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STMMARY

The transonic-flow-generation and shock-wave-reflection character-
istics of a test section with 1l7-percent-open perforated top and bottom
walls have been investigeted in a 3~ by 3-~inch transonic flow apparatus.
A test section of acceptable flow wniformity was obtained through the
Mach number range (0.80 to 1.3). Wall divergence was used to eliminate
a velocity gredlent near a Mach number of 1.3.

Wave-reflection tests were made with the perforated waells diverged
at angles of 10', 15', 20', 25', and 30' at a free-stream Mach number of
1.28 with a Mach number decrement across the leading-edge shock of 0.09.
With the walls diverged 25', the wall-divergence and wall-porosity char-
acteristics combined to allow the flow near the wall to turn to the correct
(interference-free) direction after passing through the region near the
shock wave, but a disturbance was reflected from the region of turning.
This disturbance consisted of a compression followed by an expansion and
then by a second compression. The disturbance, which was present at all
divergence angles in excess of 10', was weaker and affected a smaller
portion of the model than the disturbance reflected from a deep, multi-
slotted wall tested previously (NACA RM 153J28). This disturbance was
found to be caused by the shock-wave boundary-layer interaction. It was
possible to prevent the boundery layer from thickening far upstream of
the incident shock if the wall divergence was decreased to 10'. In this
case, the boundery-layer dlsplacement thickness Just upstream of the shock
was about 0.008 inch. With the divergence decreased to 10', however, a
shock was reflected from the wall, indicating that the flow through the
wall had decreased, The outflow decrease 1s related to decreases in bound-
ary layer thickness and rate of growth which are caused by the decrease
in divergence.

Perforated-wall boundary-layer surveys and suction mass-flow measure-
ments were made at a Mach number of 0.98 over a wall-angle range from 15'
converged to 30' diverged. Also, equations were derived which related the
suction flow to the boundary lsyer and the effective wall friction
coefficient.
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INTRODUCTION

The problem of the reflection of shock waves from various types of
porous walls is being investigeted in a 3~ by 3-inch transonic flow appe-
ratus located in the Langley full-scale tunnel. In reference 1 the results
of an investigation of transonic-flow generation and shock-~wave reflection
with slotted walls with very deep narrow slots have been presented. The
reflected disturbance was found to he much different from that predicted
from simple nonviscous flow considerations. Whereas a nonviscous flow
adjacent to a wall of uniform porosity would be expected to give a single
reflected disturbshce (compression or expansion, depending on the porosity)
followed by a region of constant pressure, the experiment showed a com-
pression followed by an expansion and then by a long region of compres-
sion. The constant pressure region did not materialize.

The initial compression-expansion disturbance was thought to result
from a forward travel of the high-pressure field from behind the shock
through either the boundary layer or the deep slots or both. In order
to study this problem further, a palr of perforated walls was constructed.
Perforated walls were chosen in order to eliminate the possibility of
forward travel of-the pressure field inside the walls themselves so that
the effect of the boundary layer could be studied separately. The wall
divergence was made variable in order that the boundary-layer thickness
could be varied diring the investigation. Thils paper presents the results
of two-dimensional wave-reflection tests made at a Mach number of 1.28
in the perforated-wall test section.

The characteristics of the perforated wall in a transonlc flow
nozzle were also Investigated and are reported herein. Also presented
are results of a boundary-layer investigetion showing the relationship
between the suction mass flow, the rate of growth of the boundary layer,
and the wall friction coefficient.

SYMBOLS AND COEFFICIENTS

Ce effective wall friction coefficient

b tunnel height

H .. boundary-layer shape parameter, 6*/3

Hq total pressure in tuunel upstream of test section

H2 total pressure indicated by impact tube (uncorrected for shock

losses)
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1 length of porous test section

M Mach number

'y decrement in Mach number across incldent shock wave
m total mass flow in tumnel throat

L suction mass flow

P static pressure

Rg Reynolds number, pﬁfe

u velocity in boundary layer

U free-stream velocity

v free-stream velocity component normal to wall
w tunnel width

X axial distance from reference point

v vertical distance from reference plane

Pg free-stream density, slugs/ftJ

p density in bowndasry layer, slugs/ft3

&% boundary-layer displacement thickness

s} boundary-layer thickness

6 boundary-layer momentum thickness

V4 perforated-wall dlivergence angle, minutes

u coefficient of wviscosity, slugs/ft—sec

Po¥o suction mass flow per unit porous wall area
Subscripts:

P porous wall

=3

solid wall
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EQUIPMENT AND APPARATUS

Test Section

The basic equipment and apparatus used in this investigation are
described in reference 1. For the present investigation, the removable
two-~dimensional test section was fitted with top and bottom walls made
of perforated alwminum sheet. The materlal used was commercial grade,
17-percent-open, 0.032~inch-thick, aluminum sheet with 0.027-inch-nominal-
diameter holes. There were 303 holes per square inch with the centers
of the holes 0.0664 inch apart in a 60° staggered arrangement (fig. 1).
The tunnel throat area and the total perforated wall area of the test
section were 8.93 and 65.26 squere inches, respectively, with the tunnel
walls perallel. B

Because the information of reference 2 regarding the parallel flow
porosity characteristlcs of perforated walls was not available at the
time these walls were bullt, they were made with a constant open ratio
from front to rear. Flow overexpansion near the front was known to be
characteristic of constant open-ratio slotted walls; therefore, provision
was made for closing off some of the holes in the perforsted walls in case
overexpansion was encountéred.

The perforsted sheet wall configuration extended from station —f%

to station 13%'With the perforastions open to the plenum tanks from sta-
tion O to station 10%%. In order to hold the perforated sheets securely

in place and still leave the maximum number of perforations open, the
aluminum sheet was supported by four longitudinel knife edges. The two
center knife edges were bonded to the.aluminum sheet from station O to
station 6. The bonding material closed approximately two longitudinel
rows of perforations along each of the two center knife edges, but in
the test region the bonding material was omitted and all the perfora-

tions were open in the region extending from station 6 to station 10%2.
The perfbrated sheet wall was formed with two longitudinal flenges slong
the length of the perforated wall. These flanges of the perforated sheet
were clamped between the outside knife edges and the side rails. The
radius at the corner where the flanges were formed was kept to a minimum
(approximately 1/32 inch). As is shown in figure 1, there was =a
0.030-inch-wide slot along each side of the tunnel. The purpose of these
slots was to remove the boundary layer in the corners of the tunnel.
Several 1/4-inch-diameter holes, which were located on each side and
along the length of the perforated wall, made possible the transfer of
air from the slots to the plenum tanks. The wall-divergence mechanism
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described In reference 1 was unaltered, but the wall slde ralls were
altered by taepering them sufficiently to allow a maximum wall-angle range
from 60' converged to 60' diverged (see fig. 1). Photographs of the test
section installation are presented in figure 2.

Probes

The center-line statlc-pressure probe and the moveble static-pressure
probe that were described in reference 1 were used in this investigation.
In addition, a boundary-layer probe was used. This probe was mounted in
the same manner as the movable staetic—-pressure probe and could be moved
vertically end axielly. The probe was supported by a l/h-inch—diameter
rod slmilar to the movable-statlic-probe arrangement. The boundary-layer
probe was made up of a center static-pressure tube with two total pres-
sure tubes located 5/8 inch sbove and below the center static tube (see #
fig. 3). The center static tube was_identical to the static-pressure
tube of the movable static probe. The total-pressure tubes were made of
0.020-inch=outside~-diameter stainless-steel tubing with 0.010-inch inside
diameter. This tubing was flattened until a 0.002-inch-high and 0.010-inch-
long opening was formed at the end of the tube. The outside height of
the tube was ground down to 0.007 inch. The probe could be positioned
vertically to within *0.001 inch. For boundary-leyer surveys in the for-
ward part of the test section, a similar probe was mounted on a longer

l/h-inch rod which was supported behind statlon 8% by & larger rod which

tapered in outside diameter from 1/2 inch at the diffuser entrance to
3/8 inch at station 8%-.

Model

The model was a semidiamond two-dimensional airfoil with a chord of
3 inches and an included apex angle of 5° at the leading and trailing
edges. Nine flush stabic-pressure orifices were located at 1lO0-percent-
chord intervals on the flat lower surface. The leading edge of the model

was located at station 8%. The model was mounted in the tunnel by shafts

which extended from the 50~percent-chord point. These shafts were fltted
into holes drilled through the glass side wall. The cross-sectional shape
of the model including the shaft is shown in figure 1. The model mounting
procedure 1s described in reference 1. )

TESTS

These tests were conducted wilth a tunnel stagnetlon pressure and
temperature of approximately one atmosphere and 200° F, rgsgegt;vely.
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Center-~Line Mach Number Distributions

Center-line Mach number distributions were obtained with the per-
forated walls parallel at Mach numbers from 0.8 to 1.3 and with the per-
forated walls diverged 30' at a Mach number of 1. 3. The center-line
Mach numbers were determined from the static pressures measured with the
center-line static probe and the tunnel total pressure measured upstream
of the test section.

Boundary-Layer Surveys, Tunnel Empty

Surveys of the totel and static pressures in the perforated-wall
boundary layer were obtalned with the boundary—layer probe. These sur-
veys were taken at wall divergence angles of -15' » 0', 15', and 30' at

station 101 at M= 1.28 and at stations 1 and :Lo-'eL at M= 0.98. As

was pointed out in the preceding section, an extension to the movable-
praobe assembly was necessary in order to survey the boundary layer at
station 1. Therefore, the boundary layer was measured first at station 1
at the verious wall divergence angles. Then, the probe extenslon was

removed and the boundary layer was measured at station 10% at the same
divergence angles._ . o

Suction Measurements

Measurements of the mass of alr removed by suctlon through the
l7-percent-open perforated walls at a Mach number of 0.98 at divergence
angles of -15', -10', 0', and 15' were obtained with a calibrated orifice

plate locsated in the 6-inch-diameter duct which connected the plenum )

tanks to the suction supercharger. - - - -

Wave~Reflection Tests

The test region wherein the model was-mownmted extended fram ste-
tion 8% to station 11, In the wave-reflection tests, a free-stream Mach

number of 1.28 was held coustant, and at each wall-divergence-sngle
setting the model angle of attack was adjusted to maintain a constant
Mach number decrement (AM) of 0.09 across the model leading—edge'shodgn
between the lower model surface and the tunnel wall. The resulting

angle of attack of the model was such that the flow deflection angle
produced by the upper. surface was greater than that produced by the

lower surface. The wall divergence angle was veried through the range’
from 10' to 30'. The movable static probe was used in the wave-reflection

el


http://www.abbottaerospace.com/technical-library

NACA RM L5L4Bl15a 7

tests to obtain the longitudinal static-pressure surveys, which were
taken along lines 1/2, 3/4, and l% inches below the tunnel center line.

For the case of 20' wall divergence, the flow was surveyed only along =
line 1/2 inch below the tunnel center line. The static pressure surveys
extended from the flow region upstream of the incident shock to a point
well downstream of the wall-reflected disturbance.

Boundary-Layer Surveys, Model in Tunnel

With the model mounted in the tunnel, boumdary-layer surveys were
made In the vicinity of the shock-boundary-layer intersectlon at wall
divergence angles of 10' and 20'. These surveys were made at four longi-
tudinal positions ranging from 1 inch shead to 1/16 inch behind the shock-
boundary-layer intersection, which was located at about station 9.

RESULTS AND DISCUSSION

Flow Genersation

In order to investigate the development of flow in the perforated
nozzle and test section, axial-center-line static-pressure surveys were
mede at several Mach numbers ranging from 0.8 to 1.3. Figure 4 presents
Mach number distributions for the region extending from x = -2 to

X = ll% inches in 1/h-inch intervals. The perforations are open from

=0 tox = lO—2 inches.
16

Perforated Walls Parallel

Figure &4 shows that with the walls parallel the flow is quite uniform
in the subsonic case with an essentially constant Mach number between
=0 and x = lOE inches. 1In the supersonic range the maximum Mach num-

ber deviation is £0.002 for the M = 1.0l case from x = 1 to

= 10.5 inches and +0.005 for the M = 1.11 case from x = 2.5 inches
to the end of the test section. As the supersonic Mach number is increased
above 1l.11, the distance required for the generation of the supersonic
flow in the front or nozzle portion of the test seciion increasses. 1In

addition, a velocity gradient appears in the test region from x = 8%

to ll% inches. This gradient is too small to be of much significance
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except at the highest Mach number, where it approaches 0.02 per tunnel
height. Furthermore, it will be shown that the gradient cen readlly be
eliminated by diverging the walls slightly. The presence of the gradient
indicates that the perforated wall is too dense to allow the flow to
accelerate to the final equilibrium Mach number in the avallable tunnel
length. The smooth veloclty distribution obtained at a Mach number of 1.11
contrasts sharply with the oscillating-type distribution that was encoun-
tered at sbout the same Mach number with the deep slotted walls of refer-
ence l. Inasmuch as no serilous overshoot was encountered, it was not
necessary to close any of the holes near the front of the perforated wall.

A schlieren photograph showing the field of flow in the test section
is presented in figure 5(a). Note that the disturbance lines which emsa-
nate from the holes in the perforated wall can be traced across the tun-
nel. Attempts to measure the pressure rise across a single disturbance
were imsuccessful because of the size of the pressure probe, so the
strength of these disturbances 1s not known.

Effect of Wall Divergence

The walls were diverged 30' at a Mach number of 1.28 in order to
study the effect of wall divergence on the flow generation and on the

acceleration in the test region.(x:= 8%-to X = ll%-inches). The results

presented in figure 4 show that the acceleration was eliminated. An
essentially uniform flow (+0.004) is reached at x = 6 inches, two test-
section heights from the front of the perforated wall. The increased
flow velocity in the solid-wall subsonlic-nozzle reglon shead of x = 0
is a result of the movement of the solid walls (the flexure plates)
which accompanles the change in wall divergence (see ref. 1).

A schlieren photograph of the flow field for 30' divergence at a
Mach number of 1.28, which was made with a horizontal knife edge, is
presented in order to show the more rapid development of the boundary
layer with the walls diverged (fig. 5(b)). This is a portion of a photo-
graph which was made with the model installed; consequently, it has been
cut off at sbout x = 8 inches. It is interesting to note also that, as
the boundasry layer thickens downstream, the disturbances from the holes
in the perforated walls become less prominent. The boundary-layer dis-
placement thickness in the region near x = 8 inches is roughly equal to
the hole diameter.

Boundary-Layer Surveys

Effect of wall dlvergence at M = 0.98.- Boundary-layer surveys were
made to determine the thickness and the rate of growth of the boundary
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layer on the perforated wall at several dlvergence angles at a Mach num-
ber of 0.98. The boundary-layer displacement thickness determined from
these surveys 1is plotted as a fumetion of the wall divergence in fig-
ure 6. The aversge rate of increase of the bowmdary-layer displacement
thickness as determined from these messurements is plotted in figure T
as a function of the wall divergence angle. The value of dd%/dx
increased from 0.00048 at ¥ = -15' to 0.00570 at ¥ = 30'. The
boundary-layer velocity profiles were of the type which is generally
assoclated with turbulent boundary layers.

Effect of wall divergence at M = 1.28.- The boundary-layer dis-
placement thickness at x = 10.5 inches is plotted as a function of the
wall divergence angle in figure 8 for a Mach number of 1.28. Diverging
the walls caused 8% +to increase from about 0.0054 at ¥ = -15" to
about 0.0280 at ¢ = %0'. Variation of the wall divergence angle is
thus seen to be an effective means of verying the boundary-layer thickness.

Shock-Wave Reflection

Statlc-pressure surveys.- The results of axial static-pressure
surveys. in the flow field between the model snd the tunnel wall are
presented in figure 9. In order to present these results more graphi-
cally, the data for the axlal surveys have been plotted with the scales
displaced in such a manner that the lines P/H) = 0.42 are located at
verticel positions which correspond approximately to the wverticel sta-
tions along which the surveys were made. The model pressures are plotted
with the line P/Hl = 0.42 in s position which corresponds to the center
line of the tunnel. This type of plot enables the viewer to trace &
compression or expansion wave through the flow.

At a wall divergence angle of 10', the shock wave is reflected as
a compression wave (fig. 9(a)), indicating that at this condition, the
wall was too dense and the outflow through the wall behind the shock
wave was not sufflclient to prevent the reflection. Note, however, that
the reflected compression is much wesker than the ineident shock wave.
As the wall divergence angle is increased to 15' (fig.9(b)), the flow
near the wall is able to turn through a larger angle resulting in a
further reduction in the strength of the reflected wave. This process
continues as the wall divergence is increased until a point. is reached
where with further increase of divergence the reflection becomes mainly
an expansion wave that increases in strength as the divergence is further
increased. The boundary-layer behavlior 1s connected with the fact that
the flow turns through larger angles as the divergence is increased. As
the divergence is increased the initial outflow ahead of the shock is
decreased, while the pressure outside the wall is slightly increased.
At the same time the boundary-layer thickness is increased, which results
in a decrease in velocity in the region near the wall. The calibration
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results of reference 2 show that this decrease in velocity will result
in an increased outflow. The increased outflow behind the shock and the
decreased outflow ahead of the shock combine to cause the flow to turn
through a larger angle as the divergence is increased. ’

At a divergence of 25' (fig. 9(d)), the flow survey taken 0.5 inch
below the tunnel center line shows that the shock wave from the leading
edge of the model is located behind x = 8.25 inches. The reflected wave
from the wall is in the region from about x = 9.5 to 10 inches. Immedi-
ately behind this region is the wave reflected back from the model surface.

Because the survey was made quite close to the model, the wave going to
the model tends to overlap the wave reflected from the model. The pres-
sure behind these two waves in the region behind about x = 10.75 inches
is sbout the same as the pressure behind the incident leading-edge shock.
The pressure in the reglon between the wall-reflected wave and the reflec-
tlon of this wave from the model may be determined from the survey made

1 inch below the tumnel center line, in the region between about x = 9.75
and 10.4k inches. This pressure is also sbout the same as that behind
the incident shock. Because the pressure behind the reflected wave 1s
about the same as the pressure ahead of it, this i1s the condition at
which the wall porosity and divergence combine to satisfy the free-air
boundary condition at the wall behind the shock wave. However, a reflec-~
ted wave has been found to remain in the flow, and this disturbance affects
the pressures in a restricted reglon on the model. The question arises
as to why, if the well permits the required outflow, a disturbance still
remains. The answer lies in the fact that the flow does not experience

a single sharp turn but instead goes through several successive turns
before the final constant pressure is reached behind the shock-boundary-
layer intersection. A flow disturbance originates near the wall as a
result of these turns. The nature of the disturbance, a compression .
followed by an expansion and then by a second compression, suggests that
the boundary layer near the wall first thickens causing s compression,
then thins, causing an expension, and finally reaches equilibrium causing
a finel compression. This physical interpretation is supported by
boundary-layer surveys which willl be presented in the next section of
this paper. An examination of the flow surveys shows that the expansion
increases in strength as the divergence 1s increased. The compression-
expansion-compression disturbance Just described 1s not evident at a
divergence of 10' (fig. 9(a)). Here the reflection seems to be almost
entirely compression. Changing the divergence from 10' to 20' has a
very large effect on the character of the reflected disturbance.

A comparison of these results with those for the deep slotted wall
of reference 1 is of interest. The reflected disturbence for the deep
slotted wall was simllar to that for the perforated well at the higher
divergences in that it started with a compression followed by an expan-
sion. Behind the expansion, however, the dilsturbances were not at all
alike. With the perforated wall, the expansion was followed by a short
compression reglon and then a region of essentially constant pressure
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which extended back to the point where the disturbance that was reflected
from the model was encountered. With the slotted wall, the expansion
was followed by a long region of compression and there was no constant
pressure region behind the compression. It was shown In reference 1
that this long compression must be connected with the flow behind the
region of intersection of the incident shock and the wall. The outflow
behind the shock apparently attains e final constant value in a much
shorter distance for the perforated wall than for the deep slotted wall.
This difference in the flow pattern behind the expansion for the two
walls 1is thought to be due to a fundamental difference in the character-
istles of the two types of wall. On the other hand, the similasrity
observed in the front part of the reflected disturbance for the two walls
would seem to indicate that this part of the disturbance was connected
with some factor which was common to the flow with both walls, in partic-
ular the boundary layer.

Boundary layer.- It was pointed out in reference 1 that the initial
compression-expansion disturbance could result from e forward travel of
the pressure field through either the boundary layer or the slots of the
slotted wall. As mentioned previously, the perforated type of wall was
selected for the present investigation In order to eliminate the latter
possibility. Thus, when the compression-expension disturbance was
observed with the perforasted well, it appeared that the boundary layer
must be responsible.

In order to obtain verification of this coneclusion, concerning the
primary influence of the wall boundary layer, totel-pressure surveys of
the boundary layer in the region near the shock wave were maede with the
walls set at 20' divergence (fig. 10(a)). These surveys show that the
boundary leyer is considerably thickened at a location (x = 8.5 inches)
vhich is 1/2 inch shead of the shock-boundary-layer intersection.
Between x = 8 and x = 8.5 inches, the boundary layer is growing at a
rate several times higher than the rate of growth found upstream in the
tunnel and it is this disproportionate thickening of the boundary layer
which causes the first compression in the reflected disturbance of fig-
ure 9(c). The boundary-layer thickness begins to decrease somewhere

upstream of x = 8% inches although the shock does not intersect the

boundary layer until 1t reaches x = 9 inches. This thinning of the
boundary layer causes an expersion in the supersonic flow outside the
boundary layer. It is evident from these results that the high-pressure
field from behind the shock wave has traveled forward through the bound-
ary lasyer under the shock wave and produced gross changes in the boundary-
layer thickness upstream of the shock wave. These changes in the boundary-
layer thickness are responsible for the complicated reflected disturbances
found at the higher divergence angles.


http://www.abbottaerospace.com/technical-library

12 NACA RM L54B15a

Because of the change that was observed in the character of the
reflected disturbance when the divergence was reduced to 10', boundary-
layer surveys were also made at that wall setting (fig. 10(b)). These
surveys indlcated that the boundary layer shead of the shock wave is

essentlally unaffected by the shock even st x = 8% inches which is only

1/8 inch shead of the shock-boundary-layer intersection. This is an
entirely different result from that obtained at 20' divergence and is
sufficient explanation for the change in the character of the reflected
disturbance. ' ”

It is encouraging to find that it is experimentally possible to
prevent e shock wave from influencing the boumdary layer far upstream
of the shock, but it is also important to note that the prevention
required an extremely thin boundary layer (5% =~ 0.008 inch) in the pres-
ent case.

Schlieren photographs.- Schlieren photographs were made with a hori-
zontal knife edge at wall dlvergence angles of 10', 20', and 30' (fig. 11).
The pressure datae were obtained in the reglon between the model and the
bottom wall. These photographs serve to confirm the flow description
which has been given. The increase in boundary-layer thickness with
increasing wall divergence 1s clearly visible, as is the reflected dis-
turbance at 20' divergence (dark compression, light expansion, and dark
compression in the lower part of the picture). The thinning of the bound-
ary layer ahead of the shock-boundary-layer intersection is not visible
in the pictures, perhaps because of the thickened boundery layer in the
corners of the tunnel. At 10! divergence, the photograph shows a very
weak compression-expansion-compression disturbance which was apparently
too small to be detected by the static-pressure probe. The week disturb-
ance observed to originate about 3/h inch downstream of the reflection
is not due to the model. This disturbance cen be observed in the tunnel-
empty condition (see fig. 5(a)) originating at the lower wall below the
rear model-support hole. . ) - —

The angle of attack 1s such that the shock wave above the model is
somevwhat stronger than that below the model. Tt appears that the char-
" acter of the reflection is influenced by the shock strength. For instance,
the reflectlon in the upper half of the flow fleld at a wall divergence
angle of 20' appears to be quite different from thst in the lower hsalf
of the field. The upper half of the flow field for 10' divergence is
especlally interesting because the stronger shock wave in this case seems
to have been essentially canceled at the wall. It is unsafe, however,
to draw any conclusions with regard to interference from schlieren pic-
tures in the absence of pressure data. This picture introduces the
posslbility that the wall behavior in attenuating shock waves, for a
glven open ratio and bowmdary layer, may well be influenced by the
strength of the incident shock. This variable was not investigated,
however, in this series of tests.
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Boundary-Layer Equations

It 1s of interest to derive the equations which describe the behavior
of the boundary lasyer on & porous wall to which suction is applied, and
from these equations to determine the relationships between the rate of
growth of the boundary lsyer, the suction mass flow, and the porous-wall
friction coefficient.

Momentum egquation.- Following the procedure of references 3 and UL,
the compressible-flow momentum equation for a porous well with suction
may be derived readily as follows:

g, g(Ere)au, o Po_Cr_ fo% ()
dx U /d&x ppy & 2 pgU

where

8 boundary-layer momentum thickness

H boundary-layer shape parameter

1) free-stream velocity

Ps free-stream density

Cr effective wall friction coefficient

PoVo suction mass flow per umit porous wall area

In the derivation of the boundary-layer momentuvm equation without
suction the air at the surface of the wall is assumed to have zero
momentum. In the case of the perforated wall the momentum at the surface
of the wall is not strictly zero inasmuch as the air at the holes will,
in general, possess some momentum. This momentum is lost, however,
either in passing through the holes or in the plenum chember outside the
wall. For this reason the momentum entering the wall has been treated
as a loss due to the wall, and is included in the effective friction
coefficient. This has been accomplished in the derivation of equa-
tion (1) simply by assigning zero momentum to the air removed by suc-
tion (pgvg) -

Continulty equation.- Because of the presence of suction, the free-
stream flow Just outside the boumdary lsyer will, in genersasl, have a
small component in a direction which is normal to the wall. It is often
necessary to relate this component to the suction flow. This may be
accomplished by means of the continuity equation.
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Consider the following sketch of a growing boundary layer adjacent
to a porous wall:

Top of boundary
layer

[/e]
L x ! l Wall o

YooV,
- Ax -

The inflow at the top of the boundary layer is
as
U—+ Vi
p5< dx )

It is assumed here that the normsl component of the veloclty 1s suffi-
ciently small so that the parallel component can be treated as equal to
the free-stream velocity U. This is certeinly justified in the case of
the small outflow angles encountered in the present investigation.

)
f pu dy
o}

The inflow st the left is

The outflow at the right is

s] a s}
JF pu dy + E;JF pu dy Ax
0 0 .

The outflow at the bottom is

PoVo O
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Combining these flows gives the continuity equation

&

d ds
PaVa + — opu dy = p (? — + V)
e’o dx ~/ 5 dx

0

Alternatively, the second'term can be written as

d/5 u dy = psU & U 8B* 4 (5 - %) L (pgU)
T J, W esl g - eslU g+ (8- 5% 5 (es

The continuity equation is then

ds¥ d
PoVo = PgV + DaU'EE— - (8 - 3%) = (psU)

ox
d
v —(pgU
°°°=I+m_(s_s*)ﬁl (2)
psU U dx pgU

Boundary-layer equations for uniform flow in a wind tunnel.- The
equations simplify considerably for the case of uniform flow. In this
case

ay _ s

dx dx

=0
and the momentum equation becomes simply

g . 7¢  Bolo - (3)

The continuity equation reduces to

PoVo _ ¥ , db*
paU U d&x .

In the case of uniform flow in a wind tunnel, the term % is equal to

the negative tangent of the wall divergence angle 7. Thus

PoVo
an

= - 4as*
= ~tan 7y + e | (4)
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Equation (3) mskes it possible to compute the wall friction coefficient "
if suction flow and boundary-layer measurements are available. A further
modification of equation (3) is possible. By definition, the boundary-
layer shape parameter is

80

dx Hdx g2

The last term is normally gquite negligible for uniform flow, so the
momentum equation becomes

* C PV,
ag*  ~f 0'o (5)

Equations (4) and (5) show the interdependence for uniform flow
in the tunnel between the suction flow, the rate of increase of the
boundary-layer displacement thickness, and the wall frictlon coefficient.
If any one of these three quantities is known, the other two can be deter-
mined from these equations. It is assumed here that the wall divergence
angle end the wall boundary-layer shape parameter are known.

Use of contlnuity equation to check accuracy of boundery-layer meas-
urements .- Because the continuity equation relates the boundary-layer
growth to the suction flow, it can be used as a check on the accuracy
of the boundary-layer measurements if the suction flow has also been Z
measured. In the case of a complete wind tunnel, the continulty equa-
tlon must be applied to all four walls. In the case of a tunnel with
top and bottom walls porous and of width w, and with parallel side walls
s01id and of height h, the continulty equation is

o _2l<-tan 7+ %) 21 P (6) )
m h W dx '
where . . h
A suction mass flow
m mass flow entering porous test section -

A length of porous test section ) ) L
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v4 porous-wall divergence anglé
8*? boundary-layer displacement thickness on porous wall
5% boundary-layer displacement thickness on solid side wall

)

The boundary-lasyer measurements obtained in this investigation’ at
M = 0.98 have been inserted in this equation in order to compute the
suction mass-flow ratio. In addition to the data which have been pre-
sented so far, it was necessary to measure also the side-wall boundary
layer in order to meke this computation. Side-wall velocity profiles
were measured at stations 3.5 and 9.0 at a Mach number of 0.98, using
a total-pressure probe w&ich was inserted through the holes in the side

as
walls. The value of dxs determined from these measurements is 0.00205.

Because of the reduced spaclng between survey statiéns, and because the
transition from laminar to turbulent boundary-layer flow on the side
walls occurs within the test section, this wvalue is regarded as somewhat

less accurate than the values of %ﬁi for the perforated wall which were

presented in figure 7.

The computed suction maess-flow ratios are compared in figure 12
with measured suction ratios as determined with the calibrated orifice
plate. The agreement is such that the accuracy of the boundary-layer
neaswrements 1s regarded as satisfactory. The most pronounced disagree-
ment occurs at a wall divergence of 15', in which case the pressure dif-
ferential across the orifice plate was less than 2 Iinches of kerosene.
Because of this low differentisl, and the correspondingly low orifice
Reynolds number, the suction measurements are less accurate for this
condition than with the walls paraliel or converged. .

Use of momentum equation to compute effective friction coefficients.-
A knowledge of the effective friction coefficients for perforated walls
would be very useful in the design of a perforeted-wall wind tunnel.
Furthermore, it is of some general interest to know how the friction coef-
ficlents for perforated walls compare in megnitude with those for solid
walls. REquation (3) has therefore been used to compute friction coef-
ficients for the perforasted walls used in this investigation from the

measured values of suction flow and %%. The measured values of %%

are, of course, average values over the length of the wall so the com-
puted friction coefficients are also aversge values. These friction

coefficients have been plotted against the boundary-layer Reynolds num-
ber Rg in figure 15. Because of the large increase in Reynolds num-

ber between the front and reer of the test section, a crosshatched region
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is shown in figure 13 which extends from values of Rg at x = 1.0 inch
to Rg at x = 10.5 inches. A comparison with the smooth-wall friction

coefficients as given by Squire and Young (ref. 5) shows that the effec-
tive perforated-wall friction coefficients for thin boundary layers
(1ow Re) are much grester than the corresponding smooth-wall friction

coefficlents.

The fact that the effective friction coefficient is plotted against
Rg 1s not meant to exclude the possibility that it may also be a function

of other.parsmeters. In this investigation, for exsmple, the side walls
were parallel. If these walls were dlverged the suction mass flow would
be reduced. The result would be & lower Cg and a higher Rg on the

perforated walls, but it is possible that the plot of Cr against Ry

with the side walls diverged would be different than with the side walls
parallel.

CONCLUDING REMARKS

The results of an Investigation of:a two-dimensional transonic test
section incorporating two l7-percent-open perforated walle are summarized )
in the following remarks:

1. A test section flow of acceptable uniformity was obtained through
the Mach number range tested (0.8 to 1.3) with perforated walls of con-
stent open ratio. Wall divergence was used to eliminate a positive veloc-  _
ity gradient at the higher Mach numbers. o=

2. Under the test conditions with the walls diverged at an angle of
25', the wall divergence and the porosity characteristics of the 17-percent-
open perforated wall combined to allow the flow near the well to turn to
the correct (interference-free) direction after passing through the region
near the shock wave; but a disturbance, which consisted of a compression
followed by an expansion and then a second compression, was reflected from
the region of turning. This disturbance was-wesker and affected s smaller
portion of the model than the disturbance reflected from a multislotted-
type wall previously investigated.

3. The compression-expension-compression disturbance, which was present
at all divergence angles in excess of 10', was found to be caused by inter-
action between the shock wave and boundary lgyer.

L. It was possible to prevent the shock from thickening the boundary
layer shead of the shock by reducing the wall divergence to 10'. In this
case, the displacement thickness of the boundary layer just ashead of the
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shock was only 0.008 inch. However, the wall was not sufficlently open
to prevent a reflected compression at this dilvergence angle.

5. Turbulent-type velocity profiles were found in the boundary layer
adjacent to the perforated walls. With the tunnel empty, increasing the
perforated wall divergence angle from ~15' to 30' increased the rate of
growth of the boundary-layer displacement thickness from 0.00048 to
0.00570 inch per inch et a Mach number of 0.98.

6. Disturbances of unknown magnitude were found to emanate from the
individual holes in the perforated walls. The schlieren photographs
showed that with the walls parallel these disturbances could be traced
across the tunnel. With the walls diverged %0' these disturbances became
less prominent as the boundary layer thickened.

7. Suction mass flows computed by using the boundary-layer data in
the boundary-layer continuity equation were found to be in good agree-
ment with the measured suction mass flows st a Mach number of 0.98.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronsutics,
Langley Field, Va., February 1, 195k.
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Figure 1.- Details and dimensions of the 17-percent-open perforated-sheet test section. One side wall

removed. All dimensions are in inches.
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() General view of the removable test sectlon mounted in the tumel circult.
Model installed.

TS

Figure 2.~ Photographs of the transonlc-flow-apparatus removable test sectlon fltted with 17-percent-
open, 0.027-inch hole~diameter, perforated-sheet walls. Model mounted 1n the test section.
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(v) Gless side wall removed. Model installed.

Figure 2.- Continued.
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(c) Detalls of knife-edge support system.

Figure 2.~ Concluded.
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1.-83286
(a) 7 =0'. Knife edge vertical.

Flgure 5.- Schlieren photographs of +the flow in the 17-percent-open perforated-wall test section.
M=1.28.
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(b)

y = 30'". Knife edge horizontal.

Flgure 5.~ Concluded.
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Figure 6.~ Effect of ilncreasing the wall divergence angle on the perforated-
wall boundary-layer displacement thickness at two longitudinel locations.
M = 0.98.
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Figure 7.- Effect of increasing the wall divergence angle on the rate of
increase in the perforated-wall boundary-layer displacement thickness.
M = 0.98. ' '
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Flgure 8.- Effect of increasing the wall divergence angle on the perforated-
wall boundary-laeyer displacement thickness at x = 10.5 inches. M = 1.28,
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Figure 10.- Boundsry-layer total-pressure messurements at several hori-
zontal stations near the incident shock-wave boundary-layer intersection
(x = 9.00 inches) for two tunnel-wall divergence angles. Model in tunnel;
& = 0.09; M = 1.28.
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Figure 11.- Schlieren photographs of the flow field adjacent to a 5° semi-
diamond model mounted in a 17-percent-open perforated-wall wind tunnel
with the walls at three divergence angles, Free-stream M= 1.28;

AM = 0,-09.
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Figure 12.- Effect of increasing the wall divergence angle on the suctlon
mass flow. M = 0.98.
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Figure 13.- A plot of the effective friction coefficients of the perforated
walls compared with a smooth wall over a Reynolds number range. M = 0.98.
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