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. ———

The work contained in this report was performed for 8verdrup & Parcel,

Inc. under G.A.L. Service Contract SCD-10, as part of Air Force Contract

- o

AP 33(038)-9928. The work constituted research directed toward the design of

the Propulsion Wind Tunnel of the A.R.D.C.
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SUMMARY

Bxperiments have been carried out on a small-scale perforated-wall transonio
wind tunnel over a range of Maoh numbers from .8 to l.{ to determine flow uniformity
length of tunnel required to attain uniform flow, shook cancellation oharaoteristios
and suotion power requirements. The results show that satisfeotory flow uniformity
is attainable in tumnel lengths oomparable to the tunnel depths. In particular,
it is observed that the disorete disturdances arisimg from individual holes in the
wall do not produce marked effeots on the flow except im the immediate viocinity
of the wall. Qualitative analysis of schlieren photographs disoloses powerful
shook oanoellation oapabilities of a perforated wall for a wide range of shook
strengths. B8Suction powsr required to ohange tunnel Mach number in the supersonio
range is in fair agreemsnt with theory, but suotion power required to b}.‘h\g the
tunnel to sonio speed oannot be predioted by any presently available theory, and
is oonsiderable. B8cale effeots may be impcrtant im this phencmenon; and larger

scale experiments would be desirable.
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INTRODUCTION

It has been reoognized for some time that the conventional solid wall wind
tunnel is inadequate in the high subsonio and transonio speed range. This in-
adequaoy is primarily due to the ohoking phenomenon which ooours when the area
inorease in the test seotion, oaused Ly the presence of the model, is great
enough to “ause an aocceleration of the mean tunnel flow to a Mach number of one,
which limits the equivalent free-stream velooity to a lower value. This iimit
on test seotion Mach number prohibits tests in the transonic regioz and makes the
problem of oorroofing tunnol data to free flight oonditions a very diffioult on}'%

Work on the alleviation of the ohoking phenomenon by the NACA led to the
development of the slotted transonio tunnols". The fundamental idea behind the
slotted test sestion is the alleviation of the ohoking oondition by allowing some
of the tunnel stiream to flow out of the test seotion at or near the model through
longitudinal alots. This is roughly analogous to inoreasing the test seotion size
in relation to the model size, and thereby extending the usable Maoh number range
of the tunnel. In fact it was found that operation through the transonio into
the supersonio range wai possible. Continued work on the slutted test seotion
over the past several years has resulted in attainment of very satisfastory
tunnel flows and in reduotion of initially high power requirements. Ome further
major problem which must be considered is the refleotion of model-induced dis-
turbances from the wall in supersonio operation. A eonsideration of this problem
lcads to the oonoluli;n that longitudinal slots of large width and spacing oom-
pared to the tunnel lateral dimension oannot lead to satisfastory alleviation of
suoh disturbances, sinoe the disorete refleoted shock and expansion waves from
sucoessive open and olosed seotions of the tunnel wall cannot combine in such a
way as to oanocel before striking the model. At low supersonio Mach numbers

the refleoted waves from the model nose will strike even models of extremely short

o-l-
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lengths.

A logical extension of the slotted-wall tw.nel is the ideal porous-wall
tunnel. 1In such a tunnel, the passage of mass flow out of the working section
could still be accomplished, but ¢he uniform properties of the wall would theo-
retically permit seleotion of a perosity value such that shocks and expansions
striking the wall could be oompletely o ancelled to the first order. For waves
of finite strength, complete cancellation is theoretically possible only for waves

of one partiocular strength, but substantial reduction of the strength of the

U/
refleoted waves is possible over a oconsiderable range of inoident-wave strongthl'lo

Tests of tunnel-wall materials closely approximating ideal homogeneous
porosity, such as sintered metals and fine mesh soreens ars reported herein and
have also been conducted by the NACAS:6+7, 1In general, the resultc show that the
theoretioal advantages of such materials as regards wave cancellation are aotually
realized, at least qualitatively. There are, howsver, considerable structural
diffioulties involved in the utilization nf suoh materials in large tunnsl oon-
struotion and, in addition, they are highly susoeptible to ologging with grease
and dirt.

Studies at C.A.L. led tc the conclusion that ideal porosity might not be
necessary, in the sense that the porous wall might have a finite-size-grain
struoture, provided the size of suoh struoture were small compared to the tunnel
dimensions. Imn partioular, perforated metal sheet was deemed to be suitable
because of its eminent vraotioadbility for large tunnel ocnstruction.

The nature of the loames through a perforated wall is sush that use of main
stream power to foroce the flow through the wall and then back into the tunnel
with resultant low total head at the entry to the tunnel diffuser, appeared to
be ineffioient. It was, therefore, proposed to iaduce the flow through the porous

wall by the use of suotion power at the working section rather than by means of
-2-
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nmain stream drive power, as had buven dene in all the previous transonic tunnels.
The air removed could then be reinjected into the diffuser at high total head in
the oase cf a olosed-return tunnel. The tunnel usad in the present experiments
was not a return tyée so that reinjeotion problems were not investigated.

Since some of the virtues of the slotted-wall tunnel first became apparent
from the fact that it appeared theoretically oapable of giving zero blookage
interference corrections on the tunrsl axis in subsonic flow, it was deemed
worthwhile to investigate this problem for the perfcrated-wall tunnel. This
was done first in Ref. 1l for a two-dimensional body in a two-dimensional tunnel,
and it was found that a condition for zero-interferenoe also existed for a tunnel
with perforated walls.

Cn the bssis of preliminary analytical studies of length of tunnel required
to reaoh a given Mach numbsr, power requirements, shook caneellation, and subsonie
interferenoe characteristios, it was soncluded that the perforated-wall tunnel

offered considerable promise as a transonio research tool, and should be inveati-

their Air Poroe prime contract AF 33(038)-9928 to oonduct small-soale experiments
on & perforated-wall tunnel. This report presents the rosults of the first phase
of this work. which was conoerned with tunnel length required to produce a given
supersonio Maoh number, transonio blookage oharacteristios, and suotion power

requirements, as affected by variocus wall materials and configurations.

-3 -
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DESCRIPTION OF MODEL AND TEST APPARATUS

The model tunnel construoted for this investigation was a suotion type non-
retura tunnel with a test seotion 2 1/4 x 4 x 12 inches (Pig. 1). The vertioal
walls were made of giass to permit schlierea observatioas while the horizontal
w‘lla were made of various porous materials mounted om removable speoimen holders
to facilitate change. 8tatio pressure taps were located in the porous walls and
provision was nndo’ for surveys laterally througk a metal vertioal wnll,.wh:loh
replaced cne of the glass walls for this purpose. The primary tunnel stream
exited through a diffuser, whioh was adapted from a previous supersonio wimd-
tunnel model to the suction pumps. The air that was removed through the porous
walls passed through relatively large plenums looated above and below the test
speoimens and finally through a gate valve (used for ocontrol of the plenum
pressure) to & vacuum punp. The mean velooity in these plenums was always
essentially sero. Pressure taps were loocated in each plenum. Alr was fed
to the tunnel from the air dryer through a large plenum ohamber built onto
the tunnel intake to receive the air from the air dryer. Airfoil models were
supported by Luoite disos whioh fitted into metal rings mounted in the vertiocal
glass walls of the tunnel.

The main tﬁnnol drive oonsisted of eleotrio motors totaling 600 horncpawo;
while the suotion plenum pump was driven by a 40 horsepower eleotrio motor,
These powers are mentioned as a matter of reocord and have no bearing on the
ideal power required to operate the test seotion tested, sinoe the adapted
tunnel diftuser was known to be very inefficient (this was unimportant for this
npplio;xion. sinoe excess power waz available) and sinoe a long tun of piping
between the suotion plenums and the vaocuum pump plus losses through manifolding
and the ocontrol valve produced an appreciable total head lo=ns. |

Instrumentation oconsisted >f the statio pressure taps lccatsd on the porous

n‘n
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walls and pressure taps located in the suotion plenums mentioned above as well as
a pitot-statioc probe used for surveys within the stream. The pitot-statioc probe
was mounted on a double wedge airfoil of a smull enough included angle to give an
attached shoock at a Mach number in excess of 1.20. Mass flows suoked through the
porous wall were measured by means of ocalibrated venturi meters. Mercury and
water manometers were used to measure all pressurus.

The porous walls were adjustable from 0° to about 0 divergence from the
tunnel center line. However, when the walls were diverged a bump at the test

section exit (due to the fixed diffuser intake) formed a second throat. This was

. not an ideal arrangement but was aocepted for expediency as an adjustable diffuser

would have necessitated the design and construction o’ a ocomplete new diffuser
instead of the adaptation of an existing one. The sgecond throat in itself served
the desirable purpose of stabilising the tunnel flow in the transonis range.

Photographs of the tunnel test seotion, suoction plenums and piping arrangement,
dry air plenum, tunnel diffuser and vacuum pump are presented in Pigs. 2 through 8.
Pertinent physical and air flow charaoteristios of the wall specimens tested are
desoribed in Ref. 9.

DISCUSS8ION OF RESULTS

Longitudinn.l Mach Number Distribution

Wall pressure taps provided a very rapid indication of Mach number distri-
tution but the resdings were not very satiafactory from the standpoint of aoouracy.
It will be noted in any of Figs. 6 to 13 that for a given wall oconfiguration, the
peaks »nd valleys of the wall pressures remained at the same gecmetriocal location .
for all supersonic Mach nurbers tested. This would seem to indicate the presence
of looal disturbances in the wall at the pressure tap rather thcln e geoneral non-

uniformity of the flow. The method of scldering the pressure tap to the thin-ohutr

- 5 -
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walis was such as might be expected to produce loosl irregularities in the wall.
The very uniform Mach number distributions found laterally and vertiocally by
means of probe surveysover most of the tunnel (uo‘figf. 19 and 21) provide
further evidenoe that tunnel flow is oonsiderably better than indioated by wall
pressure taps.

The first wall specimen tested was made up of two IT Erdle sheet, with holes
aligned, on each wall. The perforated walls were set up parallel and runs were
made for various plenum ﬁrouu'ru resulting in a range of terminal Maoh numbers
from about 0.8 to 1.3. ‘.l'ho N.lultl are proiontod as Mach number variation with
tunnel length in Pig. 6. 4is may be seen from an examination of this figure, the
Maoh nusber distribution for the lower tarminal Mach numbers is within tolerable
iimits but deterioraves rapidliy as the terminai laoh number apprcaohes 1.3.

In an attempt to imoreve the "1_{1«' the perforated walls were diverged to an
inoluded angle of one degree and the above outlined procedure was repeated. The
results of thls series of tests are presented in Fig. 7. It is apparent that the
longitudinal Mach number distribution was improved. Time did not permit the
determination of the optimum value of inoluded angle for Mach number dilt}ibution.
It would be of questionable valus to spend much time in determining this anyway,
in the exploratory phase, as it probably would be different for every wall material,
an? very muoh a funotion of tunnel soale. Experimental evidence of this will be
discussed below.

The number OO0 Erdle sheet wall speoimen gave a better longitudinal Mach
number disgtribution than did the two IT sheets for zero degrees inoluded angle,
as may be seen from Fig. 8. With this wall speoimen, diverging the walls to a
onoe degree included angle actually resulted in a poorer longitudinal Maoh number
distribution thean with parallel walls although the terminal Mach number for the

—~

same tunnel power was inoreased slightly (Pig. 9). This would indicete that the - -

most desira’ le divergence angle is probably a function of the wall poronit_y. %

-6-

CONFIDENTIAL

A A AR 9 R g T s S MR {5 - et o et e 4 TO ke e A= tT-—‘~-—n—~_~

+




T ey gLt

oy RS

v

RSN R ST

BT

-:?‘ s Bk

e v "CONFIDENTIAL DL

length of test ab&t::!.'gn.,\ tunnel Reynolds number, etc.

To oéypn.ro a tmiyi‘-i)_é;@i-iwull (one approaching ideal porosity) with the
porforutod a'hoot ;0.1117(_(;7310;:}0 only an epproximation to a porous wall as they
contain ﬁl_l.ﬁv!‘f‘”'f. holol_)“.lintered bronze sheet was used for one series of tests.
The longitudinal Mach hﬁnber distributions obtained with the sintered brcnze walls
are presented in Fig. 10. 4As may be seen from this figure the distridutions are
quite as good as those obtained with the perforated sheet for oomparable terminal
Maoch numbers. However, it is plain from & ooxparison of the above mentioned
figures that the terminal Mach anumber is achieved in a much shorter length with
the perforated sheet walls. As & matter of feot, for the higher terminal Mash
numbers, the maximum Maoh number is not achieved in twelve inohes (or three
tunnol'dopthl) with the sintered bronse, as may be deduced from the comtinually
inoreasing Mach number wifh the tunnel length. MNore porous sintered broase,
whioh would have reduced the length required to produce a given Mach number was
not fourd to be commeroially available. Diverging the sintered bronse walls one
degree - sppeared to shorten lli;)gtly the length neocessary for achieving a given
Meoh number (Pig. 11), but did n'ot improve the longitudinal Mach number distri-
bution. |

To further extend the oomparisou of the perforated wall with walls epproashing
1deal porosity, tests were run using fine mesh soreen or woven wire oloth as wal].l;
The walls were mads up of six layers of 200 mesh wire oloth per wall. 8satio
pressure taps were installed along the soreen wall as in the other walls tested.
This resulted in a oomparatively “sloppy" joint around the pressure taps as 1%
was found quite diffioult to solder tubing to six layers of very flexible wire
oloth. The wire oloth wall i%self was qQuite flexible and waves woro'notod in
she walls during experimentation. In view of this inherent quaiity, the Mach
nuxber distributions presented in Pig. 12 are surprisingly good. The -oroon‘
walls allowed the attainment of terminal Mach number in abous the same length

o
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as the perfurated sheet walls (approximately one tunnel depth). As with the

sintered bronte sheet, diverging the screen walle inoréassd the terminal Mach
number slightly, but did not improve the ongitudinal Mach number distribution
(rig. 13).

Schlieren photographs of the flow in the test sectiom with the four wall
materials disoussed above are presented in Figs. 14 through 17. All photographs
woere made with walls diverged and for the maximum terminal Mash numbors astainable
and so represent the poorsst flows for all materials except the IT walls ( in
whioh case the flow was improved Ly the diverging walls over the parallel wall
oase, as disoussed above). The sohlierens are significant inasmuch as they
indicate a rapid decay of the disorete discontinuities generated by the holes in
the perforated walls as these diroontinuities propagate into the stream (Pigs. 14
end 18). The flow in tho'tut sootion, disoounting the flow in olose proximity
%o the walls, for the perforated sheats appears to be as free from discontinuities
as that for sintered bronse walls (Fig. 18) and superior to that for soreen walls
(Pig. 17). 4 more positive oheok on this was the versioal total head survey
disoussed delow. |

In all the photographs disoussed above the flow is from right to left and

the normal shock whioh appears is due to the physioal seoond throat formed by -

the divergent walls as desoribed i'n the ._looﬂon Desoription of Modsl and Test

taratul.

Lateral and Vertioal Mach Number and Stagnation Pressure Distribution

Lateral surveys of total and -tﬂtig prezsures were made at two ifst‘iona,
6 3/8- inches and 10 7/8-inches dmgtrua of the beginning of the porous wall.
From these measurements Maoch numbers nfo oomputed and plots of lateral Mach
number and tctal pressure distributions for the 6 3/8-inoh statioa ars presented
in Pigs. 16 and 19. The peouliar “valley™ on one side of the plots is believed

dus to a probu interference effeot as shown in Fig. 20 where wall pressures were
- B ou
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used to oompute Maoh numbers near the wall for three probe positions. Apparently
the probe spanning the tunnel has an appreciable effeot on Maoch number distri-
bution and so would load toc erronsous values of static pressure in the stream.

In view of this,it is suggested that the lateral surveys be oonsidered only to
the oenter line of the tunnel; in other words, as half surveys. These values
should be essentially oorreot.

A ocrors plot of the lateral survey on the tunnel ocenter line results in the
graph presented in Fig. 2)l. It is obvious from this figure that disoontinuities
from the disorete holes in the perforated sheet are oancelled rapidly as they
propagate into the stream and have a negligible effect on total pressure b‘yond
about one-quarter of an inch from the walls.

Considering the faot that a minimum of effort was expended on improving
the flow in the tunnel, the vertioal Mech number distribution appears to be
exoellent. .

The lateral surveys for the seoond station are not presented in this report
bsoause, as the wall statios indiocate, the flow at the end of the test section is
poor probably partially due to some flow reen“ry from the plenum aad partially due
to the effeots of the physiocal discontinuity oaused by the diffuser aund test
section wall joint, as disoussed on page § .

Control of Yest Section Mach Number Through Transonio an‘ggyith.é'f;r Cent
Bioonvex Airfoil in Test Seotion

To investigate the blookage oharsoteristios and oontrollability of tosf
seotion Maoh number through the transonic range with a typioal test mudel mounted
in the test seotion, schlieren photographs and longitudinal Mach number distri-
butions were obtained with a 8 per cent bioonvex airfoil model at 0° and 26 sngle
of attaok for various tunnel Mach numbers from about 0.8 to 1.25. These tests
wore made with the parallel No. 00 Erdle sheet walls. The lchli;-on photographs

of the flow around the airfoil at 0° angle of attack and the oorresponding Maoh

u-'ng-
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number diltriﬁutions as determined from wall static pressure measuremeants for
the range of Maoh numbers of 0.8 to 1.25 are given in FPige. 22, 23 and 24. In
these tests the model center line was lcoated 10 inches from the test seotion
entrance and the model chord was 1.5 inches. As may be seen by the progressive
wave formations on the model as the .,_Haéh nunbe;' inoreased, the model was not
perfeotly aligned with the flow, but was at a nry slight angle of attack.

It is interesting to compare tho llioh number distributions for given’
terminal Mach numbers with the oorr_uponding lohuoremn‘photogrlphl. The formation
of waves on the airfoil, the approaoch of the detached shook and its final as-
tachment to the airfoil as the séream Mach number imcreased and the effeot of the
waves on Mach number distributions through the transonic into ths superscaie
range may be studied from this series of figures. All conditions piotured here

were easily repsated in the tunnel, tested anproaching from either the high or
low Mach nunmber side.

Pigs. 26 shrough 3.1 present the longitudinal Mach nunbo.r distributions and
sohlieren photographs of the flow about the airfoil at a 2° angle of attaock.
Here again,the wave formations on the airfo'il as the flow passes through the
transonic range into the supersonic range are olearly shown. Again all oon-
ditions were easily duplioated.

Although the walls were not of the oorreot porosity for ocomplete cancel-
lation of thewawefrom the model, it is apparent from the photographs that only

very weuk disturbances were reflected throughout the Mach number range tested.
Listed below are the idesl porosities for oomplete wsve cancellation and the

aotual parosities for the three Mach numbers oorresponding %o the sahlierens
of Fig. 24. The 1deal porosities were oomputed according to the thecry of

Ref., 10, and the actual-porosities were mnuredg .

Mach ¥o. 1deal Porosi&l Astual Porosity

i.12 -00611 .0309
1.20 .00628 .0240
1.25 .00986 .0245
= 10 -
CONFIDENTIAL
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Power Requi.roiantl for 8ustion

In an attempt to establish the order of magnitude of suotion powers required
for various terminal Mach numbers, aotual mass fiows through the porous walls were
measured by means of a calibrated venturi meter while the tunnel was in operation
and the pressure ratio through which this mass of air had to be comproessed was
measured. The true weight flow variation for various terminal Mach numbers for
this specific tunnel using six wall oconfigurations is presented in PFig. 32. PFrom
these data ideal powers per square foot of test section area were oomputed and are
given in Pig. 34. It should be noted that the powers given are for atmospherio

test seotion stagnation pressure; the power required is proportional to stagnation

pressure. The data presented in Pig. 32 reveal that in accelerating the flow from

a Maoch nuabsr of spproximately 0.80 to about 1.25 about 356 per cent of the sotal
mass removed by suotion is used in woolorat:lng the flow to a Maoh number of
unity whereas according to simple one-dimensional theory®, & Mach number of

one should be attainable with no suotion,

The suotion power required $o sohieve a Maoh number of unity osnnot be
predioted on the basis of any presensly available theory, nor is the aschanism
involved very clearly understood. It may bs seen in Fig. 32 that, with no moass-
flow removel, the tunnel Mach number attained is somewhere between .75 snd .85
depending on the wall utorial snd ¢he wall divergence. With wall divergence,
the presence of a physiocal seocond Shroat at the entrance %0 the diffuser, as
disoussed previously under Desoription of Model, tends to overshadow other

!
effeoss. For she parallel-wall cases, it appears that the lower the porosity

of the wall, the higher the Maoh number attained. At first it was thought that
the limitation on Mach nuiber without suoction power was entirely due to boundary
layer and friotion ohoking of the tunnel. 8ince the ratioc of boundary-layer

thiokmeass to tunnel depth is quite large in a solid wall Sunnel of the size used

- 11 -
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in these oxpox"imntl. this appeared to be a plausible explanation. The tunnel
with solid parallel walls choked at a Mach number of .78. If this were the ocase,
the ohoking Mach number would be very muoh higher in a large soale tunnel as the
ratio of boundary-layer thiokmess to tunnel depth deoreased. An examination of
the longitudinal Maoch aumber distribution for Qubsonio flow in the tunnel (for
example, Fig. 6) showed no progressive inorease in Mach number with distanoe
downstream of the throat, suoh as would be expeoted with ordinary boundary-layer
thiokening. In fact the Mach number remained virtually oonstant over the tunnel
length, and showed a slight tendenoy to rise only near the end of the porous
section. This olsarly indicated that flow through the porous wall was modifying

the meochanism of boundary-layer ohoking as observed in the tunnel with solid walls,

A further evidence of this effeot was the faot that the limiting Mach number was
a funotion of wall porosity as disoussed above.

A simple one-dimensional theory is not adequate to handle the problem of
subsonio flow in a porous-wall tunnel as disoussed in Ref. 8, There it is showmn
that a mass-flow inorease (or flow into the tunnel from the pleanum) is required
to raise the Maoh number to unity. On the other hand the pressure of the main
stream must deorease with increasing Maoh number, and the pleaum would be at the
pressure oorresponding to a teruinal Mach number of unity, or lower than it is
at the start of the porous seotion. Thus, the flow would be out of the tunne}
rather than into it. Thess two requirements on plenum pruiuro and mass flow
are obviously oontradiotory, so that the assumed mechaniam of operation must be
in srror. A possible explanation of what is ooourring may be made on the basis
of a branched-fiow hypothesis. Aooording to this hypothesis, the flow brenches
into two oirouits on ontering the porous seotion of the tunnel; one oircuit is
along the tunnel itself, while the other is out through the wall, through the

plenum and then baock through the wall into the tunnel near tho end of the porous

-120-
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section. Binéo there are losses in the main ocircuis, and oonsequently a pressure
drop, there will necessarily be flow through the plenum oirouit with the same
pressure drop. Whun no suotion is applied, this flow through the plenum cirouit
reenters the main tunnel stresm near the end of the porcus section. The reentering
flow is at low total head, dus to lolqon in onforing the plqpum. and oauses & i
pressure loss in the main stream. 1In addition, the reeuntering filow has ﬂ blocking
offeot. When suotion is applied to the plenum, a controlled amount of the flow {is
prevented from reentering, and when, finally, all reentry is provoni;od. a Meaoh '
number of unity is astained, if the withdrawn air nsar the beginning of the plenum
iuoludes most of the boundary-layer air. The aotual power to bring the main stream
up to a Mach number of unity in this oase oomes from the main tunnel drive; the é
suetion power serves only to prevent lossec and blockege dus to low-head air .
reentering from the plenum. Quite obviously, this qualitative approach leaves
aany questions unanswered and provides no means of estimating sucstion power re-
quiremsnts or the effects of scale. The need for further researoh on the subsonie !
operation of porous wall tunnels is apparent.

It is of soms interest to compare the mass-flow ratio to bring the flow to
& Maoh number of unity from a subsonio Mach number with the equivalent area ratio
required if a geometrioal blockage were oausing the limitation. The mass-fiow
ratio is the ratio of mass flow through the suotion pump to total mass flow at
the tunnel entrance. The gecmetrioal area ratio is the ratio

o,

‘t

These ratios are compared in Pigs. 36 through 38 for six wall oonfigurations, the
ares ratio analogy beiig labeled "“One-Dimensional Flow" and the actual measured

nmass-flow ratio labeled "Experimsntal.® An inspection of these figures shows the

CONFIDENTIAL

e oA . » BTt o a e, L
d 4




CONFIDENTIAL

v - two ratios are of the smme order of megnitude.

It is of intorest to oonsider the inoremental mass romoval necossary to

i

accelerate the flow from a Mach number of unity to a given supersonio value

Lied

B

rather than the total mass actually removed for purposes of comparison with

e

theory. The inoremental mass flows versus Mach number for six wall configu-
rnﬂom are presented in Fig. 33. Using ‘these inoremental mass-flow data, incre-

mental horsepowers per square foot of test section area for various terminal Mach

VIR RO Mg s e
\

numbers were oomputed and are grephed in Fig. 35. Also included in this figure

=
)

is a ourve of ideal power loss through the porous wall as deteramined from the

theory presented in Ref. 8. It should be stated that all curves are “ideal"

b S 1 gt Bk g

power loss, i.e., power required for suction with a 100 per cent effioient machine,

o
LIRS

bub all ourves exoept the one determined from theory were oomputed from measured

nass _flcn .md prossure ratios for the speoifioc wall materials lictod. It is
li;ﬁti&mt that all inoremental power ourves determined from experiment show
grecter panr.'louu than the theoretioal ourve ailhough the theory assumes total
dynamio h‘cd losaz when the removed mass passes through the porous walls. It is
also a uii\:o—nt_ftet that at the higher end of the Maoch number scale there is a

X RS R S A P TSI
.

remarkable difference in power loss for different wall materials ac determined
experimentally. The power ourve most olosely approashing the theoretioal curve
was obtained using the No. 00 Erdle sheet diverged one degree. All wall speoimens
tested showed an inorease cf slope of the power required ourve with inoreasing
Maoch number and eackL speoimen showed a deorease in power 'roquirod at a given Mach
number for the diverged wall configuration ocompared to the parallel wall oase.
This phenomenon may be due to a number of faotors such as effeot of diverging
walls on boundary layer growth, nozsle effeot due to divsrging walls and the
formation of a geometrioc second throat at the end of the teet sestion dus to

diverging walls (as disoussed in the seotion Desoription of Model and Test @Bputtull

Ftaskd. e ..-:?ﬂmﬁm; M?"mf v m-qmw o
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. It appears 1lpouibio to isolate single effects from the available data. >

Comparison of Theory and Experiment for Longitudinal Mach Numbar Distribution

One-dimensicnal theory for predioting longitudinal Mach number diltributione
is compared with experimentally determined longitudinal Xach number distributions
in Figs. 39.through 41. In these figures the iaoh number distributior predicted
by thnoryl.re shown by solid curves while the experimental Mach numbers as com-
puted from wall statio pressure readings are shown as symbols. The comparisons
for four “erminal Mach numbers using the two IT Erdle sheets as walls are pre-
sented in Figs. 39 and 40. The theoretioal predictions are quite good considering .
that the theory assumes ¢ linear variation of Ap across the wall with normal
velooity, whereas it is kmown that for the materials used this assumption is not
srus?. The aotual varistion falis botween a lincar and a square law, For these
oomparisons an experimentally determined Ap/ V was selsoted for each material
tﬁlt fell about in the middle of the extreme A p range enocountersd iz a g:inn
oase. This value of  Ap/V was substituted for k/4t as defined in Eq. (7)
of Ref. 8 for the determination of the theoretical Mech number distributions.

The comparison of theory and experiment for sintered bronte sheet and for

No. 00 Erdle sheet walls is given in Fig. 41. For these cases the theory is not

in as good agreement with experiment as for the two IT Erdle sheets. The sintered
bronte sheet is less pox;ous,tnd the Xo. OO0 Erdle sheet is more porous than the
3 No. IT Xrdle sheet. It appears thet the simple theory assuming one-dimensional °

flow and linear wall oharacteristics is adequate to show the order of magnitude

of tunnel length required to produce a given supersonic Mach number. More acou-

Ay ol

rate ocaloulations can be made by using the method of characteristios and the

- oy
b
2

astual wall properties in specific cases.

.
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CONCLUSIONS ARD RECOMMENDATIONS

As a result of Phase I ox.porimn'tution the following conclusions are made:

1, The perforated wall tunnel with sucstion appears to offer a very satis-
factory configuration for a transonio wind tunnel at this time based on con-
siderations of test section Mach number controlliability, uniformity of flow, wave
cancella’ion, choking charscteristics, and power reguired.

2. The test section flow appears good although no exhaustive development
was uandertaken to. improve the flow.

3. Thes one-dimensional theory of Ref. 8 appears to be adequate for pre-
dicting longitudinal Maoh number distribution at low supersonio Mach number for

the porous materials tested.

oz

4., 8Supersonic pcwer requirements for suotion are of the order of magnitude
predicted by one-dimensional theory.
5, Suction power and mass I'low required to raise the tunnel Mach number to

unity are oonsiderable, and the meohanism involved is not well understood.

It is recommended that:
1, A oombination Laval perforated wall tunnel be investigated for higher
supersonioc Mach numbeirs in order to reduce the suction powers required.

2, Pressure diatributions over test models messured in a perforated wall

T N VRN A SR g T HETPTTIE W ey

tunnel be oompared with free flight data to determines how closely free flight

oonditions are simulated.

3. A more oomprehensive program be run to determine the effeot of divergent

;:
E walls on flow oonditions.
E
' 4. A more detailed study be mede of the effect on the suction power and

etr s
1

mass flow required to reach a Maoh number of unity.
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Fig. 2z
TEST SECT/ION

Fig. O
SUCTION PLENUM &
PIPING ARRANGEMENT
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Fig. 4

DRY AIR PLENUM, TEST SECTION
SUCTION PRPLENUMS & DIFFUSER

Ft'g. ]
VACUUM PUMP
INSTALLATION
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Fig. 4

WO IT' FRDLE SHEETS
PER WALL

Fig. /15
VO, 00 ERDLE SHEETS
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Fig. 16
SINTERED BRONZE SHEET

Fig 17
WiIRE CLOTH (SCREENING)

CONFIDENTIAL

P .




LE SHEETS

i

RD

i

ES

S
DIGWNAN HOVPW

» pz, * . i »

doL WO S d04

A

CONFIDENTIAL




m.‘ ¢l

7) FFNSEIIS NOILVNOVLS

0z}

o<’

N

[ a]
~

<
Al

)
Y
Oy

02 °}

o¢!

......., ! i

(v 7 cd) 3INS5TIS, NOILVNIVIS -V | 1
FIGNAN HIVW -0 | |

SLIIHS TT087 L1 Z ~ %9 NOILVLS

SAININS T¥LNOZIAOH

577

» 0L
do4i wWoodd

2IGNNAN HIOVN

e

dovy

» 082"
JO0L WOXS

w02
d0L WO S

”~
o

L4

1AL

FICE

on

NT

By e

P

AT,




OILENIYLS

Sd) 72055389

R &

=Ty

"
g

P r L SRt RO el
. . ag . s

22t TR TR R A agp &
i ot E L L

T

T T e S | Y P NI R o

0 61 b1y

uzi Nuskuu WOu 4 hutus

P — 41\.214 2} ....._ , H l.s e

i N . ! °

oo s e s

—

i s

i

-«
PR -

&3

-1

§ su3TNe 3102741

N il 3L

Al

i iy o ol 3 PSR RANG S e oS i.fcﬂk‘%ign

(VIsa) umbwh.q&ﬁ_

Nua:,‘ v _: ,Ee_ __9_",_
i mme_ qhﬁ._m,gw;

s T e ..,.

FIGNAN  HIVW

-

0zl

0 OFLE
04 WOIS

» €02
r kOl WO

o

R

.
g
e §
S

TDENTIAL

=

—




DLE SHEETS

5 i

TION 6% -
o4 NUMBER',

e

'O-MAC

o

1

s

Y

WALLS DIVE

HORI

TR TENATI T TR W T

i
@
L
Q)

PS51A

'S SURE (

- I il 73 :

b _

;‘ ¥ P Ty

8 _

E : - X "“' :..-_'

T/ON

8- STAGNA

RG
£

\_'

T

7.40', .
130

T LLeT

zZoLS ;
d01 W03 4

d0L WOx4




-~

ES>>SURES
ING ‘JET

r

PR

SPA

NN

WALL

‘NEAR

ET

J

23

) ) i = - . . L - : - : - .“.': . -';, “ Q -
kil B . SRR I A
s FIGNAN HOVW .
. CONFIDENTIAL -

.

e inard

oo




*4

[3

IT. STATION

WIGWAN HD

8

W

80

1

gl
)

CONFIDENTIAL

G
JYN5SIY

gt S - )

.

b4

IN. INCHES

TR

d NOILYNOWLE



ca/w'/ DENTIAL

Fww AbOUT 6% NOONVEX AIWM, mw'
W00 EROLE SWEET = A
wm.t.s PA&»ALL:L

‘:’0 o 70P Wﬂ‘&f- e
i . aarrau Wu&

'L PERFORATED WarL Wiee T

3

o
e S
SEp Tt e meml

A e

MUK WUMBERS |

1 2'3'4 J"a'?'a 7

M=0.9/

CONFIDENTIAL

FIG. 22

.H".:l |
D/STANC’C ALONG WALL IN /NC/-/[S -




2 .

“CAL PERFORATED WALL WiNo TUNNEL.

e e

CONFIDENTIAL

FLOW ABOUT 6% BICONVEX AIRFUL, x = 0°
$00 EADLE SHEET
WALLS PARALLEL

KEV: ° TOP WALL i

Ry

| s BOTTOM WALL |
o M0
S ] i
Q7 1 2 3 4 5 & 717 &6 9 0O
X

(=)
n
W
h.
o
~

& 9 10 1

MACH - NUMBLR.
S i §

ém
=3 - oLl

3 i i—
X |- !

] 90 ; I {
S% 1T 2 3 ¢« 76 7 &6 9§ 6 u

DISTANCE ALONG WALL IN INCHES

CONFIDENTIAL

M=]07

FIG. 23



= : ..—-c-ff’-v:d:i!m-mecmdé*"-"‘ -&»;J-MMWMM =

._.‘_._.__a__.u_ ,\,_ =5

c A L Pn. rourzp Wau. W/mp mmu

AN ca~r7bfﬁ/4¢. PR T S M AR
e - FLOW .uow‘ - 6% _f_tfefw&& h{ﬁf?ﬁ, am0°

e

s éé'é‘: o ,,*:w"” SN
e 2} hf}r ’%’lb N Ny N :

ra’u Wngéw P e

0 54wagfm‘ oty -’*‘T"-"_-?’ﬂ‘-'-"wm. P v o

e %ol s
'S s e
. 0| |
i Thnte ¢
; % §10po _|
= g _ e . i
1 o T ' i
: §r.za : 2
ﬁ“ 3 | £ S0 o T A SN
3 8 5 3 e - :
< T t | = i
I ¥ 4 6 & 9 1w 1
| ALONG WALL IN INCHES
M 125
, CONFIDENTIAL
FIG. 24
————_-: i ‘ = B O R B S T o S | ey Ti—w—:w— e :"‘w‘?“.‘é““—‘;w—"w—‘«»- R R P SR e . _:




Yis? hN bty
% m..utu?\ \5 .3.1\: 9NOTV uukvp.na

007

oL

J7VM WOL109-V 7377vaVd STTVM
A TIYM J0L-0 . 2+ = d quQG\ XIANNOD-19

$1331S 31097 ooh ~ - SAIAYNS TIVM

w:.. r‘

L..J.w. .

okl
R,

. A . b e A
i ) % ¥

eudio & mdladh .,...,,n.ﬁz.,w.hﬁr i

& 8
My,

3 ke i K
i T h \ )}

N
R

far -

gt O ) S G

L YIGHWNAN HOPW

BEN

“CONF/

1

%




TR R (rigiod: d SRCA R i el Aol
i

06

! £
|
b q ¢z b1y e S | |
| i it SIHINI NI TI¥M ONOTV IINVLSIT. - O e
o1 6 . @ ) 9 < ¥ < - 0 |
t)

P __ . ‘ : - : .
< _‘-.I#VA%H\MIHMV.LHHW\&W\.&” . W4t

-~ CONFIDENTIAL

=t

St o 3 i

Tom woL109 v qujq&vm S7T1vM
- 1TVYM dOL -0 Ni =0 7104 iV XIANOD - Id

$433HS IT1GIT 00 # - ~  SATAINS TIvM

00} " :

“%H
n.
{
i
S

=y
Yoy

%%%r&%&@? ,,w%x%@_w.ﬂ. i




¥ s L
- e SO A

“

Fig, 27

M = 0.84

CONFIDENTIAL

3y



. At e .,., —

‘v‘

‘“C‘ONFIDE N7"

Fig. 29

M x>~ .00

/4

-\., -

7_

CONFIDENTIAL.






B

S

TRUE WEIGHT FLow (%/5EC)

ey e

“ON#

-

TRUE WEIGHT FLO,
, e
MACH NUMBER

o)

TA————SINTERED BRONZE PARALLEL
O——-——SINTERED BRONZE 1°DIVERGENT
O ——--— /%00 ERDLE PARALLEL

[Q——---—1#00LRDLE 1°DIVERGENT

O ---=—=— -2 /T ERDLE WALLS PARALLEL

2 /T ERDLE WALLS 1°DIVERGENT

o P

0.20]

0 R

0
070

080 090 . 100 110
MACH NUMBER
F/’y. 32

120

130



-*{(.“.'/3?_5‘-‘)

INCREMENTAL WEIGHT FLOW

PREY 1 g
.

S ]NCQEMENTAL WEIGHT FLow
MACH NUMBER_.

A i AP

A - g s 8 ok
L hgrer v ’ i
i

: . E-4

03 i
O STITTITIIoZ77 £ROLE WALLS PARALLEL . |7
1o — 21T ERDLE WALLS 1°DIVERGENT nET g
A : - SINTERED BRONZE PARALLEL G
o) - SINTERED BRONZE 1°DIVERGENT I
48 -- ¥-00 ERDLE PARALLEL = ®

1O ———-=>—— # 00 ERDLE 7° OIVERGENT |.

i

b
1.00 110 120 1.30
MACH NUMBER

Fig. 35

Y I AV AP R [V A I



h . " TCONFIGENTIAL

AT - ’::‘
7R

P S PUS ..'__.........- e e —

1

S e

6 S e . “W P_', .,j;";sh,‘__ L

- ,..—--—.A..&_::;-

VS ; _'_'E".,a:._;, e

MACH NUMBER

B o ..“.._

O ————2 T LRDLE-WALLS 1°DIVERGENT |
B — — —SINTERED BRONZE PARALLEL ——
O-—-——SINTERED BRONZE 1° DIVERGENT
D—--—1-%00 EROLE PARALLEL

O-mmm--3 /T ERDLE-WALLS PARALLEL . $ :
.
) —---—7-#00 EROLE 1° DIVERGENT -~ # 9/

go

£

B 1)
A

¥
]
3

WP/ FF? OF TEST SECTION AREA

070 080 . 090 100 "0 é; 1T :
'  MacH NUMBER G ¢

Fig. 34

CONFIDENTIAL



3 o R R T

4 sty g Liirs "F\ﬁﬁa_“l st ot

FRT A O TR
-

Y b e ;
*% ; %
e - - s

L3

o

2

[A/CQEMEN TAL /.,/ p
et k ; B i VJ’ = ,-_‘.

e e e e e A Ve STt ST,

ittt |

v

'

i

3

%

|

{

{

ik : i o
O ----=-=2 /T ERDLE WALLS PARALLEL

) 2 IT EROLE WALLS ]°DIVERGENT - |
[8—-—-—SINTERED BRONZE PARALEEL - —=T— =T .| = |}
O—=-——5INTERED BRONZE 1°DIVERGENT |~ | | | L o~ - L8
[ D——=-—— 1 # 00 ERDLE PARALLEL '_ AT o SO SR
O #.00 LROLE 1° DIVERGENT By Sk e gt

J s
aidaaicty R
gkl

i A
i
e
i

MACH )wuaz.e

Fig. 35

CONFIDENTIAL -




. qﬂia\m.z.u‘c\Q INO

MOT4

a anvo|

_. q.ﬁ?ﬂq& ST7vM

LHOIIM

CONFIDENTIAL

-
(%) MO LHOIIM V101 / MOT4

w



T ke

ey e e e £

PR

it

'fq

"

Y MO0T4

L CIVNOISNIWIA INO

13

N

TIvavd STTVM

<

w

(%) MO1J LHOIIM TVIOL / MOTS LHOIIM

CONFIDENTI!AL

P



DENTIAL

=

s

y RN AT L o w2al ¥
4 2] e ..... ¥ A
AT 3 : rmﬂ
Ve P L 1 ¢
4 e 3y e

Y @l

.‘432 tU.\S\

080"

001 . 060

g0

0.0

TV z.ugﬁwmx&v\ \

MO TS

A

i R \ TVYNOISNIWIG INO

- 7377vVEvd STTVM

=1

(%) MOTS LHOIIM 17101/ MOTS LHSIIM

CONFIDENTIAL



COMPARFS IEORYSWITH EXPEBIMENT

e

THEORY BINEAR AW

120

110

"O
00 o)

i 2 3 4 5 6 7 8 10 11
DISTANCE ALONG WALL IN INCHES
Fig. 39

CONFIDENT I L



NUMBER

MACH

100

140

130

10

1.00

R E
A
4
/ e
A |
0 ! 2 3 4 5 6 7 8 9 100 N

DISTANCE ALONG WALL IN INCHES
Fig.40

CONFIDENTIAL

é



o

‘MACH NUMBER.

1o

R L T T e
- T

] NF I“‘E N"*ﬁ;ﬁ 7

B p T

COM p4RISON OF THEORY WiTi EXDA
THEORY BASED ON L//\([:'AQ LAW

O~TOP WALL ¥
\ - A~BOTTOM WALL .\ g"*’f

I-SINTEIZL'D BRONZE SHE.ET : ‘S

”&
i'.-.,“—" e

a .:#“
'{:ﬁ?

AMENT

130

; 3 P e

om

120 +

O FRDLE "WALL

%_ £

JO o, Ui v 4 . -
i ’ | T -
i i th, T Wik . L
oL oo 5 . o M

120 =——

£10 |

100

0 1 2 3 4 5 6 7 8 ¢ 10 11
DIaTANEE ALONS WaLl v Inches
Fig. 4]

CONFIDENTIAL

“ad



	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065

