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. BSTRACT

T results of an experi aental investigation of convective heat

< oo fex Crom turwulent boundar s layers accelerated under the influence of
w0 pressure gradients in a ccoled convergent-divergent nozzle are pre-
scated. The invesiigation cove: ed a range of stagnation pressures from &0

sia, stugnation tempera ures from 1030 to 2000°R, and nozzle-inle
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Sownoarv-iayer ihicknesses betveen 5 and 25% of the inlet radius. The
raost significant unexpected trerd in the results is the reduction in the heat-
tran: for coceiticient, below that ypical of a turbulent boundary layer, at
stasiation pressures less than  bout 75 psia. As expected, the results
lnelvde @ saaximam in the heat- ransfer coefficient upstream of the throat
Lores2 the aass Slow rate per w it area is largest, and a substantial
Lecroease of e neat-transfer coefficient downstream of the point of flow
-¢nacation wiich occurred in th e divergent section of the nozzle at the low
ation pressures. A reduction of about 10% in the heat-transfer coef-
Jicieat resulted from an increase in the inlet boundary-layer thickness
Leoween the minimum and maxi aum thicknesses investigated,
ileat-transfer predictior s with which the data were compared either
iiicorporate a prediction of the ioundary-layer characteristics or are
related to pipe flow. At the higier stagnation pressures, predicted values
from a modifiration of Bartz! t1 rbulent-boundary-layer analysis are in fair

agrecment with the data. As a »ossible explanation of the low-heat
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r oo the lower stagnation | ressures, a parameter is found which is

.suve ol the importance of f ow acceleration in reducing the turbulent

oriowelow that typical of a ully turbulent boundary layer.
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NOM ENCLATURE

a speed of sound

A :beas nozzle cros -sectional area

< oz2zie tiroat are.
S ciiaracieristic ve ycity pOAZ::gC/r'n

& local wall frictior cocificicnt, cf/2 = ’rw/pCVCZ

f coviiiciont analogius Lo sxin-friction coefficient, with

momaentum thickn 'ss dependence replaced by energy thickne:s's

o snccilic neat at ¢ nstant pressure

D nozzic diameter

K

nozzle throat dia: weter

o gravitational cons uat
i convective heat-t: ansfer coefficient
1 coolud-upnroach . ngth
L axial lenygth of no: zle = 5,925 in.
N mass flow rate
Vi Mach number
p static pressure
Dt stagnation pressus e
I'r Prandtl number

wall heat flux

W
/2 turbulent kinetic ¢aergy
r nozzle radius
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NOMENC _ATURE (Cont'd)

nozzle~throat radiis
nozzle-throat radi s of curvature
nozzle-inlet radiu:. = 2,953 in.
Reynolds number ased on nozzle diameter, peVeD/“e
Sianion number, k'p V c
- e e p
teaiperalure
veloclly componer:  in axial direction
velocity componet . hormal to wall
velocity componern: normal to nozzle centerline

volocity parailel to nozzle wall at outer edge of boundary

aved,

axial distance fro.1nozzle inlet
distance normal t. wall
specific-heat ratic

voelocity boundary layer thickness
stagnation-itempes iture boundary-layer thickness
displacement thic. ness
momentum thickn: ss

viscosity

kinematic viscosiiy

density

dimensionless pr« perty correction factor (defined in Ref, 17)
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NOMENC LATURE (Cont'd)

-1

wail shear stress

v
5 cnergy thickness
X parameter

SUnse1pLs

G adiabatic wall conilition
e condition at free-: tream edge of boundary layer
f properiy evaluatec at {ilm temperature, 'I‘f = Tw + Te/Z
) comnonents in Ca: tesian coordinates
2 upsiream reservo r condition
t stagnacion conditicn
v wall condition
1 one-dimensional f ow value
Suleos o oripts
— fluctuating compor ent
[} time average




INT {ODUCT.ON

Comprehensive studies o convective heat transfer from gases
foowlng wndor the influence of co nparatively large pressure gradients have
Doon oaoaddy analyiical,  Lamina -flow cases have been solved by boundar) -
loves theory approaches in whicel the restrictive assumptions are within the
renta of desceribing actual proccsses, Turbulent flows, however, are too
cotip ex 1o formulate in such a vay that descriptions of the momentum and
Ciery v iraasport processes can e made without the use of considerable
vl lead information or assumytions which are so drastic that they thein-
selves arse essentinlly the soluticns. The present investigation was under-
inken in oreer 1o provide experi aental convective heat-transfer informatios
o tuobuleas Slows subjected to L rge pressure gradients with boundary
layer s thol are thio in comparison to the cross section of the channels. It
was caticipated that these results could be incorporated with turbulent
buwil ary-ilayer theories to arrive at a meaningful method of predicting
conve ctive neat transfer in acce erating flows.

xperimental measurements of heat transfer from gases flowing
under the influence of pressure sradients have been made to some extent
by otlier investigators. Data ob ained from rocket-engine firings indicate
that 1he local heat fluxes in nozzles {particularly the convergent sections)
L' sensitive o iajection schem:s, combustion phenomena, and the prox-

imity of a nozzle to the injector [1] . Furthermore, superimposed on the




coaves tive component is a radiat.on component which, together with the
ciacr cffecis, introduces comple: ities into the gross heat-transfer process.
ilonce, results of measurements such as these have not been particularly
infurn ative avbout the convective .1eat-transfer mechanism in accelerating
turbuient boundary-layer flows.

Experimental results of p evious investigations of convective heat
transi r i, a nozzie In which injection and combustion effects were absent
are sowrce, Saocders and Calder's measurements {2] were made only in
the co e, (ivergeace seotion o1 nozzle with the half-angle of divergence
M
[

! ;} repo: ted measurements at only two operating
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coaaltons o a7 1/2-dep half-an; le convergent and divergent conical noz-

zic. ' he siagnation temperature was about 1200°R, and the stagnation
Sovsseres were 225 and 370 psia. Ragsdale and Smith [4] , using super-
Lesied giersn.  made measuremets in a nozzle which has small conver-
s, d divergent half-angles of ibout 1 deg. The stagnation temperature
wios ahoub LWu0tR, and the stagnaiion pressure ranged from 20 to 35 psia,

In predminary results [5] from tie system shown in Fig. 1, semilocal
vaiucs of heat iransfer were dete: mined by calorimetry for a few operating
CONUILIONS,

In this investigation, comjressed air was heated by the internal
combustion of methanol and then 1aixed to obtain uniformity before it

crtered the nozzle. The mixing aad distance of the combustion from the

nozzle (I'ig. 1) minimized maldis ributions. The nozzle had a throat




dle or ol 1,803 in., a contrac ion-area ratioof 7.75to 1, an

cuonn. lon-arca ratio of 2,68 to 1 a convergent half-angle of 30 deg, and
o clve ogent hali-angle of 156 deg. The exit Mach number was about 2. 5.
f.oent coavective neat-transfer rosults were obtained by measuring steady-

side emperatures with thermoccuples embedded in the water-cooled

aooz. wall, Radiation effects wire negligible over the 1030 and 2000°R
siaoacJdon-iemperature range.  7'o determine the effect of boundary-layer
tiickn 2ss at the nozzie inlet on hieat transfer in the nozzle, the length of the
constint-ciameter cooled-approa ch section upstream of the nozzle inlet was

caang.-d in 6-in. lengths from 0 1> 18 in.

INSTHUMUINTATION AND HHEAT- TRANSFER CALCULATION PROCEDURE

The system {low and inst 'umentation diagram is shown in Fig. 1.
e ootio of methanol-to-air weli sht flow rate was small enough, even for
L 5l hest stagnation temperatur e, so that the products of combustion
CoGa oe treated approximately ¢ s air., Stagnation pressure was measured
Jusl wostiream of the water-coole | approach section, and stagnation tempera-
turc vas determined by averagin ; the readings of two shielded thermo-
counles located 0.25 in. upstrea a of the nozzle inlet. These two thermo-
couplus, located 1 in. from th: centerline, were spaced 180 deg apart
clrownfereniially and cenerally -ead within 2% of each other. To determine

tiie steide-pressure disicibution @ long the nozzle, thirty-two static-pressune

holes 0. 040 in. in diameter werc spaced circumferentially and axially in




the nozzle wall, These static pro:ssures were measured with mercury
manolieters,

Boundary-iayer traverses were made in the 5, 06-in, -diameter
covle-approach section at a locition 1.25 in, upstream of the nozzle
ey, The stagnation-pressure | robe was located 90 deg circumferen-
iially rom the stagnation-tempe: ature probe., Details of the probe tips
arc shown in Fig. 2. The tip de+ign is similar to that of probes used by
Livesey [(; , wiith which he found a negligible velocity displacement effect
oi the probe in tne wall vicinity.

The thermocouples embed ded in the wall of the nozzle were first
asseanbled by percussion-welding the exposed ends of 0, 005-in, -diameter
~oere ass-insulated chromel and alumel thermocouple wires to the bot-
woms of holes drilied radially into cylindrical plugs, as shown in Fig. 3.
Tiese plugs, made {rom the sam: billet of 502-type stainless steel used
1o Jaovicate the nozzle, were pressed into holes drilled through the nozzle
witil, Thiee thermocouples werc formed along the length of each plug.
One t.ermocouple plug was locat:d at each of twenty-one axial locations,
cxcepl at x/L = 0,364 where the e were two. The thermocouple plugs
woere clso spaced at numerous ciicumferential locations along the nozzle,
as indicatced in the table in Fig. -, such that every third plug was located
in a quadrant within 55 deg of successive ones. A technique for electrically
derertiining the location of the th :rmocouple weld junctions was devised
using a Kelvin bridge circuit. T!iree longitudinal water-coolant passages

were used to cool the outer surfa:e of the nozzle and plugs.

-g -



Al hough temperature gre lients existed along the nozzle wall, these
wure cenerally simall, and the th 'ee thermocouple readings in each plug
fadica ed that oniy radial heat co duction normal to the wall need be consid-
croa.  The gas-side wall ter;apel‘: tures determined from the different
iieraiycouple combinations in ea h plug were generally within 1%. However,
o det ormining the wall heat flux, there were inconsistencies. If the center
ticriroocouple and the one neares the gas-side wall were used, the calcu-
e wall heat flux was on the average about 10% higher than when the
diermocoun.es nearest the gas-s de and water-side walls were used. With
‘enter therrwocouple and the one nearest the gas-side
wail, he toral heat load was four i to agree within 5% of that computed from
no coolant flow rate and the coolint temperature rise; consequently, these
two thermocouples were used to -alculate the wall heat flux.

The heat-transfer coeffic ent was computed by

Gy

Taw = Tw

h

In (he abscrnce of adianatic wall reasurements in nozzles, the adiabatic

wall tomperature was calculated >y assuming a recovery factor of 0,89,

STATIC PRESSURE AND MASS FLUX DISTRIBUTIONS

P

I'he measurea siatic-io-¢ agnation pressure ratio along the nozzle

is shown in Fig. 4 at a stagnatior temperature of 1500°R for a range of

- 10 -
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«iw :don pressures from 45 to, 50 psia. Measurcements at higher

ilon pressures were not possible because of manometer limitations.
in ihe nozzle-exit region, where the rapid rise in static pressure

lower stagnation pressure: indicates flow separation, the pressure-

~isisibuiion is nearly invar ant. For computational purposes, it is

2d io be invariant above 1{) psia. Deviations of measured pressure
autions from that predicted from onc-dimensional isentropic flow are
ed. Just downstream of ti e throat, these amount to 30%. The devi-
resu.t iron: radial-veloeit - components caused by the taper and

ure ol Jic nozzle,

In Fig. 5, the ratio of thc local mass flux poVe, calculated from the
red wall static pressures, to that predicted from one-dimensional
L is shown at D, = 75 p. ia for different stagnation temperatures
oled-approach lengths, T r the tests shown, the maximum value of

1

roass Slux p Vooccurred at x L= 0,58, This location corresponds to

¢

Leocroociion of e sonic line with the nozzle wall and is upstream of
. omciric throat, which is lccated at x/L = 0.603. Just downstream

. throat, there is a sharp di» in the mass-flux ratio, the reduction

that predicted from one-di nensional flow amounting to about 15%.

¢ appears to be a slight trei d toward mass~flux ratios increasing with

ition temperature, especia ly near the nozzle exit. The effect of

wy-layer thickness at the w0zzle inlet on the mass-flux ratio is

negligible.

- 11 -




Siace the deviations from one-dimensional flow are significant in
the throal region, it is of intere: t to determine to what extent the mass flux

i ecpe of the boundary layer is predictable. Oswatitsch and Rothstein

T« onslicred isentropic, two-: imensional flow in a converging-diverging

t
-

'"hie wall boundary laye. is neglected as is the requirement that

IO KA AR

tae 1:dd velocity at the wall be ¢ xactly parallel to it. The final result of

ihels analysis can be cast in the form of a ratio of the mass flux at the

»wall to tnat for one-dime: sional flow

KA
1
r a 2 V 2 Y"l
poazlic LY .
Ve |2 \ e\ Ve .
Pty Py Y1
0.
0
. P 2
v, Yo Vne\
—— - = —— -+ —
L Lll Ul
- . 2 2
] LAfi, % 1 dufdx ar -(93)2 (d)
2 L.2 dx2 1 uy dx dx dx

The jredicted mass-ilux ratio i- only a function of the nozzle geometry, with
iie subscript 1 denoting average quantities for one-dimensional flow. The
paeed.ction shown in Fig. 5 is in Qair agreement with the data in the throat
regicn. It also indicates the so. ic line to be upstream of the throat. At the

intersection of the conical secti: ns of the nozzle with the throat curvature,

- 12 -



therc 1s a predicted discontinuit
dasicd liwes. The prediction is
sirnce there, reswrictions on ine

Cewivtions Impiied in the analye

regica, tnesc are marginal.
BOUNDARY LAYE

To indicate the nature of
tiie lo-in. cooled-approach leng
ratio pu/peue, and stagnation-te
are sowa in Fig. 6 for a stagna
stagiation pressures {rom 45 to
bountary layers are turbulent o

]

/7= ower-law curve tor negligi
seyid is shown for comparison.
nuar the nozzlic inlet were calcu

rmomaentum, and energy defects

cxam sle, the momentum thickne

0<R-§->= ,
S

In general, these thicknesses ar
Gssuniing flow over a p.ane surf
pressures is to decrease the dis¢

NeCSsSCS.

- in the mass~flux ratio as indicated by the
not shown in the nozzle-entrance region
nagnitude of the nozzle radius and its

is are not satisfied. Ewven in the throat

S AT THE NOZZLE INLET

the boundary layer at the nozzle inlet with
h, the velocity ratio u/u,, mass-flux
nperature distribution (Ty - T W(Te - T
.ion temperature of 1500°R and a range of
254 psia. The profiles indicate that the
cr the range of stagnation pressures. A
>le property variation across the boundary
Values of the thicknesses 6%, 0, and §
ated by taking into account the mass,
or flow through a pipe of radius R. For
5s was calculated from
/‘(S _pu_ u

oy (i) oy
> about 5% lower than those obtained by

:ce. The effect of increasing stagnation

slacement, momentum, and energy thick-

- 13 -



At the other stagnation te nperatures of 1030 and 2000°R, as well
as wit: the shorter cooled-appre «ch lengths of 6 and 12 in., the boundary-
sayer oroiides, though not shown, were also turbulent. However, with no
ceolec-approach length, the bour lary layer appears to be in the transition
rcglor, as indicated by the veloc ty profiles shown in Fig. 7. These pro-

riies _le belween a turbulent and aminar one, as shown by the 1/7-power

law @ d Blasius laminar-{low profiles.

HEAT-TRANSFER RESULTS

Tl.e variation of the heat-transfer coefficient along the nozzle with
the le-in. cooled-approach lengliis shown in Fig. 8 for stagnation temp-
cratuces of about 1030, 1500, anl2000°R and a range of stagnation pres-
sures irom 50 to 254 psia. At tl e highest stagnation temperature, it was
10U pssibic 1o obtaln data above a stagnation pressure of 125 psia because
vl ler perature limitations on thc wall-thermocouple insulating material.
e carves in the Figure were frired through the data. It is evident that
Guring a piven test, circumferer:ial variations in heat transfer did exist,
as incicated by the symbols whica are tagged in the same manner. These
ndic: te thermocounle plugs spaced within 55 deg of each other. A certain
amouit of consistency can be dew uced by comparing data obtained from the
same thermocouple plugs for dif erent tests. The majority of the tests

were duplicated and found reprocucible to within about +2%. It was not

- 14 -



To represent the heat-tr

~

orr lavion parameters commot
caal cteristic length and the tex
i .. Y ihiere are shown, in ac
nore tests ay iatermediate stag,
gron, St Pr0.8) and the Reyne¢
cucr.  1Miuld properiies were ev:
oi iuo: boundary layer, and the n
Stanton aad Reynolds numbers.

Lodioiransier data obtained at a
i cozh ef the plovs, liacreasing
giess atica temperatures corres
Sore s, = ance the nozzie diamete

’roceeding through the

o0 Llus), Jhiere is a substantial r
ralica pressarces below that typ!
Gepeadence of the heat-trarisfer
This reductiion persists through
beiore it diminishes near the ne
sarc.s, above 75 psin, ine heat !
layer.,

Giher investigators iave

the acceleration of turbulent bo

msfer results shown in Fig. 8 in terms of
ly used involves both the selection of a
iperature at which properties are evaluatca,
dition to the data of Fig. 8, data from many
ation pressures presented in terms of the
lds number based on the local nozzle diam-
luated at the static temperature at the edyge
ass flux peVe was used to compute both the
Each of the plots in Fig. 9 indicates the
single area ratio or axial station. Ilence,
eynolds numbers pV D/u  at the different
ond directly to increasing stagnation pres-
¢ is constant.

subsonic part of the nozzle (decreasing arec:.
'duction in heat transfer at the lower stag-
cal of a turbulent boundary layer, where the
coefficient on the mass flux is hcr(peVe)4/5.
the throat and into the supersonic region
zzle exit. At the higher stagnation pres-

ransfer is typical of a turbulent boundary

observed unexpected trends accompanying

ndary layers. The trends shown in Fig. 9




vousiole o expla

in these variati ns by nonuniformities in the flow based

on ruocasurements in the gas strcam at the nozzle inlet. However, it is

possinle that nonuniformities cculd have existed in the boundary layer.

The heat-transfier result: shown in Fig. 8 indicate the following:

1.

The heat-irar sfer coefficients increase with increas-
ing stagnatioi pressures as a result of larger mass
iluxes.

The variatior of the hcat-transfer coefficients with
stagnation te:1perature at the different stagnation
pressures is less clear, with the irends dependent

on stagnation pressure.

The maximurn. value of the heat-transfer coefficients
occurs just uj stream of the throat in the vicinity where
the mass flux pgVe, as indicated in Fig., 5, is a max-
imum.

A substantial decrease in heat transfer downstream of
the point of fl »w separation which occurred at the low
stagnation pr«ssures is indicated by the tests at a stag-
nation pressu e of 45 psia. At the lowest stagnation
pressure, the data are not shown in this region, since

there were la 'ge fluctuations in the wall-thermocouple

readings.

- 15 -



sine tests over a similar rang:

Clra.
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Loaiiiid’
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YY dilo s
s
ey
PN FLha
[ SYNCIURN
Feay-
Lol

ness

s milar to the results of Ref

re s.ope of the experiment:
1 as the cventual decrease

Tnis implies that for the

¢ esiccets did not substantic

indicated in I'ig. 9. In Re
.ce of a supersonic nozzle
1ir onc at the nozzle exit.

the stagnation pressure wo
wy layer was found at the
we.oe made within the noz:
ransfer trends of the type

d uinder lower pressure-gi

Reynolds numbers poVo0/u

fully turbulent flow through

Laearity of the measured ve:

From these observations

[1] which were obtained from rocket-
- of stagnation pressures. The large
l curves at area ratios near one was noted
in slope with increasing stagnation pres-
‘ocket-engine tests, injection and com-
ly alter the heat-transfer trends from
. [8] , a turbulent boundary layer at the
vas founa to undergo transition to a nearly
“he stagnation pressure was 4.3 psia.
3 increacsed to 14. 2 psia, a turbulent
10zzle cexit. No boundary layer measure-
le. InRef. [9] , it was observed that
secn here at the low stagnation pressures
adient conditions. For momentum thick-
, less than about 600, there was departurc
the acceleration region as indicated by
ocity profiles in the wall vicinity.

it seems logical to speculate that at the

lower stagnation pressures, the boundary layer may have undergone tran-

SRS IO NS 1Y U 3
sition Irom the turbulent profile

at the nozzle inlet to a partially laminar

profile under the influence of the large, favorable pressure gradient. The

consciuent decrease in eddy tra sport would reduce both the wall friction

and heat iransfer.

In the last Scction, a parameter relating a predicted

- 17 -
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\ion in net production of tu bulent kinetic energy to the low stagnation
aras 1s discussced.
Th¢ ellcet of varying noz zle-inlet boundary-layer thicknesses on the

cansicer is shown in Fig. 1), in particular for a stagnation temperature

> 072 and a range of stagnat on pressures from 75 to 200 psia. With no

I-arproach length, for whi h the ratio of estimated boundary-layer
.ess 10 nozzle-inlet radius is about 0. 05, the heat-transfer coefficient
~wve .he thicker layer resul's. This irend persists through the nozzle
cterds Luto ihe supersonic tegion. Just upstream eof the throat, where
at roonsier coelficient is ¢ maximum, the thinnest layer results

d il.c tiickest layer result. obtained with the 18-in. cooled-approach
by «bout v, Apparentl , with no cooled-approach length, tran-

fros. tae poundary-layer rofile shown in Fig. 7 to a turbulent one

ored wpsiream of the first |eat-transfer measuring station.

MPARISON O IIEAT-TR/ NSFER RESULTS WITH PREDICTIONS

Tic methods of predictin g heat transfer that will be compared with

;esulits are those involving 1 knowledge of the boundary layer: (1) a

icazion of the turbulent boi ndary-layer analysis of Ref. [10] , (2)
on KArman analogy (Eq. 3) and those related to pipe flow, (3) the pipc-
squation (Eq. 4), and (4) B .rtz' simplified equation (Eq. §). A com-

report on the computation srocedure of the modified boundary-layer

- 18 -



4.0y sis, which is programmed ‘or numerical solution on an I. B. M. 7090
compater, is presented in Ref. [1 l] .

Belore discussing the be indary-layer-type predictions, mention
s1ou. 1 be made of the uncertain’y as to whether or not a form of Reynolds
anale iy between heat transfer a: d wall friction is valid in nozzle heat trans-
fer. A limited amount of data |, 12, 13:] for heat transfer to an acceler-
aied, esscadally incompressible, turbulent boundary layer where property
vurlslons were small has indic: ted that 11eat—transfer‘ coefficients deter-
oo . drom e wall Jriction through one of the analogies known to apply for
Cu.osnt ree-stream velocity wore far in excess of actual values. However,

since boundary-layer measurem 2ants were not made in the nozzle, a direct

cooocimernsal oheck at this point was not possible.

s

& (2)

‘1n(5 Pr+1) - 14 + /2
cf

The romentum and energy equat ons are solved to determine f and 6. The

AR TR

Ve s AU T

-1

ots
s

actoi K is similar to the Pran tl-number correction factor in the von

4y

7

T 7 . o As s e . . .
Karnan analog. The coefliciern. cy is analogous to the wall friction



DTGNS

Wit

ifor «

deper

‘ici ce but withh the mome: tum thickness dependence replaced by the

cov ihcekness. The ratio (f/ )7 is uscd to correct partially for a hydro-

coade dencndence. The wall riction cocfficient is predicted either from

asius flat-piate relation w.th properties p and pu evaluated at the film

-rature, as was done in the earlier analysis [:l(ﬂ , or by taking the

dic wull friction coefficier [predimed from Cole's relation [1 4]

&) . PR ~e - - . 3 B
on e friction coefficient fHr a compressible and incompressible flow,

Sroporiies evaluated at the Tree-stream temperature. This latter

i i suggesied by a limitec amount of data [15] which indicate both

anlon aumiboer and wall fric don coefticient with properties evaluated

- {rice-siwwccam temperature .o be insensitive to severe wall cooling.

e s tiat for a severely coled wall, the friction coefficient pre-

.. by the latter method is suv ystantially below that predicted by evalu-

orosertics at the film tem) erature.

Ty vredict the heat-tran: fer coefficient from Eq. (2) requires the

co.ion o0 n oand e temperatu e at which properties are to be evaluated.

1 2 0.1, the prediction is @oproximately the same as that of Ref. [1 (ﬂ .

omyparison purposes, howcerser, it scems appropriate to consider the

‘miting va.ues of n. These correspond to assuming a Stanton-number

dence only on the thermal ‘haracteristic ﬁ); i.e., n = 0, for which

Eq. (2) becomes

¢
-3

(2a)

k=)
(v]
>
o ‘
H
7,
]




or te taling n = 0.25, for whic! Eq. (2a) becomes approximately the von

e / .
NG an waiogy

Ca
Pe efp 2
wihere
(= - 1
K [ 5 Pr 4 s Pr 1) - 14 4 |2
2L cr

O randyses which assume o Stanton-number dependence only on § have
JCot made in fers, [12]and [16]:1 «d comparced to experimental heat-transfer
sosts Yor accescrated turbule: t boundary-layer flows. In Ref. [12], the
oocwellons excecaed the data b - about 315 in part of the acceleration
rogion, cehie in Ref, {1 61, the ¢ rrespondence with the data was good.

Tac heat-iransier predl tions shown in Fig. 11 as curve A are from
iae 2@) for a stagaation tempe rature of 1500°R and a range of stagnation
piessures from 45 to 254 psia, with the 18-in. cooled-approach length.
fhies e predictions were made w .th properties evaluated at the free-stream
weraserawure and conditions at te edge of the boundary layer determined
iron. the wall static-pressure 1 easurements. Shown as curve C in Fig., 11
is U2 prediction from Eq. (3), in which the friction coefficient c;/2 was
veleomined irom the modified t irbulent boundary-layer analysis. The
SCuaation in the predicied heat‘-vtransfer coefficients provided by Eq. (2a)

- : Ao : . .
veLow the von Karman analogy s due to the thicker predicted thermal than

- 921 -



velue Ly boundary-layer thicknes ses through the nozzle. At the highest
stagn tion pressure, the predict :d ratios of /6 as indicated in Fig. 12
are a.o large as 5 in the throat rogion. At the 75-psia stagnation pressure,
.o correspondence of the predic :lon from the modified turbulent boundary-
iuyer ana.ysis Eq. (2a) with the lata is good except near the nozzle exit.
S ihe highest stagnation pressu: e of 254 psia, where the circumferential

virla lon of the data is consider. ble, the correspondence with the averaged

w»Jer data is fair. The ‘-eproducibility of the data in Fig. 11 for

204 posia is indicated by the two : ets of data shown by the open and shaded
symbols. At the lowest stagnation pressure, py = 44.8 psia, the predic-
ticn « xceeds the data by as mucl as 50% in the throat region. For the

roaiie of suagnation pressures, {ie predicted maximum value of the heat-

trans er coeiilcient is just upstr :am of the throat, in agreement with the

T..c cilect of temperatur:: choice for property evaluation may be
coscived in Fig. 11 by comparir g curves A and B. Curve B represents
iZg. (Za) with properties evaluatcd at the film temperature Ty. In the
thiroa. region, it lies above the data.

ifor comparison purpose:, the predictions from the following form
ol e pipe-flow cquation for fuliy developed flow in which both the thermal
and velocity boundary layer extcd to the centerline and in which there is

Lo oL L.olicwnt pressurce gradient are shown as curve D in Fige 11.

- 22 -



st prY- " = 0.023 Rep~0- 2 (4)

Also shown as curve E in Fig. "1 is the equation of Ref. 17.

0.2 0.8/ +\0.17 / 4\0.9
0.026 [T\ [Po8e D* A*

L — —_ o (5)
(D)":)O. 2 Pro. J C’k I‘C A

r
1;:5
L

Ia it pise-ilow cquation, all properties were evaluated at the free-stream
suatl - teraperature, while in Eq (5), the Prandtl number and specific heat
wewe assamned constant at their stagnation temperature values and p and
Loweoe eviluated at the film ten perature. In Eq. (5), one-dimensional
Lo ouas tities were used, since two-dimensional effects are not taken into
wocoant in the derivation. If the y were, the prediction would be nearer
nipe-flow equation. Jwo-dimensional values of local mass riux
wre L 3% below lic one~dimensicial values just downstream of the nozzle
tairult, as scen in Fig. 6. The srediction from Eq. (5) exceeds the data

sy« much as 80% in the throat region. The pipe-flow equation (Eq. 4)

srod.cticn, though in better agr :ement with the data, is still about 25%

-

nizh at the throat.

From these observation:, it appears that fair agreement with the
Catla s provided at the higher siagnation pressures by the modified
boundary-layer analysis taken iithe form of Eq. (2a), with properties
evaluated at the {ree-stream st: tic temperature. These predictions are

also shown, along with others, u the intermediate pressures of py = 60

- 23 -



e o0 esiafor Ty = 1500°F a

S om-nwmaer dependence on i

i~ low equation, which is she

Lo arnio be made of the predi
vion ke e pipe-flow equation |
e V.oria.ion of the predicted va
oo ases through the subsonic
1000, aad then increases in th

Lut oot in direci correspondence

s clea petios are siiown in Ieg
In TPigs. 9c¢ through 9i, t

SLITL PSS RcD less than about 8 .

Jor o turbulent boundary layer,

siowin Vig. 9 as curve Al

Poraictions from Eq. (2.

cieatica temperatures of 103¢
approacih len
iZcient with increasing stagnatic
Lressures shown in big. 8 was
cince of the heav-transier coetfl
stagration pressurc is nearly h
viickaess at the nozzle inlet de

aturc, such that the difference

subsiantiaily less than exhibitec

ok i .
gth.  The magnitud

curve A in Fig. 9. The predicted

e mass Jlux is approximately that of the
#n as curve D. However, an approxima-
tion for all the axial locations by an equa-
ut with a lower coefficient. This is due to
uc of P relative to D. For a given run, J
‘egion, attaining a minimum near the
supersonic region, qualitatively similar

with the nozzle diameter. A few of these

1e reduction in heat transfer at Reynolds
10° is not predictable from an analysis

15 indicated by the prediction from Eq. (2a)

) were also made, though not shown, at

and 2000°R, with the 18-in. cooled-

: of the decrease in the heat-transfer coef-
1temperature at the higher stagnation

ot predictable. From Egq. (2a), the depend-
ient on stagnation temperature at a given

-0.28 p'0-2. However, the energy

X Tiq
reased with increasing stagnation temper-

n predicted heat-transfer coefficients was

by the data.
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ey
AL

crend of higher heat

P

Alawer boundary layers at

oroiacctobic rean Zq. (2a). How

asc siaoculd probubly be est

ach lengih predictions.

dicti n, wall cooling was assum
1hat 11e Stanton numbers remais

- at ¢ small value equal to ¢

SOME ADDITIONAL (
AND THERM

t11is Section, some fec

Leoneioted tow and ther
DRL TLIeTCU LLOoW and uicr

n:
Ldds

Lirbodeat boundary-layer ai

ce-siream temperature.
‘ndicare the thicker predict

¢ulally in the throat region.

10 thiciness 67 becomes nega

In IMig. 13, the predicted

o

minimum a considerahl
iowes: stagnation prossure, whe

01 a turbu

transfer coefficients th.rough the nozzle

he nozzle inlet is shown in Fig. 10 to be
ever, the magnitude of the predicted

mated from the 6- and 18-in. cooled-

T the zero cooled-approach length pre-

:d to begin at the nozzle inlet and to require

finite there; the energy thickness was

. 001 in.

BSERVATIONS OFF THE FLOW
L CHARACTERISTICS

:ures of the flow are shown which depend

1 cha

racteristics obtained from the modi-

1lysis [11] , with properties evaluated at

1 Fig. 12, the predicted ratios of $/6 and

'd thermal than velocity boundary layers,

Because of the cooled wall, the displace-

ive upstream of the throat, as does H

momentum thickness Reynolds numbers
distance upstream of the throat. At the

‘¢ the heat transfer is below that typical

uient boundary layer, tle minimum Reynolds number is 1500.

- 25 -



Aliacaga this predicted value is probably different from the actual value,

it is still considerably above the measured value of 600 found in Ref. [‘)} .

oy

Mor he case of constant {free-si ream velocity, Preston [1 8] proposed a

valuce of 20, above which the fl1:'w could be considered fully turbulent; for

acce erated flows, he estimatec that the limit might be lower.

o

1 inaloste the magnituc e of the forces acting on the boundary

Lol thror gy the nozzle, the ra io of the pressure forces which tend to

wove erane die boundary-layer fow to the retardation wall shear forces is

LN A 1. TR 1
S.UNW L L b L i

ig. as

W

dn
—t
§ dx

Tz Latio is Lasuest in whe conve cgent section before decreasing through

Lo Tohn Lad ahverent seetion

For comparison, the value of the ratio

Jood Ly develoned flow in a ciroular pipe is shown to demonstirate the lar e

Lo Ccoc.Lradions in a nozzle.

To zain some knowledge »f the mechanism which at the low stagna-

iion ;ressures reducces the heat ransfer below that typical of a fully tur-

4

(Coo.. seo [l ;] ). For simplicit;,

. - boanaary layer, referenc is made to the turbulence-energy equation

an incompressible flow is assumed” for

which the convection of turbulen kinetic energy by the mean flow is

Yt con Do showa ihat the terms n Eq. (7) are the same for an incompress-

3

Jle Cxlsymimetivic wrbuient bou dary-layer flow, where the coordinates
asce texen aiong tie surrace and he boundary layer is thin.
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q“/2 du. 2 2u’
- :‘“?“ja'—l"f““@‘*%‘)”“’——a 5 (6)
J o “< 1 Xj xX. ] ol i de
(a) (b) (e) (d)

“hie erms represent tiie following:

(a) production ¢! turbulent kinetic energy by the working
of the mean ‘elocity gradients against the Reynolds
siresses

(b) work done b; the turbulence against the fluctuation

pressure gr.odients

-
~
~

convection ¢ turbulent kinetic energy by the turbulence
itself
(d) traunsfer of ¢ 1wergy by the working of the turbulent vis-
COUS Siressc s

In o pressure-gradient f ow, the significant terms from term (a)

Jiwt cad o a produciion or dec: y of convected turbulent kinetic energy are

Ju _
Cww - o gty AU _yn? du
uiuj aXJ : u'v dy (u ) g%

The cemaiaing terms in Eq. (6, adopt values consistent with the production
terms. The first term in Eq. (7) is always positive and leads to a produc-
tion of tucbulent kinetic energy. However, with flow acceleration du/dx 0,

tae s econd term leads to a dece 7 of turbulent kinetic energy. Thus, a

Cmeas~ure of the importance of I w acceleration in reducing the net produc-

Lion of turbuicat kinciic energy s given by a ratio of the two terms in Eq.(7):
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g1
(u)? 5%
-u'v' Ju
oy

(8)

To esiebiish the variatio n of x in the flow direction requires a
Loow led e of the furbulent quan ities across the boundary layer. In the
a7, oce oo curbulence measure 1ents in accelerated flows, this estimate
i5 o1 siricood o ihe iat-plate mozasurements of Klebenoff [2 O] at a momei-
{uon. Jhic s.ess Qeynolas number of about 8 x 103, The production term
- w1 6./ 3y is largest inthe vall vicinity where (y /7, [pe)/ve = 30.

I A L R IR L
Liiad 2 Alie auw ol tace wall,

T
y \

11 h pn
=005 4+ 2.5 In —=
—— )
"w Ye
Pe

tne veloclty gradient is

o1 2.5 Tw

N 30 pove

P s ) .
The ratio q¢/-u'v' was found to be relatively constant across most of the

bouslary layer. Relating (u"? to q2 at half the boundary-layer thickness

cives (uw)?/-u'v' =~ 3. Approx mating the velocity gradient du/ 9x by its

Tree-stream value due/dx and « ombining the other approximations gives
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36Ve d\:e

X 1
v
Pe

Sooonegh the constant, 36, is so aewhat arbitrary, the essential feature is

e wopendence of X on the grou

Tae variation of Xalong ‘he nozzle with due/dx replaced by dve/dx
is shown in IFig. 15 at Ty = 150/ °R for the range of stagnation pressures

fronn 45 1o 254 psia. With deery asing stagnation pressure, the increasing

Vasae s of X indicate the predictc 1 reduced net production of turbulent

Voo of about 0.25. Actually, for the low stagnation pressures, the valucs
o7 X should exceed those shown, since the low heat transfer implies that
e sll chicar is below the pred cted value. The variation of X along the
nozzlz displays the same trend . { being largest in the convergent section
beforz diminishing through the t woat and divergent section as the departurc
of the heat-iransier data at the iow stagnation pressures from that typical
of a turbulent boundary layer observed in Fig. 9. The values of X indicate

when the turbulent shear stress, u'v', which is related to the turbulent

kinetic energy, is expected to b lower than that typical of a fully turbulent

- 29 -



bowslary layer. The transport

aenc ids on the level of turbuler

C(

Lioerimental convective
uruieae boundary-layer
rozz e. The scope of the inves
gaessures and temperatures as
ness s, The experimental res

1. Hcat-transicr coefi

nrcasure as a result of the larg

Larc s above about 75 psia were

oo

. At low stagnation p
woer below twat ypleal of a tur

wry .ayers av iae nozzle inlet w

3. The effect of stagne
cleawsr, wid thic trends depender

4. Heai-transfer coeff

itiie 1.ozzie with the thinnest bou
than in inhe nozzle with the thicl

5. The teat-transfer «

‘hrcat, where the mass flux, d

ments, is largest. Deviations

of heat would also be reduced, since it

transport.

NCLUSIONS

heat-transfer results have been presented
tow through a cooled convergent-divergent
igation «covered a wide range of stagnation
well as nozzle-inlet boundary-layer thick-
lts indicated the following:

cients increased with increasing stagnation
:r mass [luxes, but only at stagnation pres-
values typical of a turbulent boundary layecr.
essures, the heat-transfer coefficients
sulent boundary layer even though the bound-
re turbulent.

:ion temperature on heat transfer was less

. on stagnation pressure.

cients were about 10% higher throughout
dary layer at the nozzle inlet (§/R = 0.05;
2st inlet boundary layer (6/R = 0.25).
oefficient is a maximum upstream of the
duced from wall static pressure measure-

of the mass flux from that predicted for
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cile-c measional flow amounted 1
thiroar.
6. A substantial decrea

cint of fiow separation. Fl-

pure
9]
(@)
o)

L2z e cecurred at the low sq

rL
(&1
.
(¢}
y,
o

Vorious ncai-transfer pr
agreemer.c ot e higiaer stagnati
ol the turouicent boundary-layer «
aumeer Le teslen dependent on a
acier stic o the ithermal bounda
VWIoTrS evasuaicd al the {ree-strea
witcenures, wiiere the wurbulent .
leeiio L transition toward a lamis
LnCas e ot e importance of i1«
or he:t below that typical of a fu

More work is necded to g
{tow ¢ nd thermal boundary layer
of wnc extent to which these are
Del. 11. To obtain this informes
ol couwverZence and divergence b
vwill Le tested in the near future.
p-obes and Lnvcorporates the cal

measuaremenss.

> as much as 15% just downstream of the

¢ in heatl transfer existed downstream of
w separation in the divergent portion of
ignation pressures.

:diciions were compared to the data. IMair
m pressures is provided by a modification

nalysis of Ref. 10, in which the Stanton

lleynolds number based on a thickness char-

y layer. In this prediction, propcrties

n temperature. IFor the low stagnation
oundary layer is thought to have undergone
ar one, a parameter is found which is a

w acceleration in reducing the transport

ly turbulent boundary layer.

ain some experimental knowledge of the

s within a convergent-divergent nozzle and

oredictable by an analysis such as that of

don, a conical nozzle of 10-deg half-anglecs
1s been constructed. This nozzle, which
is instrumented with boundary-layer

rimetric technique to obtain heat-transfer
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