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INVESTIGATION OF OPERATING PRESSURE RATIO OF A SUPERSONIC
WIND TUNNEL UTILIZING DISTRIBUTED BOUNDARY-IAYER
SUCTION IN TEST SECTION

By C. B. Cohen and A. S. Valerino

SUMMARY

An investigation to determine the effect of distributed boundary-
layer suction on the pressure recovery of & supersonic wind tunnel
has been conducted in & 3.84- by 10-inch tunnel operating st a Mach
number of 2.0. With suction applied to two walls of a constant-
area section in the vicinity of the normel shock, & reduction of
4 percent of the operating pressure ratio wes obtained. This reduc-
tlon was attributed to an improvement (reduction in Mech number) in
the flow characteristics at the subsonic-diffuser inlet.

The normal shock predicted by one-dimensicnal theory was, in
practice, replaced by a multiple-branch shock configuration. The
change In static pressure, totel pressure, and Mach number occurred
gradually in the streamwise direction and finslly approeched the
predicted Renkine-Hugoniot values.

INTRODUCTION

The high operating power requirements currently associated
with supersonic wind tunnels are primerily the result of the irrevers-
ible processes encountered in diffusion. The total-pressure losses
agsociated with these lrreversibilities may be divided into shock
losses and viscous losses. Meny methods of decreasing the shock
losses by lowering the supersonic Mach number at which the terminsl
shock occurs have been investigated. In practice, however, the
losses incurred by the operation of a supersonic tunnel with the
shock at a given Mach number have, in general, been found to be
considerably above those theoretically predicteable. Neumenn and
Lustwerk (reference 1) have shown these excessive losses to be asso-
ciated with the flow seperation behind the shock, and have found
that a long constant-area section downstream of the shock allows the
flow to reattach itself to the walls and results in pressure recov-
erles very neer the theoretical value.
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An Investigation was conducted at the NACA Lewls laboratory to
determine the merit of continuous suction on two walls of & constant-
area extension of the test section, lmmediately preceding the sub-
sonic diffuser of a supersonic wind tumnel, primerlly as a means
of reducing the separstlion losses and hence the operating power
requirements. A secondary purpeose was to study the stabllity and
the form of the terminal shock-wave configuration by means of high-
speed schlieren photographs. The research was conducted at a Mach
number of 2.0 in a 3.84- by 10-inch supersonic wind tunnel operatilng
with & test section 46 inches long. Boundary-layer removal was
accomplished by suction through compartmented walls covered with a
smooth-surface screen. :

In order to approach an optimum bleed configuration, further
development of boundary-layer suction was attempted by uwtilizing
complete peripheral suction. The screen installation was destroyed,
however, before sufficlent data were obtalned.

APPARATUS AND FROCEDURE

The investigatlon was conducted In the NACA Lewls 3.84- by
10-inch superscnlc wind tuanel operating at & Mach number of 2.0
and at & Reynolde number of approximately 5 X 106 per foot (fig. 1).
The nozzle from throat to test section was 38.4 inches long. Behind
the nozzle was a constant-area section 46 inches in length and &
subsonic diffuser 139 inchee in length with a rectangular cross
gection. The horigzontal walls of the diffuser diverged at an angle
of 5° and the vertical walls diverged at an angle of &°.

The porous walls (fig. 2) were each 30 inches long and 3.84 inches
wilde and were divided into fifteen 2-inch compartments. These com-
partments were covered by a steel grill to which was soldered a
40-mesh electroplated copper-nickel screen (18-percent open aresa)
with its smooth surface oubward.

Static-pressure orifices were provided along the surface of
the nozzle, along the 3.84-inch walls of the tunnel, and in the par-
titions between the suction compartments (fig. 2). Total pressures
were measured by two 12-tube rakes at the inlet (stetion 3) and
outlet (station 4) of the subsonic diffuser. A static-pressure tube
located on the tunnel center line was included in the rake at sta-
tion 3. Total pressures were calculated by numerical integration
of the 12 individual tube readings. The distribution of weight-
flow removal was ‘determined by a single pitot-static probe in each
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of the thirty l-inch tubes leading from the suction compartments to
common manifolds. The absolute magnitude of the welght flow removal
was then corrected by use of two 10-tube rakes located in & region
of well-developed flow in 4-Iinch-diameter pipes leading from the
suctlon manifolds.

All pressures were photographically recorded on multiple-tube
menometers using dibutylphthalate (S.G.s1.0) as the indicating
fluid for the suctlon manifold rekes and mercury for the remaining
tubes. Alr-flow conditlions In the constant-area section were
Observed with a two-mlrror schlieren system and were photographed
using 4-microsecond exposures. Hligh-speed schlieren motion pictures
were also taken occasiocnally with a Western Electric Fastex camera
to observe the shock motion. ’

Alr with a2 specific humidity of approximately 0.0002 entered
the tunnel settling chamber at a pressure of 41 inches of mercury
absolute and a temperature of 80° F. The tunnel outlet was con-
nected to a bank of reciprocating exhausters, which also furnished
the suction for the boundary layer.

For each run, after inlet conditions were established, the
tunnel ocutlet valve was so adjusted that the terminal shock-wave
was located in the subsonic diffuser. The pincher valves (fig. 1)
were then set by reference to a mercury manometer to give an
approximately uniform distribution of boundary-layer removal along
the 3.84 inch walls. For the remalnder of the run, the tunnel
outlet valve setting was varied to move the terminal shock con-
figuretion through the constant-ares section of the tunnel. Man-
ometer and schlieren photographs were taken at each position. For
succeeding runs, the uniform distribution of boundary-layer removal
was maintained as the mass flow bled was increased. Thée afore-
mentioned procedure was then repeated.

The symbols used hereln are defined in appendix A.

RESULTS AND DISCUSSION

Comparison of the original tunnel pressure ratios (no screen
installed) with those obtained from the tunnel including the screen
installation but with no applied suction is presented in figure 3
as a Tunction of the shock position Z/h. The total-pressure ratio
to the subsonic diffuser inlet PO/P5 was essentlally unchenged

by the additlon of the screen. The operating-pressure ratio Po/Pé,
however, increased 2 to 4 percent by using the screen iunstallistlion
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with no suction. This increase 1s indicafive of the penaltles on
the required starting-pressure ratlc when no suction is applled to
such 2 screen ingtallation lncorporated in a tunnel.

The large difference 1in total-pressure ratlos between station 3
and 4 indicated flow separstion in the subsonic diffuser. This dif-
ference decreased with an increese in the length of run between the
shock and the subsonlc diffuser. This trend is in agreement with
the results of reference 1, where pressurs ratios near theoretical
wore obteined in constant-ares round pipes &t a test-section Mach
number of 2.0 with a distance from the shock to the subsonic diffuser
inlet that was approximately 10 dilemeters. Thus the performance of
the subscnic diffuser 1s largely dependent on the condition of its
entering flow.

Datae from a typlcal resding with suction applied are shown in
filgure 4. For each reading the pressure distribution, the weight-
flow removal distribution and the pressure recovery at stations 3
and 4 were determined.

The shock-wave configuration appeared as a blurred branch shock
when viewed on the ground glass screen. Hlgh-speed schlieren photo-
graphs, however, revealed a multiple-branch shock as shown in the
sketch in figure 4. In genersl, the pressure rise on the wall was
apparent 2 to 4 inches upstream of the free-stream shock wave as
obgerved with the schlieren apparatus. This trend was probably due
to the interaction effects between the inltlal shock wave and the
boundary leyer. The static-pressure distribution on the wall always
showed a2 pressure rise starting steeply and then gradually decreasing
in slope. The entirs static-pressure rise was less than indlcated
by & theoretical normal shock at the free-stream Mach number. As
would be expected, the bleedoff-dlstribution curve followed closely
the shape of the pressure-distribution curve.

If suction were applied to flow configurations with severe
boundary-leyer separation, it is expected that the boundary-layer
would be pulled toward the walls, thus diminishing the extent of
the separation and consequently decreasing the over-all regquired
pressure ratio. The data for a typical run shown in figure 5 Include
the variation with shock position of Pp/P, and Py/Pz. When the

shock was moved upstrean, Po/?4 decreased rapldly and the bleed
welght-flow ratio W,/Wy increased. The mean value of Py/Pz was
about 10 percent above the theoretical normal shock velue.
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A summary of the effect of the boundary-layer suction on the
over-all required pressure ratioc 1s shown in figure 6(a) by cross
plots of curves for each run (similar to figs. 3 and 5). The pres-
sure ratios Py/P, eand Py/Pz are plotted as a function of

Wb/Wt for several values of 1/h. The cross-plotted points are

shown for a value of 1/h of 2.0 to indicate the magnitude of
scatter.

The date shown in this report pertain to the case of a weight-
flow removel distribution adjusted as mentioned under APPARATUS
AND PROCEDURE. It was found that the. bleedoff farthest downstream
could be appreciably reduced without notlceably affecting the tunnel
operating pressure ratio. Further refinement of bleed distribution
may therefore lead to greater power sevings.

As previously mentioned; the instellation of the screen caused
the value of Py/P, to increase for Wy/Wp = O. This increase is

shown by the rise in PO/?4 from the sguare symbols to the falred

curves for each value of 1/h in figure 6(a). Presumably, the
extent of this inltial increase could be affected by the smoothness
and percent open area of the screen used. For this investigation,
howsver, these parameters were held constant. After the initial
increase I1n pressure ratio, the application of bleedoff produced

& drop in pressure ratio below the original value, thus ylelding

a net gain. (The dashed portion of the curve represents the prob-
able ‘trend between zero suction and the lowest value of Wh/WT

investigated.) When the suction was mostly upstream of the shock
(for example, 1/h = 2.0) a point was reached at which the pressure
ratlio began. to increase again. This reversal could be attributed to
an effectlve arss Increase created by the suction ahead of the shock
wave. Apparently, at thls polnt the effect of the expansion
exceeded the bensficilal reattachment effect behind the shock. In
agreement with this hypothesis, the value of W,/Wp at which the

upward trend occurred increased with increasing 1/h (decreasing
supersonic suction area) until at Z/h = 4.5 the maximum value
of Wb/WT avallable with this equipment produced no reversal.

The variation of Py/Pz with W,/Wp is also shown in fig-
ure 6(a). The upward trend of Pp/P, . (et high values of Wy/¥q)

for 1/h of 2.0 and 2.5 was of such magnitude that it might be
completely accounted for by the corresponding increasse in PO/PSJ

and tends to conflrm that the effect was due to & supersonic
expansion. In general, the shape of the Pgo/P3z curves is not
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clearly understood; however, the varlation of magnitude in each cese
was always less than £0.03 from a mean value. Essentlally then,
most of the savings dvue to the suction were apparent at station 4
and not at station 3. These gains will be discussed in detail
subsequently. :

1388

The percentage saving Iin pressure ratio PO/?4 is shown as

a function of 1/h in figure 6(b). The gains decreased (approx-
imately linearly) with increasing settling length 1/h. From this
variation it would appear that for a sufflclently great value of
I/h no saving would result from the application of suction. A
reasonable hypothesis for this length would be the length necessary
for natural reattachment as mentioned in reference 1.

A reduction in reguired pressure ratlo of a supersonic tunnel
is desirable because of the associated decrease in compressor (or
exhauster) pressure ratio snd the resultant savings in power reguire-
ments. Whén a decrease in pressure ratio 1s accomplished by means
of & suction installation, however, the power requiremenis of such
an installation may offset any power gains due to pressure ratio.
It is thus of interest to compare the preasure-ratio gains shown in
figure 6 in terms of total power reguirements including bleed-off
power. A power factor K (derived in appendix B) is used for this
purpose; K is defined as the ratio of calculated total power
(1including bleed-off) to theoretical normal-shock power.

The variation of this total power factor with weight-flow bleed-
off for the six shock positions previously discussed is shown in
figure 7(a). The horizontel line for each position represents the
power requirements of the original tunnel. For a given shock posi-
tion, the power began to decresse wilth Increasing bleedoff but
reached a minimum value before the corresponding pressure ratio was
minimized. The power then increased at approximately the same rate
at which 1t bed decreased. As 1/h was increased the net power
savings became smeller, until at about 1/h = 4.0 where no saving
wes reallzed.

A breakdown of the power reguirements for 1/h of 2.5 is
presented in figure 7(b). The general shape of the curves does not
vary significantly from one shock position to another. The upper
curve is the same as that for 1/h = 2.5 in figure 7(a), which shows
very little total power saving. For all shock positions the power
required for the bleed process increased linearly with Wp/Wp, as
would be expected. The internal power curve represents the total

power required minus the bleed power. It is noted that at the
optimum condition the internsl-flow power required hes been reduced
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approximetely 8.5 percent. Thus a significant gain in the primary
compressor or exhauster power requirements may be attained if a
limited power supply is available for a given tunnel installation.
The lowest curve in figure 7(b) shows the power required for the
flow to the subsonic-diffuser inlet (station 3). The greatest
variation in powsr required (and hence absorbed) therefore must
have occurred in the subsonic diffuser. The power reduttion
caused by the bleed i1s of the order of 50 percent and may

appear slightly paradoxicel inasmuch as no suction was applied in
the subsonic diffuser. This result suggeste that the improvement
is due to a change in the nature of the flow entering the subsonic
diffuser.

The most direct evidences of changed inlet-flow conditions are
the schlieren pictures of the terminal-shock form with and without
boundary-layer suction shown in figure 8. The verticael lines across
the photographs are wires strumg outside the tunnel to locate the
Junctures of the suction compartments (every 2 inches) along the
4-inch walls. The numbers identlfy the various compertments start-
ing with number 1 as the farthest upstream. Figures 8(2), 8(b),
and 8(c) show the shock for the range of l/h investigated with
the Tlow direction from right to left. Because the schlieren
Inife-edge was horizontal, the boundary layer appears as a darksned
reglon at the top and a light reglion at the bottom of the photo-
graphs. The boundary-layer separatlion and thickness are shown
t0 be considerably reduced by the action of suction. The shock
wave appears as a multlple-branch shock configuratlion, with the
branching diminishing appreciably with suction. Four multiple
shocks can bs seen in some of the photographs and es many as seven
haeve been observed. Proceedling downstream each shock appears 1o
deteriorate somewhat from the preceding one. This deterioration
is most noticeable with suction applied. Figure 8(d) shows the
effect of schlleren knife-edge orientation. The shock position is
the same as in figure 8(b) with suction applied, but the knife-
edge has been rotated to 2 vertical position. Some weak shocks
originating from the Junctions of suction compartments are visible
in figures 8(b) and 8(c).

Because the presence of multiple shock-waves in the channel

only requires that the flow be supersonic immediately upstream of
each shock, it does not necessarily define the Mach number of the
flow in the entire reglon between the shocks. Thus thers is the
posaibility of a subsonic Intermediate reglon with & re-expansion

to supersonic flow. If the latter were the case, the shock waves
would each conform with the one-dimensional normel shock concept.
However, the observation of bow waves in front of a blunt body placed
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throughout the region between shocks denies this possibility and
suggests a shock structure of a varlety other than normal shocks.
The loocation of the bow weve with respect to the body indicated
that the Mach number between the multiple shocks decreased in the
stream direction. The fact that the wall stetic-pressure rise per
"section" of this shock configuration (fig. 4) is much less than
thet for a theoretical normsl shock also tends 1o corroborate this
hypothesis. Additlonal evidence of the weakness of the individual
shocks 1s supplied by the fact thet the over-all total-pressure
loss through the group of shocks is only slightly greater than a
theoretical free-stream normal shock (figs. 3 and 5). Further
understanding of this type of shock configuration wlll depend,
however, on a total and statlic pressure probing of several experi-
mental configuretions.

High-speed schlieren motlon plctures showed that for the case
of the unaltered tunnel the shock configuration hecame very unsteble
in the constant-area section. The configuration would osclllate as
a vnit in the upstream-downsiream directlon with an amplitude wp
to 10 inches and with an unconstant frequency. Upon instasllation of
the screen but with no applied suction, the instabllity was increased,
especially in the regilon of the upstream end of the suction wall.
For thils conditlion the amplitude was sometimes as great as 15 inches.
With optimum bleedoff the amplitude of the oscillation was greatly
reduced, being from 1 to 2 inches at the downstream end of the
suction wall and 4 to 6 inches at the upstreanm end.

The evidence indicated by the schlieren of altered inlet con-
ditions for the subsonic diffuser is also shown by measured total-
pressure profiles such as those in Tigures 9(a), 9(b), and 9(c) for
the same values of 1/h shown in figure 8. The effective subsocnic-
diffuser inlet Mach number Mg, whilich is also tabulated in fig-

ure 9, was calculated from the integrated total pressure and an
everage of e wall and a center line static pressure. Presuming that
the significance of & profile depends on the portion of the perimeter
of the duct it affects, the profile across the 3.84-inch dimension of
the tunnel is the more lmportant hecause 1t represents 72.3 percent
of the perimeter of the tunnel. The general trends shown 1n fig-

ure 9 are: (1) Installation of the screen with no applied suction
crested & more peaked profile, which could be assoclated with greater
mixing losses; at the same time the inlet Mach number was, in gen-~
eral, slightly increassed. (2) With commencement of suction the
profiles flsttened and the inlet Mach number decreased with lncreasing
bleed-off.
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The verlation of proflle and M, was apparently producing the

great change in subsonic dlffuser losses previously shown. In
order to determine which of these variables created the most effect,
it was necessary to isclate one. A method of dolng this was

to plot the effect (subsonic diffuser pressure recovery) as a
function of the varlable My, &as shown in figure 10. Curve A

is the locus of test points for the original unaltered tunnel and
for the tunnel with screen ingtalled and suction applied. For
these conditlons e variety of profiles was observed. Inasmuch as
the points fall nearly on ocne curve when plotted as a function of
Mach number, 1t mey be concluded that for these condltlons the
variation of Mg was primarily responsible for the variation of

P4/P3. For the case with the screen installed but no applied

suction (curve B), the points fall below curve A. For this case,
therefore, the proflle was sufficlently wnfavorable to reduce
the pressure recovery at a glven velue of Mg. Inasmuch &8s no
extremely low values of W,/Wp were investigated, few inter-

mediate points between curves A and B were obtained. (See dotted
portions of curves in fig. 6(a).) Primarily then, figure 10
indicates that unless the profile of the entry flow ls highly
wnfavorable any change in subscnic diffuser pressure recovery due
to suction upstream is largely the effect of & change in inlet
Mach number.

The tebuleation of Mg In figure 9 also indicates that with no
bleed the inlet Mach number cen be appreclably reduced by allowing
some constent-ares length behind the shock before the subsonic dif-
fuser. This trend 1s more easlly seen in figure 11, where Mg is
plotted as a function of 1/h for the original tunnel and for the
altered tunnel with approximately optimum bleed-off (neer minimum
pressure ratio). The curve for the altered tunnel is an indication
of the amount of length that may be replaced by suctlon for equiv-
ealent Inlet Mech numbers for thls configuration. The upper curve
also shows the variation of effective Mach number behind the shock
in the constant-area section. With sufficient length, the Mech
number ls shown to approximetely sttaln the theoretical normel shock
value. The dashed portlon of the curve indicates the trend obtained
from the previously mentlioned bow-wave observation.

SUMMARY OF RESULTS

l. In a conéta.nt-area channel operating at a test-sectlon Mach
number of 2.0, the normal shock predicted by theory did not mater-
ialize. Insteed, there was & multiple-branch shock configuration
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accompanied by boundery-leyer separation and a gredual stetic pres-
sure rige on the wall. The structure of the shock configuration is
not clearly understood, but observation of schllieren plctures of
the flow Indlcated that the veloclity was supersonic in the reglons
between the multiple shocks and decreased in the downstream direction.
Associated with this conflguration of shocks and boundary-layer
separation was & high degree of Ilnstabllilty indlcated by e sirean-
wise osclllation. With no suction appllied the amplitude was occa-
slonally observed to be as great as 10 inches. With optimum bleed-
off, this amplitude was generally decreased to less than 6 Inches
and occaslonally to less than 2 inches.

2. With sufficient constant-area settling length behind the
normal shock to permit flow reattachment, the changes in static pres-
sure, total pressure, and Mach number approached those predicted by
theoretlicael ocne-dimensionsl normel shock values.

3. Boundary-layer suction in & constent-aree section decreased
the severity of separation end the Mach number behind the shock con~
figuration and consequently resulted in sn improvement of pressure
ratio. In a 3,84~ by 10-inch tunmel operating at a test-section
Mach number of 2.0, a reduction of operating pressure ratio of

greater than 4 percent was observed with 2% percent bleedoff from
the 3.84-1inch wells.

4. In general, the reductlon in operating pressure ratio was
primerily accomplished by the reduction of the Mach number at the
subsonic-diffuser inlet. The assoclated chenge In total-pressure
profile may also have improved the pressure recovery, but unless
the profile was highly unfavorable the effect of chenging it appesred
relatively small.

Lewls Flight Propulsion laboratory,
National Advisory Committee for Aercmautics,
Cleveland, Chlo. .- _
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APPENDIX A

SYIMBOIS

.The following symbols are used in this report:

mﬁz

Pa. ’Pb

specific heat, Btu/(1b)(°R)

height of tunnel, 10 in.

total calculated power
theoretical normel shock power

power factor =

distance from initlal well-pressure rise to subsonic-diffuser
inlet, in.

test-sectlion Mach number

effective Mach number at subsonic-diffuser linlet

total pressure, in. mercury absolute

total pressure ahead of and behind the normel shock, in.
mercury absolute

static pressure, in. mercury absolute

Initial and fhina.l pressures

initial total temperature of air, °R

welght flow of air bled, lb/sec

total weight of alr passing through tunnel,' lb/sec

distance from vertical center line

distance from vertical center line to wall, 1.92 In.

distance from horizontal center line

distance from horizontal center line, to well, 5 in.
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7

ratio of specific heats, 1.4

Subscripte:

0

3

4

condltions in settling chamber
conditions at subsonic-diffuser inlet

conditions at subsonlc~diffuser outlet

NACA RM ESOHO4
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APFENDIX B

DEFINITION OF POWER FACTOR
The rate of work, or power absorbed, by pumping a gas between

two stations may be defined by the isentropic enthalpy change
between the two stations. Thus,

P
7
Btul _ P2
Power ('S-E-c-) = WTCPTl (p—l-) -1 (l)

where Py > Py. When the flow follows several paths, the power
required can be defined as the sum of the individual powers. Then

p A
N P2,n 7
Power = cpTy g W, (——i—) -1 (2)
Py
D

n=1

For a supersonic wind tunnel with given test-section size, the Mach
number and the inlet condltiomns Wp and T, are known and a theo-

retical normal shock totel-pressure ratio Py/P; is defined. Then
the theoretical normal-shock power can be written

7
P
a
Normal shock power = Wipc Ty (f;> -.l (3)
where
Pa total pressure ahead of normal shock

P, total pressure behind normal shock

A nondimensionel power factor, defined as the ratio of the cal-
culated actual power to the theoretical normsl-shock powsr,; can
then be expressed as follows:

13
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-1
P, 1\ 7
cpTa E Vn (5—1§) -1
1
K = Power . = n=1 ~ . (4:)
Normal shock power 7-1
Pa Y
WTcpTl -1
which can be rewrittien as
- -1
Z (wn) (Pz,z) 7
I = -1
= \"T/{\"1,
K = 2= (5)

Equation (5) 1s the power faector used in this report. The numerstor
may be separated into internsl power and bleed power for ease of
identification, which gives

21 -1
()7 o > ()
% Fa =1 ¥ | \P1,n (&)
-1

()
2 -1
Py

where the summation in the numerator now represents the portion of
the power factor requlred for the bleed process.

For the'evaluation of power factor in this report, Pi.n W8
2

taken as the measured pressures in the individusl l1-inch suction
tubes and pz n wes taken as the recovered total pressure P4.

Thus 1t was assumed that the bled welght flow was pumped from +the
meagured static pressure to statlon 4.

1388
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Figure 4, — Data from typical reading,
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Pigure 6, = Effect of boundary—layer suction on total-pressure ratios,
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Figure 7, — Variation of power factor wlth bleed weight-flow ratio,
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Pligure 7, = Concluded, Variation of power factor with bleed
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Figure 8, — Schlieren photographs of terminal—shock conflguration
with and without boundary-layer suction, Exposure, 4 microseconds.
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Figure 8, = Continued, Schlieren photographs of terminal-shock
configuration with and without boundary-layer suction. Exposure,
4 microseconds,
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Figure 8. -~ Concluded, Schlieren photographs of terminal-shock
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