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Page4, line 17: Redefbe ~ as follaws:

T valueofvelocitysuchthat m = qVl = ~V2,

Yage15, line 23: Delete“velocityand.” Theline

E thevariationof densitywithlengthin the

feetper second

shouldthenread:
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AIUUXSIS,~IFIOAT1&, & M?HZCAT?PN@ EQUATIO~?

ExHAum-wmouDs ., ..,.
By HermanH..Ellerlmock,Jr.,(@ster R. ;J;islo,“

andHowBraE~ pexter

. . e “;.. .

Resultsareprese&ed’& an:inve~tigationto developsimpli-
.fled.methodsfordesigningexhaush-pipeshroudsto pruvme ti.sired
ornaxlmum.coolingal?emust In@allationsin *ich tie-C
pressureoffli@j is tiilizeato face the cooling@r througjhthe
shroud.Desiguequationsderivedfrcmfmdamental.lawsof heat
_fer and~esmre droparegivenforparallel-and counter-flow
exhauet-pipe-shroudsystems.The onlydatarequiredforuse in the ..
designeqzatitmsaretheupstreamimmpemturimandflowratesof
thee*t gasandcoolingair&d theupstmmn~essuresof the
coolingam Q The designequationsfcmtheparallel-flowsystem
werevqrifiedwithintheMM% of engineeringaccuracyfcrone
shroudto.exhaust-pipediameterratio-by”tests@ an experimerrtal
exhaust-pipe-shroudset~ ● .The equitionshaveno diameter-ratio
limitat@nsprovidedthatCOOling-airflowin theannul.usis turbu-
lent. Theverificationof theseequationsfor onedMneterratio
lendssupportto thebeliefthq%the eq.@ionsareapplicableto
allpracticalshroudto exhaust-pipediametmratiosforwhichthe
cooling-airflowis expectedto be turbulemt.Altbo@hno testsof

‘ counter-floweystme wererun,the counter-flowequationsarebelieved
to be equallyaml.tcablebecauseof theirsimilarityto theparallel-
flowequations.

●

. . For.s@plificatimof thedesi@ equation6,constantvalues
of 0.24and0.30‘wwreused“forthe specificheatsof coo15ngalrand
exhaustgas,respectively,andair‘propertieswerembstituteafor
exha@-gas ~opertiesin ilet~ theheat-transfercoefficient
of thep*t @s; Calculatims sliowedthatthese.s@stitutions
fortheprecisetermshavea negligibleeffectm theaccmacy of
resultd obtained with the aesign e’Qwitions.

wtdba
presentedfor

procedures”and chartsftithede8i~ of shroudeare
bothparallel-flowand couuter-flowsystem. These
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p&edures permttthe
pipeshroudthat.will
Lltionor,if desired

,.

(kkrmhathn of tie prqportknsof an exhaust- “
provided8M.rOdcoolingof the exhaustinstal-
ooolingcannotbe attained,permitthedeter-

mination & the proportions 6f the shqoudthatwiliprovidethe
maximumcoolingandthevaluesof installationtemperaturesthat
willexistwiththatshroud.The designproc@urOs,basedon‘tie
aeri~eaequatifms,~e completein thameelvesas regardsshroud
ttesign.An e~le of theuse oftheshroud-designproceduresfor
a four-enginebcmberismdudea.

The equatfonsd methodsofshroud dbsign presented.are
believesto be direot~a~lioaM.eto thedesi~ @ shroudsforthe
tailpipesof #etenginesprovtdedthattheluminosityof thegases
Zn thetailpipeisnegligibleendthe cooling~ exitsto the
atmosphere.For jet-engineinstallationsin whiohtheluminosity
of thegasesisnotnegligible,however,thepreseqtanal@s mu8t
be extendedto tnoludetheheat.transferto the exhwst pipeby gas
radiation.If the cooling-airexitpressureis deoreasedfyom
atmosphericpressure3y meansof flapsa ejOot~ pwnrps,themethbd
of a~lioationofthe~ss~e-drop relations to shrouddesign~e-
sentedmustbe modifiedto accountforthedeparturefromatmos-
phericpressureat the cooling-~ exit.

ImmuumTm

SbrOuaeaexhaust-pipe
to r0au08thefiretiara,

systems are generallyusetlin airplanes
‘tocoolthe exhaustpipe,to retiuoe the

heatradiatedto otherco&nents of the’installatia,.andto cool
—-.

theexhaustgasflo%dngto turbines.“Anill.ustratiaof suoha
SyStel)lis Sho-wnad figure1. The systemsusua13ywmsist of an
etiust pipes-=~tiea by anotherpipe,withcoolingairpassing
&ro@. thea.nudarspacef-d by thepipesandrea~~ the
temperaturesof thee2haustgasandthepipes.

Althoughmany& thenecess~ fm@mntd datahavebeen
amlkble, ‘oiedesig of shrou@ exhaust-pipesystemshasbeen
hamperedby thelackofa coordinatedratiodaldesignprocedure.“
This~~iculty hasundcnibte~beenoneof the’impartantmasons
-% shroudsystemtrcublehasbeenso ~evalaat.

The presentpqer is divzaeaintotwoparts. Thepurposeof
-t I is to present(a)an analystsof theheatexchangeandthe

,

~essure drop“inparallel-flowand wunter-flowexhaust-pipeshroud” ~
systemsarid(b)an ezperimeatalverificationof theanalysisfor
theparallel-flowsystem-over8 representativerangeofair-and

.

gas-flowrates● PartSI”presentsdetailedproceduresto facilitate

t‘.
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a~~catioll Qf.the_43iS tcbsh?c)l?ddesi@y.b.A
necessaryphysicalpropertiesof alrana exhaust
where.necessary,is giv.pn$n an appendix.

3

summery-ofthe
gases,exteaaed

SumoIs ‘
r..

,- ,

Jh addition to thefoUc@ng d.efinitimsof sygtmls,a graphical
representation is ~esented.in‘figure2s

ductcross-ke&k&iL@?ea,squarefeetA
. .

velocityof sound,feetper second‘

commt in equati&s(26) w (31)

a

c
.,

CP

.E
P

instantaneous specificheatof fluiaat canstantpressure,
a Btu/(1.)(%)

mean of ktantaneous~ecificheatoof fluidat conkmt
pressure,Btu/(lb)(%’)

hydraulicdiameterof auOt,f’eet
(

“ 4 X Cross-sectionalarea

Wettedperimeter )

diameter, ‘feet
. .

shapb modulus U radiation equation

( )

k? h? ““factco?of ccqpressibil.ity1 + ~ + ~ c . . .
.

e&issivitymodulusin xadiationegaa.%lon “.
. .*

(),4#’D ;fk’iction factd — alsousedforR.i314cLrz%tio “;:
4qq .’

f

ratioof absoluteto gravitationalunitofmass,pm@s ‘p&
slug,or acceleratim&zeto ~atity,feetpersecond
per second %. ..’.‘‘ .,-...:.’. ...

$“

.

H meantotalpressure,poundsper squarefoot... .... ....‘...
heat-transfercoefficient,Btu/(see)(sq~) (?F) .

., . . ,.“..

. . .
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mechanicaleqtivalmtofheat,footpoundsperBtuo(778),.

thermal‘conauctitityof”fluidflow,Btu/(s?c)(sqft)(%/i%)

lengthbetweenstations,fekt

rassrateoffltiaflow,slugsper second

anynudberto be raiseti”’to0.8a~ t: 1.8
..

an exponent

meanstaticpressure,poundbpar sqtie footabsolute

quantityof heatd.issipatea,Btuper secmd ..-

(0),lm2”meandynamicpressure,poundsper squhrefoot ~;

averageof upstreamanddownstream‘mean~-c ~essures,
poundsper squarefoot

surfaceareaofbodythroughwhichheatis beingtransferred

mixedmeantemperature,% absoltie

ti~a meantemperature,%“

()meanfluidvelocity,feetper second ~
a

averageof upstreamandtiwnstreammeanfma velocities,
feetper seco~

wei@t rateof.fhiarlow,pounW per second.
.

A &notes difference

E emissitity
..

9 teqeratrme“tliff&mce,%

1

.

..

$

,;

.
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P absoluteviscosityof flui~,slugsperfopt-second

!3

\

P, meandensity of fltid, slugs per cubic foot (0 ●00@3 P@)

F averageofqpstresnima do~streammeandensitiesof fhia,
slugsper Cmic foot

$ factardependingon ratioofpipediametersin
equation(Seeequation(19).) z

#’ “ .factcmdependingon ratioof pipediamet”msin

*= l-Z
6.#e

factorequattcm(See~equation(~).)
)

()

%2

1
ha+q+~ .-

(1)

%2 .. ., . ‘

1 +1——
\%+ ‘r ‘ ‘./

R Reynoldsnumber

Pr I%snatl lllniber

6, rattoof density

Slibscriptil:
:..?
a coolingair

,
,> befi

a’ ‘
.,, e
. .

. . .

f.
. . .

h
,

.
i,

m

aiffustm.“ ‘

b

,.

exhaustgas’except~en ~“edwith M whenit
ahrouaexit .

frictionpreqstiedro’p

&ZS tO hating OfCOOlhg&h?

inletductto shroud ‘ .

at manifold

heat-transfer .

friction-

(P/O.002378)

r?fersto
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I- AI’?AL YSIS AND VE.RI. FIC
/

AIWJXSIsaFHEA!TEXCqANGEANDqWSURE...

INEXHAUST-PIEE-SHROUDsYsmMs
.

An adequateexhaust-pipe-s&ou&syfi~ is one
partsof the systemandthe downstreamexhaust-gas

ATXON

moP

fortich all
arebelow

.
.

limitingtelqperaturesatithepressuredroprequiredforforcing
airthrou@ the systemdoesnotexoee~the~ess~e dropavailable.
The analysisof sucha system,conseqwntly,req,,es equationsfor
predictingaesi~ temperaturesandpressuredropon the cooling-air
sideof the system.’Theseequationsshoulabe in a formsuchthat
the&esire&temperaturesand.pressurelosseswillbe a functionof
knownconditions.Thepresent.analysisderivessuchequationsfor
theusualstrai@tannularexhaust-pipe-shroudsystemsforboththe
caseofparallelflowandthe caseof counterflow, The s@lifying
assmptionof straightflowisnade,inasmuchas betisincreasethe
localheattransferand cooling-airpresswrelossesatitherefore
shoulabe avoidea.fi thepresentanalysiscoolingairflowsin
theannularspacearoundtheeXhaustpipe,whichis.the caseusually
encountered.

,

.
.,— — ~-- . . l-— -----

... ,.- -:,.. . ,. ~,... .“, . . .. :,,.. .. ,
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ParallelFlow
.

Heet-exchange ~ocessesin exhaust~ipe-shroudccmlxtnaticns.-
The analysisforparallelflowisfarthe caseof exluwat-gas
mixtureandcoding airflowingin thesamedirecticm.(See .
fig.2(a).) For a Pa.rallel.-i?lowex@zst-pipe-shroudconibination,“
witheshaust@asflowing.in the * pipeAnd cooti3 airflowing
in theannularspace,themechadsmofheattransferisas follows:

(a)Heatflows
forcedconvection

(b)Heatflow
thermalradSation

(c)HeatSlows
farceacauvection

(d)Heatflows

fromthe exhaust

fromthe mhmst

frcunthe exhaust

fromthe exhaust

*8 to theeklxmstpipe

gasto theexhmst pipe

p@e to thecoolingaiz

l)y

w

w

yipeto theshroudby thermal
radiationthrou@ thecoolingairwhichis a nonxtmcwb~ medium

(e)Heatis exchaqyd”betweenthe shroudandthe coo- air
by forcedconvection

(f)Heatflowsfromthe shroudto themrroundlngatmosphere
by naturalconvection .

The thermalrtiationtiomthe exhaustes to the exhaustpipe
hasbeenneglected.in thisanalysis.By use oftheradiation
fconmdasfcmnonluminous 9s0s, calculationsshowthatthisradia-
ticmis smallprovidedthataf%erburningdoesnot occur, If conibus-
tionwitha luminousflamedoesoccur,theheattransferto thepipe
will‘begreatlyincreased,andtheanalysisshouldbe extendedto
includethiseffect.Theheat.1OSSfrm the shroudby naturalcon-
vectionwillalsobe neglecter.It is assumedthattheheatgiven
w bY thee~~t gasis equalto thatpickedUT by%he COOliIW air.
The flutdtemperaturedifferencesfaruse in the convecthn-heat-
transferformulaearedeterminedticmthe.truetemperatures,althou@
fcwpreciseness,~stagnationtemperaturesshouldbe used. In well-
designedshrowls,however,the cooling-air velocitiesare lowenough
to mke theerror@&oduced by useof truetqperaturesne@igible...

The designtemperaturesin an e3haust-pipe-shz-oudsysta with
padhllel flowarethedownstream& teqper~t-we.t~ (&en a

tvrbosuperchargerIs used),t4eexhaust~ipetemperatures~

-theshroud.te&eraturest=. (Seefig.2(a).) In the~esent

and

paper

.. ... .. . . ...— --------- —-—— —.— — .— -----.
.!
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equationsaregivenfarthesedesigntemperainlres.A138umptionsare
madeherein,whicharethou@t to be permissibleWerever it is
advantageo~to thesimplificationof thefinalresults.

Equations for designtemperatures.-
hot gasto a cold@s canbe re~esented

where

ii mean

;-mean

heat~tranefer

Q . b“S

. .

.

coefficient

Theheattzwnsfer
by theequation-

.

from a

(1) ‘

. .

temperatureclifference

s surfaceareaofbodythrough-oh heat is being transferred .

. l’orthe uresent caseof themrallel-flowexhaust-pipe-shroud
systemi% can-beshownby useof ‘&fozm&tion
heat-transfertext booksandon thebasisof
that .. .

E=
1

1 1
~+ ha+%

available‘k-standard
theasauqptiomgiven

.

‘(2) ‘

where he and ha are convection-heat~f er coefficientson the
gasana air
coefficient

sides.,respectively,and ~ is theradiant-heat‘transfer
frompipeto shroud,and

(3)

where

(k)

(5)

.

—— .,. ., .. ..- :, .,..; . . --- ‘+.- -,- “- ::—----
...- ,.. .- ,. ...
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The use of the log meantmperatqre diZfer~e (.equatic@ (3)) is
based cmthep@ulaiw that hex h~ and.q dO not.wu’Ya-
thettielength.Thearea S farthesystemis assumedto be,’

The mall.Uference in
in thethecmypresented.
iB USOds

(6)

.,.

airwiaes is neglmied .
diameterof thepipe

can be obtained by tiam of ths $okxdIw equd@ns:..

.
.

P,”. ‘Q= .~eWe(tel-,.

,., .

. . .

%) ‘. (7)

)
.(8) ..ta= \ “, ; , ..,.,

theintegratedmeanvalues~

of the inWmtaneous specifichea,ti%9 and ha, reepectively~..

betweenstations1 end2#.

BY use of equatione(L) to (O the follo~ e~ession oan be
Obtai.nea: . . . .“

I

.

. .

. . . . .

.,. .

(9) .. . .
. .

:... . . . . ,.

.“.
,...

..

0)
=1+2

()

Sra# ‘ , .. :(M)’- ,
~ewe 1. +&. “...:, .-. .. . .

%+%? he . . . . . .:* ,.
,-. .

. . . .
,.”

. . . . ..—.—.— ----- —--- —.. .. .. . . . . . ..—— -.——- .— . .—.. — :W. -. —— - —-. . . —- -
.,

. . . ..- . . . .,- . .
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If equatim (7)%3 madeequalto equatim (8),tlm
slonis 0m3.b3afort%:

-.
. . . . ..;

.. .. . .

‘%? (=z tel - t%) + tal

follfnringO~es-
. .

(M)

Substitutingfor t% h equation(9) tile equivalentvaluegiven

thef0120-wb.gequation.forthedownstream@unu3t-gastemperature:

. . .

1 ( 1’ tel )-.tal
t .+.

%== ‘al + Zte~+ —
\ ~o

(13)
,

The
acqacy

exhaust-pi~etemperaturescanbe obtainedwithreasonable
froman eguaticm‘Fhichneglectsradiant-heattransferfrom

theexhaustpipeto theshrwl. ‘T?Aiseqyationis obtainedby making
theheat&ansfsrredby conmcticnfrm thegasto thepipeequal
to theheattransterrelfromthe’pipeto thecoolingairforq dif-
ferentialiength dl. (Sacfig 2(a),) At anY point x the equa-
tionforpipetmqywaturebeccmes’ .

hetex+ hat%
%?x=

he + ha

. . . .

,.
/

.. ... .

Equatia (14)is applicableto & stationif tieappropriategas
andairtemperaturesare~ea. The downstreampipetemperature~ ‘
is determinedfromthed0m3tr630mairtemperatureta2 d gastem-

perate t% -ch areobtai&dfrcmequations(12)and (13). -

The shroudmetalten&ra.tureat..eachstationis ass~d to be
equalto thecorresponMngcooling-airtekpergdnzreat thatstation’
in orderto avoidthenecessfity fo!6solvihgccqlicatedanalytical
equationsforthe shroudtemperatures.Thisassumptionis conserva-
tive,forin thenormalcasetheshroudtemperatureis slightly
lowerthanthea~acentmeancooling-airtemperature, -

XYomequations(U?)to (14)andthe stqplifyhgassuqtims
@ven fW shroudtqeratures, thedesigntemperaturescanbe deter-.
minedfromtheWUensionsof theexhaust-pipe-shroudsystem,the

. .. . . —— .Z —.- —— -----
. .:.=- .. ....;,. , . . . . . ---- (.” . . . ;,. .



NACATNNos 1495 U.

upstreamtemperatures,theairandgasflowrates,thespecific
heatsof airand gas,atitheheat-lmansfercoefficients,allof
whichwillbe knownh a designproblem.The equationsforthe
heat-transfercoefficientsare givenin thefollowingsection.

Fundamentallawsforheat-transfer coefficients.-Therelation
betweentheconvecticm-heqt-tranefercoefficient,theexhaust-@s
factors,@ theexhaust-pipediameteris shownin thefollow@3
equationbaseaon‘thelawofheattransferforturbulentflowin
pipesas givenin reference1, page168:

(15)

The gaspropertiesareaete?zahedat thebulktemperatureof the
fluidMch to be preciseshouldbe the integratedmeantemperature
fromstation1 to station2. Actually,however,thebulkt~era-
turecanbe takenas theteqmratureat theupstreamstationwith
littleerrorin he becausethepred-t~ factcwaffecting~,
as shownby equation.(15),is themassflowpEWunitarea. The
upstreamtenrp6ratureww usedin the~esent work. If,instead
of GM propertiesat thetemperatametel beingused,airWoperties

,determinedat the sametemperaturecouldbe used‘withlittleerror,
thenecessityfar detezmhingthefud.-air-ratio~. thelmdromn-
carbon-ratiofactors
sommb% si@ifie&
at temperaturetel

in equatim (15)the
gasthenbeccmes

wouldbe avoidedandthe’equationsw&M ~e
By substitutimof air~opertiesUtermine&
and.theequation

- (16)

.

heat-transfer-coefficientequatimforetiaust

,
.

- ‘e%
(17)

. . . . . .. ... .. . ~. —-,.. — .— --- .. .
..

—.—— _. ---
. . , .... . . ,.”. . . ,



or . .

he = 0.00-1735Q’;~)0;8 V:*8
.Pa’’,~”.. ,..’

.

(18)

.. .

An equationsimilarin fbrmto equation(15)canbe Use&to
aeterminethe convection=heat-transfercoefficientha j.nthe
annularspace.The diameter

%?
, however,mustbe replacedby the

eq..vale&(orhydra~c) CtWneterof theannularspace ~ - ~.
.(Seereference1; p.-200,aniirefa?mces2 to k..).,~ addition,
acccm~ to reference3; the.canst~t0.023mustbe multiplied-by.
a factord.epeniientupcm“theratioof the&Umwtersof theinnerati
the outer pipes. Thisfactcris. .....,. -....,”.

,.. .-..e.~ . . .
“%? “ -

()

~ i .“f%J ~~

.-

‘2’?%%’ ..%
‘:9=* ‘ b (~9)

. . . ...- ‘“.K%f:2K :1 Q .. . . . ~:~,:,~lo~~ , .
. . .. . .

.- . . -..
Referenc&1 an~2 makerio&ntt& of sucha factor,but a general
reviewof-the.literat~eon annularspacesraliowaan increasein
heattransfw of’annularspaces~..caqmred-withthatof circular
pipes. Thisfactm willtherefw?be.iri,c.luaeain thepresent ‘
analgsis.Thefiandtlnuziberforajr (CPa%q%) ‘“ about
constantandequal%0 a~ro@mat91y0.73overa Uz& rangeof
inlet-airtemperature.Also, lops canbe enbstitutmlSm &
withlittleerrcr.Withthe,foregoingasau.ar~tiasandthefact
that Vapag equalstheTBigh%~eteof air31OWUviaea by the

cross-sec.thmlareaof theannularspace,theequati.anfor ~

0.2/
~ = 0001528~ ~ 0.8

(20)
. “ (~ ~.~;”q% -,%) a

: .

The qmtreamtemperature~1 was,Uee&insteadof thebulktempem-
tureof thefluiato aeterminetheairpropertyin equation(20)

.-. .. . .
e. ,. —.— . :”...___. ..4..”., ..’.-...;-. ....- !,

. .

:..’.., ..! . . . . . .
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.
becausethemassflowpm unitareais thepred,cwinatlngfaota
affecting~ andthe@or involvesIs thereforenegligible,

. . . .

The e~ession fcw@q ra&ant-heat-twansfercoefficient~
is derivedin thefollo.q manner:Theheattrahsferby radiation
fromthee-ust Pipe.%c! the shroud at any-point x and for a dif -
ferenkiallen@h ‘d~ -(se?fig.2(a))
tion(refermce5, p. 50)

.. .

The tenqeraturesT* and Tex arethea~opriate pipe* shroud.
temperatures.For theusualshroud-aesignproblemit canbe shown
by meansof an equationin reference5, page5h,-t thaassi~tY
-u.3.usFE isnotmuchsmallerthanthepipeemissivity“6P. For

the simplificationof thepre8entanalysistheapproximationof 6P
for ~ willbe useshereinafter.The shapemodulusFA is a
factortiichallowGforthegeme~ical position of the radiating
surfacesand.,fcmthe caseof an annular.apaoe,is equalto unity
(reference5, p. 54). Theradiant-heattransfermustbe ewessea
in a formsimilarto tiat
thecoefficient~; thus

aq =

fcw convectiveheat

%(% - ‘ax)+ ‘z

transferto obtain

(=)
.

By useof equations(21)and (22)and of factursgivenfor FA
- ~, thefollowingequationfm ~ can%e aeriveil:

~.7a’eP[i%iio’%#14
0.1728

tpx “ tax

.

(23)

.“

The convection-heat-,tiansfercoefficientshe and ~ have
beenshoym to be littleaffecteaby v~iatims of temperaturesalong
thelengthana consequentlywereassumedconstantalongthe length.
fWhOU@ ‘thesw assqtion willoauseappreciableinaccuraciesin

.
.

..--. — --—- ----- -—-—.— —.. -— .--.. — —.. ——_ ...__ _ ._... ...”. .. ..
. ...,. ... ,,; ”,” “.. .,
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.W}thth&~s&ti~ tl@ we radj.ant-heat-transfercoefficient
is byer~ant~wt~ ~he{len@&:.%h~temperaturesd thepipe,the
Shroti}:.&d the..a.iqat.station1 O& be used.in equation(23)to
de%ermtne~. The use of coo~-air temperaturefortheshroud
temperaturecanbe ~ti as prq~o~~~ ~eccmmendea.Thepipetgm-
P3Atii% ;~~ ‘is#MmrminedrbjIns-&kUS’&%@atica (M),

1 ..-L..‘..,: . ... .“,.. .>’-: .’-.~
., ‘ Frdssure’UX.irii” annukiri*sage {~:TIM.’pressurelossthrou@’

an &uiuMi @Esh@3.hnsists of-tie”fric~d *, the10ssaueto
acce3.eratin&.the”fluttl,aidthe..3us8h’t.th$’axi%;thus

.. ... ..,.. .>:1~“.’---... :“.,.“:’. ... ...- -.. ~..,~,. .. .
, :1,...-.:.,...-...-, :& a’4f”-&&#*-q ‘. (24)
..... ... .....”...<“....‘.-.,-., . ..1 ;,,!....... .. .,--J

.1.,,:...!..”“.. . .!’”::.1
.-.,.” -,..... ..:’..:--,

.Theih?iction:pressure”drupin-& ‘annulus(seereferences1
and~) can be expressed.as -fcil.@ws:~.: “~”..“ 2

r
,

,- .r
-. ,

: ..- ., . . . . . . . ~~
1 . . . \ . -:~

J. ’... .; ...” f=~.... ....+....,, .: ..:\.”. . . .. . . #
. . - . - . . . ..-....-” ----- . . . . :,--

(25)

with Reynotiantmiber

(26)

., . .. ..,. “
Overa tiderangeofReynoldsnwiberin theturbulentregi& for
pipesof bothcirculara.mlannularcrosssectionthevalueof n
is about.0;2.‘F* pipes-df.cticulartioss%ecticn,thevalueof C
is almostccnsta@ ovw tiiarapgeand various.resfltsareinagree-

Th@e is a widedisslml.-.
pipesof annularcross .

:. -.-.;,’ .. ’,...,-.;. --—..-... . ‘ ,.,,. .-. ,,



NACATN No● 1495 15

sectima.In references2 and2 th9
usedwiththeRetiynoldsnuriberbased

cticular-pipeValue of O is
on

references3 ma 4 a muchhighervalue
thatfor cirmil,arpipesa-swelXas use
theequivalentdiameter.~reference
minedfromdatathattheyaluefor ‘G
increasedb~ multiplyingby‘thefactor

..

the ec@Valentdiadeter.fi
for C is admoatedthan
ofReynoldsnwiber bakedon
3, ftm instanoej it tisdeter-
of circularpipesshouldbe

,.”

For hottests,also,no full.p@eementisrea@md a: to thetempera-
. tureto usein determiningthe~aper~ieeof thefltid. Sameinves-

tigatorsusea filmtemperaturema othersusethebulktemperature-
of thefltiaoPlnally,forpipesthatarenot smoothan equation
in thefomnof equation(26) is notapplicablefor somerangesof
Reynoldsnumberand,even.if it wereapplicable,thevalueOf C
WOtd.ddependqponthede@?eeofrou@ness. Becauseof theundecided ‘
statusof resultson amnular cross-sectionpipesand.inasmuohas the
steelgenerallyusedin the shroudsystemshas somerou@ness,the
frictionf’tors in thepreserittestsweredeterminede~erimentally
in arderto providedatawhichwouldbe generallyapplicableto
exhaust-pipe-shroudsystemsin airplaneinstallations.TheReynolds
numbersuse~hereinwarebasedon theequivalentctbmeterof the
passage ~ - ~. &34-~Qw.

.
If thevariaticmof

annularSpace.is ~~~a

(~alval= P%V* = PaVa
)

Now

&y and density withlengthi: the
tobe linear,thecontinuity
mayb? ueedto show‘At

R=

I

-- 21.1
( )(

1 PaVa
r .. ~ ‘q

)

equation

Pa

(28)

.(29)

.—----- --— ..- —-— -. .- —.. —.- —— ...---.—
. . .. ...

—.. . ..—
.’ -- ,-.
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and’

As in the

perature

is usedheretn.

he@-transferequatt& ~a canbe titerndnedat the tm-

‘al with littleerrorresultlngin @f ● Thisprocedure

The ooo~ air is heated in passing throughtheannularpassage.
!l?hisheating.of th6ah cawes a Wessure dropto oocurdw to we .
e~ansim of theairin additionto thefrictionalpressuredxopc
Thepressuredropdueto the~xpansicmof theair is a largefrac-
tionof thetotalpressure&capin theannularspree.

The 10SF3in totalpressurea,~to aocelirationof theair
from Val *O V* oanbe detiivdlfrcunequationsin referenoe1 as

follows:

there

(32)

“..

. .

~ - #pavae )

In thederivationof equaticm(30),“oqessibility factorsmwe

(33)

.

.

.

,.
,

#
—.—. ..— -q -- .~- —— . .. ... .. .

. ——
.-: .,...’,. ..-.’.?..:..:--:.-“..:-. . -., ... .. . . ‘,..,....c-. ,,..--r . . .
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.

.

.

... . . .
.

~=+(s wa~.
()

1
.1

(34)

(~+%)w-)’ t-<\
k equation‘(34)+he constxinb factors reduceto Q.000781. ‘ ,

An exit loss from &e shroud to the free-ah stream is alilo
present. ~smuch as thevelocitiesin the shroud.areapprecti?le,
it+.sassumedthatallthe”velocitypreesureis lostat theefit,
The assmqptionis alsomadethat p% equalstieatmosphericpres-

‘suie-whi”chgenezW1.yis,cr is Close=to,theexist~tngm.nditiont
Then

..:

The
priesure
form:

. . . .

sumof thepros~~~e:drop.-dti:to heatingof theati- the
drqpfortheexitlosbcan.~ee~essed in thefollowing

----- ... ..
.

(36)

. .

“ This,expressionbecomes,&ti .w6 &?.equqtions(’34)and(35),

where

.8a~ratioof’Pal to 8~a aendity“at

>
)“.,

,,,

The totalpressure
exclusiveof q losses

. .

sealevel .‘“

.’ . .

.. “ :

loss in the exbaizst-ylpe-shroud~ystedl,’
up to thebeginningof theannularyaseage,

. .. ..— .— .-— — ----- -----— --— --— ---—~ —-. .—— —--— -—
. . .:. . ..- .- ”.. .. .

. .
. .. . . . .. .
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willthenbe the m.mnstion of
and (fl)aq shownby equa.tian

. .. . .. .... . .. .
.. .. .

&&losses given by eq..tions (31)
● . ..

,.. - ,<. .
.. .

3“ : Coudm? Flow

. Equa%imsfor desigutemperatures.-Tn we easeof oounterflow
thedownstreamesdumst-~ t~eratme t& ti thetemperatures

.. , at stationL of @e exhaust-yipe.- shroti ~, and t~l, respec-
*... . ‘tively, (fig.”2(b))~ be thedesi.~@qp~”at&es fcmwhiohan.

adequatesystemmust”be obta.ine~~For oounterflaw, t~i iS the ‘..
. ofigoing%irtqerature @ ~ is the inooming-air&&perature,
.. ‘“(Seefig,2(b).)’ “

Eqmtim (9)s (12)> and (lk) are applicableto the easeof
counterflowwiththefoll.owingexceptions:

(a)Eqyment ~ is.reptiea with v where ./

(b)~ eq~tion (~), tal is titOr_a Idth t% ● ‘Substi-
tutionof the equationfordo&trea airtemperaturein %uation.(9)
for counterflow,resultsti thefollowingeqyxmstonfor t%:

‘% =

The designtemperature

. .

t~(l - J’) ‘ tqil-z)
(39)

*Z-e
. .

%1 is obtaindlby useof equatiqn(1.k),
theupstream gas temperaturete~, andthe amtr~ dr tempera-
ture tal. To &term3nethes&oti temperature%S1 -i-
involvesmlqpldoaticms similar to thosein the ease of parallelflow.
Consequently,thetiOa & tisiguingfa .a& temperaturetal in
placeof shrotiteqeratur? t~l usedin parallelflow will-also
be usedin theeaseof.counterflow. . -

I ,..

. .

.

.

.

——. , r
~,. , ——. . ——— -

L. ... .:’..“-:”. .’:”-..”: : , .-:”..,: .. ,..
--- . ‘.. ,
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..:
- J@ in the case of parallel flow the fobwing assunpticmsare .

madefm counterflow:
. . ,.

~ (a)Theheat-transfe~”coefficientstie constantalongtiepipe
length.l?quafiiohs(i8} and (20) are,Werefwe, applicablefor

‘mw%tig ‘e.’~. ~“ -’~ . ~ -- ~-’--.. ...s.-

(b)The ustrearugas taqperatme.ti~lcanb usedto e’vkkate ‘
theafipropert~esin equatto~~18).- , , ,‘ ~

. .

(c)The qp8treema%,teqpiature ~ .cau‘betiedto evalhte
*“ viscosityin eq~tiim.(20)●

,1
. . . .. ..

Thera&&t\~e&&transfer coefficlqt,~ is evaluated,by be”& ;...
equation. (23), the pi~e%mpa%@re ~~. ti thetemperaturet%..

forboththea.lrand~oti t~eratures.!A ‘ti@l-~d%i&orSOIU-~
tionnecessitatedby theuseof t~ in equation(14)-toe.bal~te.~2.
foruse in“the~ eqiatioqiS avoid& by them.ibstitutl~of -$01

..
in placeof tW. Sincetheg& “temperaturedrop is small;this‘sub-.
stitutionwillcauselittleerracin the calculateda~~i~ tempera-
ture t%. . .

fiessuredrop..-Equations (24), (31),. (34), (3!5), W-(37) =e
applicable for the determinationofpressuredrcipfw tie counter-

.21OWcasewiththet?il.lowindexcepticme:“

~(a)tial~,is’replacea,with:~u%.. .. , -“..,,
..

“(’b)Pao”.e “is evaluatedat.temp&t~ ~. -. . .” s
..

.“.: (c) pal
.,

.isinterchanged~th o
.- %“’”.-””. ..

He.at-t&nsferand~eseure-drop&ts weremadewithan e~eri-
lnentalexhaust-pipe-shrm. setupforPa&all.elflowin orderto verify
thefinalparallel-fl~“designequatiqns(U), (13),(14),(311;

-and{34)● A fuytherpurposewas to det~ thedegreeof cm- “
ServatZvenessof usingair%epgyn-atureforshroudtemperature.. ... . . .

“. . .
. .

.> ). .
. . .,. .. ...

..-
.

..—__, .—-.. _=_ _
2y-. —— -... —.. . ___

. .. ’.,.,’ ,.,-.. . . ———— ....—..—..“—.,, -.. .. ... ... ..
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Exhaust-Pipe-ShrouiiSetup

Exhaust-pipe-slwoudflowsyst~.- The testeqx@nentconsisted‘
essentiallyof an e~erimental exhaust-pipe-shroudtest.sectian,an
aircraftengine,anda sourceof coolingair. A diagrammaticsketch
of theentiresystemis sliownin figure3. .

The testsectionconsistedof twd concentricpipes20 feetlong.
The outsidepipecm shroudwasmadeof blackircmwithan XL-inch
insidedfameter;the tnnbrur exhaustpipewasmadeof stainless- I

3,
steelwitha 6@.nch outsided.iamd%r.The shroudwas coveredwith

a 3-hch thiclmessofrockwool,andtheentiretestsectionwasthen
surro~aeawitha metalshieldto protectitficmtheblastof the
propelleron’theengine,Thepipeswerecenteredat bothendsof
%hetestsectionandwarespacedat themidpointby threemall.steel
finswhichwere- welded radiallyto theexhaustpipewithenougjb
clearanceto~ovide for e-ion of thee~ust pipeand shroud
at hi~ temperatures.

An AllisonV-3420-2.lenginewasutillzedas the exhaust-gas
producer.Expansionbetweenthe engineatithetestsectionand
enginevibrationswsreabsmbeaby fourstainless-steele~ansi’on
~ointswsldedin the exhaustpipe.

The shroudcooling airwassupplledby a centrifugal.blower
providedwitha bell-shape~Inletanda hO-meshcopperscreenat the
bloweroutletto reduceair-flowpulsationsto a minimum.A 1,2-inch,
radial-vaneilflowstrai@tenerwasplaced1-footdownstreamof the
dischargeas a precautionagainstwhirl~ theah flow,=a a
venturi10 diametersbelowthebloweroutletmeasuredthe cooling-
airflow. The coolingairhaato be conductedarounda bendof
about135°beforeit enteredthetestseetion.In orderto reauce
thebendloss,thediameterof thepipefromtheventurito thebend
wasgraduallyincreasea.A ~-mesh copperscreemplaceaat theenii
of thebend,anda radial-vanmiflowstrai@tenerplacedin thecon-
tracttigsectionwarerequiresin orderto insurea gooddistribu-
tionof the cooling-ativelocity.andtotalpressureat theentrance
to thetestsection,The“coolingair-wasdischargedat theendof
thetestsectj.on~througha diffuserto decreasethe exit10’ssand
consequenljlytb releasea largerquantityof theavailableblower
pressureforforcingairthroughthesystem.

hstmmentation.- The instrumenta~iminstaliea,in eachof the
stationsis illustratedin figurek. The threestationswerenumbered
f??olntheupstrezuaendof thetestsectionandspacedas follows:
9●9 feet ~m Stittcm 1 tO station 2 and 10 feet tim station 2 to.

.

- — —.. . . ,:... —.—. — . .
. ..- ,-’. . . . . . .. . . . .. , , :.’ ,..’-“”.””-. .
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station3, Therelativelocaticmof allthethermocouples
surd&ubesat a typicalstitionis shownin figure5. All

ZL

andpres-
hstru-

Znents at eachsta%~onwereymuntedin oneplan6perpendicularto the
axis of the pipesat 120°intervals.

All temperaturesweremeasuredwith“Chromel-alumelthermocouples
in co@unctionwitha Brownself-balancingpotenticmmter.Exhaust-
gastaqwratmes weremeqsuredwithtworadiation-shieldedincopel- .
coveredthermoco~~lesper stationwhichwerelooatednearthecenter
of the exhaustpipe. Averagseihaust-pipeteqpraturesweremeasured
a% eachstat~,onwithtwr?thermocouplesspotwOlaOato theouts~deof
theetiust pipe. Thesethermocoupleswereplacearadiaw~ in line
withtheexhaust-gasthermocouplesto producea minimumblocking
effectin theannularspace.ThreethermocoupleswerespotWOlaea
to theouimitiof the-shroudat each6tation,and.one thermocouple ~
was placed midway between,thestationsfaran avera~ stationtempera-
tureanda representat~ve.temperaturegradientdom thepipe. Cooling-
airtemperaturesweremeasuredwtth‘threeradiation-shielded-traversing
thermmouplesper”station.~ ~-cou@ea werecalibratedbefore
andafterthetests.

Threerakeswereinstalledr&dia~ in theannuil.arspaoeat
eaclistation.Eachrakeconsistedof fourshieldedtots.l-~essure
tubes,oneunshieldedtotal-~essuretube,and onestatic-~essure
tube;thestatic-~essuretuibewasnearesttheexhaustpipe. The
shieldhadto be removesframthetotal-pressvretube..neareStthe
static-pzzessuretubeas the shieldwasresponsiblefordisturbing.the
airflowoverthestatic-pressuretube.,“Threewallstatic-pressure
orificeswerealsoinstalledat eachstation.

The flow‘d theexhaust’gas’wasobtainea~ measmingtheengine
cher~eairwitha calibratedv&tmi andby measurinGthefuelflow
‘witha rotameter,The gasolineusedin thetestsma 100-octane
~ade 130aromaticttML,spectttcati~-w-F-28ii~ a ~m-carbon
ratio of appxoximrtely 0.17.

. .
Tests

.-
\

Xsothemalpeesuze-drop tests.-Qnetest (I&t A} wasmadeto
determinethepressuredropin theannularspacewithonlyairpassing
throughtheqmtem. TheserwM werenmdeto establishthefriction
formulainasmuch as themeasuredpredsureMffeymces wereabout
equalto thefrfctionlosses;themomentum10ssa~ to ohmge h
densitywasne@.5.@blewithno heat present.The speedof the COolj.ng-

airblowerwasVarieaso thattherangeofR~olds number,basedon
theequivalentdiameterof theannularspace,wasfromabout100,000
to 324,0000E&essureequilibriwniwasdeterminedfw all observa-
tions.fromlineplots.

. ,.

—.. .._ - . ...------- -—- --- —. -—. ~——- — — ----- —---------.:.. . -’s ~.:.’”.’.............. . . .... . .‘, -..~.
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Heat-transfertests.- Fourmrie~ ofrunstmrematito include
an apprecia~ler- ofReynoldsand.l?randtlnmbers withboth
cool@g airan&exhaust&s flo~ irithesystephA tabulation
of approximatevalues.of thevariablesinvolved,in ‘tieisothermal
andheat-tmansfertestsis shownin table1.
,

me effectofI&u@& ntier-on the ~s andairheat-transfer
Coefficientswas ob~inedby varyin~thefuel-airratioovera r-e
froia0.063to 0.09 ~le Reynoldsnumberon the gastiaairsides
of theexhaustpi?qwasheld-constant(testB). Thisvariationof
fuel-airratiogave.a il.ar~variation.in~s “temperature.

‘.
ll?hpeffect”of.exhausji-~sReynoldsnmnberon‘theheat-~~f~

“coefficientof the e~ust ~s was establishedovera largerange
orROynol+ numberin twotests..Whi10thefuel-air-ratiQti
cooling-airReynoldsqmibm wereheldconstant,the enginepower
wasvariedto ob%aina variationin exhaust-&sReynoldsnuniber.
In onetest(testCl)“the exhaust-gasRe~lds nmber wasvaried
flromap~ox@a~e~ 120,000to.220,000at a conqtantcodktng-air
Reynoldsnumberof 170,000.In we, other test (testCp,a con-
tinuatiauof Cl)theexhauet-gasReynoldsnmiberwasvaried
from215,000 %0 36Q,000 qt a constant cool.iqyair I?eynolds number
of 250,000. . ‘ -. ,. ..

The effectof thecobliqyairRe~olds number.on theheat-
&ansfer coefficientof the coolingairwas obtaineain testD by
~~ theRewelds nuniberovera rangefrom170,000to 2&),ooo
while-the exhaust-gasReynoldsnmiberandthefuel-airrattowere
heldconstant.The-coo~-air Reyn’oldsnuniberwasvariedby
varyingtheairflowby meansof theblower.

!& coo~-air pressuredifferenceswereobtainedin:.eachof the
fourheat-transferteststo comparetheseresultswhenan appreciable
nmmentunpressurelosswaspresenttiththeresultsof’theisothermal
testsandto detezminetheapplicabilityof thefrictionformula
establishedin theisothemaltests.The extensiverangeofReynolds
nuniherobtainedin testD providedfora largera~e ofpressuredrop.

Temperaturetraverses&f theannularspaceat eachstatianand
pressureandteqperattie,equlltbriumfrcaulineplotsWereobtained
for.allobservations, - . . .“.... . . .

A comparisonof e~ust-gas sampleswpstreemak downstreambf
thetestseotionshowedthatno afterbm occ~ed in theexhaust
pipe. . .

, ..

I&hods .
,

.. .

Verificationof sluioud-designequations.-Themethodof checking
theequationsfor‘thedesigntemperatmesandpressuredropswasto

..— . . . . .. -- . . . . . . .. . . . . . ,~-..—----- -—-. - ---
... . .’ ... ...

..! ,., . ..- ,-
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comparetheval& mea&aredin #e testswiththevaluescalculated
by meansofthe equations,themeasureilvaluesof temperaturesat “
the@@xmm station,andtheflowrates. In thepresenttestsno
efit loss,~6 involved and @lc*te& ~dues of (&f + &h) ~=e
cx”ed with measurea“vahes. The degree af conservation of the.
method of designing for limit- air temperatWes ratherthan fm- - “ --
limitingshrotitemperatureswasobta.inqdpy couparin~themmsured
airtemperatureswiththemeasuredshroud,t~e~atures. ‘ )

.The~mbtea valuesof temperatures“regaireddeterminakn of
the heat-transferboefftcients~, ~, and ~. llquation(20),

equation(23))“and mhhcde outlidlin thesectionentitba “l?unda-
mentalhm forheat:tiansfercoefficients‘tvere”usedto %alculate
the convecti& coeff ieient on the air siiie ha .an&the radiant ‘heat-
tmnsfer coefficient ~;

The emissivityof the exhaustpipe,whichwasre@retl In
evaluating~, and the missivity of the @ro@ were obtainedfrom
reference5. -Thisreferenceshe% valuesof 0:79for osddizeasteel
~ a s,electerivalueof 0.70for sta~ess steel(8percenttichl,
18 perceti”chromium).. .,

... . .

For alltestsbothequations(15)and (18)wereUse&to calcu- ‘
“btethpconvection-heat-ta?ansfercoefficient‘hs, and.tempera-.
turesobtained.”by use of thev&ues calculatedfromeach?qwyt~~
~were comparedto determinetheeffectof usingeir-properties.~”
@ace o? ma pr~erties. The appro~iatetemperatures.use&f% “
aet~~ thepropertieswere‘givenin the sectionon-!l?u@ame@al
lawsfor.heat-transfercoefficients.‘tTheproperties-e ObtainOil
fromtheappendix;A @eck wasmadefor a fe.vtestsof theerror
invol~9din the-calculatedtengmraturesby use of 0.30and0.24
fix?he ~ ~a~ respectively,rathewthanthe tite~ateilmean

valuesof specificheats. -.-
-’

Themeasureavaluesof airandexhaust-&stemperaturesat s@-
tion1 andtheweight-flowratesofairM gasweresubstitutedin
equation(13)in orderto calculatethedownstreamexhaust-gastem-
peratures● Measure&valuesof airand gastemperaturesat station1
and calcul.atetlvaluesof thesetelqperatureeat thedownstreamsta-
tionswereusedto calculatepipetemperaturesby meansof equas
tion(14)● “The airtemperaturesat thedownstreamstationswere
calculatefromequation(J2)ad &lcwdatedvaluesof dO~~trOOm-

. & telnperature. ..

The tiicticmfactorswere&btalnetlfirstforthedataof the
isothm tests(table1)by useof equation(25)andwnxiplottd

,s..

-..—. ~.. - ..- —. .. ... . .. .. ..-+-—%.. —-.——.--..7= -._. .— —— .— - ..-. —--- . ..- -
. .

. ..., -., -’... . . .
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agiinstReynoldsnumber~ It vasdeterm@qdfromthisplottiather
thesimpleegntial variatiop.ofequpt@n (26)is valid and, if
suchwerethe case,%jhether%hevaluesof .C and n maybe used..
Valuesof thefrictionfactor f or & C and.n fromtheiso-
thermaltestswarethenavailableto calculptzeAp% .forthe-heat-’
transfertest~witheit& equation:(25)cm Oquatii&(31)s Eqm-
tion(34)wasused”to calculate,&h @ theheat-transfertests●..
Valuesof calculatediiownetresmair%Mperstureswereusedto cal-
culatedownstreamatidensitiesfarusein theformulas.

Verificationof thedesignfcormlaswagaccomplishedby com-
paringtheforegoingcalcula.,.ionswiththemeasuredvaluesat both
station2”andqtatign3; stationi waeusedas theupfltreamsixution
In bothcases.The approfiiatepipelen@h wasusedin theformulas
in eachcase.

~tegratedmeantemperaturesandpressures~-As a resultof the
largetemperaturegra&ent-ofthecoolingairh theannularspace
truemeanairtemperaturesandpressurescguldonlybe obtainedby
intejyatingthemeasured&essure-.andtempwature-distribution
c-es acrosstheannulus.me integrationof all.thedataobtained
in thetestswoulahaveinvolveda vastamountof laborandtime
fich did-notseemwarranted.-Consequently,a methodw&!developed
forcorrect~ aritlmWicaverages.-FortestD meanvaluesof the
meastieaairtemperatureswea?eobtaineaforthethreestatichson
bothan integrateandan arith&ticbasis. The arithmeticvalues
wereplotteiiagainstthe integratedvaluesandtheresultingstraight-
linecurveswereusesto correctthearithmeticaveragesof the
m8Sswed airtemperaturesfm all of the othertests..In aollplots
presentedfortheccmgari.sonof calculateilandmeasuredvalues,the
resultsarebasea.on thesecorrecteaarithmetic-meanmeasureaair,
temperat~es.

Jh orderto integratetheair temperaturesof testD withthe
hdivia~l measuredtemperatureswaighteaaceardingto thelocal
weightrateof flow,.tie static&ndtotalpresswesas wellas the
temper-aturesat eachlo- pointmustbe lmown. Illien%he.pressure
andtemperaturedistributimsm the.annularspacewereplottea,
someaOibtaroseas to the correctprofileforthe curvesfromthe
tubeandthermoco~lepositionsnearestthewallsof thepipesto
thewallsinasmuchas thenearestpressurema teqymaturereadings

wereabout~ inchfromthewallsof thepipes. As a consequence,
8

?thepressure-distributioncurvesin thevlcinity of“thewallsof the
annularspacefortheisothermaltestswereobtainwlby applying
methodsavailableiA reference6 for obta.i@ngvelocityproffleain
pipesandby ueinga uniformtemgmatureGradientacrossthe space.

.

.

.
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In the heat-transfer tests the t“~&atm& in-the ticinity of the
exhaust-pipe and.shroud walls which wOrerequired to apply the
nethoti of reference 6 were.not mailable. me “prmsme-distributim
curves wwe therefore falrba ap~oximately 23* those of the iso- .
thermal ~tests, s

In oziler to detezmine the 6ffeot. “of.‘this fa.lring on the .lnte-
@’ated temperature average, one run OF test D was obtained from
another fairing in which the pressure-&Wtribution curve ms. extended
mz~hcloser to the pipe walls. The tfmperaturbs 0bt8in~a ftwm a
survey nearest a ~essure rake. (see fig. 5) uere Uses in conjunctiau
with the pressw?es of that @se to obtain the integrated-temperature
averages at the pressure-rake locati6n@ The Orror tivOlved in the
lnte~ted a5.r temperaturesby”us- “suchnticoincidingtemperatures
wasalsocheclged,~ computi~onerun,of testD by useof tempera-
tmes obtainedfrom’“droes:plntsof theteqi~at~ testdataat
pointsco’inoidingwith,the~es~e-tube locations,.The teqperature-
fii:stributionourvpsZor‘test.D fromthepointof readingnearestthe

. “~.wa~lsto thewallsfor- surveyweredetem.ulnedby a trial-ti-
brrorprocessby useof infori@\m’fromreference6 a@ thepressure-
distributioncurvesobtqina~as previously~lained,

‘..
~ thetemperaturesat the centerof the &haust pipewere

- obtainedat eachstationbecause”of’practicaldifficultiesandalso
becSuae,In turbulentflowin“acticulkrpipe;‘themeanlmqperature
.is’veryclosOto the centertemperature.The cente~val~s were

. . thereforeusedforthemeanvalues”.“‘..O .

The inte~ateil-p&ssur.eaviragesat eachstationfortestD
w&e obtained.by weightingwe Mvidual pressureandtemperature
valuesaccordingto.the.l@al wei@t ,ratbof flcni.Therequired
~via~z pressureandtemperaturevalueswere01m3.m3dfmn the
di~tributionmrves deqcwibed’ig thb sectionentitld “Verification
of shroud-designequatA&O‘r.:Fbr on6 run of’ testD the inte~ted
valuesfor eachstationwerebbtalnedfor a+chof thethreetypesof
falringdescribed b the foregoingparagraphs.I&assurelosseswere

‘-th~ coqparedby usingboththe,@tqgrate&-andariWmetic-measme&
preseureaverages.Pa testso~er thantetitD, cm.lyarithmetic
averagesof themeas&e&pres”maresbaretied’to calculate”ths losses.. .

“ljw311M&ss a:few &W.II&COUpl.S‘-failuresresultea3.nthe lossof
someof thetemperature’data,themissingtemperatumxvalues were
determined by assuming a heat balance betwe@ %hegasandthe cooling
air, Theprohibitivet- elm involvesin repeatingtestsuntil
a c~lete setof-@qperaturedata”was obtdindwas consideredto be
adequatejuetiflcationforthisprocedure. f

.., . .

.

.--. ..— .. . ..... . . . -. -—.- . . . . ....,--.-—----- ~.—---- .— - ---- .—-— — .—— — .. -- —-
-,.’, .: .. ..-. !. ... ,..

., .-,... ‘.. ,.. .



26 . NACATN.No. 1495

. .
The c-c&&rknp of t~ertikrei iina’.~ffss.izi+ee ~ops calculated

by usingthetheoreticalequ@ioiiswithm6asi&&L’+alueswillbe
givenin we followingsections.A 45°lineis drawn-oneachpart
of each.figure.presente~,Whentheplotteddatafallon theselines,
perfectagree~ntbetweenthemeasuredand calculated-lues is indi-
cated.l?heresultsof the calculathnato ~tedminetheeffectsof. using-aq propertiesfoq gasprop”&*esin the equationf&o &qS
coqvect@n-heat-tr&sferco.effici~t ~e, ~~. constantSpeCifiC-
heatvalues~theari&met~cpressureav9ragesto det@min6,pressure’
losses,~ the-three.t~esof.fair~gof press.urd-a@ ‘teqerature-

. .distributioncyryesf~”the.annultarspace.are~gi%n”.firatinaeniuch
as theyha.a.directbearing,~ the w@cup of th4ir~ining results.

. . . .. . .

“ Effectsof,.i~oxiiatibns&l fairlkgmetiodg,:s.~O eff?cts.of
the differentfati~ -~ and@e appro~tions to,simplifythe
computations~ thecaloulateaaesigptemperaturesma presimre
lossescanbe obtained.~cantable.2.. ~ thistable..~epercent
differencebetweenwe sp~oxte v8i~8 a.tiprecisevaluesW
percentdifferencebetweentheresultsbasedonmethcdsof refer-
ence-6ma restitsbasedcm.~~eqfair- metho~.are’given... .

,,
Comparisonof cal&&t&,.yaluesuf .downstr,e&u“e~ust-&s tem-

peratures;.cooling-a~.temperatwes,ande@aust-pipet~eratures
obtainedby use of valuesof he .basa.~ .aiypropewtiepat tem-
peraturete~ witivaluesoftemperaturesobtaineaby use ofvalues.
Of.he basedon&s.~qpert~es”~at~t~eratpre-t&l showe~negligible
&@@rences in the gasandk. %&rparatures:am only@ali di&r-
ences..in‘the-Bipet~emtures. (Seetable2,) @lepipe~temperat-
ures basedon am properties.-e ab~qtk,~ercbntlowerthapthose
basea.ongpsproperties.Consequent=,.comparisons02 calculated
temperaturesand~s~ea valuespresenteahereinafterhaveus@ a
val~ ,of.he.base~on ah propertiesto d.eteminethecalculated
,v@lle.s.-*:..... , “. . - - -. ... ,.

. ..
. . . . . .&O&lculatfonSto determipetheeffectof.usingconstant”

valuesof specificheatsh pl.aoeof integ.rateameanvaltisshowed.
th@ ~q qotioeableerrorwaqintroducedin thevaluesof,c&culatea
.de~i~temperatures..(S~etable2.) In thefollowingresults,
constant,-valuesof specifiche”atsweretherefaetiedto calculate‘1
the,telgpO@xres. .. ....

&e &egrated stkti~ pressureaveragesobtaineafP& the
threetypesof fairingdiffere&to someextent,butther&uZ*ing
staticm-to-stationpress~e lossesagreed.verywell. (Seetable2.)
Also,thepressurelossesfortestD @se& on thearithmeticaverages

●

.

#
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of measuredpressureswerein exoellent~eement with10ss0sbas~
m Integratedaveragef3ofmeasuredpressures.Thisagreementwas
cmsidm?edsufficient~ustifioationfortheprocedureof ue~ the
aritbmetloaveragesof themeasureapressures-to&Aerminethe
measured~esmre 10s80s..

.

The’.-threimes offaiz&g resultedk ~ti@tQ ~ff~~t ~te-
gratedmeanair-8tationteqperatqr.es,-buttheseMfferencesand

.. theirconsequenteffecton theresultsframthedesi~ equations
.. (lxible2) werenot si~ioant enou@ to warrantbasingtheinte-,
., gratedmeanairtemperatureson anyotherthanthe originalfairlng
, clemribedin themethods.The ari@nalta.iri~method was conse-

quently w~a toaeterminethe integrated air teqpem~mes fm a31
,of the rune of test D,.
. . Wth regard to the mnparisori of arithmetic and inte~atea
a&a@ texoperatures; the following results of test D maybe of
interest to other~vesti~tors:

(a)M0a8&e& airtemperaturesbasedan arithmeticaverageswere
about 5 percent hiwer than those baseaon inte,~a.te&averages.

---- - ‘.,.
. ..f

,

.
,. . .

:(b)Ca~culatedaownstiraim.e~ust-gas temperaturesbasedon
arithmeti~averageswereabout1 yercauthigherthantidseWsetlon
integrated-averages.

. .

(c)i-,Calcvlqteddownstreamairtemperaturesbasedon arithmetic
averageswereabout4 percenthigherthanthosebasedon inte~ated
averages.’.

. .

Downstreameihaust-gaste@eratures,- A comparisonof theoal.-
culateda-ti~ exhaust-~st’emperatwetiwiththemeasuredtem-
peraturesforstations2 and3 is givenin fi~ure6, The calculated
temperaturesarelessthan,~ percentlowerthanthemeasm~ valuesc

Thissmalldifferenceprobablyresultseitherfromdeterminingthe
heat-transfercoefficie@sforusek equation(13)by themethods
outlinesa fromemors ofmeasurement.A conclusionis tia~ that
thedesi@ equation(13)anatheShplifiedequationstorheat-
trahefercobfficimtsfordetermhingthedo~tream exhaust-es
temperatureare satisfactorilyverified.

I?W&et-ptpet&peratures.- The ccxqp~isanof the calculated
exhaust-pipetemperatureswith ihimeasuredt~eratures forthe “
threestationsare~esentedinfigure7. At station1 thecal-
cnzlatedtempertdnuwaverageabout3 percentlowerthanthemeasurea
values● Corresp_ valuesfor’stationb2 ma 3 areap~oximately
5 percentand.k percentlower,iwspectively.The Wference bet~an

-r ..- -e.. . . ~-.. . ——-. —.= —y- —-. -
. . . . -.~ 9— -7-- -. . —.. — -- —--- ----—
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the Ca.lctitea&d Wsm:e&Hm?&~s %&%%aticn1 is probablytlueto I
thefactthatthe”yipe-tempera@re-6quatiawasderived’by assuming
thattheradiat~onWEInegligible;-whikhtendsto makethe calculated
valueshi@er thanthbmeasure&wd3ms- An o~ositeeffectis
createaby usingtheheat-transfercoefficienthe basedon air.‘‘.
properties..ra~erthanon gasproperties;t~s substitution.hasa
tendencyto rpduce,-wepipqt~eraturee. we. differticeb&een
the calculatqaandmeas~ea domsti~ .~emperaturesmaybe a cumula-
tiveeffect.Causea(1)by usingcalculatedexhaust-fpstemp.gratures
Wch areloverthanthemsasurbavalues,(2).by.using.Calcul.ateil
airta?qeratures@ich arehigher,thanthemeasured.~alues,(3)b~
neglectingradiation,and (4).bywing ‘airpr~ertiesin the eqwi- ‘
tionforvalueof he. The ftistand.fourthfactorstendto decrease
andthesecondandthirtlfactorstendto increasethe calcid.ated ‘
exhaust-~ipet~eratures..Fromfigpre7 it is.concluaea@at
exhaust-pipetemp~atures,pr~ct~acfrcaueq~t16nsof thetypeof
equation(14)withairprqpartiesusesthroughotiin thehqat-
transfer-coefficientformulas,w&l.1be frcan3 to 5 percenttoo,low.
The veri~iqat~on,is.sti~ acceptable,.ho@ver, withinthe~ts of.
-eering pract$~bility.

. .. .,.

,.

.
#

. .
-.

,.

..

Cooling-airjmnperaturesa- The c@cul.a.tedd.omstreamcoo~- ,
airtemperaturesdeviateabout3 Xo ~ percentfrcmthemeaaurea
valuesas shownby figure8. Thisdifferenceis attributeto the, ,“. .

‘.

factthatthe calculatedexhaust-~stemperaturesUf3eain eq.ua-

.

.

.

.

tion(12)‘we&e.aboutl;percentlowerthanthemeasuredwalues. m. . .
the lo= rangeof temperaturesat station2 the Calculatetempera-.
turesarehigherthantheyasurea valueswhereasin thehi@er
rangetheoppositeis true. At staticm3 thecalculatedvaluesare .
in -al higherthanthemeasuredval~s. The USq of gas prop-
ertiesinsteadofairpropertieswouldnothaveappreciablychanged ‘, i
theresultgiven h figure8 becausesucha sqbstittitionhada
negligibleeffecton the Calctiteadownstre~exhaust-gasantialr
temperatures.Althoughthedifferencebetweenthe Calculpteaand
maasureaair.temperatmesis‘katherlarge,theproposesmethod
apparentlylea@ to thepr+tictionof conservativevaluesof down-<

$..,

streamairtemperatures.The useof,equatia(1.2)and~thOas given
to predictairterqperat.uresarethereforeconsideredsatisfactory.
for &hrouddesignpurposes., . . . -.-

Relationofmeasuredshroudtemperainzrestomiasuretlca~l~y
air’tamperatures.- ,~.smuchas theanalystsusesas a tiesighmiterion
the cooling-a.lrtemperature.ratherthaqtheshroudtemperature,these ‘
twotampe~turess,houl.@be ccdnparea.Tha~esultsof thiscomparison
ar6shqtmin figure9. The shroud.temperaturewasabout20°l?:highqr
thanWe corrected-arithmetic- coo-air temperatureat statim 1,

\

●
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about20°F lowerat sta!!3.@~ aniiM* F lowerat &ation 3. The
shroudteqperatwealsom0~~9a fmn the. qpstream station to the
downstreamstations. b- as the oaloulateddcnmstream air
temperatureswerein generalhi@r than the measuredairtempera-
tures,theprocedureof us= theairtemperatureas a def3igu
ariterion till result in a very conservative desi~ for the slrroud
teqperaturee.

Determinationof constant~in fki~tlon-pressure-dropequation.-
The friotionfaotcm fortheisothemaltestswereplottedagainst
Reynoldsnunibezof thecoolingair on logarithmiccoordinates
(fig-10)andthevaluesof C and n fm usein equation(31)
werefound to be O.~ and0.20,reSpectiv@y.The e~onent n is
a~roximatelythevalue0mb3a for straightpipesbutthevalue
of C ishighas comparedwithvaluesobtatieafar smoothandcom-
mercialpipes(O.046andO.054~respeotive~,reference1). KMhou@

.inreferences3 and4 highervaluesof C areadvOOate&-fOrannular
spacesthanforpipes>thevalueof C determinedforthediam&eb
ratioof thetestsetupon thebasisof equation(27) was oalculateii
to be 0.058,thiohis stilllowerthanthevalueof0.07determines
experimenta~. Consequently,“it id believedthatindeterminate “
piperou@nesswasprobab~a facta influenctigthevalueof C.
InSe&tingthe valuesof C and n in equatim.(31)~@vesthe -
followinge~ession for Ax: .

.“
,-

. . . . .-.. . . .“

“Cooling-air”~ essurelossesforheat*ansfer:“tisttis.-The data
of figureXl.showthecomparisonof the calculated.pnd.meisurea o
coolipg-afi‘press~elossesfrcmstations1 to 2 and statiqnsX to 3
fortheheat-tranefertests.“we-isothermaldataare.alsoplotted
in fi~e 11 as & checkon,the calculations..Perfecta~eement.
betweenthecalculatedandmeasuredpressurelossesis oh-d.. for
the isothermaldata,as indicatedby th~plottedpointswhiohfall
alongthek5°line8,beoause&e C and n values used .tooakxd.ate
thefMctidnpressuredrop~w&e .obta’tie~frcuuthemeasuredpressure
drops● .

The oalculiirtetlvaluesofthe pressuie-lossaveragdlabout ‘
10 percemthi~er thanthemeasuredvaluesfortheheat-tmnsfe~
tests. This difference is due partly to.asl.tghtoverestimationof

‘ theheating-andfriotton~resswelossesfromequations(34)and (~),

— - . - .-. - --- —.....-..= -.. -—.- . ---——- - . - ~—,- —- ——. —.— —.—. —....-. . . .. .+... . . . . .. .., .””-. “ .. ‘.., .-. .
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sincetkiseequationsare+eicy.sen’sittveto-~ownstr~ airtempera-
tures,.whichhavepretibus~ been shownto l&vebeen”overestimated.
by about3 cmk peroent..The differmcebe~weenthe calculatedanii
mealnmed~essure lossesforthe-heat-transfer:testsis in thecon-’
servativedirectiau,a-swasthe”.calculatecooltig-airteqperaimre}
~a therefakea d.esigubasedon theeqtitiotiwillbe consezwrtive.“

. . . . Gm@Rg&~mussm?. ‘.’ ‘ -..:’ . . .., ..-..------

.’”
The‘coolingia~‘flowratqsandtheratiosof.tie cooling~afi”.

flowratesto el&aust-ga8flowratesusedin the.e~erimentswere
much.hi~m thanthoseuquallyencount~eain-fli.@t.Theserates
and.ratioswereu4edbecauseerrorsin measurementarereducedlhen.
largerquantitiesareinvolvpdandbecausetheflow.ratesip flight
arein theturbulent-flowregionas werethoseof thee~erjments.~.
Moreover,thelawsofh~t.transf~~ pressurelossinpipes
establishedin a certain,?mngeof.theturbulent-flowregionare
generallyapplicablewithlittleerrorto otherrangesin theregion.
For we lattertworeasons~ because,ti general,.thedesign... .
formulasforparallel-flowsystems~wereverifies.in the e~erimentsj
it is believedthatthe&esignformulaswillbe a~licableto fIi@’t.
In a calculationofa shrou!ddesigathefactthatthe.pressureloss
will.be overestimatedtiill.resultin thecalculatedtempera@res
beingmorensar~ equalto theactualtemperaturesthenin the
experimentalresults... .,

.’

- ..
Sincethe e&atiau3have<0 di~te&ratio lhitationprOviaea

thatthe cotig-air flowin theannulusis t~bulent,theverffica-
ticmoftheparallel-floweqpationsfaroneratioof shrouddiameter
to exhaust-pipediameterlendssupportto thebeliefthattheseequa-
tions,area~licableto allpra~icalvaluesof theratioof shroud ‘
diameterto exhaustpipe diemeteFforw&bh thecooling-airflow is
e~ecteilto.be turbulent.Althou@no counter-flowtestswererun,
thecounter-flowequationsarebelievedto be equaX& as applicable
to desi~ ~obhms asthe parallel-flowbqwitio~beca~p of their
similarity..c~ the‘analysistlGtummnqptimithatthedommtream
shroud.-ten@raturewould-alw&ysbe a klttleles~”thanthedownstream
cooling-airtarpezzdmrewas madeforthecaseof‘piirallelflow+
tie caseof countOti~lo?r.Thevalidityof‘thisa,ssumptibnw&s
verifiedforparallelflowby e~erimentaltits. In the caseof. . ‘ -
counterflow,however,thetemperaturesof’thee~uet gas,%hb “
e-ust pipe,andthe“coolingair arehighestat *.Qdownstreamsts-
tionofthe shreua;Itniay.p~pbssible,th6rqf.@6,-%,ecakeof radia- “

tionfmm the exhaustpipeandbe&&e- of the@nailtbmperaturOdiffer-
entialtiet~tienthe coalingairand‘theshroud.~atthe ehro.udtempera-
turemaybe hi@eY tbi “the.codin&a.ir”t“eqerattmeat the’d.ownstrbam

—. . -—.7 -—— .— -- - ,---- — .~.= ~---y —----- -- -- -
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staticmThorough exploration of thi~ possibility would require
~~ther a c~le~ aml.yeie m ftiher testing, both ‘bf which were
outside the scope of the pwesent investigation

.
One woblem of immediate hgxmtame for which the equations

.

3.

tltn?iveil.fithis paper should be a@ihxab2e is the desi~ of shrouds
for thetailpipesof jetengines● The designequationswillbe
applicablewithoutmodificationif theluminosityof thegasesis
negli~ble. If luminosityof the gasesis appreciable,theanalysis
willrequireetiensiauto accountfortheheattransferfrcmthe
exha~ gasto theexhaustpipebyIthermalrqdlation.If flapsor “
ejectorpumpsqreused,andthe pooling-airexitpressureis thw
decreasedfromatmospheti.c,theapplicationof the~essure-drop
relationto shrouddesignmustincludemethodsfordeterminingthis
cooli~-airexitpressure.. . .“

Furtherresearchis neededto establishdefinitelythebasic
lawsof heattransferandpressurelossesin annularspaces,espe-
ciallywl.threspectto thefltiatemperaturesand constantsthat
shouldbe used. Theprincips~sowme of ~fficultyin thedeter-
minationof suchlawsis thetemperature~adientof thecoolingalrm
In additionjinvesti~tim of‘presswelossesin aiuw.larbendswould
be a greataid.inpredictingaccur@e~ i.ihe.pressuredropsh specific
exhaust-pipe-shrouii installations 4 Finally, the etiensionof the
presentwcrkto includetestsof shrotieatailpipesfor jet-engine,
installationswow be deqirable. , .. . ,...

-,. . . . .

SUMMARYm“RES&& .“

The design equationsf03?predictingshroudedexhaust-p@e-instal-
lationteq%raturesforparallel-flowsystms wereverifiedwithin
,thelimitsof engineeringrequirements,bytestsoi’an e~erimental
exhaust-pipe-shroudset~ for oneratioof shrouddiameterto exhaust-
pipediameter.A comparisonofmeasuredvalueswithvaluescalculated
by useof theaesigaequationsbaseaon constantvaluesof specific
heatsof e~ust gasandcoolingair,airproperties,anacorrected
meanairtemperaturesshowedthat:I

(a)Thecalculatedvaluesof

genaxit.Qwerenevermorethan~

values.
. .

(b)The ~lctitea valuesof

aO~tre~ exhaust-gsstqeratures
percent lower timz thO masured .. . .

exhaust-pipe teqperatwres geqerally
werelo&rthanthemwmred valuesby notmorethan5 percent.. .

.
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(c).A*~e am~-. E@ti~:the 6alc&ted cooling-air

tempemb..zreswereabovet-hemeasqeilshroudtmperatur?s.
.

(a)c~ervativs values * cooling-air total-presswe losses
were .obtainea with the pressure-drop eguation, The calculated
values of total~ressureloss~re about~ percenthi~er thenthe
measured.values.

,.
,.

me We-~ constsntvaluqs.of 0.24a@ d.~0.forthe specific
heatsof cooktngair.ad e~ust gas,respectively,and.the substi-
tutionof airpropt3rttesfor e~ust-~s prqpertlesfa aeterminlng
theheat-transfercoefficientfor.the.e-ust-gas.in thetisi~
“equationsresultedin a negligible.chan~+In thevalues.of cal-
culate exhaust‘gasd cooling-a.tittieratures- o~ a s~@t
aecreaseia thevaluesof calculatedeihaust-pipetemperature.

. .
.,. .s

,..

‘lI- PRO CE.DURES FOR 5Hl10U

.. .., ,..”

.

D D.ESIGN “

.. “

!“ The‘p?oblem‘o?.13hgudd.esi~requiresthedetermination of the
tiamet~ of the shrouji fq @@& ce@a3.n tles$gu-in@llation. tqera-
tureswillnot ebed -specifi’bdl~ts wh~ ,thepressuredrop
availablefcmforcingairth&ou@ thesystemis lmown● In cmxlerto
providesatisfactorycoolingforall operatingconditions,theshroud
nm.stbe design.eafQrthefli@t condition~ whichthecooling
requirementsare”themo~ difficultsomeet;genera.1.ly,thisccnili-
tionwill.be maximumpower(climb)at &ate&altitude.
.

An analyticalmethcafor“aetaqipidgtheshroud,dismetmwith
a minimwn.of@resmre loss-@order not to exceeaa limitingtem-
peraturesuchqs thatgivenin iietaif,fcm,thecaseof intercooler
aestgninrefepence7.aould‘theoretically”be &eveloped.Suchmethods
are-impra~ic~ if notalmostimpossiblewithth~ complexequations
.~ihichwere-derive&in the&alysis,and,consequently,graphical
solutionswereUsa 9 . . . . ). ,...

The gene~l-procedureXOT desi~ is, fcma ~vem lengthof
shroud>*D usetheequat$misto *terminethe-desi~taperatures
and.me cooling-air,presptme&@:. -A valueof shrouddiameteris
a8mzaed- balculaticmsaremadefor severalassumeavaluesof
cooling-air-flowrate. Thesecalculatimsarei?epeateafor other
assumedvaluesof..shrouddtaeters.Curves“ofthe &pificant design
temperaturesareplotte~agatnstcocling-ati~fl.owrata~or each
‘shrouddiameterass~ea. Fromthesecurvesthevalueof cooling-air
flowratefor eachshrouddiambtergtvinga temperatureequalto one

. .
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. .

shroud..A Qiot~- thispMs8ub& logsa@n.s%.shroudqter is
tie S@ colnp&?@wttlithO‘~isure a~b16 for fcmcingair.throu$l
the ehrti’Syfiqm.)’‘A@ “shroud&mwt&r forwldmhthe.pressureloss
req~e~ “’is16~6thiuitlkrta~lable”willgl.veaitequateCooling...
The di.am?terto bhooseidlllbe:tit d.tameter.which:till..give.the
greatest;aitiilable““pressure10ss,mnl.essthisdtametercmlsese=es-
sivecooIi@ tiag: Whm thelgrtter.cdtia:oc~~s. thedismeterto
chooseis tit .“for’whlc~cocW.ngmag is a tinimmu:. ....-;,.:. -,. . ... ... .. .

“~?hentie@e#sure &rop’rgquiiea*S.~e~tin &:~&t atitible
‘and.’aant@ioh *6@ failto’iqcreqq~the“atiilable.pressure.
dropsufficititly,theshroudna~.bsMtitia intoshorter.seets
so thattwo ormorecooling-airentr~es d etitsareprOtiaOaas
diagmmmeilin fi~e .12,The shorter-len@hsegnentsrequireless
pressuredropt.ki%he si@le-Sb@eht.aesi~..D&e to the complexity
of theauctsystems--involved,no morethantwo se-ts willgemrdly
be Used.tIf thelimitshqposedon thedesi~ installationtempera-
tuiwsbanno%be met witlra ‘shroudsysta of ~a&ic@. size~ nmiber
of se@entsfortheyessure dropavailable,,S-bmealtmrnatives~are
ava.tlableaidwillbe iiischesedin & sectiontofollow -

. . . ---- . . :.. -.. .. . .
. . !l!lie”ohiitceof the size of the inletduct_lng the cool@g

‘airfrom-tiefieq‘streamto.thes&ou& Inlet“is.I?qpcmtant~ iS
interrelatedwitththe:&hroti&tii@,.-becaugepar%of-’thedynamic
pressureof fli@t is utilizedto overcomethelossesin thisauct
;,andthereby~ &b&ease.“i8causbdti thb,pres&zre.dyopaya~ble for
coo- ~ the%&ofi. ~ ‘:chotoebf size,tithingra~tlcallimits,
3s buchthatno.a~eciab~e.@.ihin pressurei&r.opavailableIs
.obtdinedtitlif%r.&& iilcrieaseh the.&mea‘ofthe-duct. “.. .. . .. . . .-

I)et@y-step-by%tepproceduresfm &9 designof:a-shmtiare
givenfm. thefollowtngeyst~: - ,. ... . .

(d
. ‘“(b;

.~(c)

In @&r

..”
Sin&l.e-se-t. f+sttinf6r parallil flow . 1

Sii@.45-t4e@3n% systdmfor counterflow ;. ..

~~iqe~nt .~ystem.fw j?ara.1.lelw ,bo@tW fl&.. . . .-
to’’:&p&ite use. of these procedures n&hodical calculation

fozmsforparallelflowand count& flow.a&sgl%n in i%blee3 and4,
.,respective&.-@ a~tion, table~ andfi~ep 13~to 16 are given
,Otod.n@k&~e Calculat$ond.we desi~ proceduresareconc~a

..

.- .—..—-..—. — -----, - .—..--.-... . -. . -—— ——.. -..-—‘.. . ---- ..”..,.,,. :,..
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withstep-by-stepe=tiion of howthesecalmlatiog:forms.~aj,
usea%b design-a-shroudfora specificimtallattonu..J’i&xe-2:.!:~
illustratesthesjnibolnotationtp theshroud~system.ske@hY:,~?.,...- .., . ... ....;.,!

.A typiti -e -S be~ssolv@ f&’.~ ~~~s~o~” of a:’,.
four-,enginebom”eran&results&e. listedcOhOiam.W to th~‘“dlq~
-c~sicn of~@O ~oceilures.Thenumericalcalculat~aqs.,are~p~tiea
in,t@10 3 and pextinentvaluesare @ven In @e-&b3Cus8f~df,~0
proce&O&.,.!l?heexampletiesa st&ai@t6@aust-pi”~--@c@~Sys*6m
f% p~mel” flowwitht% e~ust ~ses bgd.ngdelivered#o.’<&e:,’,-

~~t~htne.Qf.the.Wrbosiperchargerthrougha siiigle,.s&aX@t ~xupt
PiPtiS-A stia.i@tinletductof ccmstantcros.s~sbctional‘&rX.,,hab,

1 alsobeenaEaw&_.““!lmrature l.tnitswer6kpectfied.”for&U thd
.~es~m -~tiq temperaturesfor illustrative..Feap-..Jh an
acjt~ .@s@ .~rqklem,hqever, the desigh in5&&Llg@t* tdnperatyres

~.@,,@l@. l@~a-”- *e mec&ied are ~epuliitc’”~q”-q~ i@*tion.. . . . . . . . . .- J,.*.. . . . . .,,. ..,..,, .W . ,.’ ;- : .“. .::.I . -.,.~.-:-:+.,” -., . ..’. .....~.. ~,>.. .....-,. ... .. . . ..:
. ...ij ,.. :. i.. .
..4

.-

..! .”,
J.. \ ., .:-:, : ,. . . . .- ●

.$iiii&&3j.Ai-6om3’i&hi@&i”_’;,‘:;. ,.. . . .. . . . . ..:.-p! I .:*-.,.%<.
● .- -’.”. 1-- .1.’.-..”.-.-.--”.:!:,”---.-’”..’...”:’”..--,’: “.:

-. ,.

.

ccmpie&”ibk@Mnf’the&~~-.With ‘-l&e‘&.s&&tl&’&t noIipati ‘$6aima
to theair“in’”theMet dui%“&d.tiatriofrio%iondX6pocmrs in “the
m~.,s~ce., d: tie..shrotivpZp@, wqlm.u, a. relatzoq betweq, the ratio
‘of tE6 a$k ‘Ath~ticni t’~ekbui%q a%’%h~.’tihoj$ e%llj T.’. . . .. . q. +<
shroud inlet (assumed equal to T%) @ the ohoke factor

l*384Wa a“’”” ‘ -‘““‘“‘“‘ ‘“ “ “-”:’”’ ‘can pq.Obtd.2j~afrqqc._ees$bl@21.Ow
(a$ - ‘%2-Pa~- - -~ “ “ ,

thSOX’Yfok!Madi.nUmikibr&a%’‘+&d.kih%~ em% ~ go X.()..:kti~.f~
c.uwres-ofthisrelationwerecalculatedfcmdOwn@rO~ coollng-~
-.pcq”ntM&n?s-b?””o;6;’o-i~j.’q.~:o’::““. ‘“““ -‘:’-“ ~ -.......,.......::1...#*....”..:“1.-.“’ ..... -X.*:,.!””.. .“.:.:. .#..-
,:..: T@: &v-’ ~’oc&h& ‘for‘desi

F
5P to det&m&e thi3”oool@&alr

~Kow%&te3?* idit6h’We cho%e’~fae& ‘is:a%”tt4’limitingvaltibasea

.

●

.— - —--- ..- .=, --- ..-. ... ... ..-.—.--~-, . .— ------ - .,—. — ,
. .. .. .. . . . . . ....:..~’:~.’. .. .... . —

~,:~- ,.. “.. ,.
., .“...{ . .-..-:.........’-... . .
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&wnstream coding-airllach numberof 0.6insteadof 1.0. The
value of Wa so obta~ed is no% the maximumvalue that will exist
in the shroud before ohoking occurs; however, the use of the ohoke-
factor curve for a hhoh number of o.6 is remhmendea for the fol- -
lowing reamns: (1) The pressure drop will increase with Mach
numberc (2) The shroud-exit pressure losBes are smallerfor lomr values
of’ hgy thereby increasing thepressuredropavaifiblein the shroud
for cooli&“purposes.(3)The limitlngohokefaotoris overesti-
matedby thestagnation-temperatureratiorelation“’beoausethe ‘
latterrelatiaais baseacm theass-ion thatno frictionoccurs
in theannul.us.(4)Thepressure-dropand,heat-transferform@l.as
aremoreapplicableat lowcooktng-airexitMaohnunibersthanat
highcooling-airexitMachnumbers.Ati~ equalto.o.6w less
theassumptionof oooling%r-exiiistaticpressureequal‘tothe ‘
free-stream8taticpressure,whiohis usedin thepressure-tiop
formulas,andof theheat-transferequationbeingbasedon true
temperaturesInsteadof sta~tion temperatmes(thelatterbeing
the correcttemperaturesto use)willlea~.tolittleerrorin the
results.At thepresenttimescmeaircraftehrotieii.exhauet-pipe
systemsaren~ ooolingsatisfactcu?ily,possiblybeoaueetheyare
at’thechokinglimit. ,.

Coolingdrag.- Whenmorethmioneshrouddiameterwillproviii
adequatecooliqgof theinstallationthebestselecticmof theshroud
&Uuneterwouldbe theone@@rig thelowestcoolingdragif this
dragis appreciableas notedin theforegoi.nggeneralconsiderations,
The dragpoweris obtatnedfrcnnthe.furmula “.. . .

Dragpower= 5%O(V0- v~). .,~
{41)

!

where the velocity Vo. is that of the free stream,. the velooity V~
Is that at the shroud etit, @ @e value of Wa cxwresponda to the
value of d~ selected.

~efmrre at shroudentrance .- .Thetotalpressureat tieshroud
errtranoeis determinedby thefollowingequation:,. . .. .

.,

.
. ---- .. - .----- . - -- ~—-.-.—-—---.---,... ~ ~— ---- —. .—. ~,—- A-— -—- —

.“ ‘ - }.,,., . . . . . . .. . . . . .“...;, -
.’, . . . ‘.
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.

.

-.

. .

.“..

!

+.

. ?.wneres..-.\.,.
ao=l~

Ho,>: -

The%*
tablesin

..- . . . . .. .,~“. . . . .,
.“

press-wedrop in. inlet ati,poundsp& square. foot’ . ,
.-

... .. . .

&.ee-strehtotal”pref3s~e,pounds’p& sgiare,foot . ;
..’., .“

pressureofthe~ee stream.is obtained from altit~e
,r~feren~8. stwba-a.irvaluestie usedin theuresent.

e-b as it was* given fcr illtis-tratiive -purposes. “In actuiil.

tlesigne p&obably.We summer-airvalqeswillbe.req~ed,,whichare
d.so.~ven inreferenoe8. AI.thox sunmer-afi.tanrp&at~esare
.%- a ‘s-a-air temperatures,a Meek.Calculation?o~‘the
example8howedthattheUS9.of” the summer-ajrt&upemturesin“place
of thosefor. -stanhrdairma&e no appreciabledifferencein the
shroud.Unlem3ionsnecessa~faradequatecooling.The detailsof’
det&mining%he pressurelossin theinletduet &to-l will.be
given.b. step(10)of the~cedure fora 6.jn@e-se~efitshi+ouilwith
parallelflow. . .

. . . . .

The staticpressureat theshrotientra&e pal llluetSISO be

aeterml.nea.I&cmccmpresstble-flowrelatio~giveninreferenoe10
Itoanbe..- that .,, . . ..,....

-...- :’.. . ~- “,’. $,,, . .“.: .....
7

i- F)[T

PalVal- .‘..2 al .Pal ,... .
1- (43)

== ;-1’ H&. ~.
‘.

\
. ,. ...,

wiere pa. ~ aiiaarethe dtmsity and.‘velocityof sound of cooling

air‘atstation1 baseda stagnationconditionsand y is theratio
of specificheats. Now thestagnationtsmp~atureat station1 is
equal%d.thefree-streanrSta.@ation-temperature’.J“Thtieqwtion,(43)—

. . . .
. .

..{;&j/’*.’.‘“(u,
This equationis re~esentedby a curvein figure16 wh6rethe
left-haniLsideof theequationis theordinateandtheabscissa

. ~— . . .. -,: ...,: -’-- ”:...... .- , - ., . . . . .
--- -, -.. .— .-. —— —

,.: ., ,.,. “. -,~,,.,., .
. ..- . ... , !......-:.. ... ... -,. . . .
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The figureif3
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.

# 37

ai~aea intoseveral parts fm dif-

If the values of the ordinate

be determined frcra figure 16-

Temperatureat shroudentrance,- The taqpezwtmeof thecooltig
air at theshroudentranceiEIdeterminedfrom%heequatton

. .

where T% Is thefree;streamsta.gnattm taqperature,
,

Availablepressuredropat shroud.entrance.-Thepressuredrqp
availablef@ tcmc~ theairt@ough thewholesyqtem(inletauct
andshroud)is equalto Ho - p. withtheassumptionsthatall
the velocity heatl at the shroti est is lost end that the statio
pressure at the eqit is free-stream static ~essure. The “pressure

-, drop re@red by the inlet duct is equal to &o-l. The pressure
i drop available for facing the air through the shroud is the diff-

erence, cr

mavailable= (Ho:-Po) - ‘O”l.“

In theforegolngformulasthe subsoript1 has‘beenusedto
/ aenOteshroudentranoe, TMs subsori~ts forparallelflow. P’or

counterflowall subscripts referring to this station should be
changOatO 2.

● . “.

smGnwmMm! SKROUDJmR PARKUXLl?m
I

I?ora psrallel-fkvrsystem the-shroud must be @si@ea so thd
*Osed limtt~ values of aownstresn e@sizst-gas temperatures t=,
exhaust-pipe temperatures ~, and dowqstrpsmshroud temperatures t%
till not be exceedea. (See fig. 2(a). ) Va.tues assmd or cqlculatea
f m? this 0-10 are #given $n the follolzl,rjfj stepq:,.

. . . .
“.:

-. ..-. .= . .,.7—. — . . . .. —-~—

. .
. . . .. y— -~--m -- —Y; V ~- --.——.:-———— ——.—— - .— .— -

‘.. , . . ‘ .. . ~..-, . . .. : .:... < . ,,. - . . .,-. . . . . . .. . ..
. . . . -.



.
Step1 -Exhaust-~sflowrate We: ,..“. ,.,

:... #.. . . .. . .
Frsnnanifactwxer1sdataor thefollowingap~o~te formula,

“1”.,,,’,.

where

f

bhp

Then,

. . . . .

4.(

we = 7~5wXi+f)” ‘“ : . 0 ~k71.””’
3600. - , . .:,.. ..4 .,. .. . .. .. ., .. ... . .

fuel-atrratto . . . .. .
..- :

brakehorsepower . “ “ : . ‘.

fortheillustrativeexample, .
,.. ... .

we = 4.84pouuai3pw Seem
. .

., . ,.. .
.. ...” .,. ,. .., ..

. . . ..

‘e~=~-XZ. . . (48) , .

there
. ..- .;.

%

.
exhaust-gas temperatureat -0~ o~~~ ~
manufacturer% dataw by aneJ.@isalmethods . . , . ..

,..

x coollngrate.of gasin exposedexhaustpipe?.appro&-
mately2° perfoot ,“ “. [

2 lengthof exposedexhaustpipebetweenmanifold-
shrotienizance ,. .,. .,

F~ illustrativepurposes, a value of tel IS assumed, as

.\ ‘ .. .
t

.
81 =l~O° F “. ,,. t-

.-:.. .‘,*.
E~tit-piye diamet~ ~: . . - . .. .

,.
outsidediameterof tieex@imt pipe & m obtainedfr&

Step3 -

The

muwf’acturgr’s data or installationdra-=.

I

--— . .. . ..— . . ..- ...— ~-— .-. . .— . . . . . . . .. —.. ..., -.. -y:-—— -
. .

. . ..-’ .... ... ... -. .-.:.’.:”, .: ’., ..... . .... .... . .
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4 -Airplaneandaltitudeconditions: .-
!

Airplanealtttudeandvelocityaresecux%lfrommanufacturer’s
dataforthedesignflightcondition~.Free-streamconditionspo, ,
TO,”ana % are obtainedfrom.altitudetabl& for stmdard.,
air. (Seereference”8.)

5- Desi@ldumstream edmzst-gaslmmperatwe t%: -

Obta~ t% frommanwacturer’sdataon tieSSfew=at~

tengeraturesof theturbineor,ff a turbineIs notu&ed,the
valueselected.by the designer f’ca reasonspeculiarto the
installation.Decreasethisdebi~ jmposed~ value

of t%. by appro~ti~ + pacmt in the tisign prOoedure
. .

to correct for the slif$t underestimation of downstream
exlmmt-gm teqperat~eby equation,(13).I& theexamplej the
design maxiannatenperatyre is 1675° F and,, theyefore,

., . .

6 - ~esi~ efiust-pipetemperature..tp:. . .
. .

Obtainfromavailabledataor,estimatafromegeriencethe
maximum .temgmratureat.@ichtheexhaust‘pipecan@e&ate.
WlthoUt/-= offailure.“Appro&te wtq to useif no
dataaregmailableare frcm1200°F to ‘1450°F. Dec~easethis
desigu~osdl waximvm:valti+of ~ by hppros&at61.yk ~ercent
in the desi~ proced~e to correct.for“thesli@t underesti-
ntlon of do%~tr&m exhabt~~s temperatureby equation(14).
For an @posed maximumpile,t~ez@mrq.@ 1450°F, .

. .
,. J. .

. .
. . . .
~Aoooi ;:““”:.. “ ..,

Step~ - Desi~ shroudtemperature.,tp: . ....
‘; ......

&XdXlfrom““@e.geo&&y.k“”lo~ation’G&’&&onent~&. & .
L tallationthemaximumshroti’&ngmraturO.,ehat.W31 .mt pro-

, ...j&X1.adkerse.-e%%c%sof heatradiati&-;-~’LWtsto we, if
nonearespec~fiedby theairplaneor en- mani&actur&Jare
.%et~en ~Om& and830°1?..;~ the shroudtouchesm passes
closeW.”inbber,neopren~,.”.~otheror-c. materials,usea ‘
lowerlimitof 500°F andshieldthe shroud.at thesepoints;
Thisvalueof ts is usedforthe criticaldownstream

.. ..—. ---- ___ _— -. . -~~-y; , , —y--~ .-— —----- -— —--.— .—.—
..> ’,.... -- , . . . . . . . . .-.:...’... ..- ... ---‘. -..

. ..
. . ... ,., . ... . . .. .. ...
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.“
.

,
oooltneair taperature %% because, as brou@r& out in the

.

eeotion entitl~ %elatian of meatietl EIhrc@ temperatures to
measured cooling-air t~emtmes$. 1’a mnmrya.tive daslgn
proo~me to meet a mtizig shroud tqerature is to aesi~
for a limittng cooling-air teaqperatureof the samevalueas
the shrouil-temperatmeldmlt. pa the~sent illuptratim,

t~ =’ta u @O” F

The eMssivitys 6P for the most “commonlyused edunwt-pipe
material, statnless steel, is about 0.70, “andthis value w
be use~ lnasmuohas mall 6zzors tn the absolute value of Cp
wUS have a ne~%$ble ‘#f%@ m the. des%m H alwtber

.

.“

Step

values. The valb used ti the exan@e“3s ~

9“ CooMn&air-flow

. .
.-

rate Wag

of values.of cooldna-air-flowrateJwmlle a lai?geran$e

(approximately1j8to l/2& *W of We) andusewitheaoh
a.t3SUDM)&vah d SIW- kt~. ASStUI& VEihS USOdfoP Wa
are.0~~, 1000,14X, 2$00,2.50pouqdsper seoti. ,.

.. .,.
10 - selectionof Shrom-air-inletduqtsizes

.. -

Assumean Inlet dwt ,oross-seotionalarea, For thevakes of
0601ill&&lX%L0wrete Was usethe‘equationforthepressure
dr~ ~ theinletduet

Inlet loss sum of .&-:ofl ,, .,Sumof aiffuser
stra.i&t” bena~. . lbsdeb. .

. seption losses “ - . ‘~!.‘.
. . .. “loseqq- . :.

.—. ..— .-. .. . . ... . . . Y.. - ,
—-,,. . ,., .<— -- - -——- .-

‘.. ~.......’ .- . .,.-...’. ;. :.,-
..

.. . . . ..-.”..”. . .“..,:.,..
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.

“.”

endthemethodseml&ta ofreferenoe9 to mloulate the pret3-
&uiwdrop =ldbl.e at We *m& entranoe~ (All or part c&
the .eqw@on is useii @wnding on dud geczuetrYo) %p=t ~ese “
@o~*ions. far otiwr amwneii *u8f3 of a- 6tz0.. pbt

S&& the inlet~tzot area that shows -m apprectible gain in
pressure dr~ witi further increase Zn a~t area. Whenspace
limitations restrtot the size of the inlet &uot, use the
largest area possible to get maxhnm mav~bie ● mom
fi~e l~(a), the “values seXectOa for @@ size are:

:.%=
0.2376equtirefoot (

o.sfjorOOt ,.
%=

stepll” Len$thofshroua2:

Ob-&in 3 “ &@ instalk”” “ “ “*ion gemetry ma purpose of slwO@c
The ixdtial oholce 8h0tia be a single-segment shrotio The
value of 1’ for @e present e=u@le is: .

.“ ..

z = 18 feet.

Step ~ - IMn18ter of ,sbroud ~a

Assume a large rangeof @x@hal dhroud &ianv3ters,maohas,
fm the ~esent problem, .. .

“; ~ = O,*, 0.583, 0c@5, 0k67, 0i710, 0.752foot
. *

Step 13 - Curves of c@Ung-a3r static pressure at shroucl inlet pal:

.. ,,,

Determtne the value & pal- w :a~z It= (3o) to (36) of
‘t&ble. 3 with @qes d’ Wa m-a h step90 The oaloulatlons
&t be o&tinued for any oonMn&ion of ~ and Wa. that
oausesitem(34) to exoeed 0.~g072 far at this value ohoking
oocurs in the inlet dud to the shrowl~ Plot the ohoke”faotar
(I*, (34)) egelnet Wa fcw eaoh ~. (Shown,f6r the present
-*$ * * rti lines & f’igqre 17(b).) T@ mdl,ng- .
air-flow rate for eaoh ~ is furtlm Ulmlted by oholclng ~

.
the sbrdi am tO heat adat,timtO the.*. 33Ms,.tihelimiting
valueof ohoke factcm(item(34))muqtbe obta.lnedf’mm
“ao%alvalueof &ownstrqamcooling-airWqpOra.turethatwill
r6@lt w3thea~ Wag l?hesptempewinnm arenotyetlamm;

. .

-. ..-. .,. .:, :- .,...> . ‘. .,.,.-
. . . . . . . ..:.

.
.- . .... . . — .——. - —.--——.. .—--— — “ . ——— ---— .—.
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. . .

:.-.

.
s

Step. . .

Sel.eot from the @krts’ Obt&a in“st&s 15 to 18 ~figq, 17(e)
tq -17<h)) the mlue of- .Wa.-neaded.fm &wh d= to make every
instal.l&tion tq.perpture. .equil.~to its %pecifj.ea ljmitfng value.
[See steps 5 t? 7,),:. A.Ll.installation teqperat*es o.msidered,
thq ~ value.-of. W~ .Obtatie& fm m& d~ . is we COOl@-

air%loy rate.re@re& to maM3ai5 all.insta13mti6n.tenperatmes
below specified limits. .PIQt these .ma.xtmn +ah5’sof Wa on

the radial. .% . lines of the plot obtatiea in step 13 (fig. 17(b)] ‘ -
.to obtain the. ohoke,-faohm curVe.fm required. cooling-air-flow
rate 6 Select the value ~,” t& “for these. saqe. Wa. and ~ .

.. . . .

,

-—.—. - --—-— .-— ..: --
..-. .. .. . . - ... --- —-—.: .--T “>-“-”—-:--; ..... .. ,. ... -. —-— - ---- .—.
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.,

‘ 1. s.,

Usethe8evalues,oft% to detez&ne’the coo-air doym-

stream sxtion iieqpe~atum,frcm the equation

, () WaT% 2
‘aztUT & + 0.2361 —

‘a%

tiere p% is cooling-airaO~tr~ staticpressureasamil.
equalto free-streamstatic~eseure. DetermineTa2tlT% for ,

each as and Wa ccmibination.Obtainthevalueof thellmitin~
ap~oximatechokefactorfw each.T%tlT% fromthe curve

. .. .
for%= 0.6 of fkgme 17(i). (Remmueqdeddesig ~ocedure
is to limit ~ to a value of .o.6. ) Plot these values of
choke factor on the radial ~ linesof-plot obtainetlin
step 13 (fig, 17(b) ) to obtain the choke-factcxr curve for the
recmmmded design limit. Select frm this plot the valws
of ~ for which the choke factors for requires cooJdng-air-
flowrate are less than the chokefactmx for the recomraendea
desi~ Mmit. (Fortheillustrativeexample,valuesof da

selected frcnqfi~e l?(b)me 0.6672 0.’710,andO.752.) Use
thesetiluesqf,da andtheocorrespcmdingvalws ofrequires
cooling-dr-flowrate Wa “inthe shroudpressure-dropcalcula-
tions(item&(68) and (69) of table3). Fm? the “~ and
requiredWa cainatiou forwhichohoksfactorsfor regxlrea
cooling-air-flowrate am greaterthan the recommendedaesi~
limit chokefactors,it isp-qsqibleto aeterminetheMach ~ .
nunibmat theshroudexit. Thosd.ccmibinationsforwhich ~2 “
is less than 1:0maypossiblyprovidesatisfactorycoolingif .
6ufficientpressureis availableto forcetheairthroughthe
system.Suchdesi~, however,We notreccmendeclt .

Step 20 - Curve of cooling-air *essure drop @rou@ shroud &: .. ,

Determinethepressuredropfor each ~ and’Wa ccuubinati.on-
finallyobta.i&din.step19 by ccmputzlngiix&s (70) to (88)
of table 3, Select values of pal) tal, ‘and t% needeil for

this calculatim from the plots obtaiqed in steps 13, lk, and 17
(fiw. 17(c), 17(&), and 17(g)), Plot the ~eq-d so .

‘ obtained, the &a~~ble fok the inlet-duct size previously
selected(step”10), aml ds against Wa on the same curve.

.. .. ..-——. -——-— ,~. .-.,-.-, —— —-——
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The as valuesare plottedagainsttheircomespondlngcombi-

nationvaluesof Wa that meet *osed lindting temperatures
as obtained in step 19e The plot for the illustrative exmqles
is given in figure: 17( j).

Step 23. - Selection of shroud Wmet er as:

Cknqare tl+e pressure-drop-requiredcurvewith the pressure-drop- “
Three situations are possible:available‘curve(fromstep20). .

(1)All of the pressure-drop-required curve is lower than the
pressure-drop-availablecurve. For this case”selectthe value
of ~ comesponding to the value of I?a having the greatest
exgess availableptiessuredropm, it appreciable,thelowest
coolingdrag- Any shroudtiaraeterwillgiveadequatecooling.

(2)Onlya partof &e presswe-drap-requiredtie is lower
thanthatavailable.For thiscaseselectthevalueof d~
in therangeof the“valueof Wa forwhichthepressure-tiop~’
requiredcurveis lowerthanthe”available-pressure-dropcurve.
The bestdiameterto usein thisrangeis titezm.lned.as in the
precedingcase1. -

,.

[3)~ of ~ Pressne=tiopvequiredcurveishi-r thanthat
available.For thiscas-eno stigl.e-seetshroudof any
dtameterusedwillprovidesatisfactorycooling.IiIora~ to
obtaintherequiredCOO1.ingwe S&OM m~t be divided~to
segmentsof shorterlength, The design~ocedme for this
case is Cdmuea h the sectim on multise~nt shrouds.

TheSm@Leprolikmfellintothe categ~ of case3 instep21. ‘
(Seefig.17($).)A two-se-t shroud was assmed and the desi~
continued as exp@.idi in a m.ibsequentsectioncm Imiltise*t
shrouds. The inletductsforbothsewts wereassupeilidentical.
‘The&mtgn procedure,calculations,andcurvesYorthemul.tisegent
shroud.aresimilarto thoseforsthe single-segmentshroud;there-
fore,theyarenot givenfa the sampleproblam A shrouddivided
intotwosegmmtsof equallength,9 feetlongand.0,752feetin
diameter,wasfo~ to ~oviti satisfactorycoolingfcw thesubject
installation.Fefij..nantvaluesarelistedjn thefollowingtable:

value of Wa to m in Shrolgi&a~t~ble
.

cooling”
Segment prOviderequired forrequired forrequired air-exit

cooling cooling Mach
(lb/see)

.
(lb/sqft) fib/~l%) nunibr

XY.rst 1** ,E&e: 9J-*5 0.32
Second . 2.00 ● 91,0 .31

-—.
.-. ..: - , .-. -- ....... ..

? ..... .-.”.,.:’,,.. -. ... . .. . . * ..--.-; . !,.. ..-
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The extt Machnumberfor. both, se-ts is notti to be, far below the
remmended deai~ value “of 0-.6s The drag power for the two-se-t

.1
8Woti l~s less * ~ percent of’ the brake horsepower of the engine,
This dragpowe& is an’inafieciablp power requir~nt and’will have
a V* &nall effect on the alrplahe‘performances -,,.

.

, SII?(ZEPSWMEMTSHRO&)I& COUNTER FI&” .“.
.-...

The U&n .ofa shroudforcoiter flow~ooeeds ezaoti.yae
for parallel-flowu&ing,hoyefer,the calmil.ation form #ven in
table 4. FW a counter-flow system the shroud Mst be dbsigiea to
meet limiting values of domstream eXhaust-~s tei&eratme (in the
exhaust-gas-flow direction) t%, . &owns*eam mol@-air. temper?-.. .
ture (in the cooling-air-flow dlrectim) ta~, and upstream exhaust-
pipe %~eratme (Xn the e*~t-gaf3-flm” Mrection) ~- illus-
trated In figure ~{b) ● Thts condition constitutes the & appre-
ciable dlfferenca between the tlesig for oounter flow - parallel
flow.

Steps 1 to 14 - Factors and cuiwes’ requirti for” shroud dee%gn:

T@ faotcrs and &es required, for shrhud desi~ am deter-
mined exaot3y as in parallel flow, steps 1 to 14>respectively.
& steps 10, 13, and 14, station 1 is replaced by station 2. -

Step

Step

.

Step

1,5- Curves aF amti~ exhaust-& taqperature t=:

Detez?dne t= by caqputing tt~ [38) to (64) & table4. “
Plot t~ againstWa for eaoh ~,

L6 - Curvesof a-ti- cooling-air te@erature *al:

Detamine tal by computing itiau ~65) of table 4. Plot tal
againstWa foreaoh ~.

17 - Curve8of ~stream exhaust-pipetemp~atme “~1:
. . -+

Determine %1 by cmqx.iting items ( 66) and (67) of table 4,

‘Plot ~z a@inst w~ for eaoh K ●

.. .. ..

.
--
.

..
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.Seleot $’3fnn.@e pr80edinG P>*S 05 33istalJAt&bn- temperature

- (ste&e 15 to 17) t* yalue of. Wa..for. eaoh d~. giving a
-- ~ t&pOrktQr&””Oq@l-to & “*ti.ng tsqperetureo M’* au

*all&tioii tethperature~ are considered, no%e the value of Wa
whioh @ve4 a kmperatum egual to fme of the I.imitlng values ‘“

.- and. *) *:al.L,the &h* M* values tar eaoh dso The
‘“ prooed~e given fi step 19 of parallel f’lowis used to &3termine

the ~ and I?a mibinatlma *t *+ not excesdwe rec~-
,. .. . 1310nd0&1.tllLitt13@ohOkefacttic - ,~ese’- C03nbinatMlSOf ds - Wa

..are us~--fi We pressure-drop oati$itiq (It- (68) * (69)-. . —+ . .-
Of tame-k-), . -. , .. . ..~,, .. . ..,.

““ St@
.,. . .

. .
. :.

.

. . . . . 2,ti- . . .,. . . .

19- Ourve‘bfcocMng-airpresdmi ‘&op’throu@ shroud AH:... ,~:>... ... . .
Iletaqtnetkk &egqwe ~ for 8S* .% ‘and Wa. Cmiblnation
ob~indl ~ @ep 18 by, &mpu$in~ items (70) “to (~) & table 4 ●

Select’ valqes =.. ,$%,~ ~,. and .ta~” “needed f 0??this *U”

tiiil ‘fromthe prevtoudy drawn plots of those” WalUe8 against Wa

Step 20 - $eleotion of shrowl dtamderds: . .;J
.: -,,.- .’ .-... . .

~
. ..J . .

. .
“S@e&ion O?”-@roud diamp~ is.exac~ thewune as forparallel ‘
flow(Sttip21), Similarly,ifno stngle-se- shroudof any
di~t~ u80a,@.3.l.~OtidO satisfact&y~oling,”theshroud.

“mmt Be dividesintoseets al?shorterlenqth.The deei~
prooadurefor..this.oase.is cont~ea ‘in%he followingseotion

‘““;m multist@n6nt shrouds,
1 ,.: .

. . . . . . . .
. Mmmdmm’Eiliiotb

. . ... . . :.’ ..
. .

. . ..
. . . . . . . . . .

. . .

F~ kti--”& COUN!13M3FIQW
. . . .,.. ‘

The cbstsi~.of tx.imiltisegieht slwohd ~o~eeds h much the same
manneras that of the f3in@e-s9_t shroud fcw either parallel flow
or dounter flow, beoause eaoh se~ti is treatea as an maitiati
spoud ma is dependent only on the preceding 8e~nt far the inlet
exhaust-gas temperature. ,’

.

●✌✌
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,

Step

Step

Step

step

. . . . . .
l- Diameterofshroti ds:” “ - ““ .“ .

Selectthe shrouddiamet&fr’athe~eesure-dropcurve,obtained
forthesingle-se~ntshroud,whichrequ&esthe smallestpres-
suredropfor.adequatecooling.Thisvalueof % is usedfor
allthe shroudsemts. , “ ...

2 “ Segmmt inlet=e~pst-”~stemperaturete~:-
. .

Determinethe Wet-exhaust-gastemperaturefor eachshroud
se-t by-assm.ing.linear-Uent aP exhaust=gastemperature.
The e~ust-gas temperatureat the 8&oud entranceandat the
turbineinletarethe-inlet-e~ust-gastemperatureandthe
desi~ downstreame~usirgas
obtainedfora s~e-ss~nt
parallel-flowcm counter-flow

3 - *-t ihmi~ aO~~trm

temperature, iespectivel.yv ‘
bowl. from trbens2 * 5 & tie””
destguprocedures,

exhaust-gastemperaturet%:. .

The se#nent inlet teliperatwesObtma ti step%?areusedas
thelimitingexhaust-gastemperaturesto be metat the exitof
theadjacentqpstreamse~nt; ~t i?, t= & firstsegme&

equals te~ of,secondsegment,ahdso fcrc’th-(Seefigo12s)

4- Determinationofshroud~ameter %: . .

The designthenproceedsexact~as e~ldizietlprevious=,with
table3 usedfcmparallelflowor table4 for oowter fl~?j

each segmentis treatedas en mivia~l shroud.The~essure
dropin eachshroudsegmentis calculated‘onlyfm thevalue
~ ~ from step land theml~d Wa that gives the .
required cooling and f= whioh the reccmended l~ting ch~ke
factcm@ not exceeded.The shrouddiameterselecteain
step1 willprOvidOsatisfactorycoolingif thepressuredrop
in eachshroudse~nt is lessthanthepressuredropavailable
fcw *t sefgnent.

— —

It’is unlikelythatmore& two segts with~ entrances
andtwo exitswill6verbe usesbecauseof the complexityof the
~~e~~~ fietiutionalwei~t, and%he possible attendant drag

..
.
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. EmVmE uNsATm!mcTmYcw- . ‘
-... . . . . ...... ... “.”:

. . . . .. .- . ..- . .

Whenthe press-me drqp available~ &:cool&&is less &n the
pressure drap requfredfa adequatecoo~~-’the availablepres-
suredropcanbe inore~sedby seve@l.~thom: .(“1).100atethe

‘intakeof theinlethot h a regionofhi~er dyn&ib pressure,
(2).loos@ the shroudeti-tin:.q~egi~@ h~. pressure,(3)use
a f- or ejectQr-, and.(4)i.@*a~-iU&&r at the shroudexit
to ~covm s- of theetit.-c pres~pt. “~ suchinrprovelnent~
arei.qpssi.b3eor.theresultingga~,@ .~va~,~blapressuredropis
Anautficiep$to provl.@theaddit@nal.:cqolingrequired,theonly
.alterp@iyeleftis to;y@Oct.the,znost~.f%mqra~l~.:shroudgecmetry
based.on-t@-cm~t-eri~-,sq%:~ip..~~qf-mqg@ag,procedure,to
determinethetioold.ng-atr-flowrateand,designt~eratures that
.-. ?M’Ob&a@@ ~or&l~:!~8~e ~~q~,lq?qi~blefq~:thento adapt
theinstallationby relocatj.ngmmponentsof the installationand

. . ,. .. -. Sk31ectlng
. ..., . . .. ‘

.. ..:’. .’

.. ......
. . . ).”

.. .. ...... . .s, .--.- . . .. . \----

. .Pw’=w -~ Iii+ iiQimqTJf@:”-. .. ... ....., ”.??-. , “ .. .. ... . .

.

. . . . . . . to the coo- qiq. w+@e*emktQ@ to .be -’e gr@iLy affected b;.>.
. t~q cooZing-a~~loy, mite. &p ~ ,@y. o~~”v~ldble that may change..-.“.

.” ‘ with ?I.$gbt co@itiop~ - .Stibe the -c~olin&air%low rate variea
a*ox@atOl$ aq I&q”;sq*re ro6~_’d. W&‘&e&ji$j tit the shroud Inlet
qnd the pres~~e .&@ a%’di!lqblddnd‘stic8 tip a&8tty decreases so
)?apl~ tith ~1’titti, ‘in the. ~1.”ca%e ‘themost criticalflight
c~tioh f~ ‘~i%ign “iq ‘pii~~~a~ tli&li% ‘tbr ~the slowestspeed

‘(elm) at rat~ialtitud,go. -~:. .$.:.:..J.. ... ...... ... . . ●. . .,.....
...”.1.<.

.,
-“’”~we pr&&& ~+en: ~r+ ‘a.lJ--of‘@e exhaust @S WS

assumedto flowthro@ onee*uaWpipO. U2 th8 oasesin WMoh
.~woeXMUSt pipes carrythe gasesfrom the engineto the turbine. .*.””

\ .~. to’the.atmoaph&?e2-the exhqtit-gasW1OW ra+e fcm eachpipe is
‘ assumedequal.to’;m@+allthe etia~t-gjsWow rdte %hrou@ the

e@ne. .“.
.. .“.”, ..:. ..-.. ●... .. .

. . .:”
In theaestgcipmoed,wea widerangeofpracti.oalshroud

diameteris asmmed,as was illustratedwhenthesam@e problem
m8 disoussedc Sinceincreasingthe shrouddiameterrelativeto
the e-ust pipeaeoreasesthedomatreamcooling-airtemperatmes
andthec~oling-airpressme dropgcma shroudof constantlength,
(seefigs.17(g)and17(~))it wouldsea d0s3rabl.eto assume~ge

.

.

.

,
. . . .___ .—= . . . .=. .-.->.;-=
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vhluee.of @mmd diameter..JThe -ext=~pe temperatures a@ the
exhaust-gas terqwpatures,. how6ver .-~crea~e ti-th inorease of shroud
diameter. (See figs. 17(0), 17(l?j,’.*l~(h)~) The shro~.Uameter,
therefore,.is qt.etl by the aQowable exhauq$-p3pe.aqd exhaust-gas
temperatures and.,tie. weight and.spaoe llqttat@ns of the *l.@l.@tiono

-~~1 ~tia f3YJ?‘i.et’smining ‘&eupstrem,eihaust+as
tauperature te~ are not well developea ma constitute another

. problem which is not consid.ere~.herein. ~ the present ‘workthe
mpnufaoturer’s data arp assumedto exl*, The fli@rt.cond.itim$m
whiphthe shroudis being tlesippd yin set the engtne-qp-ting
conditions that. wtll enable the destgaer to de~ezzd.nefmm th~ .
engine data the, gas .teqperature at the e~ust manifold. The e*aust-
g8s temperature @ the @let to the slvmti systam oan then be assumea ,
equal to m slightly less than the temperature at the qiham nqqi-
fold, dependingozithele~ of exposedpipe @om the exhaustmani-
foldto the shroud system entranee ● The teqympture drop in @e -
un6001ed len@h ti12 probably be not more than a few degrees per,
faot of lbngth. I. . ..“ “.”.

., . .

For the case of a ~et~ in which a ei&l.e-se&6nt shroud does) not provi~ satisfactory COO* it has been proposed that a mul.ti-
sq~nt shro@ be wed. Another proposal .f%r ,those. cases in tiich
shroud teqyxrature 2s exoeeded. in. a.-s$.ngle-qe~ent syqlmn would be
to use a dozible E&oud around the hot inner pip.p. No calculations
were @e fcw suoh a system but it has definite possibilities pro-
vided that space is available ● Again for those oases in ~oh the
shroud-temperature llmit is exoeeded, ~ocal heat shields mayprovide
satisfmtory protection of the installation at tie mitioal points
of the shroud t3ystem

t

The equationeforpred.tctingInstallationte&&atqres and
“ iooling-atipressurelossfor shroudedexhaust”pipesys*&usfor
parallelflow are ccmxttiredto be ve~fied within the limits of
engineerln~ re@mments for one rattoof shrouddiameterto exhaust-
pipediameterby eqerimental data* Sinoe the eqyations have no
Mamter-ratio I.iMtations, provided that turbulent cool.tng-air flow
exlste in the anntius, the mrtfioati~ of the equatims for one
diameter ratio lends supp~ to the belief that the, equations are ‘
applicable to all practioal ratios of shroud diameter to e~uet- ‘
pipe diamet= fcw whioh the cooling-air flow is expected to be
turbulent. No e~rimental tits were obtained for comter-flow
systems., The counter-flow equations, however, are believed to be
equally applicable beoause of their eimilarl ty to the parallel-flow I ,
equations.

. ...- —- —.-. \ -: ----- —y--.—— --..4-= . . , — . .

. . . . . . .. =.” ,-.. .. ..— .——..-...—-
.., ,. ...- .-..”.- .“’. . .. . ..”,”,.. . .. . .. . ~.-... ..7. -. . . .-.
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.

The q@.ication: at the 8quat&ns” to “tie. w?~~. ~ *o~ ha”
been considerably. simplti~ed by the’ use of constant vplues & 0.24
and 0.30 for .~e specific heats of the coolin& ti and .&e exhaust
gas, respectively, X4 by the .~e of air .Poper$ipB @ plaqe of ‘
efiaust-gas properties Eor determining the heat-tmmter” coefficient’
of the exhaust gqs ●- Caloplations showed *at these substitutions
have a ne~gihle i3ffect .m the accuracy” d? the rqsl~ts, “..

. . . . .“ . .
The tletiild procedures ‘“qnfichmts, bask” ‘d the”tlmq+ea*q~-

tions, permit the. deter@nation of the prq’~;~s @ en ekhaust-
pipe shroud that proti.des desirOa or maxhm cdoling M an e~aust
installation for both parallel:flow and countqrfifldw systemst ‘me. .
procedures for the initial choicq of- a 8@@.e-f3egmen%shroud are .”
extended to multisemt shrou@ ‘Sor the.‘case @ which ales-d
cooling cannot be realized with a sin@e-se@ent .S-hrOUd.These
procedures em furthep .e~d. .%0inc~ude. the case in which desired
cooling cennot be attained with q multise-t, shrOua.of practical
proportions. For this situation the procetLv&espermit the deter- ‘
minaticmof theshroud~oportionsthatprovidethemaximumpossible
coolingandthedetermination of’. we valvs of installationtempera-
turesthat existwith -t shroud..tie &milts of tlm design
exmxple$whichis include?to +us$rate jibeuse @ the desigu ‘
procedures>indicatethat in w03.1-a0t3i@3ashrOuaSzdequsticooling
canhe obtained with xeciable .cool~ drag.\

One FO?oblemof imnediatesi&iftc~b forwhichtheequaticms
andmetho& of shrouddesignare believedIiobe directlyapplicable
is thedesignof shroudsfor thetail.pipes‘ofjetengines~Otided
thattheluminosityof thegases‘h thetail@pe is negligibleand
thecoolingairexitsto theatmosphere● E theluminosi~of the
gasesisnotnegligiblefor jet-engineinstallations,however,the
qsis ~esentedin thispaper.mustbe.e,xtendedto includethe
heattmnsferto theexhaustpipeIby gasradiation.For installa-‘
tionsin whichflapsor e~ectw pumpsare~ed themethodof appli-
cation.of @e pressure-druprelationsto shroud-,dssign.mu&be
modifiedfrcmthatof thepresent~thOa to accduntfor thea0p5r-
of thecooling-airexitpressurefromtitmospheric~mym.we.

Ww M-i~ A--ticti ~b--.
National A&visory Ccmmitteefor Aeron&qtics. .

Ian&w FieM, Qa., Juhe-3.9, 2947 . .,.
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APPENDIX ‘

moP&Tms W mUST-GAs hUXTUKESANDA3R

Status of Dataon Properties

During the ‘present investi~tion which led to the development
and verification by experiments of eq,uatims for the desi~ of
edmzst ~ipe shrouds and the development of shroti-~esign procedures
based on the equations, certain yropertief3 d? air and e*u8t-*s
mitiures for temperatures as M.@ as 2300° F were requirecl~ These
properties werethe enthalpy,instantaneousspecificheat,viscosity,
andthemnalconductivity.

Dataexistedon the en&alpyandinstm%aneousspecificheat
of airfrom&o F to 22~0 F in reference11 and cm the instan-
taneousspecificheat;viscosity,andthermalconductivityof air
from-100°F to 1600°F in reference12. Equatimswereed.sogiven
in reference12 fcm theaet~ti~ of viscosityma thermal
Conauctivtty9 Sanedataon thepropertiestimixturesof two-gases
are givenin theliterature,But onlya smallamountof datacm
viscosityis availableanmixturesof ~ses withas msnyconstitumts
as existin exhaustgasfrome@ines. Eq~tionsforthe instan-
taneo~ specificheatandenthalpyof exhaust-gasmixtures>how-
ever,werederivesinreference11 basedcm classicalthemmdymmics
andtablesof constantsinoludedforusein the equations.The data
of bothreferences11 and12 werqbasedon thewopkofmanyexperi-
mentersovera longp~iOa of years. .

Ih orderto meettheforegoingrequirementfarthe shroud
.

desi~ investigationvaluesof visc08ityd tha conductivity
of airfrcml&lOOF tO 23000F ma ValU8SOf int3tantaneous‘specific
heatandenthalpyof exhaust-~smixturesfrcan~“ 1?to 2300°F
hadto be calculateby use of‘theequationsofreferences11 andX2.
In additia,’formulasha to be derivedfortheviscosityandthermal
conductivityof exhaust-gasmixturesin a mannersimilarto the
derivationof thefarmul.asforinstantaneousspecificheatand
enthalpyof ekhaust-~smixturesin referenceU.,andvaluesof the
propertieshadto be calculatedwithuseof thesenewlyderived
fm’mul.asoverthe samerangeof tarperatureas the otherexhaust-
gas-mixturepropertieswerecalculated.The exhaust-~s-mixture
propertiesinvolvedpropertiesof individual~ses suchas carbon
Inonoxide~ich wereobtainedforthemostpartfixxmreference32.

--
Thepurposeof thisa~pendixis to givetablesor chaz%sof the z

foregoiagpropertiesandalsotheIb%titlmmibersof airend exhaust-
gasmixturesovertherang?of temperatureindicateaandbaseaon the

-,s

,.
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fmegofng maculations and da%. Details of methods for obtaimlng
the properties ma the deoxi.vationof the fomulas for the viscosity
and the the?mal conductivity d ezdmxrt-gas mixtinms are tilud.ed
herein. Althou@ mm of * results have bem given In other
papers, these results have been replotted so *t dl results will
be in mn~eat form in one paper.

The accuracy of the calctitd results 1s uncertain h zuost -
cases be.oause of the none~tience of e~erjmental data. Sameindi- .
cation of %he acmracy can be obta.iaed by ridingthe accuracyof
thepropertiesof theindtviihml,-es in thereferencesfromwhich
%ey wereobta.insdandthe~er in IihichCaleted datafairinto
the experhmxrhaldata. Aq faras theproperties& exhaust-gas.
mixturesarec~~a, regardlessof theaocuracyof thehditiati
W ~q*ieS, theaccuracydependson theexacbessof the cl&ssical , ‘
themcdynalc theary(presumablythebestthecu?yto date)whichwas
ugedinreferenceXl.andin the~estit paper. Uhtile~erimental
dataareamble, thecalculatedresults~esated heretiare
consideredto be themotiaccurateavailable. ,,
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C2= %2 + 2%0 “%%

cl)C2 wnstmstsinformulafor vlacodtyof air

%?.
Instantaneousspecific

Btu/lb/%

%. “ instantaneousspecific
t, .press~e,Btu/lb/%

c~ 3.nstantaneousspecific
a Btu/lb/%

%!o instantaneous 7ecit’ic
. Yolume, Btu lb/%

heatof alrat cmnstant~essure,

heatQf exhaustgasat constant

heatof airat mnstantvolme,

heatof ~ter vaporat constant

2!22!22
M

=00- %%
Is!

~o+wo”%oe .
2.016 ‘

~o+%o”-* ““ “,.,
2oo16 “ .

.,...-.

.. .

/

fuel-air ratio
.

ratioof absoluteto ~avitatiti unitotmass,lb/sl~,
w dcoeleratlondueto gcavity,ft/sec2. .-.

heatcontent(enthalpy)of ooolingair,23tu/lb(referred
to 0° absolute).

heat content(enthal~) of exhaustgas,Iltu/lb (aef e-
“ , to 0° absolute)

constantinequatkm(A23)

.

.

. . . .. ...- . . ..-. -- ..r . . .. -y-= ---- .~—,-- .- —- .7y.~— .— - -— ..-———-
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constant inequatianfm *O . . . .. . , .

thermal Conauotitityof
Btu/eec/~qf%/%’/ft

thermalCokctitity df
Btu/eec/sqft/?F/f%

thermalConatiid.tyof

:Ooling .*2 .. . .- .,

exhWzst~@sz,. ..

ekhatit-~s donstltuents
(desi~ted by &bs&ipts&Btu/sec/~q ft/?F/ft

hydrogen-carbon ratto . . ,, .,

Sutherland cmstant in viacosi;y equation
‘. ,

temperature, ‘C absoluteor % absolute.

exhaust-~steqyxmture,%’ absolute

tempmatme, 9? . .

mols of edmust gas per ml of air

absoluteviscosityof

absoluteviscosityof

absoluteviscositwof

%-%o-~o

. l&antMl nwibem

2randtl nmiber

air>slu#skc/f t : “ “# ,. .
., .,

edxwst gas, slugs~secjft
?.. .. .“.

exhaust-nas oons&ituen&.. .
Iv”subscripts),‘slug9/aec/ft

..

. .
. .

.
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Ch’&calSylilOIS.. .-

Co molsof carbonmonoxideih eid&et.~s perInoloZ air
b~8a #

(co)‘ - /=co+~ “ .“:. .

mols of oarbondioxide& e*ust’ gasper mol of air
bmnea .

.

mols of hydrogenin exhaust--s per mol of air burned

mols of watervaporin exhatitgasppr mol of air bwmed

.

mols of nitrogenin exhaustgasper mol of air burned

mols of oxygen
bm=nea

mols of excess

mols of oxygen

Methodsof

requiredf& cdnzstion per mol of air

..- ..

oxygm 5JI‘e&&t gas’per mol of ah burned

in alr per mol of ~ burnea(0.2098)

. .

ObtainingPrqp&rtie6 of Air .

Enthalpy ia.- The enthalpyfa airov~ a rangeof telqerature
fro?n~b to 22~6 F hasbeenreporteain able II ofreference11.
All.enthalpyvalueswererefery%ato a tqerature of 0° absolute.
The values~ven werebasedon informationpublishetlin @mical
JOULZMLSCram1933to 1939; the complete bibltosaphy contaimlng the
infcirmati& is given in reference U.. These valtis” ‘wsre plotted
a@nst temperaturefor use
of the data cmpilea herein
convenimt“manner.” “

in the presentpaperin Oram-thatall
WOuldbe available-in.one‘paperin a .

.,..

. . .. .. . --.,. — —: . . - -?—”..--” y -- --~ . . . . - .:=
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Ihstantaneoue specific hat ●- ~ titiweow weCifiO
heats of air baseil on the same infcmuation as that for the enwpy
of air 8na over the seine range of temperature are also given in
table II of refeamiceU. W referehce12 the Lnstantaneoueepectflc
heatsof airarealsogivenfrom-100°F to l@OO Fo Theresultsof
references11 and12 arein em@Klentagreementforthe overlapping
rangeof teqwrature.A cmve of ~taneous specificheatof
airovera rangeof temperaturefrom-100°1?to M?kOOF wasthen
dram basedon the&& of thetworeferences.Furtheo?comparison
of tiedataofreferemes11 andX2 withdataon jnstantsneous
specific heat in reference1.3up to 1600°F showedthelatterdafxz “
alsoagreedverywell.withthe othervaluess

Viscosity pa~- %lies of viscosity-of air fm a tqeratme
range from -100° ~ to 1600° I’ have be~ reportea in reference 12 h
a table ati e figure. These values were &se& a the work of _
ex~erimen+ms and a bibliography in refermce U! gtve~ the reports
uee& The viscostty values given in referenoe 12 were replcrtted $’=
preserka%ion herein, At tmqeratures between 1600° 3? and 2300° F
the following fcmnul.a given in refeyence 12 was uma to oal.culate
the viscosity values which were also plottedon the ourveof ‘
viscosityaggd,nsttemperature:

IJa ‘(Al)

,

where

Ta te?qmature of air, % absolute “

c1 a cmnetaut.
●

% a constant
..

The constants in the formula were obtaind frcan the data gi’vm for
teqpxratwres below 1600° 1?.

Conductivity~.- Values of O~auOtitityd? air are also given
in refemzwe 22 over a temparatme range fra.n -~0° )? to 1600° F.
As fm ‘Ale Tiscosity pa ~ese values of conduottvity are basea m

.

..— —. ——, . —, ;-. —-F .—, .
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.

thewcmkofmanyexperimenterstiosereparts-are listedin refer-
ence12t The conductivityc& air valuesgivenin thisreference
werereplottedforusein thepresentpapa ● P’cwtemperatures
between16U0°F and23000zFtheconductivityvalueswereca.lc~ted.
by useof thefollowingf- givenin reference12:

i = ~lva%a ‘ (A2)

fortemperaturesbelow1600°F inrefereme12 andfromvalues
of Cva, the instantaneousspecificheatat constantvolume,cal-
culatedby meansof thefouo~ formulagivenonpage178&
reference13:

~ = Oc1509 + O●OO00342Ta- 0 sOOOOOO00293Ta2 (A3)a

where Ta is airt~eralmre in ?F absolute.Valuesof th~ con-
ductivityof airfortemperaturesabove16000F werethenc~ctitea
by used’ equations(A2)and (A3),thevalueti K1 calc~t~ by

themethod~ven, andthe calculatedvaluesof pa fortemperatures
abovel&lOOF. The ~ valuesabove1600°F.werethenplottedwith
thevaluesbelow16&0 F.

.

Rrandtlnumb= Pra.- TheRmndtl nunib~f= air ~~uaglka—,
was caicnlatedfora rangeof temperaturefrom-100°F to-23000F
by useof thevaluesof ~a, pa, and ~ thathadbeendeter-
minedfw thisrangeoftapperature.

Methodsof ObtainingExhaust-GasMkture Properties

Enthalpyie andinstantaneousspecificheat ~ ●- Equations

forthe calculationof the enthalpyie andtheinstantaneous
specificheat we of etiust-~s mixturesforanyfuel-airratio.

andhydrogen-carb&ratioof thefuelare @ven ti reference11,
The equationsarebasedon cl.&ssicalthermodynamicsand complete
detailsof theirderivatlaare givenin thereference.Tablesof
constantsto be usedin theequationsde includedin therefer-
encet The energyof combustimof CO and ~ (carbonmonofide
andhydrogen,respectively)at theabsoltiezeroof temperaturewas

.—. . ..+. — - ~-------. --- -,->.— ..--\—_— ~ —y .-—-----. . . .-, -:.. ,-. ,..,.-. . .—=— -
.,- ,.- -..?., - , ‘;.;- .--.,.”. ,/ -...., ‘. ,.: a:----- ,.

. . . . . . .
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included ti. the constants to be used fn the enthalpy eg,uations d
refermce u. These constants were recalculated for the ~esent ,
paper without this ener~. The result 2s that the enthalpy cal-

culated with tie new constants will be
J ‘Pe &i?e abcwe the absolute

zeroof temperature,Calculationsof the enthalpyandinstantaneous
specificheatwereth~ madewiththeequations,the constantsof
refwence11.for ~a~ andthenew constantsfor ie overa range

, of fuel-airratiofr& 0.01 to O.E22 hydrogen-carbonratiosfrom O.I.O
to 0.20,and.exhaust-~st~eraturee from500°F to 2300°1?. ,

It was intmdd to presentfairedcurvesbased on thesecal-.
cul.ationsfor the entirerangesof exhauet-~s temperatures>fuel-
air ratios,and hydrogen-carbcmratios, It was possibleto do so
for the instantaneousspecificheat and these curvesare shown
herein. Sincethe hydrogm-~hon ratio is a ccmstantfor each
fuel>these curvesand all.the rest of the curvesfc.wexhaust-gas-
mixturepropertiesare”Preseatedin familiesof constanthydrogen-
-bon ratio. The accuracyof interpolationfor variablesbetween
the givencurvesis limited~ by the accuracyof the curves
themselves.~ as the fuel-airratiofw the stoichiametric.
mixturevariepwithhydrogen-carbcrlratiobetweenthe limits0.06
= o.08jtherangeof fuel-airratiooverwhichappropriateequa-
tionswereapplicableWS.Stieftiite. co~eg,~nt~ lean~fiure
equationswereapplied~ to a fuel-airratioof 0.06andrich- .
mixtureequationsdownto a fuel-airrattoof 0.08,ma thevalues
fora fuel-airratioof 0.07-wereobtainedby crossplottingthe
calculatedvaluesa@nst fuel-airratioandinterpolatingin the
rangebetween0.06and0,08. ~ orderto presentfairetlcurvesof
enthalpy of sufficient accuracy far use, the curves ~tia have ‘
required a greatly e~naed scale and consequently a very large
figuree k tier to avOid this large plot, the calculated values” ‘
of the enthalpy of e~ustj gas for the ranges of temperatures, fUel-
ati ratios, and hydrogen-carbm ratios are. ~esauted in a table.
One fi~e is given s&ply as an illustrative curve of enthalpy for
one hydrogpn-car$cn ratio to show the variatim of enthalpy with
temperature and,fuel-air rati~, . “

. . .
viscosity p .-Data on viscositywer cmlya limitedrangeof

CcXM.itions(reference14) were availableformixturesof,~seswith ,
a largenwnberof constituentssuchas arefoundin exhaust-gas
mi@ures. MLxturesof two mnstituentsareaboutthe onlygas
mixturesusuallyreportedin theliterature.An equationwasthere-
forederivedfortheviscositype by methodswhichweresimilar
tothoseusedto arriveat the equati~ for ie and we in .

- - --=—-=4.. <=..-. . . . . . . .. . .

r,
Y ~-.:+ ,. .,“.. . ...-..-.”. “,.:>.

.’. ....... - - .- “ :.;.. .’:.”.’ - . ... . . .. . . ‘: 2
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referenceU.c This equationwas then usedto cd.cute Pe W*

a range of e2dmw3t-&3telqeraturezfuel-airratio,and hydrogen--
carbonratio● The derivat~m of this equation’is @ven liereiqq

Discussionsinreferences15 and.16 on theviscosityand
thermalconductivityofmixedgasesmay be summarized.as follows:
I?orexhaustgasescontainingno hytiogcntheylscosityofthe
mixtureis verynearlytheaveragedf thatd-the ‘ccmponents$

weighteii in proportionto theirpartialvolmes ● The absolute
viscositymust-be used for this calcu@tiau. When hydrogenis
present,the averagingprocessyieldstoo low a viscosity. !fhe ~
averageviscositycomptiedby excludinghydrogenfrcm the average
is probablya littletoo largep The thermalconductivityis
obtained.by an averagingpzocesssimilarto that for tiscosity. The
resultis more nearlycorrectfar thermalccductiyi.tythanfa
viscosity,particularly,~en hydrogenis present● Then$ approxi-
mately}

We = +)W2+.’”* .pe)vcoz , “

where

x mob of exhaustgas
.“

cop,H& ● ● ● molsof exhaust-gas

WO*)%-J ““●
physicalproperties

>

per ml ofair “

(A4)

(A5)

constituentsper mol of air

of e2t&nLst-gasconstituents

“.

incluiied at thispointto show’The equationinvolvingke hasbeen
its similarityto theequationfor Me. The conductivity,however,
willbe taken~ in thenextsection.

The frost partof the~oblem is theaet~tion of themols
of constituentsper mol of aitiand exhaust-~smixturein termi3of
fUel-airand hydrogen-carbonratios. Thesevaluesare then stisti-
tutea in an equationsimilarto equation(A4}and a formuladerived
far we in termsof the fuel-atiratio fj the hydrogen-carbon

ratio m, -and.the viscositiesof the Mviaual gases. Finally,
valuesof K fm the i.nMvidualgasesare obta.ineaand stistittiea
in the equationfcm pe,

●

✎
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Formulas are’ given in reference 11. fcw the masses of eXhaust-
gas constituentsfomed when1 mol of airis burned.fcarangesof ,
mixturesleanerthanthe stoichlcmetricand.richerthantie.
stoiohiauetric,Themassesof the constituentsarefun~ionsof
tbefuel-tiandhydrogen-carbonratios.Variousassumptionsare
madeIn refertice11 in tier ts detem thesef~ms. One
aS8Unrptionis that,in therangeofmixturesleanerthanstoichlo-
metric,thefuelis completelyconverteato carbondtotideC02
andwater ~0. A furtherassumptionmadeis thattheamountOf
watervaporin the conibustion&l.ris negligibleand canbe &ls-
re~ded forboththeleanti richmixtures.Theformulafor ~=

“

inthe lean-mixturerangeis
1

(A6)

.

where
.

O*1 mol.sof excesso~uen m edmast gaq per mol of air after
cqibustion

SE nlols of nitrogen. * etiaust gas per
.

Now “

mallsof oxygen requiresfor‘combtition&r “molof air02 .

or

‘( )%‘2 &$+

Ehibstituttig equation(A7)
.
h equation (A6) gives

(A7) ‘

w+J”Pa+ (%)%0, + (%”)~~o - (9+)2’~ ‘ (A8)

Franthefcmmulastirefqmnce11 thefolluwingfcnmilaswere
aeri~ea:

●
✎ ✎

s

,

\
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.“. x= 1+
[

fq+ll

1
~’ “

-2 X.2.016(m+ 1)

..”

4*;
“~

!*l&x rat~cj “ .“-“”.> - .. . , ,

m hydrogen-oarbonratio
z.~,a.,.-.. :<. ..

% “ “molecular.walgh~of * (29) “

E? eg.uations (A9) to (AU) are mibstituted in

.

. .
:.1*:*

8 (All)

%.,%,:,%4-

~.ir1!: .&)
;“.p ::,:,::.:i----

. -,:,.. I ~+;
.,

. .,“

. .
!

eqnaticm (A8),

~ ‘2 x 2o016(m

. . . . .

‘ ~%
&o. T

%= ~ 26016.. ...,

+ 1) .

(A14)

(A15)

. ..4 . . . ..-. .. —-. ----- ~
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range of mixtures rioher than stoich$ometric one of the
that the constituents’ ~ the” Oxhawt gas are C02,
~. (See referenoi Il.). Thanj

Now

( )%$N2 = ~a.- (02)a~ .. w.?)

*ere

‘~.= (@%2”’(%0.%0+(!0’%‘(co)~o”=- (%)’%.(Q*)
.

From referenoe U. the follad.ng equations f~ the mols of exhaust
gss and.const~tuents were derived.:

.
._ f%’-’%3~+E’- (;9)Co~= 2~2)a ~(m + U-—. —

2.o16(m+ I) a

00.
fM@l %~—

2*O16(m+ 1) + 6(m+ 1)

. . .

‘2 =1-
()02 ~
,.

“% “ (A20)

- 2(02)a“ % (A21)

(A22)

.

.

,
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~ = Jiq%)’+(co) ‘ +-(H20)j2+ 4(K“l)(co) f(H20)l

2(K - 1]

K(cop)’ +- (co)’ + (~o)’

2(K - 1)

vhere

K = 398

,

(co*y = (C02)“ (%) ~

00) y = (u)) t (%)

(w’ = (w) + P%)

.%

X=1-(O2) +
a

%+* .—
X2(m+ 1) 2.()~6(m + I)

Substitutimof eq.uatims(A19)to (A27)in equation
leadsto thefollbwingexpressionfor ye in them&ture
richerthanstoichiaetrlc:

(~3)

(A24)

..

. .

,

(A27)

(M8) “
range

.

.

.

.

.
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where

-.

. .

. . .

!%=(Poo#t4p%o”~o)

.

(=9)

‘(WO

(w)

(s3 “
\

equations far ye. l?he viscosities of X, I’t2, ~, 002, and CO
wae obtained by means of fcxrmulas and’values given in tablesin .‘
reference12c l!heviscosityof SO was calcuWted by use of the, .

SutherlaM equatiauob&Mned f@m referencel?j page la This equa- ‘
*ton is i

.

where

.
T tenpn’atmre,0° C absolute

-s SniiiEmlana Ccmstsnt @am
sforq) =650)

1’;
The viscosity of ~0 at 100°C

(*3)

reference 17} tdble 1, PO 4,

3.S0.2527 x I.c@ slugs par Secona: ,

-.

,

1

“foot. (S* reference 15$p. Z@junits dmngd to British w@neering*) ~
Thi6 mltle ad the value of S were used in equation (A33)to calcU-

- late the viscosity cd?water at Oo C. Since the value of
(%O1.O (j ‘

.

)

— *,: . . . . . + . --. . . . ..”.’.. - ~.—y” ~’-
,.
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I
was kncnm, values of the tismsity uvea.a Large - of temp~ture
were oaloukted by use & equatton (A33) ●

!l!hicxuwtantwin the egyatlcps -fcxb ~ m then oaloulated by
use of the viscosities of the individual gpses ~ XmtiOnO (m) ~
(Q5), (~9), (@)s (A303 d (A@)● Tlmsemmtents tram then
uses tO douM8 Pe over ranges of fud”a$r ma h@wgen-oamm31
mtios and temperatures by use of eqzat@ns (.&13)end (AQ8), _ ~

Q
Ccmauwvtty ●- No data on the aonduoixtvity of mixturef3 of

gases tith a lar~ )mibar of oonetituentsware a~lable. Conse-
QUOZlt~, ~WthlEl of eqwatihns. fa ~ fi a ~ ia’mtloal to
that used fm the equations of ‘~, on”the MM of equations (Ak)

and (45),weye “made. !?he dewivatkns led to eqwctims,‘far “the “ -
mnge of adXtures leaner than stoiohiametric, M3z&Acal to eg.ua-
tkms (A13) to (A15)and for the raage of mixtures rioher than
stoiti~c to equations ~Qioaz to equations (J@) b (~$~
with the .exoe@ton that everg value @ M in the furegoing egua-
tlons is replaoea with a k. The ccmstants @ the equations far ~

the

ia the samemwmemthat was used to a0tt32@320 the timwthit~ af . -
air,-oh has &&eady been descrtbed, by use of the data on the
conduotivittee of the indlvithaal -es at Wnpmtmes below 1600° Y
ill 3W%mnoe l$?, the data on the visoosittes d the individual -es
oaloulated in W& Wm2er @ven in the preoeding seotion of this
paper,ma egmtlmsf= mtOdxmOOUSspmim heatat qm~t
Wluw givqn k. refermoe 13 far the individual gases. The c#on-
duotivitiy al? q m oalouU&ed f%amthe fcmmla

(A34)

M “%&o
The vaiues

ma obtained f3mnmfme&e 15, p. W, ma ‘values
%53re mbmtia fmn an eguation@v& M referenoe 1.30

of viscmq .~. _ a88032ib0aWMLY3*O used.
G

‘l?@ mnstants h the eqpations fq ~ were
use of the oonduotiv$ljtes of the. ilndtvidud, gaqes

similar to eqvat%ona (AU)> (A15) 3 (A29)* (K@)

. .

.

thezl oaloulatQaby

and equations
wtththetmn~
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repiacwd. wi%h
to caloulde
ratios, and teqjeratures tian eqmixhme s3milax to equatfons (JQ3)
alla (A2q.9 The-therlusl-con&lotivtt* durvOB!werd6X&a..ollztea “ .
betwe~ tie fuel-afr ratibs’ of .0&:.an&:0.08; ‘the curves ~“d dashe&

s . .

.>’” “

. .

.:, *.
. .. .%. 1:,- , > . . 4“ .. , ,.,.,. . ./ . .. .

I?rqpeg$ies of +xbmast%as MlxfhmIs ad Air . ~. “ ;‘ s ‘

W. )mx@Wes b-.,The3@mtaneoua speoifichqat and.enthdpy
. & +. heb.,a;zwp~ @ _ewature ~ %0 2300°.P’:are given. M ““’ .’

f igme- $8”* .ae Viscosim, .Oonanotttity,. * Eranatl -,er Qf”\; ‘ ‘;
air w:~.,ljhe- dqne’-.@qp@S%WaXeXe gtven in figure 19. !lhe,qab ● .1.“
@at.eQ v@uek @ ~cosi~ qnd.dondudtivity abcme,3.600°X f~. U.~ . .

“very -we,~‘*t,o the valhies lxilow 3600° E (f igg 19)j *US,00MMenOq
‘IsIxkwiaeqpthi?fOmu@. %uwd.in%@ O&kqatims. . ; r..,./,“s.”,

. ,,: . . .

, ,The ~tl numberIs *O usuallyassmueiLamnstant with a

kLQ6 ofabout0.73.l?iguPe 19shows*t. use & this value at
mom terQeratures will lead to little errcm, but its use at, hi~,
tQer@m&es ~ lead. to scme errcw beoatie the R!enM1. ~ ‘ “ .
fqlsto”a ml+? ofabol.qo.e, . . .. . “-. . . .’ ‘;..’. :..-.. . .&y

. .,

.
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Themikiek aP the specifiu heat of eZttaust*~ qktures
withtemperature,fuel-ti-*Io, andhydrogen-carbca~atiois
@v&n in figures21(a),and21(b). An a~dable changein ~e
occucsfara widevariation in tengymture ax,dfuel-a.jrratio, but
~thechangewithhydrogen-carbmratiois muchless. Appreciable
errdrC- possib~ be Mzroduoeiltiaptroblemd.edtngwith
exhaust-gasmixturesif’a cals&Xtvallleti Cpe s’uchaso.30,
which is mmetales assurflE&is used, .

Curves13hllarto those of figure 23. for %8 are given in
.

to be W3eii.in the eihaust-gfismizttzreviscosxtjiequationsare given
intable7 fora temperaturerangedrm 500°F to 2300°F. Onlythe
vd.~s & ~ fm theextra rangesof hydrogen-carbonratio,0.10

andO.20jare givm in figure 22 ‘becausethe changein Ke was smll
- * *t intqolationbetweenthevalu.r%givm forotkr
ratios will result in good estimates d? yiscosity ~

As stated~evioudy, somedataon theviscosityof edmu3t-
ga8 mhdmres are giventi reference14. The ramges of conUttons
for which these data were obtained were frcm 750 F to ~“ F and. - fuel-air ratios ftxxn 0,0625 to 00167, The hydrogem-cartcm ratio &
the fuel used was not given. Far the ranges tested the viscosity
WE f cund to be nesrly indepemdemtof the fuel-air ratio used.. MO
JllOntianis Zuadein rsference 14 al? the effect & hydrogen-carlmn
ratio cm the viscosity lle. Figme $22showb *% the viscosity is-
affected to sqme extent by both fuel-a.lr ratio and h@rcgen-carbon-
ratio variations. ~ * to coqare the results & referame 14
with those & figure 22 it was a.6_a that gasoljne with a hydrogen-
carbon ratio uf O●17, a narmal value far a~tim &oMne, was use~
in the tests aP reference 14. The cmupmxlsm showe~ that the

average differences betwem the two sets d resalts varied flrom
about 3 pemcent to, 4 percamb; the e3gperhentd values’ are hi@m
than the calculated ValUSS. Ihammch as reference lk states that
the eqmrimental values can be as much as 2 pmcerrt too high because
of qerimental emors and also because the hydrogem-carbon ratio.
had to be assymed, the agreamant is very good.

Curvesof exhaust-~s-mme conductivity ~ against fuel-

air ratio fcm sweral constant teqp~atwes are givm in figure 23(a)
f m a Iqdroga-csrbon ratio of OJO and in figure 23(b) f m a ratio
of 0.20. Q results f m the two H/C ratios are given f a the
samereaaan that * curves aP w. for these two ratios were gi~

-- .— ------ .—--~, .- ----..r----. q

,
------ -—,. .—-=.. ~

. . .
.—-— , ~ y .--- ————.——
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.--— —.. .—
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, .

Caustants.andvd.ues cd?oonduotivity of air ~ used in the

ke formulasare givenin table8fora rangeof teqeratures
fican500°F to E300°F, W therangeoffuel-airratioleanerthan
the stoichim&@c from 0.01 to 0.06, the conductivity- changed ve~
little with fuel-ajr-ratio change. (See figs. 23(a) and 23(b).)
Above the range of the stoiohiometric misrture the conductivity
increasea rapidly with increases of fuel-air ratio. The increase “
of conductivity with temperature was rapid in both the lean ~
rich fuel-air-ratio ranges ● I

Valuesofmmti numberfor exhaust-gasmixtures,”fora tem-
perature-e fra 5000 F to 23Q0°F and a fuel-airratiorange
Wrom 0.01to OPU?,at a hydrogen-carbonratio of 0,10 ard givenin
figure24 to illustratethe type of curvesobtained.,valuesfor
otherhydrogen-carbaratiosare @van in table9, .

.
A summarytableis givenbelowfbr easyreferenceto the ,

f@ures andtablesfor obtainingthe’“propex%es,
.

Property “

. .

llnthalyyof air

EMxmtanems specificheat
[ of air,.

viscosity”of air “ ‘ ‘

Conductivity of air

Prandtlnumberof air

Enthalpyof e3haustgas

Instantaneousspecificheat
of exhaustgas

Viscosityof e~ust gas

Conductivityd efiust gas
..

Frand.tlnumber~ exhaust
&la ..

..

. . ., - ,.

3jzIlbol

.-
.,,

hits .. .

“ Btu/lb.,,

- Mp/(lb)(%:

sMgf3/(see)(ft)

Btu/(see) (ft2)(?F/ft(

d&-w””---.--m”-”-. ““,

- ~tu/lb

- Btu/(lb)(%)

slugs/(f3ec) (f%)~

Btu/(see)(ft2)(%/ft]
. .

-“”” ----” “----- ”-- . . .

,.

. .

.
—- .. . .

Location

Fig.18

Fi& ““18

Fig,19.

Fig.19

?@g. El

l?ig.22 ,

Fig. 23

L .

.
.

. . ... ... .. . . ..—. — ..
...”. -., ..’.. . ::,.-. ., ~-, - .- .--.-—- -..,.,
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mn184

IImlw+ -tT , I 8amw lEblbOLlunttal
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w) I a~ - I —%(3R%F w I ‘a Ilb/MuI
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1 I 1 I

m YrlOtucul~ (Qe) ti lwf— 9 f% I
1 I

(24) -*n=-h&——— 4 x (181 x (m x (e3)/(3.9) f% lb/rt#

w we izuabamt—emtulna =thaumeB&13MltN0tim. thedaldatims arl-(ls)to (Q4) “

Smle-swimtw *. - - - I

w) -(m 1—-’4. 111/ft#I
I # r , I

%t.ema?0amaae41imlamth.9s0stOMlOa'klawu6eairLd0twlcm.
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(30 ~oo.8 (3) --5

(39) 1.8
‘% (5) --5

(w k@pq~o.8 (*)aalt@COab

m
(W) E9d~0aamdatm@9mla9 o.oo173s‘ (m x (Me/(39) \

(SO.)(*)(9)

(a) ~~=*~xm~ (w(s) -- v 9

(*3) O.n% (m - fl- x

(w V=0.8 (* )--9

v (45) (’%+ QO.8 C(IZO+(S)]--5

(w (% -%) (* - (5) .

(w
O.olz8 x (&) x (ks) x (w *

XaHmMfuwdridatmalr ddn
(w ‘ (46) %

(1’mww’m

(M) %+-q +%% (*) x (m) + (37)x (47) “

(w %+% (m + (k?) ‘

(s0) ~ Oamnst* *a* (40/(49) % %

8 (~ mi9dliw&dla9tplg0 (6) d 11~ %
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1
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(m =u=$~~ o.ozok3x (m x [(53)-(*)]/(z) % BtR

[MOW)(*)
-1

(%I (*+*) ~ —x 1

(m+fzi)+=
(

. . . . . . . .

(m q(w) low x M x (W(3)

(5QI -+dfdtw’.) lax (3)KS3) x-..—.
1 (53) * (m[l -(%mss)

(60) .* .(59)

m) &(l - O*) (m ii - (60)]
I

(a ]

I I

%+ - a (4)[1-(m-j I

II

. . . ————-

(@ I 3L& +b& I (u x w + (w) x m) I I
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Figure 2.7 Illustrationofsymbolsdefinedfora shrouded
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1 Coolhg-air thermocouple
2 Pressurerakeconsistingofone

static-pressuretube,onemshielded1
audfourshieldedtotal-pressuretubes

3 Wallstatic-pressureorifice
4 shroudthermocouple
5 Exhaust-pipethermomuple
6 Exhaust-gasthermocouple

Figure 4.- Sketch of typical instrument station showing temperature-
and pressure-mess- devices.
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NATIONAL ADVISORY
COMMITTEEFOR AERONAUTICS

Symbols

Total-pressure-tubeposition
: Static-pressure-tubeposition
U Wall-static-orificeposition
x Exhaust-gasthermocoupleposition
o Exhaust-pipe-thermocoupleposition
4 Cooling-air-thermocoupleposition

(+-- ~ indicatesdirection
of traverse)

Cl Shroud-thermckoupleposition

Figure 5.- Sketch of typical instrum ent station showing relative “
location of in*ents.

.

.



,
.

“~ .,. I 1“ .’1 ,
’

,
, ‘!: .,

.
.

.

,., ““
i

:,. ,: I

MO
O 6
0
0

6
0
0

S
o
o

1
0
0
0

1
2
0
0

1
4
0
0

6
0
0

$
0
0

1
0
0
0

1
2
0
0

1
1

M
e
a
s
u
r
e
dt
e
2
,
‘
~

M
m
c
k
u
r
e
d%
e
q
,
‘
P

D
O

(
a
)

S
t
a
t
l
o
i

2
.

(
b
)

S
t
a
t
i
o
;

30

F
i
g
u
r
e
8
.
-

C
o
m
p
a
r
i
s
o
n
o
f
c
a
l
c
u
l
a
t
e
dw
i
t
h
m
e
a
s
u
r
e
d

d
o
w
n
e
t
r
e
e
m

e
x
h
a
u
s
t
-
g
a
s
t
e
m
p
e
r
a
t
u
r
e
s
.

(
C
a
l
c
u
l
a
t
e
dt
e
m
p
e
r
a
t
u
r
e
s
b
a
s
e
d
o
n
a
i
r
p
r
o
p
e
r
t
i
e
sa
n
d
c
o
r
r
e
c
t
e
d
a
r
i
t
h
m
e
t
i
cm
e
a
n
*

t
e
m
p
e
r
a
t
u
r
e
s
.)

a) e
n



.

,’,
,

,.
,

,
‘
.
.

.
.

i ,. ., J, i., ,.,
,.

~
,. :.,
,

,,. ,.f
.

“,
., .,. ..
’
.
’

...
.

~.
,

.

b.
,

.. ,. i
:.,

“
.> .

. .
1

,
. .
,

..

(a
)

E
ta

tlm
1.

5
,

5
,

.
..

m
x
h
a
u
st

-p
iy

t
e
m
p
m
m
a
n
e
,

w

(
b
)

S
t
a
t
i
o
n

i
?
.

(
0
)

S
t
a
t
a
m

3
.

F
i
g
u
r
e
7
.
-

C
o
m
p
a
r
i
s
o
n
o
f
c
a
l
c
u
l
a
t
e
dw
i
t
h
m
e
a
s
u
r
e
d

e
x
h
a
u
s
t
-
p
i
p
et
e
m
p
e
r
a
t
u
r
e
s
.
(
C
a
l
c
u
l
a
t
e
d

t
e
m
p
e
r
a
t
u
r
e
s
b
a
s
e
d
o
n
a
i
r
p
r
o
p
e
r
t
i
e
sa
n
d
c
o
r
r
e
c
t
e
d
a
r
i
t
h
m
e
t
i
cm
e
a
n

a
i
r
t
e
m
p
e
r
a
t
u
r
e
s
.)

.
.

!
s

w C
n

.“



NACA TN No. 1495
.

97

220.
.

.

100

..

/

/
/

/
(3 ,0

Q
/

/
/

/
/

/
/

100 1* 1s0 220
Measured ta2, ‘F

(a) Station 2.

300

1s0

/
/

COMMITTEEFORAERONAUTICS

MO 220 260 300
Measured ta , ‘F

(b) Stati?n 3“

measured downstream
temperatures based on

Figure 8.- Comparison of calculated with
cooling-air temperatures. (Calculated
air properties and corrected “arithmetic me-~ air temperatures.
Measured temperatures are corrected arithmetic means.)
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(a) Station 1 to 2.

0 Heat-transfer teats

❑ Isotharmkdtests

(b) Station1 ta3.

Figure 11.- Comparison of calculated with measured total-pressure
losses for the isothermal and heat-transfer tests. (Calculated
pressure losses based on arithmetic mean pressures and
calculated downstream air temperatures based on air properties
and corrected arithmetic mean air temperatures. )
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.

.
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.

(a) Cooling-m pressure drop available at shroud entrance.

Figure 17.- Curves determined md used ti the application of the
design methods to the example.
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(b) Variation of choke factor with cooling-air flow rate.

Figure 17.- Continued.
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(c) Cooling-air static pressure at shroud entrance.
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(d) Cooling-air temperature at shroud entrance.

Figure 17.-Continued. .
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(f) Downstream .@umst-gas temperature.

Figure 17.- Continued.
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.

(g) DoWnstrew coding-air temperature.

(h) Downstream exhaust-pipe temperature.

Figure 17.- Continued. .
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(i,)curve for detem~tion ofchokefactor.

l?i~e 17.- Continued.

_-_ —-—- —. -,--.—. ...-
.. . . . .,. .-— . . . .. . . . . .:.. #..-. ~- -—. . .“. ,.. i .’ #..”.’- :. ...’.-

. . . ---- -— ..-. . . ..,
. ...’



114 NACA TN No. 1495 .

..

k
‘AvuikYble- y“: /00 A

$
~ 1

NATIONAL ADVISORY
COMMITTEEFU AEROHAUllCS—

G o,~
. /.5 . 2.0 . 2.

.82.
35

#

.

,5
‘-- Wf/-ght flow of Cmhg--(ij & ti/=

(j) COOW-~ pressuredrop required%md available in
shroud for required cooling.

Figure 17.- Concluded.”
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Figure 20. - Variation of enthalpy, referred to 0° absolute with

exhaust-gas temperature for 0.10 hydrogen-carbon ratio.
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Exheue.t-gae tmqerature, %

(a) H/C :0.10,0.12,0.14.

Figure 21.- Variation of instantaneous specific heat with exhaust-gas
temperature for practical fuel-air and hydrogen-carbon ratios.
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(b) H/C :0.16,0.18,0.20.
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Figure 21.- ‘Concluded.
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Figure 22.- Variation of exhaust-gas viscosity with temperature for
0.10 and 0.20 hydrogen-carbon ratios and various fuel-air ratios.
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Figure 23. - Variation of thermal conductivity “with fuel-air ratio for
. various exhaust-gas temperatures.
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~Figure23.- Concluded.
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Figure 24. - Variation of prandtl number with fuel-air ratio for
various exhaust-gas temperatures and hydrogen-carbon ratio
of 0.10.
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