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Comparison of Measured aud Predicted Flows through Conical
Supersonic Nozz]es, with Emphasis OU the Transonic Region

L. lI. BACK, * P. F. .\1Assn;u, t A!,;D H. L. GIERt

Jet Pro1Julsion Laboratory, Callfornia Institute of Technology, Pa.sadena, Cal?f.

~'" ulldcr"la,"1 hcUcI' C'I"ilihril.n n"w,; Ihrough ,;11pc.'"" 11i•. 1I0Z:t.!C8,~-:.!a~ç,J.)!.c"s~lrc,;1~,"-h.s.«.II111~'r;~1 lIuzzl.,,, with ci~ulur-arc thrnat.. I!,,,"illg "ifTCI'Cllt rati"s "f Ihroat I'a,lius
~curvalurc to tlu"ual radills rc/rth, cir'cular-arc nr (:ouical convcrgcnl ~cctions, und conical

(li\"t~l'gcUl ~ccti()lls. 'rhcse IHcasur~I_~lc~.,;,~ ,,·~,d(~\"i.!:..l~iil· .2~~J)alioll ~Jnpc!a_lu"c!'i
"f 5:Wo u.ll11500oH ali" o •.•.•.a sla":lIatioll pl'cs~urc rallgc f"01l1,t5 10 250_psia. Thc now Ilu'ough

tlH~ L•.all~()nic .ocgion ~:--a~-r;-;~Il(1to dcp;-u.1 (·s~cntjally 011 local (~o-;:-(igu"'r~n, i.c., ou li-e ralio
rei r,h; t ,·.o-di IJlCIl~i()lla 1 isclllloopic fl()\~· prc(1 ict íons al!rc(~d wi th lhe da ta ili tlds rcgioll ruI' lhe
""z~.lc,; wilh re/r'h = 2.0, hllt WCI'Cillll"e'lualc f",' thc lIozzle willr re/r.h = 0.625. By 100111
pari:.;nn, lhe ~ilnph~ une-dilllcn~innal i!'oÕelllropic flo\," IH'(~dicti()11 was as rlluch as ·l5'lo hig:h in
lhe throal rcgiol1 (0--;'une ~u~zh~; i;; lhe conical section:-: .. dc\"ialiol1s of a slnallcr Jua,::nitutl-;;
~I'e fo,,"d. TIr" efrCel:~ cuolillg a,"1 varialioll in lhe I"H,,"1a"y-layc,' Ihickllc,;,; aI lhe
Jlozzlc inlct ,,'crc in\"cstigatetl .. as ,,'cre difTt~I·CJlCl·:-Õ ill pr(~:-<o~lIl'(~ r(~acling::" \,"ith taps of \"~lJ'i()us

sizes. SO.I1C,;cpal'alion I""'SSII'''' .laIa ,,,.,, presellled 10 "llOw lhe en"'d of wall,~ooling. Olhc,'
fiow fealures Ilrat indical.· 11", exlclIl of clc,-iations frolll ollc-di.l1ellsiollal now include fiow

cu"flieiclIls, t h,·",,1 ra I ius, a 11.1loca I""'';,,nllxe~ It is hopetl I hal 1I1I'sc 1'0111pari,;on" heI WC"II
Ill,'aSU"Clllcnb alie! p •.•~e!i•.liolls will he u,;cful 111"tue!yill!; 1I0Z~.lCnows wilh lhe ae!tliliollal
eUIIIJlI.,xily of ehcll1ieal"eact iOlls.

l' otncncla t li t·c

a = ~pced of sound
a* = spced of sound aI the sonie eondilion
A = local nozzle cros~-sect íonal ,11'1':1
Ath = nozzle-throat an'a
CJ = now coe!\ieienl
d = statie-pressure lap diameter
]) = nozzle-inlet di:unet er
F = a xial t hmsl
I = lIozzle appro:1ch sect lon leng;th
7i! = mass flow rate
.l[ = :\laeh nnmber
p = w,1I1Sla Iie pressure
7'0 = ambienl pressure
7'. = separat ion pressure
1" = ~Iagnal ion pressure
r = nozzle radius
rth = 1I0zzle-throat radius
re = nuzzle-t hroat radius of eurvat ure
rj = nozzle-inlet radius of curv,1t ure
R = nozzk~inlet radius
TI = stag:nal ion lemperalure
Tv = walllemperature

axial dislance from nozzle inlet
11 = vdoeity eomponent in z direc'l ion
]' = lIow veloeity at wall
'Y = ,;pecifie-heat mlio
~ = veloeity boundary-\ay('r thicknl'S,; at n07.zle inlcl
~. = di~plaeen1('nt thickness
'e = nozzle eOlltraction-area rat io
'E = lIozzle expansion-area mlio
v = kinematic viscosily
~ = distance defined in Eq. (ti)
p = densil \.
T = wall shear sl·ress

Sub .•cripts

e = eondition at freestream edge of boundary ln)'eri = eondition at nozz]e inlet

Iteeeíved September 8, 1964; revi,;ion reccived 1lay Ii, 196;).
This papel' pre:;ents the results of one pha~e of researeh carried
out at the Jet. Propulsion Lnboratory, California Institute of
Tcehnology, under Contraet No. NAS i-IOO, sponsored by NAS.'\..

• Scnior R~earch Engineer.
t Ilescarch Grollp Supervisor" r-Iel1lber AIAA.i Ilesearch Engineer; now graduate stutlent aI. the Universit)'

of Colorado .

8 = condit ion aI flow separat ion
t = slag:nat íon ('ondit ion
1 = one-din1Pnsional flow value

I. Inlroduction

FLO\YS throu;!:h suppr.-onic nozzles are af intPrest in designand develapmenl and in basic researeh. !t~ th.Q.al~pli('d
_fi('~l~ nazzles a..!.:." u=:ed in rocb~t engine~ amC in measurin~
fiow 111t('~ wherea.- in research they are used JI1acceleration
de\'ices and in tlll' study of fiow phenonU'na sueh as non
rquilibrium cIIeet.-. This experimental i\l\'rstigation was
initíatcd to gain a bcttcr understandin;!: of t'quilihrium
fiO\\"" through nozzles which app('ars to be basic in studying
the addilional dIects assoeiated with ehemieal real'lions.

Data are prescnled throllgh tlH' subsonie, transonie, anel
supersonic fiow r('gions of a number of conical nozzlcs. Em
phasis is placeel un tl)(' throat region. whcre the fiow is
transonie"

rcvious i\l\"pstil'alions of g3.Sfiows through ('onical nozzles
h[i\~~h2.~)~ elc\"iations frQ!!! ºn.2,:dimensional i~ntr.Ql)ie fiQ.\\~
as indicatcel b\' mea,;urcd wall static pr('ssures. Th('sc
de\"íations result from radial \'Ploeity coiÚponeills ('aused
by IllP taper and eurvature of thc nozzlc.' f;imilar de\'iations
havc hepn obscn'('d \\"hcre m(,3.Surements \n're madl' in the

elivrrgl'nt re~ion of eonieal nozzlcs2'-5 and where a few meas
urements wcrc made in Ihl' eonieal (,otl\"('rgent reg;ion.6
Local \'cloeity ml'a:,uremenh; in the throat rc~ion h[1\'c

il~eatl'd the two-dimcnsionality o!. tllC)lo\\"JILn this papcr, mca:,ured wall ,;tatie prcssUl'(,'; are presenteei
for eonieal nozzles of various dimensions to ahow in eletail

those regions where the fiow is two-dimensional, and thus

wh('re the sim pie one-elimcnsional fiow prcdietion fails.1 Thcconieal nozzles invcstigated have 30° and 45° half-ang!es of
.con"crgenee, 15° half-angles of di\'ergcnec, eircular-arc
cntranee and throat seetions, and expansion-area mtios \lp
to 6.6. The mtios of throat radius of Cun"aturc to throat
radi\ls wcre 2.0 and 0.625. The efTect of inlet configuration
was invcstigatcd in other nozzlcs with thc cOIl\'erg;cnt scctions
fonncd by circular ares.

Operating conditions spanned stagnatioÍ1 prcssures from
45 t~ 250 psia and stagnation tcmperaturcs from 530° to

20000R, \\'ith data reportcd at 5~0 and 1500°R. The~J~bi~~t p~~ \\~~ ~)11ospheric. ~t the lo\\'cr stagnatíon. . 1'r\
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:\[casured static-to-stagnation-pre~sme mtio~ are SIIO\\"1l
in Fig. 1 for the 30°-1.1° lIuzzlC' o,'C'r a range of ~ta~nation
pre~surcs fram 45 to ).10 psia at a ,'ta~lIaLiulI temperat.ure
01' 1500° !t, \\"ith <:ooled \\'alb. TIH' IIpper limit uf LiO psia
\\'as dictated by manometer limitatiolls at thC' time the tests
\\"ere maclc. From boundar~'-Ia,\'('r t ra ver~es, the ra tio of
inlet bounclar '-la\'C'r thi<:knes,; to lOzzle-inlet radM \\"as

estimatcd at aboul 5 'R ....."0.2,1. The pre";';Ili'(' ratio..; are
ncarly in\'llriant \\'ith sta~lIation pre:"sui'(' ('x('ept in the fio\\"
separation regioll, \\'here lhe rise in ~tati(' prC'ssme i~ <:allsed

by o\'ercxpalldccl nuzzlc o!)('ration' In the thraat rcgion,there i;; some data ~pread, bul it ~o('s not appear to vary
systC'ma tically \\'i th stagna tion prc..;sure. Consiclerablc de\'i

ations fuom the predi<:tion for one-dimcn~ional (1·d) i:"entrupic fio\\' ('Y = 1.40), :::ho\\"1I[1:-; <:Iln'f~a, an~ apparent in
the transollic rC'gion; in particular. t hC' measured pn's:"urcs
are as mu<:h as abollt 30% lido\\' the pi'('dietion jllst do\\"n
stream of the thruat. DC'viations of a smaller magnitude
are obsel'\'able in the irtlet and <:oniC'al eUIJ\'ergent sc<:tion,

,dJere the data are sJightl~, above the l·d fio\\' predidion1Xcar the lan~eney of the circular-are thruat and ('onicar'
,. , .. clivergent sedion, lhe measurcd pres:::mc ratios <:hangc slope
~IlP flo\\' and IIlstrumentatlOn dlagr:\l!~ of the sys~elll to abruptly and <:ross over the l-ri fio\\' predidion further rlo\\'n-

,~'I\lCh the nozzlcs \\'ere atta('h~d I:' 5ho\\'n III Hl'f. 1. .Stagna- ;;tream. ~ 1-d isentropic fio\\" prediction \\'ith \'ariable spe-
t\On prl's~ure ,l"aS Illeasur~d Ilst upstre:11~1 he a ) )r~~<:h <:ifieheat \\"as abo made ancl found to be at most 2% aho\'e the

~, t lC engtl: of wlmh ('ould )e adJusted to speclhed prediction sho\\'n for 'Y = 1..10. This small elifferen<:e indi-
values. ghanges m lel:~th \\'crc, ~n:lde to \'llr\' the nozzle- cated the prediction \\'ith 'Y = I AO to be adec uate for COITI-

inlet bO,undal'\'-lan'r tll!~kncss. 1hese turbulent bound,alT- parison purpo~es if the cntire nozzle fio\\' region! is con~irlcrectJ~a\'er 1111<:kn~~sE'~\\'ere estllnatccl. frum measurements de~e~'lbed For sub~equent <:umpari~ons in the throat region, 'Y rliffer~
m Ref.. I. lhe approa<:h S~,(·tlOn \\'as coole~1 :11, the lughcr little from thc stagnation <:ondition v:tlue 01 1.35 userl.
stagnatlOn t.cmpl'rature of ~vOooH. Dt~gnatlOn temper.·ature Another I-d fio;,' vrcdiction referred to in the liter:lture is
Il'as dC'tpl'l1uned by a\'pra.gl.ng the n':\(hng~ of \1,'0 sll!~'lded that for <:onical suurce fio\\' in the divergent region. 'fhe

therlllocouplps p!a<:ed 0,20 m. up,..;trc~lIn of the nozzle 1I:let1 prcdicted \\'all slati<:-pn's:"ure distribution for isentropi<: fio\\'
le5(' t ,\"o thermocouplC's, 10<:ated 1 m, from t he C~!I1-~tj!!.1~ ('Y = <:on..;t)is ./ _\\'cre spaced 180° apart cir<:llJnf('l'pntially and genl'r:dly rcad " " ~

\\'ithiIl ~(/Q of C~.C~1other. The air m . ..;s \" "Itl' \\'a~ meas- l!.... = {I _ 'Y--=-! -1I 2 [-.ig~/S)4 _ IJ} ~/h-l)
ured \\'Ith ali onfic(" aliei for t.he lOt-tlO\\' I<'st~, a rotometer / Pb 2 . b (P/pb)2h (I)wa~ u~ccl to IIwasure the mass fio\\' ral<' of ll1cthanul. The .
aecuraey of thE' total ma5S fio\\' rate is estill1atpd to be 1.%8: The sub~('l'ipt b denutes a point alon!!; lhe coni('al \\'all \\'here
at stagnation prcssures aOõVe aoõüt 100 -psi:l. At lo\\'cr the indicated variables are kno\\'n, anel s is thc radial dis-
stagnatlon prcssurcs, the rcadinj!;S are le5s a('curaLe. tance from the souree. lf the experimental prcs~lIre and

For the following nozzles [the 30°-15° Fi". I), those <:orrcsponding .:\1a('h nUll1ber at the circular-arc-throat conical
shown in F!ll~ and the 45°_] 5° (fig ..JD]' t le chall1eters tangen<:~' point are useel, Eq. (I) is sho\\'n in Fig, I by curve
of the \\'all static-pressure taps \\'ere 0.040. O. 20, and 0.020 b to prediet substantially lo\\'cr static pressures in the <:onical

in., respcctively1 and the ratios 01 hole depth-to-dianThter section than t.hose obtained experimentally. Although better
\\'ere about 8, 4, and essentially infinity, respectively. The agreement <:oulc! be obtaincd if the prediction Il'ere initiatcd
holes \\'ere as sharp-eeigec! as thpy could be made by drilling downstreall1 of the tangency, the comparison nevertheless
and thcn smoothing the burrs \\'ith emery eloth. The axial indicates that the aclual fiow differs from conical sOllrce fiow
location of cach tap was known to 0.002 in., and thetaps \\'cre in the first part of the eonieal scct.ion.

'spacec! <:ircumferentially ãiidãXially along eaeh nozzle lData were also obtained both at a lower stagnation tem-wall. 'fhe static prcssures were Illeasurcd either \\'ith mer- p~ature of 5300R uncooled walls and with no approaeh
eur)' manometers or, at the hwher )ressures \\'itlL ~ length such that at the nozz mJet 51 R ~ 0.05. These data,

gãges, which had O,25-psia markec! increm~. The ac- t oug 1 not shown, indi<:ated that the effect of \\'all cooling,.
cumey of the readiilgs IS chctatedliYtllCdífference )et\\'een ~dtered the measured pressure rat.io negligib!,L excel~t in th~
the statie anel stagnation prcssures and thus depends on loca- fiow-separation region, where, at the same st.agnation pres-
Lion in the nozzle and on the stagnation pressure, 'fhe esti- sure, the separatlOn point moved downstream with wall

mated error in static pressul~throughout the throat and coolingJ 'fhe dependence of separation pressure on \Vali

temperature of 5300R, cOlnprc..."Seelair was useel, anel lhe
nozzles were uncooled, 'fhe higher stagnation temperatures
were obtained by heating comprcs.sed air by the eombustion
of methanol. 'fhe products of combustion \\'ere then Illixed
1õübtam Ulllformity bcfore entering lhe nozzles, and at these
higher temperatures, the nozzle walls \\'ere cooled. :\ t the
highcst stagnation teml2Q[aturc,_thcjQtal..hcat~~r from

~s tOlhe nozzle \\'aIlJraiiles§ than 10/0.of the total cnergy
of the gas aI. the Ilozzle in]e.t so that the fio\\' \\'as Ilearly
adiabatic illall ca:~cS. -The proelu<:ts of ('ombustion eould
bC' treate;1 approxiInately às air, sinccthN1iass flo\\'-raie raBo
of methãnõl to air \\'as small, 'e.~., aI. 1500°H, the mole<:ttlar

weight anel speeific-heat mtio were 28.6 Ib/mole anc~
respectively, for the proelucts of comhustlOn compared with
29.0 Ib/mole anel 1.35 for air. :\bo, <::dcu!ated temperatures
of the~roducts of ('ombu~tion, with til<' assumption of com

plete <:hcmical reactions, were within the a~ura<:y uf Ilwrmoeouple I\1C:lsuremenb eles<.:ribcel in Se<:. 11,J
Bounelary-Iayer thicknesses at the nozzle inlet were varied

IrQ!n_:iliDut 5 to 45Mn11Cm1Ctl'ã(1ilb to inl'estigate boun(C:
ary-!aTI'r J.\i;jp1lCeml'nt effects. Thl' e1Tect of \\'all static
pressure lap size on the readings \\'as also il1\'e~tigateel. At
the 100I'er stagnation prcssures, lhe nozzlcs \\'ere o\'erex
pandl'el, and the aS50ciated separation pressures are pn'sC'nteel
both for hot-flo\\' opcration with eoolcd walls anri for eold
fio\\' opC'ration. Other fcatun'~ oi the flow are induclecl in
term~ uf de\'iations from on('-elimen~ional is('ntropie flUI\'.
For o\'cr-all nozzle perfonnan<:e, flow <:odfieiC'nts and thmst
ratio,.. are sho\\'I1, Local del'iatiuns in the l\1as:; fiux at the

edge of the boundary layer <:alt-ulat<:d frol\1 the I\1casured
\\'all static pressures are inducled, a,,,;i~ the sonic line location.

[n the transonie fiow reg,ion, I'arious t\\'o-dimensional
isentropie flow preclirtions are compareci \\·ith the elata to
indi('ate the aelcquaey of thl'se theories.

divergent regions anei most of tlH' convergent reg;ion is less

than~ Only in the nozzle-inlet region at the lowest
stagnatlOn pressures, \\'here the elifference between t he static

anel stagnatiol1 pressure is small, is the estimateel erl2.!:. 2!..
5% significant; this error would be less at higher stagnatlOn

pre&,urcsJ fonsielerably !argcr clifTerenccs than the previ
ously mentionecl I % throu~h l\1ost of the 110zzle are found
\\'itllCiifJerenTSizccl taps, as cliSCll.~d in §.ce. V.

11"or hot-flow opemtion \\'ith coolecl walls, wall temperaturesI\~C dctermineel from thennocuupiPs embeclflecl in the wall
of the 30°-15° nozzle anel from calorimetric wall lH'at·fiux

measurements \\'ith the 45°-15° nuzzl<]

11. lnst r'lIll1cn ta IÍon

IIT. St a t ic- PrcsslI r'C Dis t r-ihll t iOIl";;
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- (Y= 1.40)
I b-ISENTROPIC CONICAL SOURCE FLOW

(Y=1.40), EO. (I)

c-HALL (REF. 9), EO.
d-SAUER (REF 10)
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_----L --L-- - --ct

2

li =15000R'
I ' Tw
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ô l.l
R ~ 0.25, O = 3.60

TEST PI' psia
t::. 266 44.8

<J 263 60.5

O 262 75.2

V' 269 101.1
\7 267 135.7
O 268 150,6

1608

3.02.5c:

2.0
••....

(f)
;:)O 1.5<{ a:w
...JNNOZ

0.5

O

1,0

0.90,60.7

~ ~O

0.6

~ a:w

0.5

a: ;:)(f)(f)
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0.20.1O

O
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Fig. 1 Static-to-staguali()l1-pl'(,~~lIl'c ratio:-i alol1~ lhe 30°-15° nozzl{o.

cooling is discusscd in Seco n. [i'he effcet of inlet, boundary
larer thickness on the measurec!' !->ressure ratlO \\"as not (lis
cerlll ) e. Thus these' iuvestigations revea e a negligil)[c

liõüiídarv- aver displacement effect, which was also III agree
meut with preclictions of the clisplacement thickness ó* from
the turbulent bounclary-layer analysis.ij ln conueetion with
the preclietiou, it shoulcl be mentionecl that ó* became nega
tive upstream of the throat as a result of the eombined e!Tect,.:
of wall cooling and fio\\" acceleration. Preclicted values of
ó· are sho\Vn in Fig. 12 of Ref. 1J

[j'o iuvestigate the effect of inlct confi uration measnred
pressure ratios are shown III Ir' 2 for nozzles of different
contraction-area ratios but havmg the same throat raclius

throat radius of curvature, and half-angle of divergenc3The convergent sections were fonned by circular arcs of equi11

radii of curvature. For comparison purposes,C§he cold-fio\\'
data shown are average values for eaeh nozzle over the range

of stagnation 'pressure~ indicated1 S~pamted fiow data (notsho\yn) are dlscussed l!l Seco vI:' ehrough the throat and
divergent regions, the measured, Rre.-ss.l!!:.e_'::!!:ll.0~I~~

tiallv inde )cnelent of inlct confi"uratiun anel de cnel onh' on

the local nozzle contour. The ma~nitllelcs of the deviations
rom - lsentroplc fio\\' curve a) are similar to those founel

\\"ith the 30°-15° nozzle (Fi~. 1), which has the same ratio of
throat raelius of curvature to throat raeliw; (rJrtl. = 2.0) ano
half-angle of elivergencc as the llozz1cs sho\\'n in Fig. 2.

The cffcct of throat configuration is sho\\"n by comparing
Fig. 3 to Fig. I. I n Fi". 3 measureel pressure ratios for the
45°-15° nozzle are sh;\\'n' for a stagnation-pressure range
from 45 to 250 psia and a stagnation tempcrature of

1'500° R. lBecause of the smallcr throat radius of curvature tothroat ra~ls of 0.625, as compareel to 2.0 for the 30°-15°
llozzle, there are larger deviations from the pressure ratio for'
I-d isentropic fiow m the transonic region. Thcse amount to

as m\lch as 45% just elo\\'nstream of the throat' ln theconical conver~ent section, there are also lárger <re'viations
from l-d fio 11' than with the 30°-15° nozzle because of the

larger 45° half-angle of convergence. ln addition, at the
higher expansion-area mtios of the 45°_15° nozzle, the data
once more cross over and become less than the I-d fiow pre-
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Fig.:! Static-to-~tagnation-IH'c~sllrc .·alio~ "ilh \'~u'iull':';' llo7.J.lc-illlf"t (~()nligunlti()us.

diction. With the 450-150 nozzle, only hot-flo\\' eooled
wall d:Üa \\'ere obtained, and a larger ufJstream length
(l/D = 8.4) \\'as u~cd such that o/R = 0.·i5. -AltilOUgh no
(Tã!:1 were obtaincd with a thinner inlet. boundary-layer thick
ness, both experimental observaLions with the 300-150
nozzle and predictions indicate that the mcasurcd pressure
ratios would be alt.ered negligibly.

IV. Two-Dimcnsional Flow PrcdictioIH;

Exact solutions of the two-dimensional (2-d) isentro )ic

flow cqllatlOns are '.i~~y~existen_t Jor_ 0\\' rc!!:ime~
throughOllt a SllperSOIllC nozzle. :\pproximate sollltion~
consist Clther af calculatmg the fiow field by numerical 01'

graphical techniqucs 01' of obtaining analytical solutions in
particular fiow re~ions. Since, as cxpccted, geviations from
l-d flow are larp,est near the throat.....1h.e transonic region is of
pmnary concem. Also, a solution in t:his rep,iõii -IS needed
~ ~~ ~()lutlOn by the method-of-charact~ristiE.:~_jIl.llie

~personic region.
In thc transonic re ion, Hall9 obtained a solution f r he

velocity field for isent.I'OPlc. irr tational fiow (I' - COl~
Ly a series expansion of the vclocity components lU mverse
powers of r./r'h. The first three terms for the velocity eom
ponents in the series solution were calculated and appear in
thc reference. From these, the wall stlltic-to-stagnation
pressure ratio can be calculated:

p/p, = II - [(I' - 1)/(1' + 1)]ir:}'Y/h'-I) (2)

where V is thc local velocity V at the wall, nondimensional
ized with respect to the speed of sound at the sonic condition

a*. ~'he prediction from Eq. (2) is shown in ...!'2!L.!...bycurve
f, Wll1Chagrcci' well with the mcasured pressure distributions

in the throat \'icinit~1 In thc regions that extend to the
circular-arc-throat cOlllcal tangencics, the requirement Lhat
thc 'lelocity at the wall be parallel to Lhe wall is not exact1y
satisfied as a (;on~eqllencc of the solution method; this un
doubtedly leads to the inferior prediction near these tangen
cles.

l!he correspondellce of the prediction from Eq. (2) with
the data is cqually good for the nozzles with \'arious inlet
config\tl'ation~. as shown in Fi/!. 2 by cUr\'C c. It should be
noted tha t lIall's prediction depends only on throat con·

figuijtion through the ratio rcir'h and not on inlet configurationJ 1'he mcasured pressure ratios in the throat rcgioll
shown in Fig. 2 display this same trend.

11'01' lhe .t5°-15° nozzle (r./r'h = 0.625), the pfI,niptiou....ÍS
llot applimble since the series solution divenres for r.jr'h < I.
lnstead, Fil!:. 3 shows as cun'e d lhe Sauer prealctiõi1'o
which, as Hall has pointed out, is the first-term approxima
tion in his series solution. This urediction is considerably

below the data for the 450-150 nozzlg) In Fig. 1 (curve d),
L1Jis prediction indicates the improvement upstream of the
throat afTordcd by the lIall solution, curve c, in which three
tenns are uscd. However, at the throat and downstream of
it, there is little difTerence between the first and third approxi
mations.

It would be of interest to compare the data with predic
tions from the irrotational method of charaetcristics in the

supersonic region; hOIVever, predictions by Darwell and
Badhaml1 and Migdal and Landis12 for conical nozzles with
circular-arc lhroats reveal fiow conditions near lhe noz~Je
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axis that \\'ould ]cad to shoek fonnation, :lIId eonsequently
inyalidate the irrotational a~sumption. Predieted shoek
formation oecurs where ~Iach lines ol'i~inatin~ just do\\'n
strcam of the cIrcular are and conical t:lIIgeney approaeh the
nozz!e aXls. Dar\\'ell anel Dadham dlscuss the predietion in
elet:ul \\'ith respect to the aceuraey of the numerieal solution
and its initiation, using either Hall's9 or Sauer'::;lo transonic
so!ution. As indieated in Fig. 1, for the 30°-15° nozzle with
r.lrtl. = 2.0, either of these solutions should proyide a good
approximation to the actua! fiow in the region of interest.
It should be noted that boundary-Iayel' displaeement effects,
not aeeounted for in these predictions, do infiuenee the nozzle
freestream fiow boundary to some extent; this ean aHer the
predicted fio\\' field. Whether or not shoek forma..tilln..
actually oceurs ªI.o.ng.J.hc_llozzle aXls ean onl .••.be decided by
expenmental obscrY-Atioll. Rather than \\'all static-pressure
measurements, either total pressure-prohe traverses along
the axis of eonieal nozzles or some means of yisual observation

in a transparent nozzle with a sufficiently long divergence
section would be required.

Another approximate solution valid throughout the nozzle,
providing that wall curvature effeets are not large, is the pre-

diction by O~watitseh anel Hothstein.13

L = [ _ ~ ( OI)2(r)2J'r/(Y-I)1 ') JlI --p, _ a, 1/1

\l"hcre

The subseript 1 denotes averagc quantities for 1-d iscntropie
fiow, in \vhich "/ = consto For caleulation purposes, it is
convenicnt to use the relation (I/ul)(duddz) = (2/r) X
[(drldz)/(M,2 - 1)]. ln the prediction that applies for a
constant ,,/, the veloeity distribution is computed from the
local eonfiguration of the wall. The requirement that the
fiuid veloeity at the \\'all be parallel to the wall is not éxactly
satisfied because of the way in whieh the solution \\'as ob
tained. The prediction from Eq. (3) is sho\\'n in Fig. 1 as
curve e to be in elose agreement with the Hall prediction and,
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To imli('ate the mag:nitwll' ()f the difTprcnces bet\l'een the
tap rl'ading;s in anotllC'r \I·ay, rderpncl' is made to an estimatr
01' tlw stat ie-pl'(·sslll'(' tal' 1'1'1'01', H,\' elimensional allalysis for
li 10\\'-spel'(1, I'ssl'nti:dl,\' eOllstant-property tmbulent boundar~'
layer \\'ith nl'.l.dig;ible fio\\' aeeekrati0ll, Li\"es('y (·t al.15 and
others give the clTor,),p for dl'<'p holes: -

D.p
.1p. 'T = - (r/*)

T

\'1. Separalioll P"essul'cs

1}"or overexpanded uozzle op<,ration, the ralios of separation

to ambient~ressUl'e are sho\\'n in 1~'lJor nozzles that have '
reI rth = 2,. 'fhere \\'1'1'1'100 few pressure taps in the diver
gent region f the .t5°-\5° nozzle for a l11eaningful repre.senta
tion. The data are sho\\'n by thc barred verticallines. Ihc
uIJP_er bar is the tap reading upstream of the sepanítiOrI

pomt; lhe lo\\'er b:J.J' \\'ould be ihat at the succeeding tap if
separation haa not occurred and was determined from higher
stag,nation-pressure tests. Thus, the actual value lies be

tween the values shown, Ehe ?vIaeh number at separation
was ealculat€d for isentropic fiow (y = 1.4) based on the

average separation pressure1 The mtios of separation-toambient jJressure for th!:_hõ\.fio\l' lests with coolQ.eI ~Us
[shaded symbols) are generally about 5 to 10%-')clo~
cold-fiow values (open symbols). These lo\\'er values at the
same stagnati?n pressure correspond to a reloeatioll of the

\I'here d* = rI(T/p)I/2/., ri is the tap diameter, anel T is the
\\'all shear slress, _\eeording to experimental measmemenh
by jjvcsey et aI. and ollll'rs. D.p/T inpreasl's monolonically
\\'ilh d* to'about 3 at d* ~ DOO,lhe limit at \\'hich mea:;me
ments have been ma,jp. Hy comparison, in the throat rc
gion for the highl'st slagnation-pres:óure test, \':dul's of (p,o 
PIO),'T are a" large as 40: tl1<' eorrt'sponding nllue 01'rI* based
on the O,040-in,-diam lal' is about ü200, For Ihl' lowe.sl
stagnation-pressnre I"st, lhe pn'clicted \'alue in the throat
rl'gion i,,,:lcs:;, (PIO - PIO) Ir ~ 10, as i.s t he corresponding
\'alue d* ~ 1900, ln these estimates, the \l'all .shear stress
\\'as predictl'd from the analysis of Hef. 8.

Cnfortunalely, .since the true statie \U'PSSUl'eis nol kno\l'n,

one can only eonclude fl'ol11the data shO\\'I1 in Fig . .t tha~
static-pressUl'e distribution.s sho\l'n in Figs. 1-3 arepro

"'G71bly;lightly-hig;her-than the tru~ --

thu~, thl' data in the throat vieinit~· of the 30°-15° nozzle.
At the cireular-are-throat conieal tangeneies, the predietion
is disrontinuous bccause of d'lr/dz2; these diseontinuities are
indirau-d by vertical dashed lines. ' Near the tangencies, the
solution becomes more apprmâmate, since the restrictions
on the magniiude of ihe nozzle radius and its derivativl's
implied in the analysis are not satisfird.

Thr 45°-15° nozzle contour deviatrs even further from the

rcstrietiol1s imposed by this anal~'sis; ho\\'evPr, for com
parison, this prediction is sho\\'n in Fig, :3 as C\1l'VCc in a nar
ro\\' part of tl1l' throat rcgion. The ratll('r sharp decrease in
static pl'essure is prl'dicted, but tIl(' pl'edietion is belo\\' the
data.

V. Static-Pn~,,;slll'e Tal' Sizc

{j'11P pl'l'sencl' of a sta til'-pressurc hule ('auses some fio\\'
dt:::turbaIH'p, Ilhi('h altl'rs thl' ml'as\1l'l'd statie pressure fram
the tnlP ndlll'. For shal'p-edJ.!:l'd holes, dl'l'per ihan about
2 diam, llIeaSllrt·d statie pressurl's in fI()II''; \\'ith negli/!'ible
prcssul'(' I,!:radil'nts han 1)('1'11 found to incl'case \\'ith hole
sizc; it is bdic\'l'd Ihat the slllall holes rl'ad I1l'arl'l' thr true
static PI'C';SUI'l.·. Othpr I'ITe,'ts, sllch as sli),(ht hurrs and the
prl'SI'I1<'1'of fOI'(·iJ.(npal'licll's, hal'c' 1)('1'11fOlllld to alter the
rcadinJ.(s a,; \\'1'11. For nozzle /Ju\\', in additioll to the prcs";\II'e
J.(l'adil'lI! indul'cd in the floll' h~' thl' Pl'po'CI]("·of the hole, the
I'-"tl'mal pn,s,;un' J.(radient is superilllpo'ed in lhe flol\' direc
tion, The fio\\' elisturbanc(' is thus expl'cted to incl'l'ase \\'ith
hole sizl' I)('causc a larger prcss\ll'e drop exist,; a('I'Oss til(' hole

than II"!1<'nthp fr('('stl'pam fio\\' is not acccleralin!!J
To innstigate the I'fTpct of hole sizl' on thl' stalic-pl'essUl'I'

I'l'adings, the 2,51-1 nozzle sho\\'n in Fi!!, 2 \I'as il1strumentl'd
\I'ith 0,010- anel O,040-in,-diam ta) Jair,.;. As llH'ntion{'d
lJeforp, t Je 10 I'S \\'ere as sharp-cd)!:ed as they could be madl'
hy 'nH\uthin!-( with cmer~' ('10th any sllrfacl' burl's lha! \I'l're
produ(,l'd hy drilling:, The ratio of hole dcpth to eliametl'r
\\'as about :3, ~tati('-pressUl'e elistribution~ wl're obtaitiNf
0\',·1' a rang,e 01' :'tagnalion pre"S\lJ'es from 4;) to 170 psia,
\I'ith air :lI a stag,nation tl'll\pcraturl' 01' 520°1\ (uneooll'd

\I':lIls), '1'\\'0 01' thl'~1' clistributions arp shO\\'I1 in Fi}!;, 4.
To alio\\' a dirpet pOll\parison of t]1(' difTcrences in the re;;'f.
illgs. thr 10\\'1'1' parI of Fi)!:. .t :liso ~hows the percentage
dilTerence be!\\'el'n the 0,010- and O,040-in,-diam tal' reading,.;
at locations \\'hl'I'(' t]wse t\l'O taps Irerl' axially \\'ithin 0.002
in, 01'e:1<'hothpl'. This is the limit to \I'hieh the axiallocation

01' t}w taps is knO\I'I1. :\s S('l'n in Fi)!:. ,I, thl' pressure eliffer
enel' bet\l'l'l'n the smallc:'t and lar;;est tal' I'('aelings varies
sy~tell\atie:dly throug,h thl' nozzle; I':Ineloll\ differences
(pllls or minus) thai \I'olll,[ be associatcd with reading ac
e\ll'aey are not pviclent. The smallest tap has the 10\\'1'1'

rl'adin)!:, as lUl:Ó been Obsc'l'\'ed in fio\l'" with neg,ligib}e ac
erler:ltion. fThe pereentag:(' (lifference in the tap reading,s is
a ma-"ill\ull\ m t Il' tranSOl1lC reglOn. \\' lere lI' pressurc
grarlient IS largest. '1 he clifTerence IS 1i:i'r(]101lscernible in
111e nozz}e-inlet region \\'here the freestreall\ \'Cloci ty is lo\\'
anel in the fio\\'-separation region for t!1<' lo\\'-st.agnation

prcssure tcst \\'hl're the reversc flo\l' velocity is re!atively 10\~
The O,OO3-in. uncert:.lÍni\' in the axial elistancc bet\\'een Ihé

~lnd-o.õ=i'O-in,--Jiã~n- tap pairs \\'ollld alieI' the reI':
centage difTerences sho\\'n 1lI l' 19. :tõf'O, 1 at mo:ót.
- The trends of ihe difl'Ci:ei'icp."sho\\'n for the t\\'o tests were

typieal of those founel at intennediate stagnation pressures
of 75, 100, aud 125 psia, and dllplieate tesis at some of the
pressures inelicated the data to be reprodueible. ln a system
in \\'hich pressure gradients ean exceed thosc along the 2.51
1 nozzle, JaiviuH fOllno differences of the sl1me magnitude
as those shown 1lI Fig. 4 for tap diameters ranging from
0,0016 to 0.019 iu. by measuring the pressure distributions
along a fiat plate ou which a liquid jet impinged. 1n that
investigation, a limiting value of the tap size was found for
\\'hieh no further ehange in the measured pressure distribu

tion \\'as observed;~ O,004-in,-diam tap read the same as the0.OOI6-in,-diam tap.J \\
'\ O. /Q/6 w ~
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For the 30°-15° nozzle, the pl'ediction from Eq. (,O is 0.9943,_
in fair agreernent with the exp<,rimental values. This cor
responoence is expceted from thr elosc agrcement of pre
dieteo and measured statie prcssurps in the thl'oat region.
Ho\\'ever, for the 45°-15° nozzlc, the experimental values
exeeed the predietion from El(. (4), in \\'hi('h onl~' the first
term in lhe braekels is rctained. As menlioneo before, the
lIall solution di"erge;,; for r,/ru. < 1. If onl.,· the first te~
in the brackets is inc!udeel, tlll' pn'dietion is iuenti('af I\'ith
that of either Saucr10 01' Os\\'atit;:ch and Hoth;:tein.13 Thus,

tJhe lo\\'er !)rediC!l'd values ~f .tll(' IJ(J\I·. copfli('ient furtla:r
~ho\I' tlll' ll1aelequae~' 01 PXlstIII~ PI'('(ll('tlon5 for nozz]ps

\\'ith r" ·ru. -: I.)
\'111. Thl'lIst Batiu,.;
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t'able I cont.ain:< a l'omparison at a stagnation telllperatul'c
of 15000R (cooled \\'alls) of pr~lil'tcd and eX~~'imQlt:ll 1.oca
líon of thc intersection of the .'unic lille \\'ith the edge of the
boundalT la'·pr. The cxpPllnH'nt:11 "aluc::; ('õrrC;;pond to the
poilrt at-;I;i~h the :-Iach num!JPr obtained from the mcasured
;;tatíc-pressure distributions for iSl'ntropie fio\\' (I' = 1.35)

To elparly illu~tratr the d""iatiuIIs, lh~ nozzle.~ ar!:. a;;"1ll)).!:..!.L
to dischar~ int~ a E ('.!!.!.UH) and tlH' thrust ratio,; are sho\\'n
for hypothetil':1I expansion-area ratio~ from a ":lIlH' nf I to
that of thc slatie-pn'ssure tap location neare~t the nozzle

pxil. C'IH' terIns in the thm,' ('XIH·pssion.l:C.llJ'~IJ thl' 101 .•. 1'
on tlll' nozzJe-inl('( arca 01' dTel'tin' l'hamber ellll wall :1IId tlll'
integratl·u \\'all pl'e:'sure distribution resulting in tIl\' axial
fol'<'p on the nozzle sidc \\'all. The "hape 01' the thrust
ratio ('un'e is depp)H!ellt on Idl\'tIH'r the II'alI pn'"sure is le,.;s
01' !-!:reatcr than the I-d flo\\' ":lIup :\IId on the ma~nitude of
thr ditTeJ"('III'I'.as sholl'n in Fig". 1 and :~. :-;ho\\'n for l'om
parison is the often C/uoteu ('urre('tioll faclor ~(I + cosO) ú.lL

nOll:lxial exi t fIow for i'Qni!:a! L1QzzI!':J Thmst ra tiOS tor colei
flO\I' \\'õü1(l iJe thp sanH' a" tho"e shUlm in Fig. 7. hased on thp
data nH'ntioned in Sec. 111.
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VI I. Flo',- CoefTicicn t~ Ld

tz;1 Fi~. O.Leomparisons bet\\'cen mcasUI'ed ma;:s fio\\" ratl' at
a sta~nation temperatul'e of 1500° H (cooled walls) and eOLH

puted values for l-ri iscntropil' fio\\' (I' = 1.35) are sho\\'n ill
terms of the fio\\' l'oeflil'ipnt Cd = li1/ ,iI,. At the 101\"('1' sta!;
nation pressures, there is apprCCl:1) e Sl'atter in the value::;,)=:
Some of the scatter is undoubtedh' due to errol'S in the mass

flo\\'-rate measurem!:nts. ~nhe ';lp;her stagnation p~,
the scatter is]ess,-and for both nozzles, the fio\\' eoe(fjcient i::;
approximately bel\\'cen 0.98 and LQ. Sinl'e the fio\\' througb.
lhe transonic l~Or1 detellnines ti1C mass fI_o~'J'ate th[ough

the nozzle, Fig. O also contains the Hall prediction! - -

CJ = '~l= I _ (I' + I)(~') T90 _ 81' + 21 ('tI') +1111 r, 4608 r,

7541'% + 197] "( + 2007 (r'hY - ... ]552960 r,

~epamtion point do\\"nstream II'ith wall eoolin).!:, as Ims men
tioned in Sel'.][1. This indieatl'~ t!!at wall (;Q.Q.li!!g..l'1IG- ••

important in the interaetiõi11)rt\\"cen the shock \\"ave and
bounelary layer ~dlll'h ):-esulh in fio\\" separatiçm from tlH'
-nozzle \\"al1. :\hlberg l't :11.'6 abo fuund the same tn'nd.
For our data, it is not c!car \\"hetlll'r tlH'lo\\"er srparatiun pres-
sures are due only to l\"flll cooling, sinl'e, \I"ith hut fiow and
cooled walls, the bound:u'~'-la~'l'r-thiekness Reynolds numbl'rs
ai the separation point estimated from the analysis of Hef. S
wcre about one-half of tho"e for l'o]d fio\\" at thr same stagna
tion pressure and boundary-byer thickne"" at the nozzh'

'inlet. In this regar.!. the data shu\l'n in Fig. 5 for the 30°-15°
nozzle II'ilh hot fio 11" and COOll'd walls do nnt n'veal :IIlY
delinite trcnd bet\\"l)en thc results with relati\"Cly thin bound
ar}' Ia~'ers (ó/ R ~ 0.05) at thl' nozzle inlel :wd thOSl' \\"ith
thiekl'r layers (ó/R ~ 0.25). Howcvcr, it is diffil'ult to deter
mine Ilhether there is an~' depenoenl'e on lhe bounelary-laycr
thickncss Hl'}'nolds numbcr, owing to the sl'attcr of thc rcsults
at the hig:hest separation :\Ial'h nlllnbers (la:'t four :,hadeel
poinb), \\"hich l'orrc"pond to sl'paration near the nozzle-exit
plane.

The data in Fig. 5 cxtpnel on'r rathpr 101\" ratio;; of :'tagna
tion-to-ambient pressurl' ]JPcause of thp relatin'ly small
expansion-arca ratios. "'I1l'n these data arl' cnmpared \\"ith
others obt:rineel with un('ooh'd \\"a1b. s\l(,h a., tl1l' :l('('umulated
results of Arens and :-;piegll'J' (Rl'f. 17. Fig. 2), the hot-flO\I'
data \\"ith a l'ooled wall aJ"('found to lic bl'IO\I' thnse J"('sult;;.
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throat.-. ('oll1pariSOlls ha\"l' 1)('1'11 lI1:ldl' with prl'di(,tions.
TIl!' rl'sults indieate til!' follo\I'inl-!;.

I) 111 th(' throat J"l'gion, w}wrl' lhe flow is Iransollie, t\l'O

dill1l'lI:-:iollal isclltropie flml' predidiolls an' ill elosl' agrl'l'lI1ellt
with lhc .laia for tlH' 1I0ZZ!('S wilh a ratio of thmal radill_ of

(~llrYa'"n' to Ihroal radills r, 'rtl, = 2.0, hllt inadl'qllale for

the lIozzll' \I'ith r,ir'l> = 0.ti25, j)l'\'iations as I:trge a,; 30

and 450/;. frum thl' sim 111' olll,-dimpll-IolI:d isplltropi(~ flo\\'
pn'( wtlOlI \\"l'n' fOllllel ill tlll' lhroat rpgioll for thl' lIozzlc
with r, 'r'h = 2.0 :llld O.G2.,), n'sp('cti\"['I~',

2)rnlatic-pr~~lI1paSlln'III('lIt,,- ill t 111' 1hn~l' alld dil'crgl'lItilf't'illill" uf lIozzll';-' \I·ith thl' :-:allH' r, 'TtI, :11Ir!half-alll-(]I' 01'

dinrgcnce Wl'n' f0'Wd to be eS:;l'lItially illd('IH'lId('!.!1 ~ari()lIs
illlPl l'onfi~ura tions,

:» :'111:111('1'de\'i:ffiolls in statil' pn'sslln' from (H!e-dillll'lI
sional fio 11' I\"('re fOlllld ill thp eonil"al sel"lions, 111 til!' eon

yprgl'lIl"c rpgioll, the lI1agllitlld(' illl"l"ea.-l's \I'ith l"olll'l'rg('II('e
alll-!-Ic, \\"hpre:ls ill Ihc din'rgl'lIt'e rl'gion, this efTeet was 1I0t

im·esti;.:atl'd ,;ill('p ali til!' lIoZZles tl'sted h:ltl a 1,')° h:llf-all.!:dl'

of di~'gell("p.4)tFor Illlderl'xp:lnded operatioll, ~rl's,;urc .Jn!:.L~Ilt:.
nll'nt;~werp in';l'lIsiti\"e to lhe clTl'("ts of botlll"ooll'd :llld 1111

t'ooll'd Imlls alld tu lIozz!I'·illlpl bOlllldary-I:t~'I'r thicknl';;~ to

0.45 of tia' nuzz!p-illlet radill.-. Thus. houndalT-layer efTect:;
Wl're fOllnd to he negligible,

5) I'rps:;un:f(.;itfíng,; depend UII tap size, wilh signific:lIlt
ditTeJ"l'lIce;, fOlllld })('tween 0.010- a!ld O.O-IO-in.-diam holes.

The smalle:-:t tap rl'ads thc 100n~r prc,;surc, which i,; belic\'CeI

to hc~arer the truc statie prc~sure~
6) For~yerl'xpallded nozzll' operation, thc separatiun point

1110\"['( do\\"n~trc:lln wlth wall cooling for lests at lhe s:lme

stagnalion IH'es;;ure, so that lhe mlios 01' ,;eparation-lo
alllhient pre:;slIrl' for thc hot-flolI' tc,;ts \\"ith cooled walls lI'ere

gcnel:aJly about 5 10 10% ]wlow the cold-flol\" \":llues,lí) IS-las;, fio\\' rate and thrust .elepenel on the two-(funl'nsioll
ality'ór thp fio\\" Ihrough th(~ trallsonic regiulI, with bOUlld:JrI'

laycr ctTpct,; rp!:itin'l\" IIl1imporlallt for lhe lIozzle:,; im'l',;ti

g:~tcd that ha~pã~siõll-:ii'ca ratios to 6.G.J
S) In the tran;:OWc rcgion. local ma,_s fiuxes at lhe ed~c of

lhe hOlllldary la~'er dedllced frOIll thp static-pres:;ure nll'as
urcml'nls deyiale less from onl'-dimcnsiollal fio\\" \'alup,; than

do the statie pressure,;. In the ('onn~rl-!;l'nce sl'clioll, the

magnitudes of these rll'\'iations are about the same as thc~'

are in til(' lransonic reg.ion and depellel 011 thc cotl\'crgence
angl('.
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Ims equal to unit~'J Une predietion for iscntropic flow IS
from l'ither Saucr10 01' O,;watitsch and Rothstcin :13

"'all static-pJ"l·,,:,;ure nll'a:-;uremenb hal"l' heen presenteei

for air flowing Ihrou;.:h conical nozzh's \\"ith circular-ar<'

~\
-... 'Back, L. 11., ~[assier, 1'. F., :mo Cier, 11. L., "Convective

heat transfer in a eon\'ergent-divergent noz7.le," Intern. J. !leat

'" ~ ias:; Tran:,fer 7, ,,)4D-.'j68 (I D(4)."" ! ScheIler, K. ano 13ierlein, J. A., "Some experimcnts on fio\\"
:,eparation in rocket n07.7.le:,," A !{S J. 23, 28-3:2, 40 ( 1!);,;n

, Fra7.er, R. P., Eisenklam, 1'., and \Vilkie, D., "Investigation
of super:<onic fiow separat ion in n07.zle:,," J. :\[eeh. Eng. Sei. I,

NOZZLEEXPANSION-AREARATIOA/A, •.. ~267-:27!)(J959).
• CampbeIl, C. K and Farley, J. "I., "Perforl1lance of several

Fig. 7 Vnriation of t1U'1I8t ru1io with cxpnn8ion-urea 'onical convergent-divergent rocket-type exhau:'l n07.zle:,,"
ratio (curves wcrc ob1ail1cd from avcraged 1'11" ra1ios NASA Ti\" D-467 (Septel1lber 1!/(0).
~ shown in Fig8. I and 3). • Arens, :\1. and Spiegler, E., "Separateo fio\\" 111 overex-

For th(' eall'ulation of houl\(lar~'-la~'l'r fio\\" and hl':\t I rans

fpr 10 nozzlc I\"alls, tlH' l(wal ma~s fiux ~p!'), at thc l'd~p of the

hound:lI'~' Iaye~' i~ lH'pdl'(1. rny assul11inl-!; iSl'nt ropit' flu\\'(1' = ] .,1), tlus loeal ma,;s '7rux \\"a:-: eall'ulalt·d from thp

mcasun'd stalic-pr('~"ure distrihutions and is sho\\"n non

rlinH'nsionalized hy the ]-d isplltropic fio\\" I'aluc in Fi~, 8.
Throu~h most of lhe nozzh', lhe loeal mass tlux is Ic:;s than

IIH' I-d \'alu~\\"hieh implips lower \\"all heat flux% sincc forlurhulenl houndary-Iayer flOII'S, I) a: (p \"),',5. 'fll!' mas:;
flux dp\'iation amOll11t~ to aho\lt 20o/c in tIl!' inlet rel-\ion and

just downstrcam of tht throat for the _1.')°·'15° nozz!(': \\"ilh
the :30°-15° nozzh', til(' dl'\"ialions an' ks:;.

The maximum \'alue~ of lhe mas:; flux (p \'), oceu~usl

up,;tream of the throat at IhCiiltl'r;('i'!iOn ôf the -;Qjlic !ine
~'ith til!' edg;e 01 f]llTOUll(lar~' "I:iYcr. l1 is in thi,; regionth;ll
ilcat-tran,;fcr meaSlii'('ml'nls indieat(' til(' maximum hl'at

fiux to lhe \\"all,l.6.1~

~/r'h = Ib + 1):2]'/~(r'I>.'r,)1/~ (o)

~ \\'Il('n' ~ is the axial distan\;.l:u I:-:trcam of til!' "l'omctric thr atoThl' ot H'r ISl'nhopic floll' 1)1'C(Ictlon I:; rom!-Ia s analysis.9

For the 300-llio nozzh', thl' predidion from Eq. (o) I-!;i\'c,; a
\"alue lar;.:!'!" than thal mea,;lIrcd for thc \lpstrl':un distance

\O the sonic li/H', \I'ith hettl'r agrl'clllenl afTordcd by /[all's

prediclion. Ilall's a!lal~'si:; is !lot applicahll' to the 45°-1.,)°

nozzll', "incp r,ir'I, < 1: b\' usin~ Eq. (o), thc predi<.:teu elis
tan('l' i:-: 1110n' than tll"ic{,-tll!' ('xperll11ent:lll~:- deducecl \'alu!'.

-'1 1Il' ('olcl-t!IJ\I' ('xp(,1"InH7õiãi I'alue:; I\"(JIl1d 1)(' tfi(' ,;aml' as Ihosp
indiea ted in Tahl(' I, haspd 0(1 the data mcntlOned in S('e. 1li,
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