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RESEARCHMEMORANDUM

A MIZCHODFORTHEDESIGNOFPOROUS-WALLWINDTUNNELS

By GeorgeM. Stokes

SUMMARY

Thisreportcontainsa descriptionofa generalmethodforthe
designofa porouswall,(slottedandperforated)windtunnelwhichcan
be appliedtothedesignoflowMachnumbersupersonicwindtunnels.
Thisdesignmethodisconcernediriththedevelopmentofa uniformsuper-
sonicflowinthewindtunnelandtheselectionofthepropertest-section
openrationecessarytominimizeshock-wave-reflectioninterference.The
mainfeatureofthemethodisitsabilityto indicatehowdesignrequire-
mentsandwallporositycharacteristicscanbe combinedto achievea good
flowfordesiredconditions.,A llmitedamountofexperimentaldata-has
beenobtainedto showthatthemethodcansuccessfWyproducea suitable
flowfieldformodeltesting.Moreresearchisnecessary,however,before
thepracticalsignificanceQfthemethodwithregardtowave-reflection
cancellationcanbe determined.

Theexperimentaldataobtainedfroma perforated-wallwindtunnel
designedbythismethodshowedthatthetest-sectionMachnumibervaria-
tionalongthecenterlinewas+0.007forthedesignMachnumber,
M= 1.278.

A systemforcalculatingtheflowina porous-wall”windtunnelhas
beendeveloped.Thistechniqueisexpectedtobeusefulalsoindeter-
miningtheflowinthetestsectionat off-designsupersonicMachnum-
bers. Whenthissystemwasusedtocalculatetheflowina 3- by s-inch
windtunnel,itwasfoundthattheconstructionerrorsinthewallopen
ratioweresufficientlysmallto causenoadverseflowvariations.

A discussionisincludedto explainwhytheopenratioasgivenby
thedesignmethodusedinselectingtheopenratioofthewalldoesnot
preventa disturbancefrqnbeinggeneratedatthepointonthewallwhere
themodelshockwaveintersects.

)
INTRODUCTION

Intheinterestofdevelopingmethodsforthedesignoftransonic
tunnelshavingslottedandperforatedwalls,severaldifferentstudies
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havebeenmade(e.g.,refs.1 and2). Reference1,whichcontainsa
simplifiedanalysisofthetunnel-wallcharacteristicsreqtiredto gen-
erateshock-freesupersonicflowinmi&mm distance,indicatesthata
constant-porositywdl selectedonthebasisofcalibrationswiththe
flownormaltothewallwillnotgeneratethedesiredflow. Itdoessug-
gesttheoretically,however,twt a stitableflow~stributionco~d be
developedbytheuseofporouswallsifthewallswouldremoveflowata
specifiedrateateachtunnelstation.Thestudyoftransonic-wind-
tunneldesignpresentedinreference2 goesa stepfurtherinthedevel-
opmentofa flowgeneratingmethodby consideringslotdischsrgecoeffi-
cientsforrelatingthewalloutflowtotheslotwidth.Althoughin
generaltheprinciplesproposedinthesepreviousdesigninvestigations
aresound,theworkisincompletetotheextentthatitdoes.notindicate
theinfluenceortreatmentoftheboundarylayer,nordoesitshowhow
to-determinetherequiredwall-open-ratiodistributionto satisfydesired
flowconditions.

Sinceit”is importantinthecasesof shock-wave-reflectionstudies
(refs.3 and4)tohavea designmethodavailablewherebycertaindesired
boundaryconditionsmaybe stipulated,furtherstudyhasbeendevotedto
thedevelopmentofa porous-walltransonic-designmethod.Theproblem
wasinvestigatedfromthepointsofviewofkeepingtheflow-generation
regionshort,thusobtainingminimumpowerloss,andofcontrollingthe
thiclmessoftheboundarylayerattheendoftheflow-generationregion.
Theresultsofthisstudyyieldeda success@ldesignmethod.This
reportcontainsa detaileddescriptionofthedevelopedmethod.

Thegeneraldesignme%hodpresentedhereincm’ersa method& sys-
temforfindingtheopenratioreqjiredtominimizetheshock-wavereflec-
tionforconstazstboundary-layergrowthconditionsanda inethodfor
obtainingwithinlimitsanychosentunnel-flowdistributionfora two-
Wensionalwindtunnel.To showtheeffectivenessofthedesignmethod,
experimentalresultsarepresentedfora perforated-wallwindtunnel
designedbythemethcil.

SYMBOISANDDEFINITIONS “

a

Cf

H

‘3

speedof soundinair,ft/sec

effectivewa12frictioncoefficient(ref.3)

totalpressure,lb/sqft

totalpressureintunnelmainstresmoverporouswall,
H1 - Shocklosses,lb/sqf%
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.
heightoftunnel,in.

Machnumber

totalmass-flowrateperunitareathroughporousmaterial,
slugs/ft2-sec

totalmass-flowrateperunitareathroughporousmaterial
for 5 = O, slugs/ft2-sec

mass-flowrateper.unitareathroughporousmaterialrequired
to cmupensateforboundary-layergrowthrate,slugs/ft2-sec

componentofstreammass-flowratenormalto centerlinepro-
vidingforsupersonicexpanbion,slugs/ft2-see”

staticpressureinstresm,lb/sqf%

staticpressureinplenumchamber(ref.5), lb/sqf%

staticpressuredropacrossporousmaterial,P~ - Pj>
lb/sqfi

temperature

velocity,ft/sec

componentofvelocitynormaltoporousmaterial,%/%>
fi/sec

jetvelocity,velocitycorrespondingtopressuxeratioPj~j
acrossporousmaterial(ref.5), ft/sec

openratio,ratioof openareaofporousmaterialtototal
areaofmaterial

widthofwall,in.

stresmdeflectionanglecausedbymodel,orstresmanglewith
respecttotunnelcenterline(5 positiveforstreamlines
divergingfromcenterline),deg

boundary-layerdisplacementthickness,in.

rateofchangeofboundary-layerdisplacementthiclmess
overwall

‘.._-.--—
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rate ofchange
yorouswild.

densityofgas

densityofgas
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ofboundary-layermomentumthicknessover

beforeenteringporousmaterial,slugs/cuf%

injet(ref.5),slugs/cufi

stagnationdensitybehindobliqueshock

anglethroughwhicha supersonicstreamisturnedto expand
from M = 1 to M >1 (ref.6), deg

streamexpansionangleresultingfromflowexpansionofthe
samefamilyorsamewall,deg

streamexpansion@e resultingfromexpansionsoffamily
oppositetothatof Va,deg

.- /
dischargecoefficientforparallelflow,~t pjVjr (see
ref.5)-

porous-wdlconvergenceangle(anglepositivewithwalls
convergingdownstreamtowardtunnelcenterline),deg

ratioofspecificheatof&s at constantpressureto spe-
cificheatat constantvolu+e

Subscripts:

o stagnationconditions

1 free-streamconditionsintestsection

2. conditions

ah ahead

S nonviscous
(ref.5)

behindobliqueshockcausedbymodel

jetconditionswithplenum-chaniberstaticpressure
andstreamtotalpressure

bl boundarylayer

P porouswall

max maximum

0

...—---
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pt point

s streamcondition

Sw solidwall. ,.
.-

Theword“porous”isconsideredthroughoutthepaperto apply,tg_
bothperforatedandslottedmaterials.

Thewords“plenumchamber”areusedhereinto denotethelow-pressure
chamberontheoppositesideoftheporouswalJ_fromthetestsection.

Thegeneral
dimensional~nd

. GENERALDESIGNM131!lIOD

designmethodhasbeendevelopedto applytotwo-
tunnelshavingporoustopandbottomwallsandsolid

sidewaUs. (Seefig.1.) As-shownintk figure,theporouswalls
areventedintoa plenumchsmiberwhichisattachedto a suctionsupply.
Theupstreamportionoftheporousmaterialisusedforgeneratingthe
requiredsupersonicflowbymeansofexpansionassociatedyithoutflow
intotheplenumchamber.Theremainingporousmaterialisusedto form
thewallsofthetestsection.

Inthedesignoftransonictunnels,itisnecessaryto considerthe-
wallinterferenceeffectsresultingfromreflectingdisturbancesaswe12
astheuniformrequirementsofthetestsection.Becauseofthisthe
generaldesignmethodispresentedintwoparts;onepartshowshowto
determinetheopenrationeededinthetestsectiontominimizetheshock
reflections,andtheothershowshowto determinea wall-open-ratiodis-
tributionintheflow-generationregionwhichwiIlgivea uniformflow
inthetestsection.Sincean importantconsiderationisgiventothe
boundary-layergrowthbythedesignmethod,a briefdescriptionofthe
boundary-layerbehaviorwithrespecttoporousmaterialswillbe pre-
sentedfirst.

EstimationofBoundary-IayerGrowth

Onlya littlepublishedinformationappearstobe available(refs.3
and7) to showhowtheboundarylayergrowsoverporousmaterialsorwhat“
thefrictioncoefficientsforsuchmaterialsmightbe. Recently,however,
a limitednumberoftestsweremadeintheLangley3- by 3-inchtransonic
flowapparatusto determinetheboundary-layergrowthratesovera

41-percen%-openporousspecimen.Thetestspecimenwasa “ -inch-square%
perforatedsheet0.060inchthick,havingO.@OT-inch-diameterholes.

—.-—— —-.-— —--- ._ —-_ _ —— --— ———.— — .—— —- ———
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Pressuremeasurementsweremadeto determinethethicknessofthebound- “
arylayerattwopoints;onepointwas1/8 inchupstreamofthespecimen
andtheotherwas1/8 inchdownstreamofthespecimen.Fromthesedata,

1%theboundary-layergrowthrate d5* wasfoundby dividingthedif-
ferencebetweenthedownstreamandupstreamboundary-layer-displacement
thicknessby 2*inches.Theresultsofthetestsareshowninfigures2,
3, and4.

Thedataofthesethreefiguresweretakenwiththeupstreamboundary-
layerdisplacementthickness,5*,equalto approximatelyO.W inch,and
withthestagnationconstants~ @nQ To equalto 30inchesofmercury
and20W F, respectively.

/

Figure2 showshowtheboundary-layergrowth
rate d5*~ changeswiththeoutflqwvelocityratio‘nt/vsforseveral
valuesofthefree-streamMachnuuiber.Thesedataarepresentedinthis
formto expeditetheirusewiththedesignmethod.Curvesdescribingthe
boundary-layergrowthrelationshipshouldbe obtainedfor~ rangeofopen
ratiosto definecompletelythegrowthratewithrespecttotheopenratio. ,
Thus,thedatapresentedinfigure2 areinadequatefordeterminingaccu-
ratelytheboundary-layergrowthratesoversimilarspecimensat differ-
entopenratios,andforotherupstreamboundary-layerthicknesses.Never-
theless,ifsomeappro-te calculationisdesired,itisl@_ievedthat
thesedatamaybeusedforestimatingtheboundary-layergrowthratesfor
openratioswithin10to 20percentof-themeasuredvalueofopenratio.
Onemthod usedformakingtheseestimatesistoassume(1)thata linear
relationshipexistsbetweentheopenratioandtherateof growthofthe
boundarylayerat zerooutflowand(2)thattherate-of-growthcurvesfor
otheropenratioswouldhaveapproximatelythesameshapeasa function
of outfluwvelocityratioVnt/vsasthecurvesforthekl-~ercent-open
material. 13yuseoftheseassun@ions,thedataoffigure2,anda solid-
wallboundsry-layergrowthrateof0.002(ref.3), theboundary-lsyer
growthrateovera 20-percent-openperforatedplatewouldbe esthatedto
be O.O@ fora zerooutflowvelocityconditionat a Machnumberof 1.01.
To est5matethetotalboundsry-layergrowthrateinwindtunnelshaving
bothsolidandporouswalls,theboundary-layergrowthofthesolidwall
-t be addedto thatoftheporouswalls.Thefollowingexpression
~howshowthesetwoWundary-lsyergrowthconditionsentertheporous-
walloutflowequation:

%lt = psvn~

hswd~* Cos~
= COS(5+ 7)+ Psv$—— (1)= psv$Sidb + 7)+ Psvstip Wp dxsw

-t
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Thisqquationwasobtainedby assumingtheflowconditionspictured
inthesketchbelow.

Velocitycomponentparalleltoporous

\
wall,equalto Vs COS(5+ 7)

\ flLineparalleltotunnelcenterline

Velocitycomponentnormaltoporous
wall,equalto Vs sin(5+ 7)

Directionassumedforflow
betweenporouswalland IS*

Ps Vs

Effectivefree-stream
boundary Porouswall

centerline
to

‘Theterm psVssin(b+ 7) ofequation(1)denotesthemassrate
ofoutflowthroughtheporouswall-resultingfromtheflowangle5

andthewallconvergence7. Theterms PsVs~ COS(b +7) and
‘iP

‘Swdb?t-Cos7Psvs— ofequation(1)representtheadditionalmassrate
‘P ‘iSw

ofoutflowtakenthroughtheporouswalltoaccountfortheboundary-
layergiowthovertheporouswallsandsideWWS, respectively.Inthe
developmentofequation(1),itwasassumedthattheflowcrossingthe
effectivefree-streamboundaryovertheporouswallturnedina direc-
tionnormaltothewallandpassedthrough.Thisconsiderationisequiv-
alentto assumingthata voidexistsbetweentheeffectivefree-stream
boundaryandthewall.Thelasttermofequation(1),representingthe
massrateofflowthroughtheporouswallneededto compensateforthe
increaseofboundary-layerdisplacementthicknessoverthesidewallis
anapproximation,sinceingeneraltheflowangleonthesidewallsis
differentfromzeroandvariableoverthewallheighthsw. Forcon-

venience,thesumoftheboundary-layergrowthterms Psvs= COS(5+ 7)
‘P

hswd5*and psV~— — cos7 willbe denoted’as~bz. Fortheconditionq) ‘&w
ofuniformflowinthewindtunnel(i.e.,5 = O),equation(1)becomes

( ‘SW d5*
%lt‘

)
=pJ@uly+=+-—

~ Wp &swcos7

-,’
(2)

.. . . . . . .. . .——..———-—--—--—..-— —— .—— —-—
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Itshouldbe notedthatthesolutionofeqwtion(1)fqr m~ can-
notbe obtaineddirectly.Thisresultsbecausetheboundary-layergrowth
rateovertheporousportionofa windtunnelisa functionofthetotal
outflow~t andalsoof Vnt/Vs.Ifallthetermsofequation(1)are
knownexceptthetermcontainingd5*/dxp,a solutionoftheequation
canbe foundby an iterationprocess.Thismaybe accomplishedby first

d~+assuming— = O andthenfindingthevalueofthe Vnt/V$givenby
~P

theothertermsofequation(l).Thisvalueof Vnt/Vsisusedtodeter-
mine(fromcurvesfortheparticularmaterialslmil&tothoseoffig.2)
anapproximatevalueof d5*/dxptobetriedinthenextcalculationfor
Vfips. Thisiterationprocessisrepeateduntilthevalueof Vnt/V$
resultingfromequation(1)isequaltothevalueusedto read d5*/dxp.,
Thevalueof mnt obtainedby useof
istherequiredresult.

Whenusingthedatapresentedin
thattheboundary-layergrowthovera
onlyuponthevelocityratioVnt/vs

thisconvergedvalueof d5*/tip

figuxe2,itshouldbe remembered
perforatedmaterialdependsnot
andMachnwiber,butalsoupon

-otherflowvariables.Thiscanbe shownifthefollowingformofthe
mdhentumequation

isrewrittenintermsofboundary-layerdisplacementthicbess.This
gives

whereH’ istheratiooftheboundary-layerdisplacementthicknessto
themomentumthicbessand y’ istheratioofthegasspecificheatat
constantpressuxetothespecificheatat constantvolume.Here,itis
seenthattheboun@ry-layergrowthisa functionofthedisplacement
thictiess,theformfactorH’,thestresmMachnumberandvelocity,the
porouswalloutflowvelocity,thewallfriction,dM/dx,and dH’/dx.

Themostsignificantpointtobemadefromthedataoffigure2 is
thattheboundary-layergrowthratedropsrapidlyastheporous-wall ~,

.— “

—— — .. ——. — —
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outflowvelocityisincreasedandthatthestreamMachnumberhasan
appreciableeffectonthegrowthrate..

Figure3 showshowthe,effe&ivefrictioncoefficient(foruniform
Cf

flow)~= =+ ~ (eq.(3) of.ref.3) varieswithoutflowvelocity
tip P6V6

andMachnumber.Thedataarepresentedprimarilytoshowtheapproxi-
matemagnitudesofthefrictioncoefficientsforperforatedmaterial.
Curvesofthistypearenotgenerallyneededwhendataar6avaikble
whichshowthegrowthoftheboundarylayer.Inadditiontotheboundary-
layerdatatakenforthen-percent-openspecimen,theporositycharac-
teristicsofthematerialwerealsomeasured.Thecurvesoffigure4
showtherelationshipbetweendischargecoefficientu andvelocity
ratioVsprjforseveralMachnumbers.Thedashedportionsofthe
curvesfortheMachnumbersof1.17and1.2Thavebeenextrapolated
fromthebasicdatashown.Thisextrapolationwasnecessaryino~der
thattherangeofthedatawouldbe sufficientlylargeforuseinthe
designoftheperforated-wdlwind.tunneldescribedlaterinthepaper.

MethodforSelectingtheTest-SectionW&-Open Ratio

It iswellknownthatshock-wavereflectionsfromwind-tunnelwalls
inthetransonicspeedrangeare-quitetroublesome.Presently,much
research’”isbeingconductedto~d thedevelopmentofyorouswallsinan
attemptto reducetheeffectsofwavereflection.Themethodpresented
ihthissectiondealswiththeselectionoftheporous-wallopenratio
neededinthewind-tunneltestsectionto reduceorminhizetheshock-
wavereflectingabilityofthetunnelwalls.

Themethodisbasedonthereasoningthattheporous-wallboundary
ofthewindtunnelwillnotreflecta modelshock-wavedisturbancein
thestreamifthenormalcomponentofthestresmflowisabsorbedbythe
wall;thatis,theflowapproachingthewallmustbe completelyremoved
at itsincomingrate.Thus,theproblemisoneofdeterminingthewal.l-
openrationecessaryto fulfillthiscondition.

An equationdevelopedinreference~ is

‘nt-—
r – p3vJu (3)

Thisequationshowshowthewall-openratioisrelatedtothewallout-
flow,thetheoreticaljetconditionspj and Vj,andthewallporosity
characteristicu. Equation(3)isusedincombinationwithequation(1)
to calculatea valueofopenratioforthewallsofthetestsection.

,$aaimao -
.6”
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Equation(1)isrewrittenforuseinthissectionas

%t,=p2v2~inb2+,)+&cos(~2+y)+*&cos‘4)
1

becausetheconditions(subscript2)downstreamofanobliqueshockare
beingconsidered.Similarly,thequantitiespj, .j,and mnt inequa-
tion(3)aredefinedas Pj2, .j2,and mnt2 hen usedto refertothe
conditionsdownstreamoftheobliqueshock.

Whensolvingequations(3) and(4)to findthetest-sectionopen
ratioitmusthe assumed(1)thata uniformsupersonicflowentersthe
testsection,(2)thattheporositycharacteristicsofthewalltype
intendedforusehavebeendefinedsimilarlytothoseoffigure4,
(3)thattheside-- boundary-layergrowthrateislmown,(4)that
boundary-layergrowthratedatasimilartothoseoffigure2 areavail-
able,and(5)thatthewallconvergence~le hasbeenchosenoEV-
tion(4)shouldfirstbe solvedfor %t2 forseveralarbitrarilychosen
valuesof b whichcorrespondtovaluesexpectedatthewallsofthe
tunnelwhentestsarebeingconducted.

Thevaluesof r whichwillresultfrominsertionofthesevalues
of ~t2 inequation(3),willshowthata slightlydifferentvalue
of r isobtainedwhen b is changed,thusthev%lueof r tobe “
chosen,shouldbe a valuewhichcorrespondsto a valueof 5 thatbest
representstherangeofdeflectionanglesexpectedduringwind-tunnel
tests.Thevaluesof Pj2 and Vj2 tobe usedinequation(3)must
resultfromuseofa valueoftheplenum-chamberpressurereqyiredto
providea umiformflowinthetestsectionforthevalueoftest-section
openratiowhichisbeingdetermined.Since
ties Pj2, Vj2~ r)and ~t2 (becauseof
iables,thesolutionoftheequationmufibe
and-tryprocess.

inequation(3)thequanti-
/)

d~*&p aredependentvar-
obtainedby useofa cut-

Becauseoftheindirectmethodwhichmustbeusedto obtainthe
test-sectionwallopenratioandbecauseofthecomplexitiesinvolved
insolvingequations(1)and(3),a detailedstep-by-stepprocedureis
introducedhereto expanduponthesummarysolutionoftheproblemjust
statedandto indicatea practicalsolution.Thisprocedureisas
follows:

1.Choosethedesiredtest-sectionllachnumber,Ml. (Thechosen
Machnuniberisexpectedtobe inthesupersonicrangeM = 1.00 to
M = 1.50.) Alsostipulatethetunnelstagnationconditions%1 and
Tel,andth~convergence

. “?-
- ** r..-..
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2.Determinefromobliqueshocktheory(ref.6),thestreamcondi-
tionsH2/HOIJP2/Pol~a2/aol~Po2/Pol,and M2 downstreamofthe
shockwaveforseveralvaluesof 52 fromO to 52= b&. -It is
advisabletoplotthesequantitiesversus52. ThiswilJaccountfor
allvaluesofstrengthsoftheweakshockwhichmaybe encounteredin .

supersonicflowupto b-. Expansionwavesarenotaccountedforby
thisdesignmethod.

3. For*hestagnationconditionsof step1,andbythe
erence6, computeH2, p2, V2,and P02 forther~e of
instep2.

4.Neglectthe
inequation(4)for
~t2 givenby

useofref-
52’schosen

boundary-layertermsandtheconvergenceangle ~
thepresentanddeterminetheresultingvaluesof

%lt2= p2V2sin52

to obtainapproximatevaluesoftherequired
rates.Usethevaluesof P2 and
instep2.

5.Neglecttheboun&ry-layer
theshockandthewallconvergence
takethetotalpressureHj2=H2
of52tsinstep2. .

V2 from

growthin
angle y

test-sectionmass-outflow
step3,fortherangeof 52

thetestsectionaheadof
sothat PI = Pj. Also

andcomputePjlHj2,fortherange

6. FromthepressureratiosPj/Hj2obtainedin step5, calculate
byuseofreference6 thecorrespondingvaluesof pj2 and Vj2 (assting

Pj2isentropicflow)usingtherelationspj2= — aj2
Poj2,vj2=Mj2

poj2
— aoj2aoj2

where poj2= P02 ad aoj2‘ aol= y’RTol.

theevaluationofequation(3)mustbe
porositycharacteristicsofthewall
available,itwillbe necessaryto
sampleofmaterialhavinga valueof

7. Thequantityu neededin
determinedfromcurvesshowingthe
typeforuse. Ifno suchdataare
determinea experimentallyfora
openratioguessedtobe intherangerequired.Thedataofreference5,
whichshowsomecurvesof u plottedagainst /VsVj,indicatethatitis
notessentialtomakethecalibrationsfordeterminingu fortheexact
openratioofthematerialrequiredinthefinalconfiguration.

. . ..- -—. .——--- —-——-— ——..— -— _ -.-——.——.— .—. — —-——.-
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8. By useof ~t2 ofstep4, Pj2.-d
of a for V2/Vj forthecorrespondingM2,
theapproximatevaluesofopenratioreqtire”d
instep2.

9. Selectfromtheopen-ratiovaluesobta~edin-step8a valueof
openratiowhichcorrespondstoa flowdeflectionangle).52,whichbest
representstherangeexpectedduringwind-tunneltests,anddetermine
fromexperimentsona sampleofmaterialhavingthisvalueofopenratio
curvesof db*ldxPasa functionof Vnt/Vsforseveralvaluesof M
(intherangeof Mp). Alsodeterminecurvesof’u similartothoseof
figure4 forthismaterialto checkthevaluespreviouslyused.

10.Startwiththisstepto recalculatethevaluesofopenratio
requiredinthetestsectionforvariousvaluesof 52 withthetunnel

/boundarylayerincluded.Estimatedb*~w by useofthemomentum
equationinconjunctionwithreference8, orbyuseofexperimental
measurements.

Il.Usingthecurvesobtainedin step9 andthe d8*dxsw esti-/
matedinstep10,obtainrent’(bytheiterationprocedurepreviously
discussedinconjunctionwitheqs.(1)and(2)) fortheregionofparal-
lelflowinthetestsectionupstreamoftheshock.Alsoobtainthe
valuesof ~t2 fortherangeof 52 instep2,includingtheboundary-
layertermsandtheconvergenceangle 7 inequation

.
12.Inordertofindtheplenum-chamberpressure

layerincludedin thecalculation,proceedby theuse
andfind Mjl, Pjl/Pojl)‘d aJ1/~oJl‘or-achosen
ratios
P@,

(tiere

/
pjHj_L~slightlylessthanthepressmeratio
andcalculatevaluesof

W aol* POI”J1 aojl%tl = ~Pjlvjl‘ ~
o

(4).

withtheboundary
ofreference6,
rangeofpressure

valuegivenby

Pojl= Pol )and aojl= aol forthisrangeofpressureratios
usingthe r selectedinstep9.

Pj
13. ComputePj =— HOI (whereHjl= %1) forthevaluesPjHjl

Hjl /
choseninstep12andplot Pj asa functionofthecorrespondingvalues

‘f %ltl determinedinstep

. -of ‘s ‘rmthis c-e

u

—— -. —— -——
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fora valuemntl equal.tothevalueof ~t’ determinedinstepIl.
Thisgivestheplenum-chamberstaticpressurereqtiredtoprovideuni-
formflowintheemptytestsection.

14.Usingthe Pj determinedinstep13and Hj2=“H2,recalculate

/
Pj Hj2 andthecorrespondingvaluesof pj2 and Vj2,as instep6.

1>.Makenewcalculationsfor r (eq.(3))usingthevalues~t2
frbmstepXl,withthecorrespondingvaluesof Pj2 and Vj2 from “
step14,andthecurvesu as instep8 fortherangeof5’sconsidered.

Thenewlycalculatedrequiredopen-ratiorangeresultingfromthe
inclusionoftheboundary-layergrowthwillinmostcasesindicatethat
a test-sectionopenratiodifferentfromtheoneestimatedinstep9 (no
boundarylayer)isneeded.Thus,severaliterations(usingsteps9’to15)
maybe requiredbeforethefinalopen-ratioselectionmadeisequaltothe
valueusedforestimatingtheboundary-layergrowthandfindingPj.

Theabovemethodhasbeenfoundtobe effectiveindeterminingana-
lyticallytherequiredopenratioofa porouswall. Itmustbebornein
mind,however,thatas indicated,themethodaccountsforonlyoneboundary-
layerfiowthratealongthewallbehindan obliqueshockfora givenb
and 7;thus,ifthegrowthratech~es appreciablywithdistancefor
differentdownstreamstationsthroughthisregion,a constantvalueof
@en ratiointhetestsectionwillnotprovidethenecessaryoutflow.

FlowGeneration

Thissectiondescribesa methodfordesigninga poroussupersonic
wind-tunnelnozzlecapableofprovidinga uniformsupersonicflowata
chosenMachnumberina givendistance.Itisassumedwhenustigthis
methodthata uniformsonicflowwillentera two-dimensionalsupersonic
flow-generationsectionofthetunnel,andthatthewaUs providingthe
flowexpansionwiXlbe porousandwilJ-be surroundedby a plenumchaniber
inwhichthepressurecanbe controlled.Theschematicdrawinginfig-
ure1 picturesa representativetunnelconfiguration.

To initiatethedesignofthenozzle,certainquantitiesmustbe ,
chosen;thesearethetest-sectioqMachnumber)thetunnelstagnation
pressureandtemperature,thetest-sectionopenratio r,therateof
supersonicflowexpansionfor Va family,theconvergenceangle,the
physicaldtiensionsofthetunnel,andtheside-wallboundary-layer
growthrate db*/dx6w.Withthisinformationanda requirementthatthe
porouswalloriginateattheminimumareaorpointwhereM = 1.0,a two-
dimensionalsupersoniccharacteristicnet(ref.9)mustbe constructed
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forthechosenexpansionrate,
.

orcenter-lineMachnuniberdistribution,
to obtaina theoreticallydesiredflowfortheflow-generationsectionof
thetunnel.Fromthischaracteristicsnetwork,theflowquantitiesps,
V~, 5,and M forvariousstationsalongtheporouswallcanbe calcu-
latedbyuseofthegivensetoftunnelstagnationconditionsandthe
isentropicflowtabl~s(ref.6).

To determinethedistributionofthewall-openratio,r,
to providethesedesiredflowconditionsequations(1)and(3)
available;thatis,

[

h
~t ‘ p~vssin(b+7)+Wcos(b+ 7)+Aw Cos7

‘P Wp dxsw

required
areagain

and

‘nt
‘=-

The valuesof ps, Vsjand b tobe usedinequation(1)arethose
determinedfromtheMachnetatthepositionofthewallinconjunction
withthestagnationconditions,Hol and Tel. Withtheuseoftheabove
quantitiesandthegivenconstantsofthetunnel,anapproximatesolution
ofequation(1)canbe determinedby useofthemethodof iterationindi-
catedintheprevioussection“EstimationofBoundary-LayerGrowth,”for

/findingvaluesof.db*dxp withassumedvaluesofwall-openratio.Of
course,a solutionofequation(1)mustbenndeformanypointsinthe
flow-generationregioninorderadequatelytodefinetheuss-outflow
ratealongthewall.

Inequation(3)thevaluesof Pjl and Vjl arerelatedtothe
plenum-chamberpressureP~ (thevaluenecessarytoprovidea uniform
testsection)as in step13oftheprecedingsection.Also,inthiscase
Hjl= ~1 ‘and Toj= Tel. Thequantitya foruseinequation(3)is

determinedasmentionedearlierby useof curvesof a plottedagainst
%/vj asfunctionsof M forthematerial.Approximatevaluesof r
cannowbe calculatedfromtheapproximatemass-outflowquantitiesqt.
Thevaluesof r obtainedatthispointareonlyapproximatevalues
becauseonlyassumedorguessedvaluesof r wereconsideredinthe
solutionof ~t. Thus,an iterationinvolvingr aswellas VntVs/
mustbeusedas intheprecedingsectionto determineqt. Thefinal .
valueof r isdeterminedby usingtheapproximatevaluesobtainedfrom
succeedingcalculationsin xt,untilthedegreeof

—-— ——.
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convergencedesiredisreached.Thisprocedureisusedto determinethe
distributionof r fortheflow-generationsectionofthetunnel.

SincethepressurePj intheplenumchamberoutsidetheporous
wallswi12.normallybe constantoverthelengthofthenozzleandtest
sectionandsincethestagnationconditionsHol and Tol fortheflow
inthenozzleareconstant,pj and Vj areconstantandequalto pjl,(
Vjl)foranyparticularnozzledesign.

Intheforegoingmethod,itwasassumedthattheopenratioofthe
testsectionwasdeterminedbythemethodpkesentedinthesection
entitled“SelectionoftheTest-SectionWalJOpenRatio.”Insofaras
thedesignoftheflowgenerationisconcerned,anyvalueof r (within
reasonablelimits)couldbe chosenforthetestsection.A different
choiceinthetestsectionr wouldsimplyrequirea differentplenum
chamberPj necessarytoprovideuniformflowinthetestsection.From
thispressurePj newval.uesof pj and Vj,foruseinequation(3),
wouldbe determined.

Althoughtheflow-generationdesignmethodisrigorousinprinciple,
itispossibletomakeseriouserrorsina tunneldesigniftheboundary-
layergrowthratesarenotlmownwithreasonableaccuracy.A nozzleflow
calculationwhichwillbe presentedina latersectionmaybe usedto
examinetheaccuracytowhichthesequantitiesmustbe Iamw_n.

APPLICATIONOFTHEDESIGNMRI’HOD

Inorderto evalmteexperimentallytheeffectivenessoftheprevi-
ouslydiscusseddesignmethod,anapproximately3-by 3-inchtwo-dimensional
supersonicporous-wallwindtunnelwasdesigned,co~tructed,andtested.
Theresultsdeterminedfromusingthemethodforselectingthetest-section
wall-openratiowillbe givenfirstandwillbe followedby a description
ofhowthe’’’FloGenerationonDesignMethod”wasusedinthedesignofthe
nozzle. -

Itwaspointedoutinthesectionentitled“GeneralDesignMethod”
thatcertaindesignconstantsor quantitiesmustbe chosen;thosechosen
forthedesignofthisapproximately3-by 3-inchwindtuunelareas
follows:

Ml.. . . . . . . . . . .
TO,w. . . . . . . . . .
Ho,lb/sqft. . . . . . .

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . 1.278

. . . . . . . . 200

. . . . . . . . 2086.54
(=29.50in.I&)

—.--— —.,.. ..— —-. —.--— ——— .—. -——.— . ——. -
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Initialfamily,Va,supersonicflowexpansionrate,deg/in.. . . 1.86 -
Tunnelheight,in...... . . . . . . . . . . . . . . . . . . 2.D4
Tunnelwidth,in...... . . . . . . . . . . . . . . . . ...3.018 .
y,deg. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
Sidewalls.. . . . . . . . . . . . . . . . . . . . Solidandparallel
Topandbottomporouswalls . . . . . . . . . . . . .Flatandparallel

Thereasonsforchopsingtheseparticularconstantswere(1)so
thatthesupersonicnozzleandtestsectionresultingfromthispartic-
ulardesigncouldbetestedinanavaihbletestapparatusand(2)so
thatthetunnelMachnumberandflowanglesresultingfromproposedmodel
testswouldbeina rangeinwhichother.datawereavailableforcompari-
son. Becausetheboundary-layergrowth-ratecurvesoffigure2 hadnot
beendeterminedatthetimethistunneldesignwasmadeandbecauseno
otherthoroughsystemwasknownforestimatingthewind-tunnelboundary-
layergrowth,a departurefromthegeneraldesignmethodwasmadeto
obtaina quantityfor ~bz to representtheboundary-layergrowthmass-
flowrate.

Thequantitymnbl= 0.008waschosentorepresentthemass-outflow
raterequiredinthetestsectionforboththeglasssidewallsandthe
perforatedti. !fhevalueof mnbl= 0.0C8wasderivedpartidl.y
throughtheuseofsomeexperimentaldataof ~bl fromtestsmadeina
tunnelhaving18-percent-openperforatedwalls,andpartiallyby a guess
astohowtheboundary-layermightgrowovera wall.withan increasing
valueofopenratio.

CalculationofTest-SectionWall-OpenRatio

Withtheexceptfonofthedeterminationoftheboundary-layergrowth
mass-flowratethedesignmethodgiveninthesection‘on“Methodfor
SelectingtheTest-SectionWail-openRatio”wasusedforcalculatingthe
openratioforthetestsectionoftheapproximately3-inch-s~e tunnel.

ThequantitiesM2, ‘2/HOIJP02> H2J Po2~ P2~and V2 forthe
3-irich-squaretunnelweredeterminedfortherangeof82’sgivenin
tableI.

/
Thevaluesfoundfor M2, H2 HO1, P2,and V2 havebeen

listedintableI.

Thequantitiesp~2 and Vj2 usedinequation(3)werefo@d by
firstusingan-approximatevalueof Pj(=Pl) to obtainapproximate
valuesof Pj2 @ ‘j2 forcomputingapproximatevaluesof r for
therangeof52’sintableI. Fromthesedataa valueof r = 0.47
appearedbestto representvaluesof 52 between2°and3°.

.

— ———
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Nexttherangeof Pj/HjvaluesintableIIwereassumed.The
calculationsintableIIfor P Pjl~ Vjl,~d ~t werethenmade
withuseofthevalueof r = o:i7.ExaminationofthedataoftableII

Pj
showedmnt= 0.00799when —

Hjl
= 0.369.S&ce thisquantityof0.00799

~s ap)ro~tdy eqUd h ~bz = 0.008 the Pj forthetunnelwas
769.87poundspersquarefoot.Thevaluesof pj2 and Vj2 forthe ,

we of 52 werenextcomputed.Thecurvesoffigure4 wereusedto
determinevaluesof u. .

Sincea constantvalueof mnbl,=O.O@ wasassumedforallvalues
of 52 no iterativesolutionwasrequiredto determine~t2 fromequa-
tion(l).TableI showsthevaluesdeterminedfor ~t2. Thevaluesof
VP/vj , a, and r (shownintableI)werethenfoundfortherangeof
&2’schosen.Theresultsofthesecalculationsshowedthata valueof
r = 0.47 shouldbe a reasonableaverageforuseinthetestsection.

Sincethemethoddescribedforselectingthetest-sectionwallopen
ratioindicatesthattheboundarylayershouldbe estimatedbytheuse
ofcurvessimilartothoseoffigure2,calculationsireremadeto find
whatvaluesofwall-openratiowouldresultwhenusingthissystem. 9
TableIIIshowssomeofthequantitiesusedinmakingthesecalculations.
Noticethatthe.valuesoftheopenratiogivenintableIIIarenotappre-
ciablydifferentfromthoseof tableI forvaluesof 52=.2.570 orabove.
Thisapproximateduplicationoccursbecausetheboundary-layergrowth
estimatesusedforthetwocasesformonlya smallpercentageofthe
totalwalloutflow.Thegreatestinfluenceoftheboundary-layergrowth
occursatthelowvaluesof 52.

Theopen-ratiovaluesgivenintablesI andIIIfor 52= O canbe
usedasan indexto showwhatvaluesofopenratiowereusedintheitera-
tionsolutionto findtheothervaluesof r inthetable.Rememberthe
valueof r assumedto find Pj (52= O)should,inthefinalsolution,
be approximatelyequaltothe r selectedforthetestsection.

Althoughthetotalpressurelossesacrossanobliqueshockwaveare
includedinthecalculationoftablesI andIII,no appreciableerrors
wouldhavebeencausediftheseshocklosseswereneglected.Ifthedata
oftableIIIhadbeenusedinselectingthetest-sectionopenratio,a
valueof r slightlylowerthan0.47wouldhavebeenchosen.A sample
calculationisgiveninappendixA to showhowtheboundarylayerwas
estimatedfortableIII.

8

—. -—— — —.
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DesignofNozzle-.

Accordingtothemethodas state!inthesectiononflowgeneration,
a supersoniccharacteristicflownetwasconstructedfora 1.86°perinch
firstfamilyva expansionrate(ref.9). Thecharacteristicnetwas
completelycontainedbetweenparallelboundariesh/2 apart,andthe
characteristiclineswereinitiatedattheboundary(chosento represent
theporouswsll)foreach 1.86°

4
Va familyexpansion.AU characteris-

ticsintersectingthewallboundaryfromthefamily~ wereassumed
to havenodownstreamwallreflection,andthus,wereterminatedatthe
wallintersectionpoint.Thistypeofconstructionwillresultinthe
developmentofa networkwhichwill@eld a parallelflowintheminimum
distance.Withthenozzlecharacteristicnetworkcomplete,itwaspossi-
bleto determinetheflowexpansionanglesalongthetunnelwalJ.s.
TablqIV showstheexpansionsinglesdeterminedforthedesignofthe
approximately3-inch-squarewindtunnel.Theseexpansionangleswere
usedto computebs= (va- ~), ~, Ps,and Vs,ateachchosenfl
stationforthegiventunnelstagnationconditions.

Itwaspointedoutinthe“FlowGeneration”section,thatequa-
tions(1)and(3)shouldbeusedto calcuktetherequiredopenratior

. ofthewall,forwall-flowconditions>as dete~ed forthecharacter-
isticnetwork,andforthevaluesof pjl and vjl = dete~ed from
theconditionsoftheemptytestsection.Thisprocedurewasfollowed
inthedesignofthisnozzlewiththeexceptionthattheboundary-layer
growthtermswereevaluateddifferently.Thereasonformakingthe
changeinestimatingtheboundarylayerhasbeenexplainedearlier.The
boundary-layermass-flowratedistributionterm,mnbt)inthisdesign
wasestimatedby firstneglectingboundary-layergrowthintheflowgen-
erationregionandcomputingan r dist-ributionwiththeuseofequa-
tions(1)and(3).Thevaluesof pjl-,andVjl usedinthecalculation
werethevaluesdeterminedintheprevioussection“SelectionoftheTest-
SectionOpenRatio”Usinga t&St SeCtiOh ~bz = 0.~8, 52= O,and
r = 0.47.

Examinationoftheresultingr distributionshowedthatthetunnel-
openratioincreasedrapidlywithincreasingdownstreamdistanceuntil
thenozzlestation1.5inchesdownstreamoftheentranceoftheflow-
generationregionwasreached.Atthisstation,the nozzleopenratio
wasapproximatelythatofthetestsection;fromthispofiton)theoPen-
ratiodistributionbecamenearlyconstantthroughouttheremainderof
theflow-generationregionuntilthelastfewstationswerereached.
Thesedataledtotheboundary-layermass-flowest~tes mnbz @ven
intableIV. Theboundary-layergrowthmassflow mnbz wasassumedto
increaselinearlywithdistance(fromO to 0.008)untilthe1.5-inch

.- ————
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stationwasreached,andthento remainconstantforthefollowingdown-
streamstations.Thisapproximationoftheboundary-layergrowthesti-
matewasaddedtotheoutflownecessaryforsupersonicexpansionto give
thetotal.outflowrate ~t atthevarioustunnelstations.Thesedata
andtheporositycharacteristicsa takenfromdataoffigure4 were
insertedintoequation(3)to ccmputetherequiredopen-ratiodistribu-
tionofthetunnel.Theresultsofthecalculationsaretabulatedin
tableIV. A samplecalculationforthistableisgiveninappendixB.
Theflow-generationregionofthenozzleendsat station3.79.Theopen
ratioforallstationsdownstreamofthispointmustbethepreselected
test-sectionopen-ratiovalue,0.47.

ConstructionandTests

Thewall-open-ratiodistributionforthewindtunnelwasachieved
by drillingtwoO.~0-inch-thickaluminmn-alloyplateswith”holesranging
indiameterfrom0.016inchto 0.046inch.Figure~ showsa photograph
ofoneofthewalls.Theholesweredrilledinrowsacrossthetunnel
width,withallholesineachrowhavingthesanedismeter.Therows
werespacedapproximately0.030inchapart.Eachrowwasdri~edsothat
thetotalopenarearequiredfora 0.030by 3.018stripwouldbe givenby
theholes.Although,considerablecarewastakeninthedrillingofthe
walls,thefinalwall-open-ratiodistributionas determinedbymeasure-
mentswasslightlydi$ferent,ingeneral,fromthatcomputedinthe
design.Thedataoffigure6 showa comparisonbetweenthemeastiedand
designopen-ratiovalues.Inorderto showwhattheseconstruction
errorsmeaninpercentofopenratio,thedataoffigure7 aregiven.

Whenthemeasuredvaluesof openratio(fig.6)wereusedto com-
putetheflowfieldofthenozzle,thedataoffigure8 wereobtained.
(Thesystemusedincalculatingthenozzleflow,withthewall-openratio
given,willbeeqlainedlater.)Ifthedataoffigure7 areusedin
conjunctionwiththedataoffigure8,it ispossibleto noteat some
pointstheeffectoferrorsinwallconstructionontheflowgeneration.
Forinstance,theI-1-percenterrorinwall-openratioat station0.51
canbe seento causea rapidchangeinMachnumberoccurringat sta-
tionO.51offigure8(a).Thiserrorintroducedat station0.51also
affectstheflowatthecenter-linestation1.2andthewallstation2.1
as showninfigures8(b)and8(a),respectively.Thenextdownstream
“center-linestationwhichcouldhavebeenaffectedby thedisturbance
resultingfromthisupstreamopen-ratioerroris station3.21.Notice,
however,thatnoappreciableflowdisturbanceshowsupatthispoint.
Thisresultisbelievedto occuxbecausetheturningangleprovidedby
thewallat station2.1onaccountofthepresenceofthedisturbance
itselfisofthecorrectmagnitudeanddirectionto canceltheincoming
disturbance.Sincethedownstreamflowisinfluencedby errorsinopen
ratiomadeupstream,itisdifficultto establishfromthedataoffig-
ure8, theexacteffectofan en-ratioerrorata givenstation.

. — ..—— —..-—_ ——_—_. -—— ——..- -——.— — —— --— —.— .
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Nevertheless,itcanhe statedthattheopenratiosasmeasuredforthe
‘,

porouswallaresufficientlysmalJtoprovideanapproximatelyuniform
center-lineflowdownstreamof station.2.6.

Whenthetunnelwasputintooperation,center-linepressuremeas-
urementsweretakento determ@ethedegreeofflowuniformity.Thedata
offigure9 showtheMachnumbervariationsthroughthenozzleandtest
sectionforthreedifferentsettingsofplenum-chamberpressure.Gnthis
figure,thecirclesrepresenttheexperimentaldataforthedesigncondi-
tion(M= 1.278),andthesolidlineindicatesthedesignedMachnumber
distribution.Theexperimentaldatashowthattheflowexpansioninthe
nozzlestartedat least0.2inchupstreamofstationzero.Thisupstream
expansion,whichisquitecommoninbothperforated-andslotted-~~
nozzles,isbelievedtobe dueto a decreaseintheboundary-layerthick-
nessastheperforatedportionofthenozzleisapproached.

Thegeneralovereqansionoccurringatthecenterllneinthedown-
streamportionoftheflow-generationregion(stations1 to 2.6)isprob-
ablycausedbytheuseofan inaccurateboundary-layergrowthrateinthe
design.Theassumptionmadein@esignthat ~bl intheflOW-generation
regionincreaseslineailyfromO at stationzeroto 0.009at station1.5
wasprobablyconsiderablyinerrorbecause(1)figure2 showsthat db*/%

db* termw-ddecreasesas VntlVsincreases;thustheactualPsVs~
P

decreaseatfirstwithincreasingstationinthenozzlead be quitesmall
forthehigh@ outflowrates;and(2)theboundary-layergrowthonthe
sidewallsisapproximatelyconstantandbecomesthegoverningcomponent

of ~bt tieriPsVs~ issmall.
dxP

Thewallsweredesignedtobe flatbetweenthewallstationszero
and11.5.Surfacemeasurements,however,,revealedthatwallwavesof
tOO003~ch e~stedoneach~. Theerecteffectsofthesesurface
contoursontheflowcouldnotbe definitelydetermined;howeverjthese
wallvariationsmusthaveinfluencedtheflowtosomedegree.

TheexperhntaldatatakenatMachnumbers1.1and1.2(fig.9)
areincludedto showthetypeofflowdistribtiionwhichwasobtained
at off-designMachnumbers.A comparisonofthesedata’withthosetaken
atthedesignMachnumbershowsthatmuchmoresevereflowvariation
occurredattheoff-designMch numbers.

“Insofarasthetestingofmodelsisconcerned,theflowvariations
inthis3-by 3-inchtunnelaresufficientlysmalltoprovidea suitable
testre~ion.Forexample,atthedesignhlachnumber(M= 1.278),the
maximum-Machnumberv&iationalongth=center
tions2.5and12.Ois AM =tO.007.Therapid

linebetweenthe&a-
flowgeneration,which

—
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wasachievedinlessthanonetunnelheight,
fai,rlyuniformflow,aremostencouragingin

.

andthe
viewof

a

extendedrunof
someoftheuncer-

taintiesi&olvedinestimatingtheboun&ry-layergrowth,andofthe
physicalprecisionofthefabricatedwall.

Calculationofa Wind-TunnelFlowField

As an outgrowthofsomeof.theprinciplesusedinthenozzledesign
describedinthispaper,aneffectivemethodhasbeenemployedforcal-
culatingthewind-tunnelflowfield.Thismethodprimarilyinvolvesthe
findingoftheflowconditionsatpointsalongthewa12andusingthese
flowconditionsto determinethewind-tunnelflowfield.Thediscussion
givenherewillcoveronlythemethodforfindingtheflowconditionsat
onestationalonga porouswall.Proceduresarealreadyestablishedfor
determiningthestreamflowoncetheflowattheboundaryisknown
(ref.9). ,

To determinethevaluesof M and b ata givenpointonthewall,
itisnecessaryto knowtheflowconditionsjustupstreamofthepoint
tobe ccinputed.Thisrequirementwi12.ingeneral,makeitnecessaryto
startthecalculationsatthetunnelminimum,wheretheflowisuniform
and M = 1.0. It isalsonecessaryto specifythewallboundary-layer
growth,thewallconvergence,wall-porositycharacteristicsu andopen
ratio,andplenum-chamberpressure.Withthesequantitiesgivenandwith
theaidofeqyations(1)and(3),theflowremovalratethroughtheporous
wallatanystationprovidingforsupersonicexpansionina tunnelcanbe
foundby solvingthefollowingexpression:

‘ex= pjlV~lru

Forthespecialcaseof

%x .

- %12=‘nt-%)2 = PSVS Sfn(b+ y) (5)

parallelwalls,equation(5)becomes:

~jlvjlru‘.mnbZ= psVssin5 (6)

To determinetheMachnumberresultingfrmnthisoutflow,firstfind
theflowangle~t atthepoint.Thisflowanglemaybe usedincon-
junctionwiththeupstreamflowconditionsof 5* and V* to findthe
expansionangleatthepoint.
quantitiesarerelated:

Vpt=
.

Thefollowingequationshowshowthese

( )
V* + 5pt- 5* (7)

.
TheMachnumbercanbe determinedfromtheexpansionangle vpt.

.<

-. . .... .- ..-— — - —-—- —— — — . ——
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An examination
fOrm

ofthe

p~VSsin(b+ y)= pjlVjlru

--’ NACAF@!

variablesinequation(5),rewritten
.

h-pv =cos(5+ y)+=&-s6~ Cos

P ‘P Sw

L55J13a

inthe

7 (8)

.

showsthatto determinethevalueof b ata pointfromthisequation,
itisnecessaryto knowtheMachnumberatthepointbecausethequan-”
titiespsVs,db*/% , and a arefunctionsof M. SinceM isone
ofthewallquantitiestobe foundfromthefinalsolution,equations(5)
and(7)mustbe solvedby an iterationprocess.If,in solvingforthe
outflow~or ~t, thestreamquantitiesP>”V} M} /db*~, and a just
upstreamofthispointareusedforthevaluesof p, V, M, /db*~, .
and CTatthepoint,thesequantitiestillserveasa goodfirstapprox-
ktion fortheiteration.TheMachnuuiberdeterminedfromthisfirst
calculationof vpt maynowbeusedformakingthesecondapproximation,
andtheresultsofthesecondincomputingthethird,etc. A morerapid
convergencefortheiterationwilloccur,however,iftheaveragevalue
ofMachnumberresultingfromthetwonextprecedingapproximatecalcu-
lationsisusedforrecomputing~t and bpt. Themostimportantuse
forthiswind-tunnelflow-fieldcalculatingsystemisthatitmakespos-
siblecalculationsofthestreamflowconditionsatanyoff-designMach
number,andthusshouldbe usefulto onewhowishesto designa transonic
tunnelto operateovera rangeofMachnunibers.

Thecirclesshowninfigure8 arecalculatedforthe3-by 3-inch
tunnelby useofthedesignspecificationandthemeasuredopen-ratio
distribtiion.Thesedataweredeterminedby calculatingtheflowfield
producedby eachlateralrowofholes.Theaveragerowspacingwas
0.03015inch.Normally,onlythreeiterationswererequiredto satisfy
theconditionsatthewallto a Machnumiberaccuracyofi0.00@+. The
BellTelephoneLaboratoryx-667Urelaycomputingmachineswereusedto
makethesecalculations.Forthereader’sconvenience,a samplecalcu-
lationofthedataoffigure8(a)hasbeenincludedinappendixC.

DiscussionoftheWave-ReflectionProblem

Sincea designmethodhasbeengivenforcalculatingtheopenratio
neededina porous-walledtestsectiontominimizeshock-wavereflection
abilityofthewall,somediscussionisinorderto indicatethephenom-
enawhichcanbe encounteredduringthepracticaluseofsuchwalls.

Inthedesignmethod,itwasassumedthattheboundary-layergrowth
rateinfrontoftheshockwave.wouldbe constant(intest-sectionregion).

{
-

.

.
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Itwasalsoassumedthattheboundary-layergrowth
stantfora givenvalueof 52 behindtheoblique

23

ratewouldbe con-
shockwave.Although

theseassumptionswerenecessaryto simplifythedesignproblem,itwas
knownthattheseconditionsdidnotexistinpracticalwindtunnels.For
instance,theboundary-layerthicknessovera porouswallwasfoundin
reference3 to changerapidlyinthevicinityoftheobliqueshockwave.
Thevariationinboundary-layerthichessupstream(fromshock)resulted
becausetheincreasedpressurebehindtheshocktraveledupstreamthrough
theboundarylayer.(Ref.10 showsthisphenomenonoccurringoversolid ‘
walls.)Theeffectofthispressurebehindtheshockcausestheupstream
boundarylayerto growandreacha peakthicknessjustaheadofthemodel
shock-intersectionpointandresultsinthegenerationofa compression
regionwhichinsomecasesgeneratesa shockinthestream.Immediately
downstreamofthispoint,’theboundarylayerthinsbecauseofthepres-
sureriseoccurringacrossthemodelshock.Thethinningoftheboundary
layerincreasestheeffectivearearatioofthetunnelandthuscreates
anexpansionwave. Thestrengthoftheexpansionismagnifiedto sme
extentatthispointby theporouswallsbecauseoftheabilityofthe
wallto removeflowfromthetunnel.

Itisbelievedthatiftheboundarylayeroverthewallsofthe
tunnelismadethin,as ispossibleby designingthetunneltohavea

‘8* theeffectoftheboundaryvalueof 7 much~eaterthan arctan—dxp’
layeronthewavereflectionofthemodelshockwouldbemuchlesssevere
andwouldinduceonlyminorflowvariationinthestream.

Itshouldalsobe recognizedthat,iftheboundary-layergrowth
rateswerelmowninthevicinityofthepointwherea givenstrength
modelshockwaveintersectsthewall,equations(1)and(3)couldbe
used,theoretically,to calculatea distributionof openratioalong
thewallinvicinityoftheshockwhichwouldeliminatethereflection
oftheshock.Sincethissolutionforthewave-reflectionproblem
accounts.for.onlyoneflowconditioninthetunnelita~earstobe
impracticalforuseinwind-tunneltesting.Moreresearchwillbe
requiredbeforepracticalsolutiontothewave-reflectionproblemcan
be demonstrated.

CONCLUSIONS

Thefollowingconclusionssummarizethewind-tunnel-designmethod
andexpertientalinformationdescribedinthisreport:

1.An effectivemethodispresentedforthedesignoftransonic
porous-wallwindtunnelswhitiatpresentislmowntobe capableof
providinga flowsuitablefortestingatthedesignMachnumber.

..-. ... ..—
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2.Thedesignmethodpermitsa supersonictunneltobe designedto
have,withinlimits,anyarbitrarilyselectedrateofflowexpansionin
thenozzleoranydesiredcenter-lineMachnuniberdistribution.

3. Flowgenerationfora designMachnumberof1.278canbe achieved
in.lessthsmonetunnelheightwithtest-sectionMachnumbervariations
wtithinM.m7.

4.A methodisgivenforcalculatingtheopenratioofthewall
neededtomaintaina constantpressurefieldbehindan obliqueshock
wave.

5.Theconstantvalueof&n ratiointhetestsection,eventhough
chosenbythedesignmethod,isnotexpectedtopreventshock-wave-
reflectiondisturbancesinthepresenceofanyappreciablewan boundary
layer.

6. Modelshock-wave-reflectionsfromwallshavingthinboundary
layersareexpectedtobe quiteweakwhentheopenratioofthetest
sectionhasbeenchosenthroughtheuseofthedesignmethod. I

7. Thequ@i.tyofthedesigndependsto a considerabledegreeon
howaccuratelytheboundary-layergrowthratesoverthewallandthe
porositycharacteristicsoftheporouswallhavebeendetermined.

8. Thetind-tunnelflowfieldina porous-wa~tunnelcanbedeter-
minedforanytransonicMachnumberby thespecificcalculationprocedure
giveninthisreport.

LangleyAeronauticalLaboratory,
NationalAdvisoryConmitteeforAeronautics,

~ey Field,Vs.,October6,1Y5.

.
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APPENDIXA

BOUNDARY-LAYERESIXMA!TION

Inorderto illustratehowtheboundary-layergrowthwasestimated
intable111,thefollowingcalculationsweremadefor 52= O (theuni-
formflowconditioninthetestsection):

Constantsgivenforthedesignofthe3-by 3-inchtunnelareas
follows:

Ml = 1.278

~~ = 2,086.54

Tol= 200°F

Pol=’0.0018434

7 = 00

aol= 1,261

p~= 0.00099

V1 = 1,399.2

Boundary-layergowth-ratecurves,figure2

Porosity-characteristiccurves,figure4

Heightofsolidsidewalls,2.954b.

Widthofperforatedwalls(topandbottom),3.018in.

Boundary-layergrowthof sidewalJs,
d~+
— = 0.002axsw

Thefollowingassumptionsweremade:

1.Assumethattheboundary-layer-growth
ure2 appliesforthe”perforatedwalJ_at M =

curvefor M = 1.22 infig-
1.278.

—..——____ .. . . . . —___—___. ..__ —— ———



26
..-

NACARML55J13a

2.Assumethattherequiredtest-sectionopenratiowilJ.be 0.47.
(TheresultsoftableI indicatedthatthisvalueshouldserveasa good
firstapproximation.)

3. Assumeas inthesectionon“EstimationofBoundary-LayerGrowth”
thatthequantity0.47/0.41timestheboun~-layer growthratefor
41-percentopenmaterialgivestheboundary-layergrowthratefora
47-percentopenwall.

To findtheboundary-layergrowthmaSSflow,wemustfinda solu-
tionforequation(4)

‘nt2= P2V2‘in(b2

Forparallelwalls
(5= 00), pzvz= Plvl.

(d& COS(52+y) Jhswd5*COS 7
+ 7)+ P2V2

dXP
+T

Sw

andfree-streamconditions,inthetestsection
Therefore,

%tl ( )=plVlsin OO+~+~ ~
P P Sw

Inorder

To start

(%1)1

to evaluatethequantity“d8*/~,an iterationiuustbeused.

db*
thesolution,firstassume— =dxp O.d& = 0.CD2then

(= 0.000909x1399.2O+ O+ 2.954

)
—0.002 = 0.00249
3.018

Subscriptsnumbersoutsideparenthesisdenotethe”numberoftheiteration
step.

() GfdlVntl1 = PI

= 0.00249= z Yh
0.000909 ●

(Vntl)l j O 00~9~= 2.74
VI 1399.2 “

Thisistheoutflow-velocityratiorequiredto compensatefor
boundary-byergrowthonthesidewalls.

*I.

—__ .._— —
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firstapproximate

~

(Vdl = 0.00196andthevl

27

curvesoffigure2,the

/
valueof db*dxp willhe foundtobe

db* 0.47—. o.oo625xm= 0.007165dxp

Withthistermevaluated,thesecond
outflowquantityis

(%1)2 = (0+ o.m9&

andthevelocityratio

0.009113

approximationto thetotalmass- .

+ 0.00249)= 0.u603

()‘ntl2 . 12.76
vl 1399.2

= 0.C3912

Since (Vntl)~V~ doesnotequal (Vntl~l/V~anotherchoiceof
outflowvelocitymustbe tried.Forrapidconvergence,one-halfthe

o.oo91_13previousvalueof PIV1& or z isappliedfora third

approximation

()%tl 3 = ooOo4557”+0.00249

.ti=m=
VI 1399.2

for (Vnt-)3/vl~

= 0.007047

0.00555

d&
—= o.oo292x~= o.m335
‘P .

. ..— —_ .-. . _— _ —. —.. — .—— . :—.—. _ .. .— -..—— -— .—
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.

“v’&‘ 0“m4257
()%ltl 4 = 0.004257+ 0.00249= 0.006747 .

()Vntl4 7.42
V1 = i3gg.2 = 0.00531

for (vn.,)4/v12

db*— = 0.00310x 0.47
%

— = 0.003550.41

()%tl 5 7.65
VI = 1399.2

= 0.00547

Thedesiredvalueof db*/% mustfallbetweenthevaluesof

~ = 0.00355and0.00335.Byusingtheaverageofthesetwovaluesfor>.-
-P
a morerapidconvergence

db* o.m355+ 0.00335—=
% 2

= 0.00345

M. 7.56 -0.00%
V1 1399.2

d&
—=

%
o.oo301x~= 0.00345

.

Sincethevalueof ~ = 0.00345isthesamevalueas thatused
‘P

intheprecedingstep,this

m

n,t.i$yO slug/ft2-sec,representsthe
boundary-layergrowthrateo edwallsinthetestsection.

.—
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APPENDIXB

DETERMINATIONOF

A ssmplecalculationhasbeen
openratiofora stationalongthe

OPENRATIOINNOZZLE

preparedto showhow

29

to findthe
wallintheflow-generationregion

(~ableIV). By usingtheco&ants listedinsection“Applicationof
theDesignMethod”andproceedingas indicatedbelow,thequsmtitiesin
tableIVforthestation1.2wre found.

were
Thevaluesof Va and ~ intableIVwerereadfromcurveswhich=
determinedfromthenozzlecharacteristicfloWnetwork.

At thewallstation1.2,

Jla= 2.233°and ~ = 0.269°

V6= 2.233+0.269= 2.502°

6~= 2.233- 0.269= 1.g64°

Fromtheisentropic-flowtables,thevalueof M for v = 2.502is
M =1.1553.ForthisMachnumber,thefollowingstreamquantitieswere
determinedby useoftheconstantsHol= 29.50in.Hg(=2,086.51b/ft2),
and Tol= 200°F: ,

Hol 2086.5 . 0 OOIWYPol=~=
o 1715X (200+ 460) “

as = I_,120.3ft/sec for M= 1.1553

Vs = Msas= 1.1553x 1120.3= 1,294.3ft/sec

Thequantitiespjl and VjI.tobeusedinthefollowingequation,
equation(3)ofthetext,

‘<.

—--- .—. . .. . -— ——-—— — - . — .—-.— -.–
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arethevaluesdeterminedfor 52= O intableI. Thesevaluesare
Pjl= 0.0~904 and Vjl= 1403.8.Nowhavingdeterminedthevalue
of Vjljtheq=tity Vs/Vj forthestation1.2oftableIV isfound
tobe

V6— . ~ .0.9220
Vjl .

.Byuseofthecurvesoffigure4,thevalueof u correspondingto
thestre~~ch nuniber(M= 1.1553)andvelocity.ratioVslVj= 0.9220
wasfoundtobe 0.1370.

Thetotalwallmass-outflowrate ~t isobtainedbytheuseof
equation(1)withtheexceptionofthetermsincludingtheboundary-layer
growth. ‘!hemas$-o~flowrate mnbt necessaryto compensateforthe
boundary-layergrowthwasfoundbythesystemstatedinthesection
entitled““ApplicationoftheDesignMethod,”where~bz -wasasswedto
varylinearlyfroma valueof zeroat stationzeroto a valueof 0.008 .
at station1.5. Thus,the-quantitymnb~= 0.cx18x1.2 = ()0064

1.5
. .

Nowto obtainfromequation(1)theoutflowcomponentprovidingfor
supersonicexpansion

%X = PsVs(sinb)forparallelwalls

Ps=

Ps— = 0.6510 for
Pol

Ps
— Pol= 0.6510xPol

MS=1.1553

O.oolw> = 0.00102

Thus,thevalueofthesupersonicexpansionmassoutflowis

%x = O.OO1O2X1120.3sin1.g64°= 0.04524

and

m.tlt‘~bz +~x=0.W64+ 0.04524=0.@162

-mF .

—-
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therefore,

?nt
r = PJ1V31U

Thisvalue
haveto satisfy

31

0.05162= = 0.2968or 29.68percent
0.000904x IAo3.8x 0.1370

of
the

r = 29.68percent is theopenratiothewallmust
desiredflowconditionsatthe1.2-inchstation.

—. . . . .— ..————.— —.—--— — —— -— ——.. -.--—— ---— .–———
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APPENDIXc

DEWERMINNTIONOFllXALMACHNUMBERANDFLOW

.—

NACARML75Jl~

ANGIEATAPOINTON THEWAIL

Inorderto findtheMachnuniberandflowangleata
tioninthenozzleofthe3-by 3-inchtunnelconstructed
designmethod,thefollo@ngsamplecalculationismade:

Givenquantities:

M “=1.0upstreamofpointtobe calculated

Vs= 0°upstreamofpointtobe calculated

6s = 0°upstreamofpointtobe calculated

Pol= o.00M4*

7 = 00

TO1= 200°F

Station= 0.03015in.(stationforwhichthiscalcd”ation

givenwallsta-
bythepresented

is&de)

%b2 = 0..Qoo16slug/f’t2-sec(estimatedby systemdescribedinthe
section“DesignofNozzle”)

Vjl = 1403.8(fromtableIV)

Pjl = 0.000904(fromtableIV> -

Porosity-characteristiccurvesoffigure4 “

Wall-openratiocurvesoffigure6 (r at station0.03015in.isO.0047)

TheMachnumberatthegivenstation,0.03015,maybe determinedby
findingthesolutionofequations(5)and(7)atthis-point.E~tion (5)
isgivenas

%x = (pjlvjlr~- %bl) ‘.Psvssin(b+ 7)

.

.— —.. .
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forthecasewhere y = O equation(5)maybe

33

rewrittenas

.

%X ‘ Pjlvjlru- %bl = P~V~SiIlb

andequation(7)isgivenas

Vpt ( )
=v&+ bpt-b~

The@own quantitieswhichtill

As wasexplainedear~er u,
Machnuniberor vpt,thequantitY

solutionmustbe foundby theuse

be determinedare U, Ps, Vs,and b.

PSj ~d vs areallfunctionsofthe
whichistobe determined;thus,the

ofan iterationprocess.

To dothis,firs~assumethatthevelocityatthestationbeingcal-
culatedwillbethesameasthatattheupstreamstationandfindthe
Machnumberresultingfrm thissolution.By theuseofthisupstream
point,

Then,

v,s = % ~ a. = ~50”3(forM = 1“0’0)

Vs I150.3—=— =
Vjl

0.820
1403.8

.

“a= 0.279

%x = 0.000904X 1403.8X 0..QO47X 0.279- 0.000160= 0.001504

Ps
Ps=—Pol

PO1= 0.6339x 0.0018434= 0.00u69(forM = 1.000)

%x 0.001.5045 =~ptl=arc sin~ =arcsin 0.06409°
Ss 0.00u69x u70.3 =

I

— —— –——— —— —————
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Thesubscriptptl isbeingusedto denotethefirstpartial.resultsat
thepointforwhichthesolutionissought.Withincreasingiteration
steps,thepartialresultswillbe denotedby pt2, pt3,etc.

‘Ptl (%=v~+t-
)

b~ =

TheMachnumberresultingfrom

thefollowingsecondapproximation:

for ~tl:

Vs = Mpt~%t~= 1.013x O.gKlox

o+ (0.C641- o)= 0.0641°

‘ml (M= 1.013)isusedtomake

1261= u63.7

Vs H63.7 . 0.82W
~=m

u = 0.2675

%x = (o.mogo4x 1403.8x 0.0047x 0.2675)-0.02016 = 0.001435
.

for ~tl:

Ps= 0.001155

~t,2

‘P%

Mpt2

Shilarlythethird

for ~t2:

= arcsin 0.001435 0.061060
n63.7x 0.0012.55“

= O+ (0.6106- O) = 0.061C6°

= 1.OMO

approximation:

Vs ‘Mpt&pt2 = l“OM x 0..9U

——.—— ———

X 1261= u63.3

.-
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v~ u63.3 = 0.8286—=
Vj1 1403.8

a = 0.268

%X = (0.000904X 1403.8X 0.0047x0.268)- 0.000160= o.0m438

for l&2:

P~
P~‘ — Pol= 0.00u56Pol

%3
0.001438= arc sin = 0.06112°

u63.3 x 0.00u56

Vpt3 =0.+ (0.06112- O)=o.06m0

The
accuracy

35

l&3 = 1.01252

valueOf ~t3 gives
of*0.00002.

theMachnumber’atstation0.03015to an

_ _____ _____ ——— —— -——— _ .
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82 % H2pd

o 1.2781.MK)

.321.H low

1.521.EOl,m

2.571.17’7SW

3A91.136.999S

4.27l.~ ,9991

4,931,061 .9934

TABLiI.- Sam QuAmrlms mm IN lxLcmATm TEE mQlm) OPENRATIO FOR

TEE TEKC 2B~IONOF~ 5-IIVCHBY3-INCHTRMSONIC TUNKEL

[ 1%1 = 2,c86.54 lb/Bq ft; To~ = 200° F

w),00c9091399.2769.870.36901.284
.octm87 1Y39.2 7’69.87

.ccwm 1350.4769.87

.009997 1313.3769.87

.(XL037 U!77.O769.87

.001073 x42 .0 769.87

.COU07 Ia8.8 769.871
.36SYJl.%

.36901,284

.36931.28L

.36911.283

.36931,283

.$$l .282

Pj2 VJ2 %bl

).cxx)gci+xko3.80,cK18

.oo@04 1403.8 .O@

.OlxgdlL403.8 .W8

.Oocgdt1403.8 .@

.oa19031403.6 .Cn9

.(XC9031403.3 .M9

.00903 1402.8 .Cux3

%lt2 v2/vj

) o.%@

.01514 .%96

.dt2kl .9519

.@Ea7 .9335

.Cf!Mo .9Gql

,10-(26 .8950

.12300 .8617

u r

}.Olyl 47.0

.024848,2

.C%35 52.7

.I.lm47.1

.16CXI43.7

.l~o 43,4

,223643.0

I
.,!

I
\
I
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!lMBLEII.- TABUMTIOli OF 8CME VALUES

BOuNOARY-L4YERGRO~Hm ~bz

USEDTOFINDTHEPLENUM—CHAMBERPRESSURE FOR

= O.@ SLUG/FT2-SEC JWO FOR AN r = 0.47

u
CD

A

pjpJl PJ ~jl ‘JJ1 Vs/vJ1 o
(PjHlq

O*36* 770,82 o.cmgo5 1403.1 0.9972 0.0127 o.m758
;yay 769.8T .- 1403.8 .9!%7 .0134 .m79

768.82 .ocG$03 14d+.6 :% .0102 .@46
.5556 762.82 ,oco899 1409.3 .0200 .Ollgo

I

I
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02 M2H2/~1 ‘ p2 v~ Pj pJ/%2 q2 pj2 vj2 v* /v~d3*/q dt-q$ ~z %2 v2/vJ u r

o 1.27a1.CXIO0.- 1359.2771.9o.37xl1.2820.-3 Iti.1o.~ o,my$ O.cce o.c0589O,ama o.~ 0.011547.0

,321.26 1“,m ,qlm 1389.2772.9.370)1.2& .K0y53 14a2.1 .W&l .L-Olp .a .m47 .011e4.~ .CQ3 40.0

1.52l.a 1,000 .- 1350.4TP.9 .37m1.282.m%53 1402.1.aa$ .oaQ6 .aJ2 .CE@39 .03p9 ,$31 .624k-(.l

2.571.lT .W ,*W 1313.3771.9 .3~ 1.E%32,im~~ lke,l ,*7O o .m? .@=37 .fil~ .9367 .l@ 44.2

3,491.1% ,* .#lo37 u-77.67-71.,9.3701l.!a ,(x@@o 1402.1 .C@q o .0U2 .W26Q ,U3320.91ca,1562k.o

4.271.09~.ml .oolo~ L242.O 7-p..9.3p31,*1 .00304914C!2.1.O@ o .w? .ma .10U37.W1 .1* 41.4

4.93l.fxa.$@J1.OQllq l.ma.a773.,9.37c5l,m. .0w@t81402.0,@& o .W2 .00262 ,U762 .a5a5 .224’741.3
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TABLE IV, - SIME!QMImcm3s UsETlIN CAIXUUTIN3 THE OPEN-RATIODIEIKCBUIIONIN THE

FLW—GENERATIOIVREGIONOF A 3-INCHBY 3-INCHTRMWNIC TUNNXL

[
T01 = 200° F; %1 = 2)086.54 lb/Bqft; Pjl = O.CYW@ .dugfcu f%; and Vjl M 1,405.8ft/see]

3tation

o
.2
.4

:;
1,0
1,2
1.3
1.4
1.>
1.6

::;
1.9
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6
3.79

‘a

o
.372
.744

loll~
1.489
l,i%o
2.233
2.420
2.6ti
2.75Q
2.793
2.79
2.750
2.79
2.75Q
2,7xI
2.79
2.79
2,7s0
2.7P
2,7s0
2.7%
2.7w
2.79

o
.013
.030
.058
.093
.170
.269
.>29
.398
.470
;::

.73-3
~800
.892

1.081
l.~
1.480
1.690
l.gm
2.L20
2.342
2.570
2.790

Vs

o
.38
.7J

1,1~
1.587
2,030
2.502

0?
2.74
3,0
3,260
3.33J3
3,41.8
3.503
3.59
3.682
3.871
4.065
4.270
4.4&1
4.6w
k.910
5.132
5.3&l
5.%

%

l.mco
1.CJK5
1.0!584
1.0913
1,u27
1.1341
1.1533
1.16&I
1.17’71
1.I.882
1.1912
1.1944
1.lg77
1,2014
1.ZZ152
l.=
1,2202
1,2285
1.2566
1.2448
1.2532
1.2615
1.2699
1.2700

U5L.2
IJ.9L.5
W17.6
1236.8
125.5.1
12~.4
1294.3
1303.7
1313,4
1323.2
1325.8
1328.5
1331.4
1334.5
1337.8
1*.1
1350.5
1357.7
1564.6
1371.5
1378.5
13!35.5
13$Z2.4
13s.2

‘B/vjl

o.82a2
.84-87
.8659
.8J31O
.8948
.9395
.9220
.%7
.9356
.*26
.*
.*3
.*
.B(X
.95P
.9575
.9520
.W1
.g721
.g770
.*XJ
.9969
.9919
.957

I.27XJ
.24YI
.2203
.2010
.1823
.1620
.1370
.1245
.1.110
.*5
.0950
.Oglo
.C@m
.@340
.Q&xl
.0720

:%
.@Lg3
.0+0
.0362
.cc!!%
.ce14
.O@

)
.00107
.Cw12
.c0318
.0C424
.omyJ
.C@9
.C06go
.cK1743
.W300
.C0500
.0cm2
.Oom
.C&Km
.CnOoo
.C0800
.00’300
.Ocmo

:%%
.mam
.C#!Mo
.m’3oo
.00!!00

%x
‘!J~v*sin 6

)

o
,a)841
.01669
.024n
.03233
.03912
.04524
.o&8c5
.0561
.05303
.05119
,04931
,04733
.04533
.0-4316
.03880
.03431
.02958
.02479
.02CQ0
.01500
.01001
.C&go

o

%

)
:=1
,02789
;o~;

.05162

.oylg5

.Oyxil

.C%103

.05919

.05731

.05533

.05333

.C5U6

.0k6.90

.d+231

.03758
,032~$)
.G%?880
.023aI
.Olaol
.o12~
.W31xl

F, percent

;,07
6.74
10.93
15.79
ZL.61
29.68
34.78
41.19
48.82
49,0!3
49.62
49.53
50.03
50.40
51.20
52.11
54.41
52.21
51.28

z
O.1.1

4mi
47.03
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Figure l.- L-90
%A schematic drawing showing how air enters and leaves a Ror -

wall wind tunnel designed by the general design method.
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Outflowvelocity

Figure2.- /%Curvesshowinghow db*

ratioforseveralMachnumbersover
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Figure 6.-Mta showingths&Lfferences between the design open ratio and
that achieved in construction.
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