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Abstract—The results of an experimental investigation of convective heat transfer from turbulent
boundary layers accelerated under the influence of large pressure gradients in a cooled convergent—
divergent nozzle are presented. The investigation covered a range of stagnation pressures from 30 to
250 psia, stagnation temperatures from 1030° to 2000°R, and nozzle-inlet boundary-layer thicknesses
between 5 and 25 per cent of the inlet radius. The most significant unexpected trend in the results is the
reduction in the heat-transfer coefficient, below that typical of a turbulent boundary layer, at stag-
nation pressures less than about 75 psia. As expected, the results include a maximum in the heat-transfer
coefficient upstream of the throat where the mass flow rate per unit area is largest, and a substantial
decrease of the heat-transfer coefficient downstream of the point of flow separation which occurred in
the divergent section of the nozzle at the low stagnation pressures. A reduction of about 10 per cent in
the heat-transfer coefficient resulted from an increase in the inlet boundary-layer thickness between the
minimum and maximum thicknesses investigated.

Heat-transfer predictions with which the data were compared either incorporate a prediction of the
boundary-layer characteristics or are related to pipe flow. At the higher stagnation pressures, predicted
values from a modification of Bartz’s turbulent-boundary-layer analysis are in fair agreement with the
data. As a possible explanation of the low heat transfer at the lower stagnation pressures, a parameter
is found which is a measure of the importance of flow acceleration in reducing the turbulent transport

below that typical of a fully turbulent boundary layer.

NOMENCLATURE h,  convective heat-transfer coefficient;
a, speed of sound; I cooled-approach length;
A, local nozzle cross-sectional area; L, axial length of nozzle = 5-925 in;
A*, nozzle throat area; m, mass flow rate;
¢*, characteristic velocity poA*ge/m; M, Mach number;
¢, local wall friction coefficient, c7/2 = p,  static pressure;
Tw/ peté?; pt,  stagnation pressure;
c;, coefficient analogous to skin-friction Pr, Prandtl number;
coefficient, with momentum thickness qw, wall heat flux;
dependence  replaced by  energy g2/2, turbulent kinetic energy;
thickness; r,  nozzle radius;
¢p, specific heat at constant pressure; r*, nozzle-throat radius;
D, nozzle diameter; re, nozzle-throat radius of curvature;
D*  nozzle throat diameter; R, nozzle-inlet radius = 2:53 in;
g, gravitational constant; Rep, Reynolds number based on nozzle
diameter, petteD/pte;
1 Portions of this paper were originated under studies St,  Stanton number, A/petteCp;
conducted for the Department of Army Ordnance Corps T, temperature;
under Contract No. DA-04-495-Ord-18. Such studies u,  velocity component in the x direction;
are now cqnfiucte.d for the National Aeronautics and v, velocity component normal to wall;
Spiacseel‘%g?’g;;;artc'ﬁn}zﬁgg]e;efontraCt No. NAS 7-100. x, distance along the wall in the flow
§ Research Group Supervisor. direction;
I Research Engineer. y, distance normal to wall;
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z,  axial distance from nozzle inlet.

Greek symbols

y,  specific-heat ratio;

8,  velocity boundary-layer thickness;

8¢, stagnation-temperature boundary-layer
thickness;

8%, displacement thickness;

#, momentum thickness;

W,  viscosity;

v,  kinematic viscosity;

p, density;

o, dimensionless property correction factor
(defined in [20]);

Tw, wall shear stress;

¢,  energy thickness;

X> parameter.

Subscripts
aw, adiabatic wall condition;
e. condition at free-stream
boundary layer;
1, property evaluated at film temperature,
Ty = (Tw + Te)/2;
components in Cartesian coordinates;
0.  upstream reservoir condition;
t,  stagnation condition;
w,  wall condition;
1, one-dimensional flow value.

edge of

Superscripts
( Y, fluctuating component;

("), time average.

INTRODUCTION

CoMPREHENSIVE studies of convective heat
transfer from gases flowing under the influence
of comparatively large pressure gradients have
been mostly analytical. Laminar-flow cases have
been solved by boundary-layer theory ap-
proaches in which the restrictive assumptions
are within the realm of describing actual pro-
cesses. Turbulent flows, however, are too com-
plex to formulate in such a way that descriptions
of the momentum and energy transport pro-
cesses can be made without the use of consider-
able empirical information or assumptions
which are so drastic that they themselves are
essentially the solutions. The present investi-
gation was undertaken in order to provide
experimental convective heat-transfer informa-
tion on turbulent flows subjected to large
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pressure gradients with boundary layers that are
thin in comparison to the cross section of the
channels. It was anticipated that these results
could be incorporated with turbulent boundary-
layer theories to arrive at a meaningful method
of predicting convective heat transfer in accelerat-
ing flows.

Experimental measurements of heat transfer
from gases flowing under the influence of
pressure gradients have been made to some
extent by other investigators. Data obtained
from rocket-engine firings indicate that the local
heat fluxes in nozzles (particularly the conver-
gent sections) are sensitive to injection schemes.
combustion phenomena, and the proximity of a
nozzle to the injector [l]. Furthermore, super-
imposed on the convective component is a
radiation component which, together with the
other effects, introduces complexities into the
gross heat-transfer process. Hence, results of
measurements such as these have not been
particularly informative about the convective
heat-transfer mechanism in accelerating tur-
bulent boundary-layer flows.

Most experimental results of previous in-
vestigations of convective heat transfer in a
nozzle without injection and combustion effects
were obtained either with nozzles of small angles
of convergence and divergence or at relatively
low stagnation pressures and temperatures.
Saunders and Calder’s measurements [2] were
made only in the conical divergence section.
with the half-angle of divergence about | .
Ragsdale and Smith {3]. using superheated
steam, made measurements in a nozzle which
had small convergent and divergent half-angles
of about 1. The stagnation temperaturc was
about 1000 R, and the stagnation pressure
ranged from 20 to 35 psia. Baron and Durgin’s
measurements [4] in two-dimensional nozzles
were made at o stagnation temperature of
570°R and over a stagnation pressure range
from 6 to 30 psia. In preliminary results [5] from
the system shown in Fig. I, semi-local values of
heat transfer were determined by calorimetry for
a few operating conditions. Only for Kolozsi’s
measurements [6] in a 74" half-angle convergent
and divergent conical nozzle at a stagnation
temperature of about 1200°R were data reported
at higher stagnation pressures of 225 and 370 psia.
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Fi1G. 1. Flow and instrumentation diagram.

In this investigation, compressed air was
heated by the internal combustion of methanol
and then mixed to obtain uniformity before it
entered the nozzle. The mixing and distance of
the combustion from the nozzle (Fig. 1) mini-
mized maldistributions. The nozzle had a throat
diameter of 1-803 in., a contraction-area ratio of
7-75 to 1, an expansion-area ratio of 2-68 to 1,
a convergent half-angle of 30°, and a divergent
half-angle of 15°. The exit Mach number was
about 2-5, Local convective heat-transfer results
were obtained by measuring steady-state
temperatures with thermocouples embedded in
the water-cooled nozzle wall. Radiation effects
were negligible over the 1030° to 2000°R
stagnation-temperature range. To determine the
effect of boundary-layer thickness at the nozzle
inlet on heat-transfer in the nozzle, the length of
the constant-diameter cooled-approach section
upstream of the nozzle inlet was changed in
6-in lengths from 0 to 18 in.

INSTRUMENTATION

The system flow and instrumentation diagram
is shown in Fig. 1. The ratio of methanol-to-air
weight flow rate was small enough, even for the
highest stagnation temperature, so that the
products of combustion could be treated
approximately as air. Stagnation pressure was
measured just upstream of the water-cooled
approach section, and stagnation temperature
was determined by averaging the readings of

two shielded thermocouples located 0-25 in
upstream of the nozzle inlet. These two thermo-
couples, located 1 in from the centerline, were
spaced 180° apart circumferentially and generally
read within 2 per cent of each other. To de-
termine the static-pressure distribution along the
nozzle, thirty-two static-pressure holes 0-040 in
in diameter were spaced circumferentially and
axially in the nozzle wall. These static pressures
were measured with mercury manometers.

Boundary-layer traverses were made in the
5-07-in-diameter cooled-approach section at a
location 1-25 in upstream of the nozzle inlet.
The stagnation-pressure probe was located
90° circumferentially from the stagnation-
temperature probe. Details of the probe tips
are shown in Fig. 2. The tip design is similar to
that of probes used by Livesey [7], with which he
found a negligible velocity displacement effect
of the probe in the wall vicinity.

To obtain the wall temperature and heat flux
a thermocouple plug shown in Fig. 3 was
located at each of twenty-one axial locations,

These plugs were also spaced at numerous
circumferential locations along the nozzle, as
indicated in the table in Fig. 3, such that every
third plug was located in a quadrant within
55° of successive ones. A technique for electri-
cally determining the location of the thermo-
couple weld junctions was devised using a Kelvin
bridge circuit. Three longitudinal water-coolant
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Fig, 2. Tip details of traversing boundary-layer
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probes.

Plug Positiont

Circumferential

Plug angle from
No. ziL A/A* arbitrary zero
(deg)
124 0133 639 330
D25 0-204 5-05 30
D34 0-276 3-86 150
123 0-336 298 280
D26 0-385 2:37 80
D35 0-429 1-88 200
122 0-469 1-48 315
D28 0512 123 45
H37¢ 0-541 110 155
120§ 0573 102 300
D29 0-603 1-00 60
F42 0-634 1-02 180
119 0-664 1-08 285
D30 0-693 119 75
F43 0717 1-28 200
118 0750 1-41 320
D31 0-782 1-55 40
F45§ 0-825 1-74 150
117 0-864 1-94 275
Cl6 0-864 1-94 320
D33 0-905 2:14 85
F46 0-938 2:41 205

+ L = 5925 in and A* = 2-552 in? at z/L = 0-603.
1 Data from this plug are questionable and have been

omitted.

§ Water side wall thermocouple in this plug has been

damaged.

passages were used to cool the outer surface

it of the nozzle and plugs.

HEAT-TRANSFER CALCULATION PROCEDURE
Although temperature gradients existed along
the nozzle wall, these were generally small, and
the three thermocouple readings in each plug
indicated that only radial heat conduction
normal to the wall need be considered. The
gas-side wall temperatures determined from the
different thermocouple combinations in each
plug were generally within 1 per cent. However,
in determining the wall heat flux, there were
inconsistencies. If the center thermocouple and
the one nearest the gas-side wall were used, the
calculated wall heat flux was on the average
about 10 per cent higher than when the thermo-
couples nearest the gas-side and water-side walls
were used. With a combination of the center

H WIR
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-—h - 00055
T )|
- }
WALL
THICKNESS 0120
0-292 ‘
PERCUSSION t
WELDED 0120
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3 5 =
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COPPER CEMENT - 025050 ———m
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F1G. 3. Thermocouple plug diagram and positions.
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thermocouple and the one nearest the gas-side
wall, the total heat load was found to agree
within 5 per cent of that computed from the
coolant flow rate and the coolant temperature
rise; consequently, these two thermocouples
were used to calculate the wall heat flux.

The heat-transfer coefficient was computed by

B Hw

L qw T Tw

The adiabatic wall temperature was calculated by
taking the recovery factor equal to 0-89. This
value is based on measurements with air
accelerated over a flat plate by a convergent
opposite wall [8] and by extrapolating wall
temperatures to the zero heat flux condition for
air flow through a nozzle [4]. In both of these
investigations the recovery factor was found to
be independent of pressure gradient. Actually for
the large differences between the stagnation and
wall temperatures in the present results the
calculated heat-transfer coefficients are in-
sensitive to the assumed recovery factor
dependence.

STATIC PRESSURE AND MASS FLUX
DISTRIBUTIONS

The measured static-to-stagnation pressure
ratio along the nozzle is shown in Fig. 4 at a
stagnation temperature of 1500°R for a range
of stagnation pressures from 45 to 150 psia.
Measurements at higher stagnation pressures
were not possible because of manometer
limitations. Except in the nozzle-exit region,
where the rapid rise in static pressure at the
lower stagnation pressures indicates flow separa-
tion, the pressure-ratio distribution is nearly
invariant. For computational purposes, it is
assumed to be invariant above 1350 psia. Devia-
tions of measured pressure distributions from
that predicted from one-dimensional isentropic
flow are indicated. Just downstream of the
throat, these amount to 30 per cent. The devia-
tions result from radial-velocity components
caused by the taper and curvature of the
nozzle.

In Fig. 5, the ratio of the local mass flux petre,
calculated from the measured wall static pres-
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Fic. 4. Ratio of static {0 stagnation pressure along
the nozzle,

sures, to that predicted from one-dimensional
flow piu1 is shown at p; = 75 psia for different
stagnation temperatures and cooled-approach
lengths, For the tests shown, the maximum
value of the mass flux pee occurred at
z{L == 0-58. This location corresponds to the
intersection of the sonic line with the nozzle
wall and is upstream of the geometric throat,
which is located at z/L = 0-603. Just downstream
of the throat, there is a sharp dip in the mass-
flux ratio, the reduction below that predicted
from one-dimensional flow amounting to about
15 per cent. There appears to be a slight trend
toward mass-flux ratios increasing with stag-
nation temperature, especially near the nozzle
exit. The effect of boundary-layer thickness at
the nozzle inlet on the mass-flux ratio is
negligible.

Since the deviations from one-dimensional
flow are sigmficant in the throat region, it is of
interest fo determine to what extent the mass
flux at the edge of the boundary layer is pre-
dictable. Oswatitsch and Rothstein {9} con-
sidered isentropic, two-dimensional flow in a
converging-diverging nozzle. The wall boundary
layer is neglected, as is the requirement that the
fluid velocity at the wall be exactly parallel to it.
The final result of their analysis can be cast in
the form of a ratio of the mass flux at the nozzle
wall to that for one-dimensional flow.
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The predicted mass-flux ratio is only a function
of the nozzle geometry, with the subscript |
denoting average quantities for one-dimensional
flow. The prediction shown in Fig. 5 is in fair
agreement with the data in the throat region.
It also indicates the sonic line to be upstream of
the throat. At the intersection of the conical
sections of the nozzle with the throat curvature,
there is a predicted discontinuity in the mass-
flux ratio as indicated by the dashed lines. The
prediction is not shown in the nozzle-entrance
region since there, restrictions on the magnitude
of the nozzle radius and its derivatives implied
in the analysis are not satisfled. Even in the
throat region, these are marginal.

BOUNDARY LAYERS AT THE NOZZLE INLET
To indicate the nature of the boundary layer
at the nozzle inlet with the 18-in cooled-

approach length, the velocity ratio u/u,, mass-
flux ratio pu/peue, and stagnation-temperature
distribution (T} ~ Tw)/(Tte —— Tw) are shown in
Fig. 6 for a stagnation temperature of 1500°R
and a range of stagnation pressures from 45 to
254 psia. The profiles indicate that the boundary
layers are turbulent over the range of stagnation
pressures. A l-power-law curve for negligible
property variation across the boundary layer is
shown for comparison. Values of the thicknesses
5%, 6, and ¢ near the nozzle inlet were calculated
by taking into account the mass, momentum,
and energy defects for flow through a pipe of
radius R. For example, the momentum thickness
was calculated from
9

(ra)

2
In general, these thicknesses are about 5 per
cent lower than those obtained by assuming
flow over a plane surface. The effect of increasing
stagnation pressures is to decrease the displace-
ment, momentum, and energy thicknesses.

At the other stagnation temperatures of 1030°
and 2000°R, as well as with the shorter cooled-
approach lengths of 6 and 12 in, the boundary-
layer profiles, though not shown, were also
turbulent. However, with no cooled-approach
length, the boundary layer appears to be in the
transition region, as indicated by the velocity

5 pu

o (1

0 Pelle
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profiles shown in Fig. 7. These profiles lie be-
tween a turbulent and laminar one, as shown by
the -power law and Blasius laminar-flow
profiles.

HEAT-TRANSFER RESULTS

The variation of the heat-transfer coefficient
along the nozzle with the 18-in cooled-approach
fength is shown in Fig. 8 for stagnation tempera-
tures of about 1030°, 1500°, and 2000°R and a
range of stagnation pressures from 30 to 254
psia. At the highest stagnation temperature, it
was not possible to obtain data above a stag-
nation pressure of 125 psia because of tempera-
ture limitations on the wall-thermocouple
insulating material. The curves in Fig. 8 were
faired through the data. It is evident that during
a given test, circumferential variations in heat
transfer did exist, as indicated by the symbols
which are tagged in the same manner. These
indicate thermocouple plugs spaced within 55° of
each other. A certain amount of consistency can
be deduced by comparing data obtained from
the same thermocouple plugs for different tests.
The majority of the tests were duplicated and
found reproducible to within about -2 per cent.
1t was not possible to explain these variations by
non-uniformities in the flow based on measure-
ments in the gas stream at the nozzie inlet.
However, it is possible that non-uniformities
could have existed in the boundary layer.

The heat-transfer coefficients in Fig. & in-
crease, as expected, with increasing stagnation
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Fig. 7. Velocity profiles 1:25 in upstream of the nozzle inlet with no cooled-approach length.
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Fic. 8. Heat-transfer coefficient vs. axial-distance ratio with the 18-in cooled-approach length.

pressures as a result of larger mass fluxes;
however, their variation with stagnation tempera-
ture at the different stagnation pressures is less
clear, with the trends dependent on stagnation
pressure. The maximum value of the heat-trans-
fer coefficients occurs just upstream of the
throat in the vicinity where the mass flux peue,
as indicated in Fig. 5, is a maximum. A sub-
stantial decrease in heat transfer downstream
of the point of flow separation which occurred
at the low stagnation pressures is indicated by
the tests at a stagnation pressure of 45 psia. At

the lowest stagnation pressure, the data are not
shown in this region, since there were large
fluctuations in the wall-thermocouple readings.
To represent the heat-transfer results shown
in Fig. 8 in terms of correlation parameters
commonly used involves both the selection of a
characteristic length and the temperature at
which properties are evaluated. In Fig. 9 there
are shown, in addition to the data of Fig. &, data
from many more tests at intermediate stagna-
tion pressures presented in terms of the group,
St Pr0-6, and the Reynolds number based on the
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local nozzle diameter. Fluid properties were
evaluated at the static temperature at the edge
of the boundary layer, and the mass flux peue
was used to compute both the Stanton and
and Reynolds numbers. Each of the plots in

Fig. 9 indicates the heat-transfer data obtained
at a single area ratio or axial station. Hence,
in each of the plots, increasing Reynolds num-
bers peu,D/pe at the different stagnation tem-
peratures correspond directly to increasing
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stagnation pressures, since the nozzle diameter is
constant.

Proceeding through the subsonic part of the
nozzle (decreasing area ratios), there is a sub-
stantial reduction in heat transfer at the lower
stagnation pressures below that typical of a
turbulent boundary layer, where the dependence
of the heat-transfer coefficient on the mass flux
is hoc{paue)d’5. This reduction persists through
the throat and into the supersonic region before
it diminishes near the nozzle exit. At the highter
stagnation pressures, above 75 psia, the heat
transfer is typical of a turbulent boundary
layer.

Other investigators have observed unexpected
trends accompanying the acceleration of tur-
bulent boundary layers. The trends shown in
Fig. 9 are similar to the results of reference 1
which were obtained from rocket-engine tests
over a similar range of stagnation pressures. The
large positive slope of the experimental curves
at area ratios near 1 was noted as well as the
eventual decrease in slope with increasing stag-
nation pressure. This implies that for the rocket-
engine tests, injection and combustion effects
which did influence the magnitudes of the heat
fluxes did not substantially alter the heat-trans-
fer trends from those indicated in Fig. 9. In
reference 10, a turbulent boundary layer at the
entrance of a supersonic nozzle was found to
undergo transition to a nearly laminar one at the
nozzle exit. The stagnation pressure was 4-3 psia.
When the stagnation pressure was increased to
14-2 psia, a turbulent boundary layer was found
at the nozzle exit. No boundary layer measure-
ments were made within the nozzle. In reference
11, it was observed that heat-transfer trends
of the type seen here at the low stagnation
pressures existed under lower pressure-gradient
conditions. There was departure from fully
turbulent flow through the acceleration region as
indicated by the linearity of the measured
velocity profiles in the wall vicinity.

From these observations, it seems logical to
speculate that at the lower stagnation pressures,
the boundary layer may have undergone
transition from the turbulent profile at the
nozzle inlet to a partially laminar profile under
the influence of the large, favorable pressure
gradient. The consequent decrease in eddy

L. H. BACK, P. F. MASSIER and H. L. GIER

transport would reduce both the wall friction
and heat transfer. Tn the last Section, a parameter
relating a predicted reduction in net production
of turbulent kinetic energy to the low stagnation
pressures is discussed.

The effect of varying nozzle-inlet boundary-
layer thicknesses on the heat transfer is shown
in Fig. 10, in particular for a stagnation tempera-
ture of 1500°R and stagnation pressures of 75
and 202 psia. With no cooled-approach length,
for which the ratio of estimated boundary-layer
thickness to nozzle-inlet radius is about 0-03,
the heat-transfer coefficient is above the thicker
layer results. This trend persists through the
nozzle and extends into the supersonic region.
Just upstream of the throat, where the heat-
transfer coefficient is a maximum, the thinnest
layer results exceed the thickest layer resuits
obtained with the 18-in cooled-approach length
by about 10 per cent. Apparently, with no cooled-
approach length, transition from the boundary-
tayer profile shown in Fig. 7 to a turbulent one
occurred upstream of the first heat-transfer
measuring station.

COMPARISON OF HEAT-TRANSFER RESULTS
WITH PREDICTIONS

Methods of predicting nozzle heat transfer
consist either of boundary-layer analyses or,
because of their simplicity, those related to pipe
flow. In the boundary-layer analyses (e.g. [12,
13]), the integral forms of the momentum and
energy equations are solved based on a number
of assumptions, the most important of which is
an assumed form of Reynolds analogy between
heat transfer and wall friction. A limited amount
of data [11, 14, 15] for heat transfer to an
accelerated, essentially incompressible, turbulent
boundary layer where property variations were
small has indicated that heat-transfer coefficients
determined from the wall friction through one
of the analogies known to apply for constant
free-stream velocity were far in excess of actual
values. However, since boundary-layer measure-
ments were not made in the nozzle, an experi-
mental check was not possible.

Another, more recent, boundary-layer pre-
diction method in which various heat-transfer
assumptions can be compared to experimental
results is a modification of the turbulent
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10. Heat-transfer coefficients for various boundary-layer thicknesses at the nozzie inlet vs.

axial-distance ratio.

boundary-layer analysis of reference 12. In
the modified turbulent boundary-layer analysis,
as in reference 12, the integral forms of the
momentum and energy equations are solved
simultaneously for 8 and ¢. The assumptions
involve the specification of the heat-transfer and
wall-friction coefficients, and the similarity of
the boundary-layer velocity and stagnation-
temperature profiles on a }-power-law basis
with respect to their individual thicknesses,
which can be different from one another. The
prediction yields both the flow and thermal
characteristics when the nozzle configuration,
wall temperature, and free-stream properties are
specified. To initiate the prediction, a knowledge
of 0 and the ratio of thicknesses 8;/8 is required
at one location near the nozzle inlet. A complete

report on the computation procedure of the
modified boundary-layer analysis, which is
programmed for numerical solution on an IBM
7090 computer, is presented in reference 16.

The heat-transfer specification from the
modified turbulent boundary-layer analysis [16]
is

h s {P\?
S I i Bt
PetleCp K 2 (0) @
where

K*:{J(%i) [5Pr+51n(5Pr+1)~1i
~JEII

The factor K* is similar to the Prandtl-number
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correction factor in the von Kdrmédn analogy.
The coefficient c¢; is analogous to the wall
friction coefficient ¢; but with the momentum
thickness dependence replaced by the energy
thickness. The ratio (¢/8)* is a factor included
in the analysis. For the present test results at
stagnation pressures above 75 psia n was found
to be near zero. The wall friction coefficient is
predicted either from the Blasius flat-plate
relation with properties p and p evaluated at
the film temperature, as was done in the earlier
analysis [12], or by taking the adiabatic wall
friction coefficient (predicted from Cole’s rela-
tion [17] between the friction coefficient for a
compressible and incompressible flow) with
properties evaluated as in reference 16. This latter
method is suggested by a limited amount of data
[18] for low speed flow which indicate both the
Stanton number and wall friction coefficient
with properties evaluated at the free-stream
temperature to be insensitive to severe wall
cooling. Of note is that for a severely cooled
wall, the friction coefficient predicted by the
latter method is substantially below that pre-
dicted by evaluating properties at the film
temperature.

To predict the heat-transfer coefficient from
equation (2) requires the selection of n and the
temperature at which properties are to be
evaluated. With » ~ 0-1, the prediction is
approximately the same as that of reference 12.
For comparison purposes, two limiting values of
n are considered. These correspond to assuming a
Stanton-number dependence only on the ther-
mal characteristic ¢; ie. n =0, for which
equation (2) becomes

b et
PelleCp 2

(2a)
or to taking n = 0-25, for which equation (2)
becomes approximately the von Karmdn analogy

/
Ch gy )

pelleCp 2
where

:\/(gf) [5Pr+51n(5Pr—f~l)~14

| JEE
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Other analyses which assume a Stanton-number
dependence on ¢ have been made in references
14 and 19 and compared to experimental
heat-transfer results for accelerated turbulent
boundary-layer flows. In reference 14, the
predictions exceeded the data by about 30 per
cent in part of the acceleration region, while in
reference 19, the correspondence with the data
was good.

The heat-transfer predictions shown in Fig. 11
as curve A are from equation (2a) for a stag-
nation temperature of 1500°R and a range of
stagnation pressures from 45 to 254 psia, with
the 18-in cooled-approach length. These pre-
dictions were made with properties evaluated
as in reference 16 and conditions at the
edge of the boundary layer determined from
the wall static-pressure measurements. Shown
as curve C in Fig. 11 is the prediction from
equation (3), in which the friction coeflicient
c7{2 was determined from the modified turbulent
boundary-layer analysis. The reduction in the
predicted heat-transfer coefficients provided by
equation (2a) below the von Karmdn analogy is
due to the thicker predicted thermal than velocity
boundary-layer thicknesses through the nozzle.
At the highest stagnation pressure, the predicted
ratios of ¢/6 as indicated in Fig. 12 are as large
as 6 in the throat region. At the 75-psia stag-
nation pressure, the correspondence of the
prediction from the modified turbulent bound-
ary-layer analysis equation (2a) with the data
is good except near the nozzle exit. At the highest
stagnation pressure of 254 psia, where the
circumferential variation of the data is con-
siderable, the correspondence with the averaged
heat-transfer data is fair. The reproducibility of
the data in Fig. 11 for 254 psia is indicated by
the two sets of data shown by the open and
shaded symbols. At the lowest stagnation
pressure, p; == 44-8 psia, the prediction exceeds
the data by as much as 50 per cent in the throat
region. For the range of stagnation pressures, the
predicted maximum value of the heat-transfer
coefficient is just upstream of the throat, in
agreement with the data.

The effect of temperature choice for property
evaluation may be observed in Fig. 11 by
comparing curves A and B. Curve B represents
equation (2a) with properties evaluated at the
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film temperature Ty. In the throat region, it lies
above the data, but is in better agreement near
the nozzle exit than curve A.

For comparison purposes, the predictions
from the following form of the pipe-flow
equation for fully developed flow in which both
the thermal and velocity boundary layers extend
to the centerline and in which there is no sig-
nificant pressure gradient are shown as curve
D in Fig. 11.

St Pro¢ — 0-023 Rej02 4

Also shown as curve E in Fig. 11 is the equation

of reference 20.
=) (%)

= a5
).

A4

D*
re

192 ¢,
Proe

Ogc

p
o\ c*
%
In the pipe-flow equation, all properties were

evaluated at the free-stream static temperature,
while in equation (5), the Prandtl number and
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specific heat were assumed constant at their
stagnation temperature values and p and y were
evaluated at the film temperature. In equation
(5), one-dimensional flow quantities were used,
since two-dimensional effects are not taken into
account in the derivation. If they were, the
prediction would be nearer that of the pipe-
flow equation. Two-dimensional values of local
mass flux are 15 per cent below the one-dimen-
sional values just downstream of the nozzle
throat, as seen in Fig. 5. The prediction from
equation {5) exceeds the data by as much as
80 per cent in the throat region. The pipe-flow
equation {equation (4)] prediction, though in
better agreement with the data, is still about
25 per cent high at the throat.

From these observations, it appears that fair
agreement with the data is provided at the higher
stagnation pressures by the modified boundary-
layer analysis taken in the form of equation
(2a), with properties evaluated as in reference
16. These predictions are also shown, along
with others at the intermediate pressures of
p: =60 and 150 psia for T = 1500°R
as curve A in Fig. 9. The predicted Stanton-
number dependence on the mass flux is approxi-
mately that of the pipe-flow equation, which
is shown as curve D. However, an approxi-

mation cannot be made of the prediction for
all the axial locations by an equation like
the pipe-flow equation but with a lower
coefficient. This is due to the variation of the
predicted value of ¢ relative to D. For a given
run, ¢ decreases through the subsonic region.
attaining a minimum near the throat, and then
increases in the supersonic region, qualitatively
similar but not in direct correspondence with
the nozzle diameter. A few of these predicted
ratios are shown in Fig. 12.

In Figs. 9(c) through 9(i), the reduction in
heat transfer at Reynolds numbers Rep less
than about 8 x 10% is not predictable from an
analysis for a turbulent boundary layer, as
indicated by the prediction from equation (2a)
shown in Fig. 9 as curve A.

Predictions from equation (2a) were also
made, though not shown, at stagnation tempera-
tures of 1030° and 2000°R, with the 18-in cooled-
approach length. The magnitude of the decrease
in the heat-transfer coefficient with increasing
stagnation temperature at the higher stagnation
pressures shown in Fig. 8 was not predictable.
From equation {2a), the dependence of the heat-
transfer coefficient on stagnation temperature at
a given stagnation pressure is nearly i oc Ty 028
¢-02, However, the energy thickness at the
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nozzle inlet decreased with increasing stagnation
temperature, such that the difference in predicted
heat-transfer coefficients was substantially less
than exhibited by the data.

The trend of higher heat-transfer coefficients
through the nozzle with thinner boundary layers
at the nozzle inlet is shown in Fig. 10 to be
predictable from equation (2a). However, the
magnitude of the predicted increase should
probably be estimated from the 6- and 18-in
cooled-approach length predictions. For the
zero cooled-approach length prediction, wall
cooling was assumed to begin at the nozzle inlet.
To require that the Stanton numbers remain
finite there, the energy thickness was taken at a
small value equal to 0-001 in.

SOME ADDITIONAL OBSERVATIONS OF THE
FLOW AND THERMAL CHARACTERISTICS
In this Section, some features of the flow are

shown which depend on the predicted flow and

thermal characteristics obtained from the modi-

fied turbulent boundary-layer analysis [16],

with properties evaluated as in reference 16.

In Fig. 12, the predicted ratios of ¢/8 and

8;/8 indicate the thicker predicted thermal

than velocity boundary layers, especially in

the throat region. Because of the cooled wall,
the displacement thickness 8* becomes negative

upstream of the throat, as does H = 8%/8.

In Fig. 13, the predicted momentum thickness
Reynolds numbers are a minimum a consider-
able distance upstream of the throat. At the
lowest stagnation pressure, where the heat
transfer is below that typical of a turbulent
boundary layer, the minimum Reynolds number
is 1500. Although this predicted value is
probably different from the actual value, it is
still considerably above the measured value of
600 found in reference 11 below which there
was departure from fully turbulent flow. For the
case of constant free-stream velocity, Preston
[21] proposed a value of 320, above which the
flow could be considered fully turbulent; for
accelerated flows, he estimated that the limit
might be lower.

To indicate the magnitude of the forces acting
on the boundary layer through the nozzle, the
ratio of the pressure forces which tend to
accelerate the boundary-layer flow to the re-
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numbers along the nozzle.

tardation wall shear forces is shown in Fig. 14 as
— {[8(dp/dx)}/7«}. The ratio is largest in the
convergent section before decreasing through
the throat and divergent section. For comparison
the value of the ratio for fully developed flow in
a circular pipe is shown to demonstrate the large
flow accelerations in a nozzle.

To gain some knowledge of the mechanism
which at the low stagnation pressures reduces
the heat transfer below that typical of a fully
turbulent boundary layer, reference is made to
the boundary-layer turbulence-energy equation
(e.g. see [22}). For simplicity, an incompressible
plane flow is assumed for which the convection
of turbulent kinetic energy by the mean flow
is

eqr2 ==l & L, fp qz) ‘
iy tx; == U 6; — &%y U, ( p -+ 3 —+-
TR S e —
(a) (b) ©
, &2u,
-+ vu, a;j:,‘ . (6)
L_.,.Y___J
(d

The terms represent the following:

(a) production of turbulent kinetic energy by
the working of the mean velocity gradients
against the Reynolds stresses
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{b) work done by the turbulence against the
fluctuation pressure gradients

{(c) convection of turbulent kinetic energy by
the turbulence itself

(d) transfer of energy by the working of the
turbulent viscous stresses

For a two-dimensional flow with a pressure
gradient the significant terms from term (a) that
lead to a production or decay of convected
turbulent kinetic energy are

cu

ox”

— Ol

e WUy o = = UD o
Ljdx].

P oy
oy '

™)

The remaining terms (b), (c) and (d) in equation
(6) are dependent on the turbulence produced.
The first term in equation (7) is always positive
and leads to a production of turbulent kinetic
energy. However, with flow acceleration
2u/ox > 0, the second term leads to a decay
of turbulent kinetic energy provided that
w2 > v'2. Thus, a measure of the importance of
flow acceleration in reducing the net production
of turbulent kinetic energy is given by a ratio
of the two terms in equation (7):

(W% — %) (3udx)

)

— u'v’ (Sufdy)

To establish the variation of y in the flow
direction requires a knowledge of the turbulent
quantities across the boundary layer. In the
absence of turbulence measurements in accelera-
ted flows, this estimate is restricted to the flat-
plate measurements of Klebanoff [23] at a
momentum thickness Reynolds number of about
8 x 103, The production term —u'v’ Ju/dy is
largest in the wall vicinity where [y+/(7u/pe)l/ ve
2 30. Using the “law of the wall”,

u ¥/ (tw/pe)
Vialpy ~ S5 H ST
the velocity gradient is
ou 25 7y
8y~ 30 peve’

An average value of (u? — v?)/—u'v' > 18
is taken from Klebanoff’s data since this ratio
did not vary appreciably across most of the
boundary layer. Approximating the velocity
gradient du/ox by its free-stream value du,/dx
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energy at different

and combining the other approximations gives
o 22ve (due/dx)

(Tw/pe)

Although the constant, 22, is somewhat ar-
bitrary, the essential feature is the dependence
of y on the group,

ve (duefdx)
{Twi Pe}

The variation of y along the nozzle is shown
in Fig. 15 at T, = 1500°R for the range of
stagnation pressures from 45 to 254 psia. With
decreasing stagnation pressure, the increasing
values of y indicate the predicted reduced net
production of turbulent kinetic energy. At the
lowest stagnation pressure, y attains a maximum
value of 0-14. Actually, for the low stagnation
pressures, the values of y should exceed those
shown, since the low heat transfer implies that

21

stagnation pressures.

the wall shear is below the predicted value, The
variation of x along the nozzle displays the
same trend of being largest in the convergent
section before diminishing through the throat
and divergent section as the departure of the
heat-transfer data at the low stagnation pressures
from that typical of a turbulent boundary layer
observed in Fig. 9. The values of y indicate when

the turbulent shear stress, w'v', which is related
to the turbulent kinetic energy, is expected
to be lower than that typical of a fully turbulent
boundary layer. The transport of heat would
also be reduced, since it depends on the level of
turbulent transport.

CONCLUSIONS
Experimental convective heat-transfer results
have been presented for a turbulent boundary-
layer flow through a cooled convergent-divergent
nozzle. The scope of the investigation covered a
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wide range of stagnation pressures and tempera-
tures as well as nozzle-inlet boundary-layer
thicknesses. The experimental results indicated
the following:

1. Heat-transfer coeflicients increased with
increasing stagnation pressure as a result
of the larger mass fluxes, but only at stag-
nation pressures above about 75 psia were
values typical of aturbulent boundary layer.

2. At low stagnation pressures, the heat-
transfer coefficients were below that typical
of a turbulent boundary layer even though
the boundary layers at the nozzle inlet were
turbulent.

3. The effect of stagnation temperature on
heat transfer was less clear, with the trends
dependent on stagnation pressure.

4. Heat-transfer coefficients were about 10 per
cent higher throughout the nozzle with the
thinnest boundary layer at the nozzle inlet
(8/R ~ 0-05) than in the nozzle with the
thickest inlet boundary layer (§/R ~ 0:25).

5. The heat-transfer coefficient is a maximum
upstream of the throat, where the mass flux,
deduced from wall static pressure measure-
ments, is largest. Deviations of the mass
flux from that predicted for one-dimensional
flow amounted to as much as 15 per cent
just downstream of the throat.

6. A substantial decrease in heat transfer
existed downstream of the point of flow
separation. Flow separation in the diver-
gent portion of the nozzle occurred at the
low stagnation pressures.

Various heat-transfer predictions were com-
pared to the data. Fair agreement at the higher
stagnation pressures is provided by a modifica-
tion of the turbulent boundary-layer analysis
of reference 12, in which the Stanton number
is taken dependent on a Reynolds number based
on a thickness characteristic of the thermal
boundary layer. For the low stagnation pressures,
where the turbulent boundary layer is thought
to have undergone partial transition toward a
laminar one, a parameter is found which is a
measure of the importance of flow acceleration
in reducing the transport of heat below that
typical of a fully turbulent boundary layer.

L. H. BACK, P. F. MASSIER and H. L. GIER

More work is needed to gain some experi-
mental knowledge of the flow and thermal
boundary layers within a convergent-divergent
nozzle and of the extent to which these are
predictable by an analysis such as that of
reference 16,
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Résumé—On présent les résultats d’une investigation experimentale du transport convective de chaleur
par des couches limites turbulents, accélérés par des larges gradients de pression dans une tuyére
refraichie convergente-divergente. Les investigations se sont étendues sur les pressions de stagnation
entre 30 et 250 psia,t sur les températures de stagnation entre 1030° et 2000°R, et sur des épassieurs
de la couche limite entre 5-25 pour cent du rayon de ’entrée. La tendance inattendue 1a plus importante
dans les résultats est la reduction du coefficient du transport de chaleur & une valeur au dessous de
celle caractéristique pour une couche limite turbulente, a des pressions au dessous d’environ 75 psia.t
Comme attendu, les résultats englobent un maximum du coéfficient du transport de chaleur avant de la
gorge ou la vitesse du courant de masse est la plus grande par unité de surface, et une décroissance
substantielle du coéfficient du transport de chaleur aprés le point de séparation du courant. Ce point
se trouve dans la section divergente de la tuyére pour les pressions de stagnation basses. Une réduction
d’environs 10 pour cent dans le coefficient du transport de chaleur est due 4 une augmentation de
I’épaisseur de la couche limite a I'entrée, entre les épaisseurs minimaux et maximaux.

Les prédictions du transport de chaleur, avec lesquelles les résultats sont comparés, soit incorporent
une prédiction des particularités de la couche limite, soit elles sont rapportés au courant dans un tuyau.
Aux pressions plus élevées, les valeurs prévues par une modification de la théorie de Bartz pour la couche
limite turbulente sont assez proches avec les resultats. Comme explication possible du transport de
chaleur bas aux pressions plus petites, on trouve un paramétre qui est une mesure de I'importance de
P'accéleration du courant dans la reduction du transport turbulent au dessous duquel caractéristique

pour une couche limite entiérement turbulente.

Zusammenfassung—Die Resultate einer experimentellen Untersuchung der Konvektionswirmeiiber-
tragung der turbulenten Grenzschicht, die beschleunigt wird unter dem Einfluss grosser Druck-
gradienten welche in einer gekiihlten konvergent—divergenten Diise entstehen, werden beschrieben.
Die Untersuchung umfasst den Gesamtdruckbereich 30 bis 250 psiat und den Stautemperaturbereich
1030° bis 2000°R. Die Grenzschichtdicke am Diiseneingang lag zwischen 5 Prozent und 25 Prozent
des Eingangradius. Das bedeitsamste, unerwartete Resultat der Untersuchung besteht in der
Abnahme des Wirmeiibertragungskoeffizienten unter demjenigen, der typisch ist fiir die turbulente
Grenzschicht, bei Gesamtdrucken die unter etwa 75 psiat liegen. Wie erwartet, erreicht der Wirme-
iibertragungskoeffizient ein Maximum stromaufwirts vom Hals wo die Massenfliessdichte am
grossten ist. Ebenso erleidet er eine bedeutende Abnahme stromabwirts vom Teilungspunkt des
Stromes, welcher Punkt im divergenten Teil der Diise lag bei niedrigen Gesamtdrucken. Durch eine
Zunahme der Eingangsgrenzschichtdicke, innerhalb des untersuchten Dickebereiches, nahm der
Wirmeleitungskoeffizient um circa 10 Prozent ab.

Die theoretischen Voraussagen, mit denen die Messresultate verglichen wurden, sind entweder auf
Stromungen in Rohren basiert oder geben Auskunft iiber die Eigenschaften der Grenzschicht. Bei

t 100 psia = 7,03 kg/cm? abs.
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hoheren Gesamtdrucken zeigen die Resultate ziemlich gute Ubereinstimmung mit einer modifizierten

Bartz'schen Theorie der turbulenten Grenzschicht. Um die niedrige Warmeiibertragung bei kleineren

Gesamtdrucken zu erklidren, wird ein Parameter definiert der ein Mass fiir die Stromungsbeschleunigung

ist, die an der Reduktion des turbulenten Transpories unter demjenigen einer voll ausgebildeten
turbulenten Grenzschicht beteiligt ist.

Anpnoramuas—IIpencrasieHs Pe3yNBTATH DHKCHEPUMEHTAIBHOTO WCCICHOBAHUA KOHBEKTHB-
HOT'O IIePeH0Ca TeIa B TYPOYIeHTHOM ITOPPAHINYHOM CJI0€ TPY HAIUYUY GOIBINMX IPAJUeHTOB
JABICHNA B OXJIKIAEMOM CBEDPX3BYKOBOM comuie. lccaenoBanue NpoBOJMIIOCE B ANANA30H:
afeomoTHOTO JaBaeHus TopMomenus o1 30 70 250 PyxT/HB. TiofiM, TeMIepaTypa TOPMOMEHUn
mamensmace ot 1030° mo 2000°R . Toamuya norpaHiyHoro ¢JIofA BO BXOAHOM YACTY COCTABIISLTA
or b o 26% paguyca. HeomunaHHbIM pesy;IbTaToM, IIpefcTaBIAmuM 00apII0e 3HAUEH e,
SBIJIOCH YMeHbIIeHHe KOa(@UIMeHTa TermootMera mpy a0COIOTHOM JaBJIEHHUH TOPMOMKEHIS
uue 75 pyuT/KB. MMM 110 CPABHEHHIO CO 3HAYCHUAMH KOdQPUIHMCHTOR Tenmo00Mena, pi-
cymmMy TypOyIeHTHOMY TNOTpaHHYHOMY ciolo npu Oesrpaguentnom ofrexamuu. Har u
NPEIHOMATAIOCEH, KOIPOHIMEHT MePLHOCA TEINTA MMEeT MAKCUMANbHOE 3HAYCHNE B I'OPIOBHAE
conza, 7vAe Habmopaetcs Haubodapmmit  MaccoBplit  pacXop MOTOKA  HA  eJHHULY
ICIOMAMH, ¥ 3HAYMTENBLHO YMEHBIIAeTCH BHUZ 110 NOTOKY OT TOUHN OTPHIBA, KOTOPHI npo-
MCXONUT HPH HU3KOM AABJICHUM TOPMOMKEHUA B PACXOAATIENCA 4acTu comma. YMeHblnenue (1o
10%) snaveuna roo(unuenta TemI000MeHa MPOMCXOANT B Pe3YIbTATE YBEIHUEHMUHA TONIL-
MHBL OTPAHUYHOTO CJIOA BO BXOZHON 4acTH.

TEOPQTI’(‘IBCHHG pacyerst 1o Temxooﬁmeny, C KOTOPEIMHN CPABHHUBAJINCD SRCITEPUM EHTAJIBILIC
JaHHBE, BRAOYAT JMGO PacieT XapaKTePUCTHK JIOFPAHMYHOrO CI0f, Jud0 OTHOCATCH K
TedeHu0 BHYTpu TpyGei. Ilpn OOIbLINMX [(aBIEHUAX TOPMOMEHUA PACYETHBIE BHAMEHMHI,
IOJAY4eHHEE C IOMOIMBI MOTHPHEAUUM aHaguza TYpPOYICHTHOrO HOTPAHMMHOIO CIOs1,
npoBefentore BepueM, XOpoIO COrIACYIOTCA ¢ BKCHePUMEHTaNbHbMU Jauusivu. Haiigen
rapaMeTy, KOTOPHIl XapAKTepU3YeT BINAHNE YCKOPEHHA MOTOKA Ha CHUMEeHME TYPOYIeHTHOTO
MEPEHOCa HUMKe 3HAYEHMIT, TPUCYHINX TONHOCTLIO TYPOYNEHTHOMY HOTPAHMYHOMY CIO© IpH

IPAIHEHTHOM TEYCHHH.



