the plerum tanks. This particular longitudinal location of
the screen was the optimum location which resulted from numerous tests
conducted with the restriction at various locations. Figure 9 presgents
the center-line Mach number distribution for this configuration at e
Mach number of 1.12 with the walls parallel. The data for the basic wall
configuration with no restriction ere also presented for comparatlve

purposes.

The addlition of the screen reduced the initial-flow-expansion Mach
nunber from approximately 1.121 to 1.080. This reduction in the initial
flow expansion resulted in & flow generation pattern similer to that for
the basic wall configuration at a Mach number of 1.20, with the net result
that the restriction increased the damping characteristic of the wall so
that & greater reduction in the cyclic-flow varlations was effected in s
shorter test-section length.

Effects of flow guldes.- The results of the tests with the screen
backing indicated that possibly the initial flow expansion could be con-
trolled by a carefully designed flow guide. In order to evaluate the
effectiveness of flow guide 1 1In controlling the initial expansion, the
slots were filled from x =0 to x = 1 inch, which resulted in the
formation of square end sliots._with a depth of 1 inch wilth the upstrean
slot origins located at x = 1 inch. In comparing the flow-generation
characteristics of the different flow-guide configurations presented in
figure 10; it should be noted that- -the test-section minimum section was
moved downstream for the flow-guides-removed case (slots filled from
x=0 to x =1 inch). When compared with the flow-guldes-removed con-
figuretion, flow guide 1 considerably reduced the magnitude and the sharp-
ness of the expansion-compression wave. From these results, it was con-
cluded that further improvements in the flow-generation characteristics
might be obtained with a more gradually opening flow gulde. Therefore,
flow guide 2 wes designed and tested.

A comparison of the flow-generation characteristics of flow gulde 2
with those of flow gulde 1 is also presented in figure 10, which indicates
practically no difference in the generated flow. This is & surprising
result, because the initial rate with which the slot depth increases with
axial distance for flow guide 2 is only about 1/8 that for flow guide 1.
From these results it would appear that a flow guide--which lncreased the
slot depth more slowly and perhaps a longer flow gulde would be necessary
in order to control further the initial flow expansion by varying the slot
depth for this particular wall configuration.
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Shock-Wave Reflection

To aid in the evaluation of the experimental-wave-reflection data
for the tunnel with 2h-percent-open, deep, multislotted walls, a discus-
sion of the pressure variations adjacent {0 a wedge mounted in a non-
viscous supersonic stream near a wall boundary (sclid end porous) is
presented. The sketch in figure 11 queslitatively indicates the trend
of the static-pressure variations along a longltudinal line in a non-
viscous supersonic flow field edjecent to a plain wedge mounted in a
solid-wall wind tunnel. The statlc-pressure variations under these con-
ditions would be seen as discontinuous static-pressure rises across the
stream disturbances, and, within each flow reglon bounded by the disturb-
ances, the static pressure would be constant. The static-pressure varia-
tions in a porous-wall tunnel should be similar to those in a solid-wall
tunnel, except that the porous wall should reduce the rise in static
pressure across the reflected shock. In fact, the poroslty of the wall
could be increassed to the point where the Incident shock would be reflected
as an expansion, or for the optimum case a wall with the correct porosity
would cancel the incident shock wave.

The experimental data of figure 12 show the static-pressure varia-
tions along three longitudinal lines located 1/2, 3/&, and 1 Inch from
the tunnel center line at a free stream P/H corresponding to a Mach number
of 1.278. The two shock strengths tested resulted in Mach number decre-
ments MM across the lesding-edge shock of 0.07 and 0.12. The data for
each longitudinal survey were plotted in 2 manner which aliowed the vari-
ous stream dlsturbances to be traced through the flow field. The vertical
locations of these surveys in relstion to the tunnel wall and model are
presented in figure 13(a).

The experimental data of figure 12 show that a finite distance was
required before the static-pressure rise across the initlal shock wave
reached an equilibrium condition. The spparent spreading of the initial
shock wave was contrery to the preceding discussion for the nonviscous
case and may be a result of the high stetic pressure iIn the leading-edge
shock influencing the pressure at the static orifice through the static-
tube boundary leyer. This effect may be present in the reflection-test
data at any point where the static orifilce is 1n the wvieinity of a sherp
stream disturbance. As indicated in the discusslon of the nonviscous
case, the experimental data of figure 12 show that a constant-static-
pressure reglon existed between the incldent shock wave and the reflected
disturbance. Whereas the nonviscous considerations predict a single
reflected disturbance followed by a constant-pressure region, the experi-
mental data show a mixed disturbance which consisted of a wesk compres-
sion followed by a strong expansion and then a long region of compres-
sion. The initisl compression~-expansion disturbance may be explained
by a close examination of the boundary conditions which exist at the point
of intersection of the shock wave and the slotied wall. At this point
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a low-pressure area exists upstream of the incident shock and a high-
pressure region exists downstream of the incldent shock. Also, the schlie-
ren photographs presented in figure 13(b) indicate the existence of s
boundary layer on the slotted wall (although i1t should be pointed out

that the boundary-layer thickness indicated 1n the schlieren photographs
includes the combined effects of the glass-side-wall and the multislotted-
wall boundary layers In the corners of the test section). Under these
conditions, the high pressure downstream of the incident shock wave could
be transmitted forward through the wall boundary layer or within the wall
slots and cause an lncrease in the boundary-layer growth forward of the
shock-boundary-layer intersection. The abnormal boundary-layer growth
would result in the formation of a compression wave which would account
for the compression wave seen in the experimental data. The reflected
expension shown in the experimental data could be a result of the ineci-
dent shock wave impinging upon the thickened wall boundary layer. The
high pressure behind the shock would tend to turn the wall boundary layer
at a sharp angle toward and out through the slots, and thereby cause an
expansion in the flow outside the boundary layer.

The compression. that followed the expension extended rearward at
least as far as the point where it lntersected the reflection from the
model of the initisl compression-expansion dilsturbance. This occurred

at sbout x = 2% inches for-the survey at 1 inch from the tunnel center

line shown in figure 12(a). The compression region could be genersted
by three sources, namely, the forward portion of the model, the shock-
wave boundary-layer interaction, or the slotted wall adjacent to the
compression region. The fairly constant pressure fleld between the
leading-edge shock and the reflected disturbance eliminstes the model

as a source of the .compression, and although Iinteraction of the incident
shock wave and the wall boundary layer could produce a compression origi-
nating near the shock-boundary-layer intersection, the long observed com-
pression region could not be generated by such a localized disturbance.
Therefore, the compression was probably due to a progressively decreasing
effective wall porosity in the region behind the shock-boundary-liayer
intersection.

From the analysis of the wave-reflection data, it may be concluded
that an investigation of the causes of the mixed reflection will require
some means of separating the effects of forward pressure travel through
the boundary layer and through the wall itself. The general compression
region created by the deep slotted wall indicated that this particular
wall configuration for the conditions tested was undesirable as s means
of reducing boundary-reflected disturbances.

||
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Subsonic Operation of Test Section With
Deep Multislotted Walls

A close examination of figure 6 for the M = 0.8 case at wall diver-
gence angles of 0', 20', and L40' shows that the flow near the diffuser
entrance could be accelerated or decelerated without affecting the center-
line velocity distribution in the test section. The data of figure 1k
are presented in order to explain these veloclity changes in the subsonic
case and to obtain some 1dea of the physicel conditlons which resulted
in the changes in the center-line veloclty near the diffuser entrance.

In order to have & constant subsonlic center-line Mach number distri-
bution for parallel walls with or without suction in any partly open test
section, 1t 1s necessary that a sufficient mass of alr be removed through
the openings to compensate for the growth of the boundary lsyer on the
walls. : . :

From this conslderation, the absence of a veloclty gradient in the
forward portion of the test section for the subsonic no-suction condi-
tion (fig. 14%) indicated that air was tsken from the tuunel main stream
into the plenum tenks. In this no-suctlon case the air entering the
tanks had to be returned to the tunnel main stream in order to obey the
continuity-of-mass law. The region wherein this air was returned to the
tunnel stream is the accelerated-flow region near the diffuser. In this
area the inflow of low-velocity air from the plenum tanks restricted the
mein stream end resulted in a flow accelerstion. From these observations,
it was concluded that for subsonic operation of a slotted test section
with parallel walls and without suction a flow acceleration will exist
in the region near the diffuser.

The constent center-line Mach number distrlbution for the suction
case (fig. 14) indicated that the correct mass of air was removed in
order to compensate for the growth of the slotted-wall boundary layer.
Removing the air through the separate source of suctlion prevented the
inflow of air into the tunnel near the diffuser entrance which resulted
in a constant wvelocity in the rear of the test section. It should be
noted that near the diffuser entrance it was possible for an excessive
mass of alr to be forced into the plenum tenks from the tunnel air stream
if the static pressure in the diffuser was higher than the plenum-tank
static pressure. Under these conditions the maess flow in the tunnel
stream decreases at a greater rate than 1s necessary to compensate for
the wall-boundary-layer growth. The decrease in the tunnel mass flow
would result in a decrease in the tunnel stream velocity in the region
near the diffuser entrance. This effect can be seen at the rear of the
test section in figure 6(c) at M = 0.824. The preceding discussion has
shown that the velocity distribution near the diffuser entrance is a
function of the mass of alr removed by suction in the case of the present
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slotted test section. This same result would be expected for any partly
open test section, as for instance in a perforated test section.

In order to obtain the constent center-line Mach number distribu-
tion, the subsonic speed control of this slotted-wall tunnel resolved
into two separate operations. The first operation consisted of setting
the correct Mach number at a point in the forward portion of the test
region (approximately x = 8 inches). The primary control of the Mach
number gt this point was the plenum-tank pressure which was determined
by the speed of the suction equipment. The second operation was to set
the velocity near the diffuser entrance equal to the wvelocity at
X = 8 inches. This velocity was controlled by the speed of the tunnel
maein-drive compressor. This manner of operation results in a maximum
usable subsonic test-section length.

Outflow Requlrements

From power considerations for a slotted- or porous-wall wind tunnel,
the suctlon flow or outflow required to generate a certaln Mach number
would be of interest to the wind-tunnel designer. Therefore, during the
course of testing the 2hk-percent=open, deep, multislotted wall, the out-
flow was determined for the Mach number range from M = 0.8 to 1.3 and
for wall-divergence angles of 0', 20', and 40'. The data obtained from
these tests are presented in figure 15. The total slotted-wall area and
average tunnel-throat area were 79.22 and 8.93 squaere inches, respectively.

As emphasized in the tunnel subsonlc operation section, there existed
numerous combinations of tunnel msin-drive and suction settings which
would result in the generation of identical Mach numbers in the forward
portion of the test region. For each power combination, the subsonic
velocity distribution near the diffuser entrance and the mass of the
suction outflow changes, but for each Mach number, one particular power
combination will result in a constant velocity distribution near the
diffuser. 1In this investigatlion the power combination which produced a
constant velocity distribution was used as a basis for the power settings
for the suction-outflow measurements at the subsonic speeds. It should
be polnted out that for the subsonic speeds a comparison between the
suction-outflow data for two configurations would not be valid if the
velocity distributions near the diffuser entrance were not comparable.

The data of figure 15 show that below Mach number 1 for all diver~
gence angles, the slopes of the outflow curves decrease and approach a
constant outflow condition. Generally, above Mach number 1 the required
outflow was increased with increasing Mach number. This effect-would be
expected at-the supersonic speeds because the flow-expansion requirements
increase with Mach number.
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The effect of increasing the wall-divergence angles was to decrease
the outflow and the suction power required to generate a given Mach num-
ber. This effect may be explained by the fact that the mass to be removed
in order to compensate for the slotted-wall boundary layer was decreased
because the wall divergence tended to compensate for the wall boundary
layer. An additional factor at supersonic speeds is the fact that if the
walls are dlverged beyond the angle required for boundary-layer compensa-
tion, the divergence itself will permit some flow expansion, thus reducing
the required suction flow.

CONCLUSIONS

The wave-reflection and flow-generstion characteristics of a two-
dimensional wind tunnel with 24k-percent-open, deep, multislotted walls
were studied. The results of these tests lead to the following
conclusions:

1. At & free-stream Mach number of 1.278 and a wall-divergence angle
of 20', the incident shock wave was reflected from the wall as a mixed
disturbance which consisted of a wesk compression followed by a strong
expansion wave and a long compression region. Beczuse of this mixed
reflection, the 2h-percent-open, deep, multislotted wall is unsatis-
factory as a means of reducing boundary-reflected disturbances.

2. Future shock-wave-reflection investigations should include means
of separating the effects of the pressure travel forward through the wall
boundary layer and within the wall itself.

5. Generally except for the zero-wall-divergence case at the high
Mach numbers, for Mach numbers from 0.80 to 1.28 at wall-divergence
angles of 0', 20‘, and 40', the center-line Mach number verilations in
the flow generated by the 24-percent-open, deep, slotted wall in a test

section length of 2%vtunnel heights do not exceed £0.005 in Mach number

over a test reglon length of 1 tunnel height. For the zero-wall-divergence
case at M = 1.32, the center-line Mach number variations were within
+0.01.

k. In this -slotted-wall wind tunnel equipped with suction at sub-
sonic speeds, the velocity distribution near the diffuser entrance is a
function of the mass of alr removed by suction.
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5. Slight wall divergence lumproves the center-line velocity distri-
bution near M = 1.3 and furthermore wall dilvergence reduces the suction
power required to generate a given Mach number .

Langley Aeronautical Leboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 7, 1953.
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wedge mounted in a nonviscous supersonic flow in a solid-wall wind
tunnel. :



Distance of Tlow
gurvey below turnnel
center line, lncheg

LG

QaLCTT W YOUN

1 —
B . ;; ' ST Wet;ge p:!essuzzea
- O— ¢ 1 :
,400 | |%E - T A P g
: \ R = T AN " A g
|~— Tunnel center llne . \\vu/’/, a
. , . oo
: : ) - ° &
.360 ,400 - e o' )ob - );erm’tyﬁ 88
; :}Loﬂ . !
" +400 - N _'o///f /)ﬂf-w.am’f‘rw\‘t \ 1 0 Eé
pmo T & L b
. G . o
3600 400 ,.:/ oK \zr[ C_,I<>«¢*’<b :-‘<>\1/<>’° 3%
: i ol T T
+260 i /’ _ : b-g
& y G*—d —Tunnel.wall @
3601 : : /] i ‘ 0
é‘-hj -8 0 o5 1.0 1.5 2.0 8.6 . 80 8
o . Longitudinal Mstance from wedge leading edgs,x,ln:
‘(a) & = 0,0T7.

Figure 12.- Experimentel stetic-pressure surveye for two inltlal shock-wave strengthe in the flow fileld
adjecent to a 5° wedge mounted in & wind tunnel with Eh—percent—o_pen, deep, miltislotted walle at a
free-gtreem P/H that corresponds to a Mach mmber of 1.278. Wall divergence angle, 20'; basic wall
conflguration.

44



«440

«400 440

a1
+360- ,400

A

«360

«440

»400

»360

Distance of flow
survey below tunnel
center line, inches

— O 1 UL
B o % edge pressures e
A L //u
\_——Tunnel center line A%/ \\A ;//
Nt 4
/’f/ ....n K . 4 = L ]
.440 /g e \K?ﬁék" Q/KO —<
wo et L | b
/ } \___'I‘unnel wall
T
360 5 0 .5 1.0 1.5 2.0 245 5.0

Tongitudinal distance from wedge leeding edge,x,ln.

(b)

M =0.12.

Figure 12.~ Concluded.

Vertical location of
longitudinal static~pressure surveys

QereGT Wa VOVN




NACA RM 153728 wgliimauanns. 35

Tunnel center lin
™~
2l osg
qQ &
3 o  E—
+

1

Longltudinal distance from wedge leading edge, x, in.

(a) General model instellation detsils and the vertical locations
of the- longitudinal static-pressure surveys. All dimensions
are in inches. : —

Vertical location of
longitudinal static=-

Jpressure surveys.
. —
it

Longitudinal distance from wedge Long!itudinal distance from wedge
leading edge, x, in. leading edge, x, in.
AM = 0.07 AN = Q.12

(b) Views of the incident shock wave and reflection with &
boundary lasyer on the tunnel wall for two shock strengths.

Figure 13.- Schlieren photographs of 5° wedge model mounted in test

section. Wall divergence angle, 20'; free-stream P/H = 0.372;
basic wall configuration.

Svamm—



1.12 1 1 T - ]
Diffuser entranc
L1 Al
| 0 ;ﬂ
O— With suction
1.0k [+ Without suction ]
.96 ’ ’F
|
i
88 }/ l
] M( l
. - 1 —
. O—CP“O—()—O—O—G'{)—O‘O—Q*(D—O—(D"O'{T"O—O—G—O‘O; I);g;é:@‘i P00y
. — A M !
I
o2 I
5

6 7 8 9 10 11 12 13
' - Axial distance from reference point, x, in. '

Figure 14.- A comparison of the center-line Mach number distribution
with and without suction. Wall divergence angle, 0'; flow guide 2.

QzrCCT WE VOVK

o¢




NACA RM 153J28 - ) 37

«12
k
Wall divergence | 1 //
angle, minutes
O— 0 1//
+ 08 -20 3,
<O—-40 /
. <06 // /}3
. El= : g
/ E.I/
«04 D o) /
/
o——
/EI///
.02 ——— e | -
3_" %
/
0 /
/o/
]
<>¥ _('>____.—-—
S 2 1.0 1.1 l.2 1.3 1l.4
M

FPigure 15.- The suction outflow requlred to generate various Mach numbers
for three wall divergence angles. Flow gulde 2.

NACA-Langley - 12-10-83 - 335



SECURITY INFORMATION

R,

3 1176 01357 2301

DO NOT REMOVE SLIP FROM MATERIAL

Delete your name from this slip when returning material
to the library.

MS

NAME

NASA Langley (Rev. May 1988}




