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WIND-~ INVESTIGATI@iOFA NUMBEROFTOTAL-PRESSURE

TUBESAT’HIGHANGLESOFATTACK

SUBSONIC,TRANSONIC,ANDSUPERSONICSPEEDS

ByWilliamGracey

smMmY

Theeffectofinclinationoftheairstresmon themeasuredpressures
of% total-pressuretubeshasbeendeterminedforanglesof attackup
to600andovera Mch nuriierrangefrom0.26 to 1.62. Theinvestigation
wasconductedinfivewindtunnelsat theIe.ngleyAeronauticalLaboratory.

Forsimple,nonshieldedtubes,theusableangularrangewasfound
todependontheext.ern&Lshapeofthenosesection,thesizeof the
impactopening(relativeto thetubediameter),and“Weshapeof the
internalchamberbehindtheimpactopening.Thebestcombinationof
thesedesia features(thatis,a tubehavinga cylindricalnoseshape,— —
an impactopeningequalto thetubediameter,and-
producedthehighestusablerange(about28°at a
ofanyof thenonshieldedtubes.

Ihcaseswherea usableangularrangelsrger
a muchhigherrangemaybe obtainedwithshielded

a 30°conicalchamber)
Machnumberof 0.26)

than&28°isrequired,
tubes.Theusablerange

of a tubewitha shieldhavinga conicalentry,forexample,is about~l”
at a Machnumberof 0.26. changingtheshapeof theentryof theshield
to a highlycurvedsectionincreasestheusablerangeto about%30, the
highestofanyofthetubestested.Thethroatsof thesetubeswerevented
throughthew’aZLsof theshield,a designfeaturepermittingend-mounting
of thetubeona horizontalboom.

Forairspeedapplicationswhereit isnotessentialthatthetube
havea largenegativeangle-of-attackrange,theusablersmgemaybe
extendedtahigherpositiveanglesof attackby mesnsof a leading-edge
slantprofile.Forslantprofilesup to20°,theusablerangeatpositive
anglesofattackcanbe extendedby about1°foreach

TheeffectofMachnumberonbothunshieldedand
foundtobe considerable.Formostof theunshielded
rangeincreasedwithMachnuniber,whereasthatofthe
decreasedwithMachnumber.

degreeof slant.

shieldedtubeswas
tubestheusable
shieldedtubes
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INTRODUCTION
d

TheNationalAdvisoryCommitteeforAeronauticshasconducteda series
ofwind-tunnelinvestigationstodeterminetheeffectof inclinationof #
theairstresmonthemeasuredpressuresofa numberoftotal-pressure
tubesthrougha widerangeof angleofattackat subsonic,transonic,and
supersonicspeeds.Theresultsoftheseinvestigationshavebeenreported
inreferences1 to 6. ~s reportsummarizestheseresultsandpresents
thedataina formpermittinga moredetailedcomparisonoftheeffects
ofthepertinentdesignvariables.

.—.

Theseinvestigationswereconductedforthepurposeofobtaining
itiormationwhichwouldleadtothedesignofrigid-typetubescapable
ofmeasuringtotalpressurescorrectlyathighanglesofattackandat
highspeeds.Theneedforthisinformationhasariseninrecentyears
becauseof thedevelopmentof airplaneshavingthecapabili~ofmaneu-
veringtohighanglesofattackat supersonicspeedsandbecausecon-
ventionaltubes,bothrigidandswiveling,areunsatisfactoryunderthese
conditions.Conventionalrigidtubes,thatis,thosewithhemispherical
or ogivalnoseshapes,areunsatisfactorybecausethemeasuredpressure
beginstodeviatefromthefree-streamvalueatmcderatesinglesofattack.
Swivelingtubes,on theotherhand,areconsideredundesirablebecause
ofthepossibilityof structuralfailureathighspee”ds.

Informationneededfordesigninga tubewhichwouldbe satisfactory
athighanglesof attackat subsonicspeedshasbeenavailableforsame
time. In1935,forexaulple,MerriamandS~aulding(ref.7)showedthat ●

a tubecouldbe madeinsensitiveovera widerangeofangleofattack
by makingtheimpactopeninga largepercentofthetubediameter.During ~
thesameyear,fiel(ref.8)reporteda designofa shieldedtubewhich
readcorrectlytoanangleofattackofabout35°. Unpublishedtests

—

by theNationalAdvisoryCommitteeforAeronauticsofthistube,however,
showedthattheflowaboutthecircularspindleon.whichthetubewas
mountedcausedthetubetovibrateso severelyata Mmh numberof
about0.6thatthetubecouldnotbe usedabovethisspeed.

Withthisinformationasa startingpoint,theprogramforthe
presentinvestigationwasformulatedto investigate(1)variouscon-
figurationsof simple,unshieldedtubeshavingl.szgehpact openings
and(2)a designof a shieldedtubeinwhichthethroatwouldbe vented
throughthewalloftheshieldandtherebyeliminatethespindlemount
andpermitthetubetobe mountedontheendofa horizontalboom. h
addition,variousconical-shapedtubeswereincludedinthetestsbecause .
oftheirpossibleuseasinstrumentstomeasureamglesofattackandyaw
(ref.9). Also,becauseofitswidespreaduseinserviceoperations,
am ogival-shapedtubewasinvestigated.Althoughthisparticulartube

—
k

hadalreadybeentestedat supersmicspeeds(ref.10),thesetestswere
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limitedtoangl& of attackof10°. Hemispherical-shaped
exemplifiedby thePrandtltube,werenotincludedin the

3

tubes,as
presentinvesti-

● gati&becausetheywereknowntobe verysensitiveto an~e ofattack
(ref.11).
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SYMBOLS

frontalareaof shield(shieldedtubes)

ventareaof shield(shielded

distancefromleadingedgeof
shield(shieldedtubes)

dismeterof impactopeningof

bodydismeteroftube

tubes)

total-pressureprobetofaceof

the

diameteroftubeatfaceof conicaltube

diameterof throatof shieldedtube

totalpressure

totalpressure

totalpressure

total-pressure

offreestresm

measuredby tube

measuredby tube

ata=OO

at a+OO

error(pt- pt~’at subsonicspeeds;pt’- pt”
at supersonicspeeds)

staticpressureoffreestresm

indicatedimpactpressure(pt- p at subsonicspeeds;pt’. p
at supersonicspeeds)

free-stresmMachnumber

singleofattackoftube,deg

sngleofyawoftube,deg

internalconeangle,deg

slantprofileangle,deg
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APPARATUSANDTESTS

4

Diagramsofthe54total-pressuretubeswhichweretestedduring
theinvestigationareshowninfigure1. Forpurposesofcomparison,the
tubesweredividedintofivegroupsonthebasisoftheexternalshape

--

ofthenosesection:cylindrical(seriesA),15°c!onical(seriesB)
~30°conical(seriesC),450conical(seriesD),audogival(seriesE .

Forconvenience,thecylindricaltubesinseriesA havebeendivided
Intotwosubgroups:A (nonshielded)andAs (shielded).TubesAs-1,
As-2,As-3,andAs-4hadbodydiametersof3/4inchsothattheycould
be testedin thetestsectionoftheIax@.eyg-inchsupersonictunnel
duringtheinitialpartof theinvestigation.Allothertubeshadbody
diametersof 1 inch. Thedesignofthevarioustubesineachofthefive
serieswasvariedasregardsbothinternalshapeandconfigurationofthe
total-pressureentry.

Theinvestigationwasconductedinfivewindtunnels:the6-by
6-foottestsectionoftheLangleystabilitytunnel,theLangleyhigh-
speed7-by 10-foottunnel,theLangley8-foottransonictunnel,the
Langley$&inchsupersonictunnel,andtheLangley4-by A-footsuper-
sonictunnel.ForthetestsintheLangleystability,g-inchsupersonic,
and4-by u-footsupersonictunnels,thetotal-press~etubetobe tested
wasmountedon a specialU-shapedswivelmechanismwhichwasmountedon
thesidewallofthetunnel.A typicalinstallationisthatofthe
stabilitytunnelshowninfigure2. TheseU-supportsweredesignedwith
theaxisofrotationin linewiththeleadingedgeof thetotal-pressure
tubeinorderthattietotal-pressureentrywouldremainatthesame i
pointin theairstreamforallanglesofattack.Theinclinationofthe
tubeto theairflowwassetby meansof a controlarmattachedtothe
U-supportandlocatedoutsidethetunnelwall. Thesingleof attackof

a

thetubewasmeasuredeitherona circulsrscaleattachedto thecontrol
armorwitha cathetmeterlocatedoutsidethetunnel.Forthosetests
inwhichangleof attackwasmeasuredbyh scale,deflectionofthe
U-supportunderairloadwasinvestigatedsndineachcaaewasfoundto

--

be negligible,

ForthetestsintheIangleyhigh-speed7-by 10-foottunneland
8-foottransonictunnel,thetubesweremountedona bentstingadapter
attachedtoa stingsupport.Theangularsettingofthesting~coupling
combinationwassuchthattheleadingedgeofthetuberemainedin
approximatelythesamepointinthetunnelforallsettingsofthetube.
Theinclinationofthetubeswiththisapparatuswassetbymeansofa
remote-controlmechanismandtheanglesofattackofthetubeswere
measuredbymeansofa cathetometer.Themeasurementsofsingleofattack ‘‘--
weremadewiththetunneloperatingin orderthattheeffectsofsting
deflectiondueto airloadsmightbe eliminated. w.—
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Thevarioustubesweretestedatoneor
between0.26and1.62.Foreachtestsmed.

morevaluesof
thetubeswere

5

Machnumber
movedthrough

theangle-of-attackrange(f45°formos~te~tsbut.sshighas600in sane
cases)in incrementsof about5°. Foreachsettingofthetube,the
total-pressureerrorwasdeterminedby measuringthedifferencebetween
thetotalpressureregisteredby thetesttubeanda suitablereference
pressure.Inmostofthesubsonictests,a total-pressuretubefixedat
zeroangleofattackandlocatedinsnotherpartofthetunnelprovided
thereferencepressure.~ thesupersonictests,thepressureinthe
tunnelsettlingchamberwasusedas thereferencepressure.Forthe
subsonictests,thetotal-pressureerrorwasdetermineddirectlyas the
differencebetweenthepressureofthetesttubeandthepressureof the
referencetube(pt”- pt). Forthesupersonictests,whereshockformed
sheadofthetesttube,thetotal-pressureerrorwasdeterminedasthe
differencebetweenthepressuremeasuredby thetubeata givenangleof
attackandthepressuremeasuredby thetubeat zeroangleofattack
(Pt”-Pt’). As thistestprocedurecorrected,ineffect,forthetotal-
pressurelossthroughtheshockaheadofthetube,thetotal-pressure
errorspresenkdinthisreportforsupersonicspeedsarea functiononly
of changesinsngleofattacksndme thereforedirectlycomparablewith
thesubsonicdata. Estimatedaccuraciessreasfollows:

Tunnel Angleofattack,a,deg 4%’/%2’

LangleyStabiliw 0.25 iQ.m2 et M= 0.26
Lao@eyhi@-speed7-by 10-foot .25

1!

*.005atM= O.p
.&32at M= 0.9

kn@ey 8-foottranemic .1 *.(X)3at MEO.6
t.~1 at M= 1.1.1

Langley9-inchsupersonic .1 ?.w at M. 1.62

WY 4-byk-foot.mpsrsonic .2
{
~.003at M= 1.61(VJlb/sqin.)
*.w7 at M= 1.61(16lb/sqin.)

varioustubes.Itisdefinedas therangeof-angle-ofattackoverwhich
a tuberemainsinsensitiveto inclinationtowithin1 p@rcentof ~’.
Forconvenience,anotherterm,thesensitivityangle,isalsoused.
Thisisdefinedas theangleofattackatwhichthetotal-pressureerror
reachesa valueof 1 percentof ~’. Forsymmetricaltubesthesensi-
tivityangleishalftherangeof insensitivity.

—
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An exampleofthebasicdatafromwhichthesensitivityangleof
eachofthetubeswasdeterminedisgiveninfigure3 fortubeA-2. This
figureshowsthevariationofthetotal-pressureerrorApt/~’ with 4
angleofattackforMachnumbersof0.26and1.62.As definedby these
curves,thesensitivityangleis23°at M = 0.26 andis29°at M = 1.62. u

Itwillbe seenfromfigure3 thatthetotal-pressureerrorremains
zeroup to a certainanglesmdthenbeginstodeviateina negativedirec-
tion..Inthiscasethesensitivityangleisdeterminedby theangb”of
attackatwhichthetotal-pressureerrorbecomes-1percentof qc’. This
variationoftotal-pressureerrorwithangleofattackistypicalforthe
nonshieldedtubesatallMachnumbersandfortheshieldedtubesat sub-

—

sonicandtransonicspeeds.Inthecalibrationofoneshieldedtubeat
supersonicspeeds,however,theerrordeviatedfirsttopositivevalues
andthen,ata highersingleofattack,beganthenormaldeviationina

—

negativedirectionasshowninfigure4. Inthiscasethesensitivity
sngleisdeterminedby theangleofattackatwhichtheerrorreaches
a valueof+1percentof qc’.

EffectofImpact-OpeningSize

Theeffect-ofvaryingthesizeoftheimpactopening(ormore
specifically,theratiooftheimpact-openingdiameterd tothetube
diameterD) of threecylindricaltubesat M= 0.26 maybe seenfrom

—

fi~e 5(a).Thisfigureshowsthatthesensitivityangleincreaseswith
increasingsizeof impactopeningandreachesa valueof23°forthetubes
havingimpactopeningsof 0.96and0.98._~lthoughthecalibrationsof

~=...4
thesetwotubes(ref.1) showedthatthetubehavingthelargeropening
wasactuall,,lesssensitivetoinclinationatanglesofattackabovethe
sensitivityangle,
ableeffectonthe

Thevariation
tubeshavinga 30°
inthecaseofthe

thedifferenceswereinsuffic~enttoproducea notice- ‘-
valuesofthesensitivityangle.

of sensitivityanglewithimpact-openingsizefor
conicalnosesectionispresentedinfigure~(b).As ‘-
cylindricaltubes,thesensitivityangleisshownto

increasewithincreasingsizeoftheimpactopening.

Theeffectofvaryingthesizeoftheimpactopeningfortubes
having15°,30°,and45°conicalnosesectionsis showninfigure5(c).
In contrastto thedatashowninfigure5(b),thesizeoftheimpact
openinginthiscaseis.definedastheratiooftheimpactdismeterd
tothedismeterof thefaceofthetube ‘D1.ThecurvesinfigureJ(c)
showthatforeachofthethreeconicaltubesthesensitivityangle
increaseswithincreasingvaluesof d/Dl,therateofincreasebeing

●.

greatestforthe15°conicaltubeandleastforthe45° conicaltube.
i
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EffectofVarying

Theeffectoftheshape

7

theShapeofthehternalChamber

oftheinternalchamberonthecharacter-
isticsof cylindricaltubeshatingbluntleadingedgescanbe shownfrom
a comparisonofthesensitivi~anglesoftubesA-2andA-5at M = 0.26.
(SeetableI.) Thedesignof thesetubeswassimilsrin leading-edge
shape,sizeofimpactopening(0.98D),anddepthofchanber(1.OD);
thetubesdiffered,however,inthatthechaniberoftubeA-2wascylin-
dricalwhereasthatoftubeA-5washemispherical.Comparisonofthe
sensitivityanglesofthetwotubesshowsthattheperformanceis improved
by changingthechamberfromcylindricaltohemisphericalandthatthe

-n

magnitudeof theimprovementisabout~“.

Theeffectofinternalshapeon cylindricaltubeshavingsharp
leadingedgesmaybe seenfroma comparisonofthesensitivityangleof
tubeA-4withthatoftubesA-10andA-11(tableI). Thesettiesare
alikeinthateachhasan internallybeveledleadingedgebutdiffer
in thattubeA-4hasa cylindricalchsniber(1.ODindepth);whereas
tubesA-10sndA-n haveconicalchaibers extending 1.15Dand0.90D,
respectively,behindtheleadingedge. Sincetheaveragedepthofthe
chambersoftubesA-10andA-n approximatesthat-oftubeA-4,anaverage
valueofthesensitivityanglesof tubesA-10and,A-11shouldprovidea
validcornpsxisonoftherelativemeritsofthetwocharibers.On this
basis,thesensitivityanglefortheconicalchamberwouldbe24.50,a
valuewhichccmpareswith23°forthecylindricalchaniber.Theconical
chsmberisthereforeshowntobe slightlysuperiortothecylindrical

● chamberfor M = 0.26.

Theeffectofvaryingtheangleoftheconicalc~bers intubes
. hatingcylindrical,conical,andogivalexternalshapksis showninfig.

ure6. Foreachofthefiveseriesoftubesthesensitivityangle
increasedwithdecreasingangleforconeanglesbetween30°and5@.
Testsof cylindricaltubeswithconeangleslessthan30°,however,showed
thatthesensitivityangleremainsessentiallyconstantforconeangles
belowthisvalue.

EffectofExternalShape

Theeffectof externalshapeontheangle-of-attackcharacteristics
oftotal-pressuretubesmaybe determinedby compari~tubeshaving‘the
ssmetypeofpressureentryineachofthefiveseries.Sucha comparison
my bemadefromfigure6,wheredatasrepresentedforfiveexternal

1. shapes,eachhavingconicalchsnibersof 30°,4@, and500. Itwill.be
seenfromfigure6 thatthesensitivi~anglesof thecylindricaltubes
sregreaterthanthoseofanyoftheconicalorogivaltubes.Ofthe

. conicaltubes,thesensitivityangleofthe15°tubeisthegreatest
andthatofthe450tube,theleast.Thesensitivityanglesoftheogival
tubesapproximatethoseofthe15°and3@ conicaltubes.
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. Fromtheforegoingdiscussionitwillbe seenthattheusableangular
rangeof simplenonshieldedtubesdependsontheexternalshapeofthenose
section,thesizeoftheimpactopening(relativeto thetubediameter), 4

andtheshapeoftheinternalchamberbehindtheimpactopening.Thebest
combinationofthesethreedesignfeatures(acylindricaltubehavingan
impactopeningequaltothetubediameteranda 15°conicalchamber)pro- ‘
ducedthehighestremgeofinsegsitivi~(@7.50at M= 0.26) ofanyof
thenonshieldedtubes.

EffectofSlantProfile

Theeffectofvaryingtheslantoftheleading-edgeprofileof a
cylindricaltubemaybe seenby comparingthecalibrationsoftubesA-2
sndA-6(fig.T(a)).TherangeofinsensitivityoftubeA-2is*23°
whereasthatoftubeA-6is -13to 32. Chsmgingtheprofilefrcmsquare
toa slantof10°is showntohavethebeneficialeffectin shiftingthe.
calibrationofa square-endedtubealongtheangle-of-attackscaleby 9.5°
sothatthetuberemainsinsensitivetohigherpositiveanglesof attack.
TherangeofinsensitivityoftubeA-6atanglesofyawwasshownin
reference1 tobe t23°orthesameas thatoftubeA-2atanglesofattack
andyaw. Fromtestsoftube,A-6at angl.es.ofattackcombinedwithangles
ofyaw(ref.1),itispossibletodefinethecompleteboundarieswithin
whichthetubewillremaininsensitivetowithin1 percentoftheimpact
pressure(fig.T(b)). Thisfigureshowsthat,foranglesofyawup to
15°,thesensitivityangleof thetubeis still.ashigh(23°)asthatof
tubeA-2. Itmaybe concluded,therefore,thata slantprofilehasthe
effectofextendingtherangeofinsensitivitytohigherpositiveangles ●

ofattack(with~ = 0°)withoutlossinperformanceateitheranglesof
yaw (witha= 0°)oratanglesof attackcanbinedwithanglesofyawup
to150. k

Theeffectofchangingtheslantoftheles.ding-edgeprofileof an
ogivaltubefrom10°to200maybe determinedby compsringtherangesof
insensitivityoftubesE-2andE-3. (SeetableI.) Itwill.be seenfrom
thesevalues(-1.5°to11.5°fortubeE-2smd8.5°to21.50fortubeE-3)
thattheeffectofincreasingtheslantsnglefrom100to20°is a shift
of thecurvealongtheangle-of-attackscaleby 10°. Itwouldappear,
therefore,fqamtheresultsofthetestsof cylindricalandogivaltubes
havingslantprofilesthat,forslantanglesup to200,thesensitivity

—

anglemsybe extendedtohigherpositiveanglesofattackby about10for .—
eachdegreeof slantsingle. —

EffectofVentingofShieldedTubes .

The_effectofventingKiel-ty-peshieldedtubesisshown’infigure8(a). ~
Thisfigureshowsthatat M= 0.26 theeffectofventingis considerable,
fortheadditionofa ventareaequaltoone-halfthefrontalareaof the —
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shieldincreasesthesensitivityanglefrom24°(fortheno-flowcon-
dition)to 38.50.A furtherincreaseintheventareato 1.0timesthe
frontalareaisnotnearlyaaeffectivebecausethesensitivityanglein
thiscasewasextendedto only41°. Tmreasingtheventareato 1.5times
thefrontalsreaproduceda negligiblefurtherincreasein thesensitivity
angle(l/2O).

Thecurveinfigure8(a)indicatesthatat M= 0.26 thethroat
becomeschokedwhentheventarea Av/& is somewhatlessthan1.0.
Sincethesizeoftheventareacorrespondingtothechokedcondition
decreaseswithincreasingMachnumber,a ventareaofaboutl.Owouldbe
satisfactoryforMachnumbersabove0.26. Ih ordertiattheventarea
be largeenoughforMachnumbersbelow0.26,a ventarea Av/~ of 1.5
wasadoptedasa standardfortheshieldedtubesof thisinvestigation.
A pointofinterestinthisconnectionistiefactthat,at leastfor
= 0.26,thewall-typeventingofthesetubeswasshowntobe aseffec-

~iveas thetypeofventingoftheKLeltube(ref.8).

Wfect ofVaryingtheProbePositionandtheThroat

DiameterofShieldedTubes

Theeffectsofvarying(1)thelocationof theleadingedgeof the
probewithrespectto tieleadingedgeoftheshield(a/D)and(2)the
diameterofthethroatoftheshield(D2/D)wereinvestigatedby tests
oftubesAS-5,AS-6, As-~,AS-8,andAs-9. TubesAs-8sndAs-9were
thesameasAs-5,As-6,endAs-7.except,forthethroatdiameterwhich
wasincreasedfromtheICLelstandardof 0.5to 0.591~anincrease
of ~ percentin theareaof thethroat).(Notethattheincreasein
throatdiameteroftubesAS-8andAs-9wasaccompaniedbya small
decreaseintheangleoftheentrancecone.)

Thevariationof sensitivityanglewithvaryingprobepositionand
throatdiameteris showninfigure8(b). ‘lhisfigureshowsthat,for

.—

thisparticularconfigurationandat M= 0.26, movingtheprobeforward
ofthe0.5positionhasa negligibleeffectonthevalueofthesensitivity
angle,whereasmovingtheprobetothereardecreasesthesensitivity
angleby 1.2°.Theeffectofincreasingtheareaofthethroat50percent
JJs@hOwnto increasethese~itivityangleby about2.5°.

EffectofSlantProfileon ShieldedTubes

Theeffectofvaryingtheleading-edgeprofileofa shieldedtube
by 10°maybe seenby comparingthesensitivityanglesof tubesAs-5
andAS-10for M = 0.26 (tableI). Theprobepositionforeachof
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thesetubeswas0.500.!l%eeffectoftheprofileinthiscasewasto
increasethesensitivitysngleby 9.7, whichcorrespondsalmostexactly .
withtheincreaseobtainedwiththenonventedcylindricalandogival
tubes.

Ithadbeenthoughtthat,inorderforthetubewiththeslantpro-
.

filetobe comparablewiththatofthestandardK.ieldesign,theposition
of theprobefortheslantedshieldshouldbemovedrearwsrdtoa point
wheretheleadingedgeoftheprobewouldbe midwaybetweentheresr
oftheconeandthepointwheretheshnt intersectstheaxisofthetube.
ItwasforthisreasonthattubeAs-n w= testedwiththeprobelocated
at a/D= 0.544.Theresultsofthetestsof thisprobeposition,
however,showedthesensitivityangletodecreaseby 3.3°fromthevalue
of thesensitivitysinglewiththeprobeatthe0.5station.

Inthetestsoftheshieldedtubeswiththeslarrtprofiletheangular
rangeinthenegativedirectionwasinsufficienttodefinethenegative
sensitivityangle.I!romthetestsofthenonventedcylintkricaltubeA-6,
however,itwasshownthattherangeofi~ensitivityremainsessentially
constantwhentheprofileis changedfromsquaretoa 10oslant.Onthe
assumptionthattherangeof insensitivityofshieldedtubesalsoremains
constsnt,thenegativesensitivitysinglesofthesetubeswereestimatedon
thebasisoftherangeof insensitivityoftubeAS-5. Theseestimated
valuesareincludedintableI.

FromthecalibrationoftubeAs-10atanglesofyaw(witha = 0°)at
M= 0.9(ref.3),thesensitivi~anglewasfoundtobe 380. Thisis
essentia.lJythessmeasthatoftubeAs-5at M = 0.9.

&
A 10°slantpro-

fileona shielded~, therefore,exhibitsthesamecharacteristicsas
thoseofa nonshieldedcylindricaltube:thatis,thesensitivityangle
isextendedtohigherpositivesinglesofattackwithoutlossin’performance

k

at anglesofyaw (a= OO).

Effectof theShapeoftheEntryofShieldedTubes

Theeffectofvsryingtheshapeof theentryof shieldedtubeswill
be seenby comparingtheresultsofthetestsoftubesAS-5,AS-M, AS-15,
andAs-16at a Nkchnumberof 0.26.Foreachofthesetubes,thedimensions

—

a/D and D2/D werethesame(0.500).TheentryoftubeAs-5wasconical-
witha 14°anglewhereasthatoftheremainingtubeswascurved.Theslope
of theentryofAS-12was600attheleadingedgeand0°ata distanceO.~D
behindtheleadingedge. TheslopeoftheentryoftubeAs-lawas3@ at
theleadingedg~smdOoata distance1.ODbehindtheleadingedge.The G
entryoftubeAs-16isan adaptationofanNACAnoseinlet,ad theleading
edgeofthistubewasroundwhereasthatoftheremainingtubeswassharp.
Thedesignofthetubeshavingcurved”entrieswassuggestedbya reportby *
Mbffat(ref.12)oftestswithsmall-scaleshieldedtubesdesignedfor
engineandductsurveywork.
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ThesensitivityanglesoftubesAS-5,AS-12,endAS-15at M = 0.26
sreshowninfigure9 asa functionoftheinternslconeemgleofthe

. shield.(Thesensitivityangleoftube&-16 wasnotincludedinfigure9
sinceitsleadingedgeisround,whereasthoseof theothertubeswere
shsrp.) Thisfigureshowsthesensitivitysngleto increasewithan

. increaseintheconeangleandtlyatthemagnitudeof theincreasebetween
the280coneofthe~el tubeandthe12@ angleof tubeAs-12is 21.9°.
!ilms,thesensitivitysngleofa shieldedtubemaybe increasedby about
50percentbychangingtheconicalentryofthe~el designto a curved
entryhavinga highdegreeof curvature.

Theeffectofvaryingthepositionoftheprobeina tubehaving
a curvedentrywasinvestigatedforpositions
(tubesAs-13endAs-14).

a/D of 0.456end0.544
Theresultsofthesetests(seetableI) showed

thesensitivityangletobe affectedtoonlya negligibleextentforthis
variationinprobeposition.

Whentheresultsofthetestsofthetotal-pressuretubesat subsonic
speedsaresumarized,itwillberememberedthatthebestofthenon-
shieldedtubes(asidefromthosehavingslantprofiles)produceda rsnge
of insensitivityofabout~80. Forthosecaseswherea usableangular
rangelargerthanii?8°isrequired,a muchhigherrangeofinsensitivity
maybe obtainedwitha shieldedtube. Therangeof insensitivityof a
tubewitha shieldhavinga conicalentry,forexsmple,is *41°at
M= 0.26. Chsmgingtheshapeoftheentryoftheshieldto a highly
curvedsectionincreasestherangeofinsensitivityto about~3°, the
highestofmy ofthetubestested.

*

EffectofMachNumberonNonshieldedTubes
9

Theeffectof&ch numberonthesensitivi@ofnonshieldedtubes,
asbasedonthedataat M = 0.26and1.62,is showninfigure10. It
willbe seenfromthisfigurethat,forthosetubesineachofthefive
serieshavingconicalchambers(forwhich d/D and d/~ = 1.0),the
sensitivityanglesat supersonicspeedsareappreciablygreaterthanthose
at subsonicspeeds.Theincreasein thesensitivityangleforcylindrical.

tubesis~“ to 6°,whereastheincreaseforconicalandogivaltubes

iS 80to10°. Tubeshavingrelativelysmallimpactope@ngs,onthe
otherhand,wereaffectedby Machnumberto a lesserextent.Thesensi-
tivityangleofcylindricaltubeA-1,forexample,showedno increase
withMachnumiber,whereasthesensitivityanglesforthe15°conical

. tubes,B-2andB-3,increasedbyaboutonly4°.

ThecalibrationofogivaltubeE-2attrensonicspeeds(ref.5) is
9 presentedinfigure11to showtheeffeetofWch numberonnonshielded
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tubesthroughoutthelkchnumberrange.lhordertoextendthiscalibra-
tionto lowersubsonic.speeds,usehasbeenmadeof thedataoftubeE-1
at M= 0.26. Thedesignofthesetwotubeswasthesanewiththeexcep- -
tionthattheimpactopeningd/D oftubeE-2was0.43whereasthat“of
tubeE-1was0.32. Thesensitivityamgle.@ tubeE-2at M= 0.26 has
beenestimatedfromthat.oftubeE-1by assumingtheimpactopeningof .

tubeE-1tobe increasedto 0.43.Therateof increaseofthesensitivity
anglewithimpact-openingsizeoftubeE-1wasassumedtobe thesameas
thatof theconicaltubesshowninfigure5(b). Onthebasisofthese
assumptions,thesensitivityangleoft~e E-1wasfoundto increase
from16°to about190. Inordertoestimatethesensitivityangleof
tubeE-2at M=

—
1.62,theassumptionwasmadethattheincreasein

sensitivityangleoftubeEL2betweenM = 0.26 and M = 1.62 would
be thesameas thatof tubeE-6(9.50).On thisbasis,theestimated
valuefortubeE-2at M = 1.62 wouldbe 28.5°.Itwillbe seenfrom
figure11thattheestimatidsensitivityanglesatsubsonicandsuper.
sonicspeedsarein god agreementwiththelinearcalibrationoftubeE-2
throughthetransonicspeedrange.lZromthesedataitwouldappesrthat
thesensitivitysngleofnonshieldedtubes-variesina linearmannerwith —
I&ch

over
will

numberthroughoutthetichnumberrangefrom M = 0.26 to1.62.

EffectofMachNumberonShieldedTubes

TheeffectofMachnumberonthesensitivityoffourshieldedtubes
a Machnumberrangefrom0.26 to 0.9is showninfigure12. It
be seenfromfigure12thatthesensitivityangleofallthetubes

decreasedwithincreasingMachnumber>the.&gnitudeofthedecrease A
varyingfrom3°fortubeAs-5to60fortubeAs-12.Thevariationin
sensitivityanglewithMch numberofthetubewitha shieldhavinga
conicalentry(As-5)waslinear,whereasthecalibrationofthetube .
witha curvedentry(As-12)showsa breakinthecurveat M = 0.5. ‘ .

TheeffectofMachnumberona shielded.tubethroughoutthesubsonic,
transonic,andsupersonicspeedranges(upto M= 1..61)isgivenin
figure13. As indicatedby figure13,thesensitivityangleremainsat
a constantvalueof630from M = 0.26 to M = 0.5,decreaseslinearly
to56°at M= 1.10,andthendecreasesfurtherto40°at M= 1.61.

ThecalibrationoftubeAs-12atMachnumber1.61 ispresentedin
figurek becauseit differsfromthecalibrationsofthistubeat subsonic
andtrsmsonicspeedsin oneimportantrespect.At thelowerspeeds,the
total-pressureerrorremainedzeroup toanangleofattackjustbelow
thecriticalangle.Beyondthispoint,theerrorsbecsmeincreasingly
negative.Thecalibrationat M= 1.62,however,showstheerrorto
becomepositiveat anglesof attackbelowtherangewheretheerror
becomesnegative.Itisbelievedthatthepositiveerrorsatanglesof
attackbetween34°and55°resultsfromthefactthat,atanglesof

k“

—

8
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attackabove~“, thetubeno longermeasuresthetotalpressurebehind
a nomnalshockbutmeasuresinsteadthepressurebehindenobliqueshock

. withhighertotalpressure.

Frantheprecedingdiscussionitwillbe seenthattheeffectof. Machnumber-ontherangeof insensitivityofbothnonshieldedandshielded
tubesis considerable.Formostnonshieldedtubes,therangeof insensi-
titi~ increasedlinearlywithMachnumber,theincreaseamountingto as
quchas 10°overa Machnumberrangeof 0.26to 1.62.Therangeof—.-
insensitivityof shieldedtties,on theotherhand,wasfoundtodecrease
withMachnumiber,end,inthiscaseythevariationwasnonlinesr.

CONCLUSIONS

Themoresignificantconclusionswhichmaybe drawnfrm theresults
of thetestsof X total-pressuretubesat anglesof attackup to 600and
overa Machnumberrangeoffrom0.24to 1.62 aresummarizedasfollows:

Forsimple,nonshieldedtubestheusableangularrange(ortherange
ofinsensitive@arbitrarilydefinedas theangle-of-attackrsngeover
whichthetotal-pressureerrorremainswithin1 percentoftheimpact
pressure)wasfoundtodependontheexternalshapeofthenosesection,
thesizeoftheimpactopening(relativeto thetubedismeter),andthe
shapeoftheinternalchsmberbehindtheimpactopening.Thebestcom-
binationofthesedesignfeatures,a cylindricaltubehavingan impact

. openingeq.. to thetubediameterenda 300conicalchamber,producedthe
highestrangeof,insensitivity(about280at a Machnumberof 0.26)of
anyofthenonshieldedtubes.

.
Forairspeedapplicationswhereft isnotessentialthatthetube

havea lsrgenegativeangle-of-attackrsmge,theusablerangemaybe
extendedtohigherpositiveanglesof attackby meansofa leading-edge
slantprofile.Forslsntprofilesup to2@, theusablerangeatpositive
anglesofattackcanbe extendedby akout1°foreachdegreeof slant.
Therangeof insensitivityof a thin-walledcylindricaltube,forexsmpl.e,
wasextendedfrcm23°to 32°by a slantprofileof 10°. Thesensitivity
ofthistubeatanglesofyawandatsinglesofattackconibinedwithangles
ofyawup to l~”wasfoundtobe no greaterthenthatofa similartube
withoutleading-edgeslant.

~ caseswherea usableangularrangelargerthanti8°isrequired,
a muchhigherrangeof insensitivitymaybe obtainedwitha shielded

* tube. Therangeof insensitivityofa tubewitha shieldhavinga conical
entry,forexsmple,is aboutt410at a l&chnumberof 0.26.Changingthe
shapeoftheentryoftheshieldto a hi@ly curvedsectionincreases

. therangeof insensitivityto aboutti3°,thehighestof anyof tietubes
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tested.Thethroatsofthesetubeswereventedthroughthewallsofthe
shield,a designfeaturepermittingend-mmntingofthetubeona
horizontalboom. .

TheeffectofMachnumberonbothunshieldedsndshieldedtubes-was
foundtobe considerable.Formostoftheunshieldedtubestherangeof ,
insensitivityincreasedlinearlywithMachnumber,theincreasesm~ting
to asmuchas10°overa ~ch numberrsngeof0.26to1.62. Therange
of insensitivityofshieldedtubes,ontheotherhand,wasfoundto
decreasewithMachnumber.Forthetubewiththeshiel.dhavingthehighly
curvedentry,therangeofinsensitivimremainsata cons*t value....
of t63°fromMachnumbersof0.26to 0.5,-&ecreaseslinearlytot56°at a
Machnumberof1.10,andthendecreasesfurtherto*40Uata Machn~ber
of1.61.

LangleyAeronauticalLaboratory, ‘
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,Jsnuary17,1956.
---
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Figure1.-Disgrsmsoftotal-pressuretubes.
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