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Influence of Contraction Section Shape and Inlet Flow Direction

on Supersonic Nozzle Flow and Performance

Lroyp H. BAack*, RoOBERT F. CUFFELT, AND PAUL F. MASSIER
Jet Propulsion Laboratory, Pasadena, Calif.

Wall static pressure measurements and performance parameters are presented for axisymmetric supersonic
nozzles with relatively steep convergent sections and comparatively small radius-of-curvature throats. The
nozzle walls were essentially adiabatic. These results are compared with those obtained in other nozzles tested
previously to appraise the influence of contraction shape on performance. Both the flow coefficient and the
thrust were less than the corresponding values for one-dimensional, isentropic, plane flow for both the axial and
radial inflow nozzles considered, but the specific impulse, the most important performance parameter, was
found to be relatively unchanged. The thrust decrement for the axial inflow nozzles was established primarily
by the shape of the contraction section, and could be estimated reasonably well from a conical sink flow con-~

sideration. The radial inflow nozzle has a potential advantage from a cooling point of view if used in a rocket

engine.
Nomenclature

A = plane cross-sectional area
A; = surface area of spherical cap
Cp = mass flow coefficient
ACr = thrust decrement, Eq. (3)
c, = specific heat at constant pressure
D = diameter
f = function, Eq. (4)
F = axial force
1 = gpecific impulse
m = mass flow rate
M = Mach number
4 = pressure
Q = total heat transfer from nozzle inlet to throat
¥ = radius
e = throat radius of curvature
r = throat radius
R = spherical radial distance or gas constant
Rep,, = throat Reynolds number, (petteD/fte)in
T = temperature
T, = average wall temperature from nozzle inlet to throat
u = axial velocity
u, = radial velocity
V = spherical radial velocity
V  =either Voru
z = axial distance
V% = specific heat ratio
& = nozzle contraction area ratio
& = nozzle expansion area ratio
A = divergent half-angle
“ = viscosity
P = density
o = convergent half-angle

Subscripts and Superscripts

a = ambient condition

c = conical sink flow condition

e = nozzle exit condition or local freestream condition
i = nozzle inlet condition

1 = stagnation condition

tan = circular arc—conical tangency upstream of throat
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th = throat condition

w = wall condition

1-D = one-dimensional, isentropic, plane flow condition
() = average value across flow

Introduction

HIS investigation is concerned with the influence of the

shape of the contraction section and the direction of the
entering flow on the flowfield and performance of axisym-
metric, supersonic nozzles. Air entered the nozzles either
in the axial or radial direction. The axial-inflow nozzles
have conical convergent sections and circular arc throat
sections. A channel, perpendicular to the axis, formed the
inlet of the radial-inflow nozzle. Wall static pressure
measurements along the nozzles and internal flow measure-
ments at the nozzle inlets provided the basis for evaluating the
contribution of the various sections of the nozzles to the
thrust, as well as establishing the over all thrust by application
of a momentum balance on the flow. The flow coefficient and
specific impulse are also presented for the nozzles.

The investigation was motivated by an interest in nozzles
which have a relatively steep convergent section and a com-
paratively small radius of curvature at the throat. Such noz-
zles are shorter, weigh less, and have a smaller surface area
(and, hence, a lower total heat load in rocket engine applica-
tions) than conventional nozzles used in propulsion devices.

Nozzle Descriptions and Measurements

Measurements are reported for an axial inflow nozzle which
has a 75° half-angle convergent section and a ratio of throat
radius of curvature to throat radius r./r., of 0.25. The per-
formance of this nozzle is appraised relative to other axial
inflow nozzles that have been previously tested at JPL.'-3
The half-angle ¢ of the conical convergent. sections of the
axial inflow nozzles (Table 1) ranged from 30° to 75° and the
ratio r./r., ranged from 0.25 to 2.0. The contraction area
ratio &, was on the order of either 10 or 100. Some of the
inlet sections consisted of circular arcs of radius r.; and for
others the inlet tube and convergent cone were joined without
smoothing the corner, i.e., r,,—0. All of the nozzles had
conical divergent sections with the same value of the half-
angle A of 15°. The expansion area ratio &, ranged from 2.3 to
9. Some of the nozzle walls were essentially adiabatic and
some were externally cooled. Viscous (boundary layer)
effects on performance should not have been significant for
the relatively high Reynolds number flows considered (throat
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Table 1 Experimental data for axial-inflow nozzles; all nozzles, A = 15°

T
SOURCE REF 0, deg ;::; T 0 rc‘ in. éc ee ReDth Tw CD (I]—]-D~>
e
MEASURED  EQ. {11)
PRESENT RESULTS ~ ~-- 75 0.25 0. 800 1,00 9.76 2.3 1.0X 10° ~T., 0.951 0.941 0.932 0.989
1O
3.5 X 108
.
BACK, MASSIER 1 45 0.625  0.800 0.80 9.76  6.60 1BX108 =045 0.983 0,971 0.972 0.988
AND GIER to
TO TO
30 2.0 0. 902 1.42 7.90 2,66 3.0X10° 0.58 0.9%0 0. 981 0.975 0.991
NORTON AND 2,3 30 0.35 0.563 0 02 9.0  5.9X108 ~T 0.970 0.976 0.983 1.006
SHELTON 0.55 ] T 0. 969 0.976 0.984 1,007
0.75 0.982 0.979 0.985 0.997
30 1.0 0.563 0 02 2.0 5.9%x 108 ~T 0.983 0,991 0.986 1.008

Reynolds numbers Rep,, above one million) and the rela-
tively small expansion area ratios of the nozzles.

The radial inflow nozzle for which measurements are
reported consisted of a plane inlet section perpendicular to the
axis, a circular arc convergent section between the inlet and the
throat, and a specially contoured section that connected the
throat to the conical divergent section. The ratio of the
throat radius of curvature to throat radius r./r.» was 0.49; the
throat radius was 0.800 in.; the radius of the contoured
section had a continuous second derivative with respect to the
axial distance; the divergent half-angle was 15°, and the
expansion area ratio was 2.3. The endwall was a circular
disk parallel to and spaced 1.0 in. from the plane inlet wall of
the nozzle.

The present steady flow tests were conducted in the auxiliary
flow channel of the JPL hypersonic wind tunnel.* Air flowed
through a venturi meter, a plenum chamber, a contraction
section, a duct, and then through the nozzle from which it
exhausted into an evacuated chamber. A 5.0-in. constant
diameter duct 8.8 in. long preceded the 75° axial inflow
nozzle. Air flowed around the outer periphery of the
circular endwall placed in a larger 17-in. diameter duct
upstream to enter the other nozzle radially inward. Wall
static pressure taps, 0.005 in. diameter, were located at close
intervals along the nozzles (and endwall). These taps, the
locations of which spiraled around the nozzle walis (and
endwall), were connected to mercury or oil manometer boards.
The axial and the radial locations of the taps were measured
within 0.001 in.

Tests were conducted over a range of stagnation pressures
from 24 to 86 psia and at a stagnation temperature of about
530°R with the 75° axial inflow nozzle, and at 100 psia and
540°R with the radial inflow nozzle, as determined from pitot
tube and thermocouple probe measurements upstream of the
nozzles. Since the stagnation temperatures were essentially
the ambient temperature, the nozzie walls (and endwall) were
nearly at the adiabatic wall temperature. At a stagnation
pressure of 86 psia the boundary layer in the duct one inch
upstream of the inlet of the 75° axial inflow nozzle was turbu-
lent and extended to about 109 of the duct radius. The inlet
velocity distribution for the radial inflow nozzle is described
subsequently. The boundary-layer measurements were made
with a 0.005-in. high, flattened pitot tube.

The results obtained with the axial-inflow nozzles are dis-
cussed first and then the results are presented for the radial-
inflow nozzle.

Axial Inflow Nozzles—Results

Wall Static Pressure Measurements and Flowfield

The wall contour of the 75° nozzle and the measured wall
static pressures normalized by the stagnation pressure are
shown in Fig. 1. The data shown represent average values
of tests at stagnation pressures of 75 psia and 86 psia, and are
essentially the same on a normalized basis as those obtained
at a lower stagnation pressure of 25 psia. Similar distributions
of the normalized pressure are expected if viscous effects
were negligible. The one-dimensional, isentropic, plane flow
prediction (y = 1.4) is shown as a reference curve to indicate
the large deviations that are observed because of the nozzle
configuration. It is evident that the small value of r./ri, of
0.25 for this nozzle had a significant influence on the wall
pressure distribution and therefore the flowfield in the throat
region. For example, see Ref. 5 for internal flow measure-
ments in the 45° nozzle which has a larger value of r./r
of 0.625. At the physical throat the Mach number near the
wall is as large as 1.7. The pressure rise downstream of the
tangency between the circular arc throat and the divergent
conical section is associated with a compressive turning of the
flow and the subsequent formation of a relatively weak shock
wave as has been observed in the 45° nozzle.® A better view
of the pressure distribution in the constant diameter duct and
in the inlet of the nozzle is seen in the enlarged scale of Fig. 2.
In this region the flow is compressed in turning to follow along
the wall. The measured pressure rise was probably sufficient
to separate the boundary layer similar to that observed in the
45° nozzle” which had a more gradual contraction section.
Inference from the measured pressure distribution and the
measurements in Ref. 7 indicates that the flow reattached along
the latter portion of the curved inlet section.

Both of the measured pressure rises (adverse pressure
gradients) in the nozzle inlet region and downstream of the
throat play an important role in the development of the shear
layer and the thermal resistance across the thermal boundary
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Fig. 1 Pressure distribution and thrust decrement for the 75°
axial-inflow nozzle.

layer in applications involving wall cooling.”"® The present
results do not provide any information in this regard, however
because the nozzle was not instrumented to obtain heat-
transfer data.

A prediction by Prozan® of the pressure distribution along
the wall is shown in Figs. 1 and 2. These calculations involve
the numerical solution of the continuity and irrotational
equations for steady flow by using an error minimization
relaxation technique.'® The predicted pressure distribution
is in fairly good agreement with the measurements. A
pressure rise is predicted in the inlet region and downstream
of the throat, but the magnitude is less than observed experi-
mentally downstream of the throat.

Flow Coefficient

The flow coefficient Cp, defined in the usual way as the ratio
of the actual mass flow rate to the computed value for one-
dimensional, plane, isentropic flow, was 0.951 4+ 0.005. The
actual mass flow rate was determined by use of a venturi.
Flow coefficients for the 75° nozzle, for the other nozzles in
Table 1, and for nozzles tested by other investigators are dis-
cussed in Ref. 11.
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Fig. 2 Pressure distribution in the convergent section of the 75°
axial-inflow nozzle and conical flow model.

Thrust

The thrust was obtained by application of a momentum
balance on the flow and by using the thrust expression if the
nozzle were used in a rocket, i.e.,

Fe = n'uie + (ﬁe _Pn)Ae (1)

For the situation where the ambient pressure is zero (vacuum)
and the shear force is negligible compared to the pressure force
on the nozzle side wall, the thrust is

Ae
Fe:mai+ﬁiAi+f p dd @)
Al

The actual thrust is then normalized with respect to that for a
one-dimensional plane isentropic flow (F/F,_p)., i.e., by apply-
ing Eq. (2).

Before discussing these thrust ratios, it is informative to
examine the relative contribution to the thrust of the various
sections of the nozzle. This was done by applying Eq. (2)
locally along the nozzle, not only at the exit, and comparing
the result to that for a one-dimensional, plane, isentropic flow
in terms of a thrust decrement defined as

ACy = (F— F}—D)/PtAth €]

In Eq. 3) F=rmit, + p:A: + [4,pd A. The thrust decrement
is shown in the lower part of Fig. 1. The magnitude of the
thrust decrement increases, i.e., larger negative values, along
the curved section and the conical convergent section. This
occurs because measured pressures are higher than those for
one-dimensional, plane, isentropic flow in this region. There-
fore, the larger axial force on the side wall subtracts from the
thrust which acts in the -z direction if the nozzle were used in a
rocket. A local minimum in the thrust decrement occurs near
the end of the conical convergent section where the measured
pressures become less than the one-dimensional flow values.
Through the throat section where the measured pressures lie
below the one-dimensional flow values, the thrust decrement
first increases and then decreases again because the orientation
of the axial forces on the nozzle side wall changes direction in
passing through the throat. Downstream of the throat the
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Fig. 3 Thrust decrement for the 45° axial-inflow nozzle of
Ref. 1.

thrust decrement continues to decrease until the measured
pressures exceed the one-dimensional flow values. The thrust
decrement then begins to rise again slightly.

Similar distributions of the thrust decrement are shown in
Figs. 3 and 4 for nozzles tested in previous investigations,
but for which the thrust decrement was not shown. They
differ in magnitude because of the different nozzle con-
figurations.

An interesting observation for these comparatively low
expansion area-ratio nozzles is that the thrust decrement for
each nozzle is essentially that value at the end of the conical
convergent section, i.e., the net effect of the throat section and
the divergent section on the thrust decrement is virtually
negligible because the smaller axial force on the nozzle side-
wall between the end of the conical convergent section and the
throat that decreases the thrust decrement is offset by the
smaller axial force downstream of the throat that increases the
thrust decrement.
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Fig. 4 Thrust decrement for the 30° axial-inflow nozzle of Ref. 1.
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Conical Sink Flow Consideration

Since the thrust decrement for these nozzles is apparently
determined by the shape of the contraction section up to the
tangency between the conical section and the circular-arc
throat, a conical sink flow prediction may be used as a first
approximation to calculate the thrust for these nozzles. The
conical sink flow model is developed in this section and the
predictions based on this model are compared to the experi-
mentally evaluated flow along the wall and to the experimental
thrust.

A fictitious conical nozzle is shown by the dashed curve in
Fig. 2 which has the same convergent half angle o as the actual
nozzie and has a sink located at s along the axis. Along any
spherical cap whose surface area is 4, the radial velocity ¥V is
invariable and only depends upon the radial distance R from
the sink. From geometry, the surface area of the spherical
cap is related to the planar cross-sectional area A4 by

As = A[f where f=sin® ¢/2(1 —cos o) = (1 + cos o) (4)

The function fvaries from 1 for ¢ = 0 to } for ¢ = 90°. Since
the flow is essentially incompressible in the contraction region, §
the requirement that the mass flow rate for conical flow be the
same as for plane flow, i.e.,

AV = Au (5)

then establishes that the radial velocity V is always less than
the average axial velocity u

y+1 1/2
emes) e

since f<<1. The last relationship for « in this equality was
obtained from the conservation of mass applied along the
nozzle for plane flow, 4 pu =#n1,_p, and in the contraction
region p=p, =p,/RT, for a perfect gas. Therefore, the
momentum equation

dplp+ VdV =0 w)

where Vis either ¥ or u, indicates that for a given stagnation
pressure the static pressure will be higher along the conical
wall for conical flow than for the axial flow case as is observed
experimentally. Integration of Eq. (7) along the conical flow
and combination of the resulting equation with Eq. (6) give the
wall static pressure distribution

+1

i :1MPV2=1_ fEZZLY_Ifz (8)
Dif. 2p, A) 2\y+1

The predicted wall static pressure is shown in Fig. 2 for the
75°nozzle: f=0.63 and y = 1.4 for air flow. At the tangency
point b, the predicted pressure based on conical sink flow is
considerably above the predicted plane ftow value and is near
the measured value. Along the conical section the pre-
dicted conical flow pressures cross the measured values and by
the time the flow has reached point ¢ where the throat curva-
ture begins, they liec above the measured pressures. It is
evident that the actual flow along the conical section is not
described too well by conical flow theory. If compressibility
effects were included the correspondence with the measure-
ments would be only slightly better near the end of the conical
section. However, since the over all pressure level along the
conical section agrees fairly well in magnitude with the
measurements, the thrust decrement can still be estimated
reasonably well.

§ The analysis was also carried out by including compressibility
effects—the final result appears later.
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For either conical or plane one-dimensional flow the general
expression for the thrust for a rocket nozzle discharging into a
vacuum is

F=(p+pV»4

By application of this relation along the convergent section as
before, where the flow is essentially incompressible, the thrust
decrement is

FC—F;[_D A 1p
ACy=—""""=|—)-=~WV>*—u?
f DiAsn (Ath) 2p: ( )

This can be rewritten as follows by using Eq. (6).

y+1

ANy (2 N ©)
ACF_(A)Z(HI) (f7—=0n

The magnitude of the thrust decrement increases as one pro-
ceeds in the flow direction along the convergent section as A4
decreases. Its magnitude also increases for different nozzles
as the conical half angle increases because f becomes less than
unity. The sign of ACr is always negative, i.e., it is a decre-
ment for inviscid flow.

Predicted values of the thrust decrement for conical sink
flow based on Eq. (9) are shown in Figs. 1, 3, and 4 along the
conical convergent sections of the nozzles. In general, thereis
relatively good agreement with the measurements.

As a first approximation, the actual thrust for conmical
nozzles can be estimated by evaluating ACr at the tangency
between the conical convergent section and the throat section,
i.e., from Eq. (9).

y+1
An\y 2\
ACy,. = {22V I — 2
Crin (Am)Z(y—l—l) (f?*-1) where
Atan rc 2
— =|14+—{1 —cos 10
A [+r...( co 0)] (10)

Next, the definition of ACr is used to obtain the following
result since ACr, = ACr,,

F. ACy,
=] —— e 11
(F1 —D)e + (Fy —D/PtAth)e ( )

The expression for Aw/Awa in Eq. (10) follows from the
geometry of the conical convergent section and circular arc
throat. '

Thrust ratios obtained from Eq. (11) with (F_p/p.4i).
obtained from the usual one-dimensional, plane, isentropic
flow value for a nozzle discharging into a vacuum are shown in
Table 1. They compare favorably with the measured values
as expected since such an estimate of the thrust is predicated on
the observed correspondence of the predicted thrust decrement
at the tangency location with that measured at the nozzle exit.
In this regard Fig. 5 indicates the estimated influence of the
ratio of the throat radius of curvature to throat radius r./r,
and the convergent half-angle o on the thrust decrement.
Clearly, nozzles with relatively small values of r./r., and steep
convergent sections, i.e., large o, have larger thrust decre-
ments.

By allowing for compressibility effects in the conical sink
flow and the plane, one-dimensional flow, the thrust decre-
ment at the tangency is given by

Alan

tan A
12
Mec,,, and (p/p.)... can be evaluated from isentropic flow

tables for the effective area ratio (Aew./f)(1/4). The solid
curves in Fig. 5 indicate the effect of compressibility on the

ACFtan = [(1 -+ '}/Mcz)i—c ——(1 4+ ,},Ml_Dz)pl—D]

t
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estimated thrust decrement. It appears that the relation
given by Eq. (10) which explicitly indicates the influence of
nozzle shape is adequate to use as a first approximation.

Specific Impulse

The most important performance indicator is the specific
impulse ratio (I/I; _p),, which is the ratio of (F/F, _p), to the
flow coefficient Cp. Values of (I/; _p), shown in Table 1 are
seen to differ little from unity for the nozzles considered.
This occurs because the specific impulse I. = F,/m depends
primarily on the average axial velocity component &, at the
nozzle exit, e.g., Eq. (1), and thus is rather insensitive to the
detailed nature of the flow through the convergent portion of
the nozzle. This certainly would be the case for nozzles with
relatively large expansion area ratios, although for such
nozzles viscous effects becomé important and the thrust
ratio, and thus the specific impulse ratio, becomes relatively
less.

In this connection it should be noted that the specific
impulse ratio is not given simply. by the divergence factor
($)(1 4 cos A) obtained from conical source flow theory for
nozzles with relatively large expansion area ratios discharging
into a vacuum. For a divergent half angle A of 15° the
divergence factor is 0.983. Actual values for /I, _, along the
divergent section are shown in Fig. 6. In Ref. 6 pressure
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Fig.6 Specific impulse ratio along the divergent section of the
nozzles.



JUNE 1972

measurements along the centerline as well as the wall reveal
the nonconical natute of the flow in the divergent section for
the 45° nozzle in particular. This was also noted in Ref. 1,
Fig. 1, by comparison of a conical source flow prediction to
the measurements obtained with the 30° nozzle. It should be
mentioned that the thrust ratios quoted in Ref. 1 which were
calculated from Eq. (2) but without the entering momentum
term iz; are essentially the same as those presented herein for
the 30° and 45° nozzles because the magnitude of the entering
momentum term was relatively small for those fairly large
contraction area ratio nozzles.

Comments on other Investigations

Some comments should be made with regard to other
measurements shown herein and also measurements obtained
by other investigators. The thrust ratios shown in Table 1 for
the nozzles of Norton and Shelton were obtained from
thrust measurements by Thiokol'? corrected for discharge
into a vacuum. These values agree reasonably well with
those obtained by Norton and Shelton® from their wall
static pressure measurements (see Ref. 12, Figs. 3-8) although
there were only a few pressure taps along the conical con-
vergent section. The mass flow rate through these nozzles
was measured with the same venturi as used in this investiga-
tion. It is not clear why some of the values of the specific
impulse ratio (I/1,_p), shown in Table 1 and Fig. 6 exceed
unity, and this may well be associated with the accuracy of the
measurements. In this regard, values of (J/I;_p), shown for
the 45° nozzle in Fig. 6 probably are a little low.

It is difficult to accept the absolute magnitude of the thrust
measurements by Durham'?® for a large number of nozzles
that were made in a blow-down facility because all of the
results are given relative to a refererice nozzle that had a
convergent half angle of 30°, a value of r./ry Of 2, and a
contoured divergent section with an expansion area ratio of 4,
Durham gives the following values for the reference nozzle:
Cp=10.985, (F/Fi_p),=0.95 and consequently, (/L _p),
=0.965. The flow coefficient appears to be realistic for this
reference nozzle as well as for other nozzles that he tested,
€.g., see Ref. 11; but the thrust ratio appears to be too low in
light of the results presented herein. For example, from
Fig. 5 and Eq. (11) the estimated value of (F/F,_p) is 0.988, a
value closer to unity. Therefore, the specific impulse ratio
({/I, - ), probably should be about unity for this reference
nozzle. Consequently, the absolute magnitude of the thrust
and specific impulse ratios given by Durham are in question
although comparisons between the nozzles that he tested are
probably valid. In this latter connection Durham mentions
in Ref. 14 that there was hardly any change in the specific
impulse ratios relative to that for the reference nozzle for con-
vergent half angles larger than 30° and values of r./ry, less
than 2.

Radial Inflow Nozzle Results

Radial Inflow Velocity Distribution

The axial distribution of the velocity across the radial flow
channel at a location 3.0 in. from the nozzle axis is shown in
Fig. 7. The Mach number in the free-stream flow at this
point was about 0.06. The boundary layer was relatively
thin being about 0.1 in. thick. The momentum thickness 0,
the displacement thickness 8* and the momentum thickness
Reynolds number are indicated in Fig. 7. Inspection of the
velocity profiles on a semilogarithmic basis indicated that the
boundary layer was turbulent which is consistent with the
magnitude of the values of §*/6 and (pu,0/p)...

Viscous (boundary layer) effects should not have been
significant along the nozzle wall for the relatively high
Reynolds number flow considered and the relatively small
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Fig. 7 Velocity distribution in the radial inflow.

expansion area ratio. However, the boundary layer on the
endwallisimportant as willbe discussed. The throat Reynolds
number Rep,, was 4.2 X 108,

Wali Static Pressure Measurements and Flowfield

Wall static pressure measurements along the endwall and
along that part of the nozzle wall which was parallel to the
endwall are shown in Fig. 8. Mach numbers in the free-
stream were obtained assuming an isentropic expansion
(y =1.4) from the stagnation pressure to the measured wall
static pressures. The radially inward flow accelerated because
of the decreasing circumferential cross-sectional area. At
large radial distances from the nozzle axis the pressures were
virtually the same on the endwall as on the nozzle wall. At
smaller radii the pressure along the endwall was slightly-less
than along the nozzle wall although the differences in Mach
numbers are small. In the major part of this radial inflow
region the Mach number distribution can be estimated closely
by using the ratio of the circumferential cross-sectional area to
the throat cross-sectional area as the effective area ratio for
isentropic flow. This prediction is shown by a dashed curve
in Fig. 8.
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Fig. 8 Measurements along the parallel endwall and inlet wall of the
radial-inflow nozzle.
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As the flow near the endwall approached the radius at
which the curved convergent section of the nozzle began, it
reached a local maximum speed and then decelerated while
experiencing an adverse pressure gradient. This adverse
pressure gradient is believed to have separated the boundary
layer.in the vicinity of the location marked Sin Fig. 8. Inthe
center portion of the endwall the recirculating reverse flow
region believed to exist there is shown diagrammatically.
The pressure along the endwall decreased radially outward
from its center similar to that in stagnation flow regions. Of
note is that the largest freestream Mach number along the
endwall was about 0.1 before the flow decelerated. However,
in the freestream near the nozzle wall at the tangency the
Mach number was 0.24.

Flow along the remainder of the nozzle wall, i.e., the circular
arc and the divergent sections, is shown in Fig. 9. The one-
dimensional, isentropic, plane flow prediction (y =1.4) is
shown as a reference curve to indicate the large deviations
that occur because of the throat configuration, as also has
been observed in nozzles with axial inflow, e.g., Fig. 1 and
Ref. 5. At the throat the Mach number near the wall was
1.44. The pressure rise downstream of the tangency between
the contoured section and the conical divergent section is
associated with an apparent overturning of the flow as it
passed through the throat.® It exists despite the gradual
contour which for this nozzle has a continuous second deriva-
tive between the circular arc throat and the conical divergent
section. The flow near the wall eventually recovered from the
influence of the throat configuration and agrees fairly well
with the one-dimensional plane flow prediction along the
divergent section. These trends are familiar and are even
more exaggerated for the 75° axial inflow nozzle which had a
smaller throat radius of curvature (r./r, = 0.25).

Performance Parameters

The flow coefficient, defined, in the usual way, was
0.969 4-0.005. 1t is less than unity primarily because of the
throat configuration, similar to the axial-inflow nozzles, e.g.,
Ref. 11.
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Fig. 9 Measurements along the side wall of the radial-inflow nozzle.
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The analogous expression for the thrust for a radial inflow
nozzle is

A A,

pdA+| pdA

Atan Atan

Ay
Fe:f pdA —
[+]

In this relation the first term is the force on the endwall; the
second term is the force on that portion of the nozzle wall
which is parallel to the endwall; and the third term is the
axial force on the remainder of the nozzle wall. It is com-
pared to the thrust that would be obtained for a nozzle
discharging into a vacuum if the exit flow were one-dimen-
sional, axial and had expanded isentropically from the same
reservoir condition. The thrust ratio (F/F;-p), obtained in
this manner was 0.959. :

Even though the mass flow rate and the thrust are less by
3% and 4 9;, respectively, than values associated with ideal one-
dimensional plane flow, the change in specific impulse is
smaller, i.e., (I/l,_p), is 0.99, or 1% less than ideal. This
value compares favorably with values for the axial-inflow
nozzles (Table I).

The distribution of I/I; _ p along the divergent section of the
nozzle is shown in Fig. 6. This distribution is similar in shape
in the divergent section to that observed in axial inflow nozzles.

Application

The radial-inflow nozzle is believed to have advantages
from a cooling point of view based upon information that has
been obtained for axial-inflow nozzles. This is indicated in
Fig. 10 where the total heat transfer between the inlet and the
throat is shown for two axial inflow nozzles.®-'* The throat
radius and the contraction area ratio are virtually the same for
the two nozzles but they have different convergent half-angles
of 10° and 45°. The total heat transfer is shown in terms of a
group that correlates heat-transfer data for turbulent boundary
layers where

[QNT: — TWme,lelpaansfp) =H*

In Fig. 10 this total heat-transfer group is shown as a function
of throat Reynolds number. The magnitude of the heat-
transfer group is larger for the 10° nozzle primarily because it
had a greater surface area than the 45° nozzle. At throat
Reynolds numbers below about one million the heat-transfer
group decreases for the 10° nozzle because of a reduction in
turbulent transport associated with flow acceleration. This
process has been referred to as partial laminarization or
laminarization since the turbulent boundary layer becomes

]00 T T T T T T T T T T ]
8l ]
©
~ L [J r, re
T i [ N S th —
B N A S
o ciow ™ 10° 10 16 9.9 1.40 0.795 2.50 T
N ———
= . et —— > 4 .76 0.80 0. 1625 4
?\ 4 € oy 45° 45 15 9.76 0.80 0.800 0.625
<& R J
\_ﬁ_
E LAMINARIZATION =
¥ 2 . 10° NOZZLE
s 7 150 psia
Gl
= 1
3 15
2 'k .
[ F 4
& 18 ]
& F ]
Z sk LAMINARIZATION ={ 45° NOZZLE 4
2 30
= o 250 psia 7
= 150
b 4 4
x
o
<
5 1
e
2 L L Il PO SO R | I It KIS S PN
g Z 48 88 2 6 8,y

o
D
THROAT REYNOLDS NUMBER, Repy = .
t t

He

Fig. 10 'Total heat-transfer group up to the throat for axial-inflow
nozzles,
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laminar-like near the wall. From a cooling point of view the
reduced heat transfer accompanying this phenomenonis benefi-
cial. With anozzle that has a steeper convergent section (45°)
there is also a reduction in heat transfer along the convergent
section and in the throat region associated with laminarization.®
This occurs at even higher throat Reynolds numbers for larger
convergent half-angle nozzles.'® However, the reduction in
heat transfer along the latter part of the convergent section is
offset by an increase in the total heat-transfer group as a
consequence of flow separation and reattachment in the inlet
region where the axial flow is compressed in turning to follow
along the wall (adverse pressure gradient). The flow also
separates in the inlet region of the 10° nozzle, but the length of
the separation and reattachment region is relatively short
compared to the length of the convergent section, and hence, is
not of much consequence with regard to the total heat transfer.

Therefore, it would appear advantageous to design nozzles
with fairly steep convergent sections to promote laminarization
(they would also be shorter and weigh less) in those applica-
tions where laminarization might be expected to occur, but at
the same time to try to avoid separation in the inlet region.
This can be accomplished by allowing the flow to approach
the nozzle radially inward instead of axially. Such a nozzle
may also have a smaller combustion chamber surface area if
used in a rocket and therefore the energy loss by heat transfer
to the wall should be less.

Summary and Conclusions

Results obtained from wall static pressure measurements
were presented for an axial inflow nozzle which had a relatively
steep convergent section (o = 75°) and a comparatively small
radius of curvature at the throat (r./r., =0.25). There were
large differences along the convergent and throat sections
relative to a one-dimensional, isentropic, plane flow that was
used as a reference datum; at the physical throat the Mach
number near the wall was 1.7. Along the conical convergent
section the higher pressures measured could be estimated by
considering conical sink flow. Consequently, the thrust
decrement for the entire nozzle as well as that for other axial
inflow nozzles considered could be estimated fairly well,
Eqgs. (10) and (11), since the net contribution to the thrust
decrement from the throat and divergent sections was essen-
tially negligible.

The results obtained from wall static pressure measure-
ments and pitot probe measurements in the radial inflow
nozzle indicated that the flow accelerated in most of the radial
inflow region located between the endwall and the plane
portion of the nozzle wall where the flow cross-sectional
area decreased as the flow progressed radially inward. Near
the endwall it then decelerated and separated before reaching
the center; however, it continued to accelerate near the nozzle
wall and large deviations from one-dimensional, isentropic,
plane flow were observed in the throat region primarily
because of the throat configuration (r./r. = 0.49).

The specific impulse relative to that for one-dimensional
isentropic, plane flow was found to differ little from unity for
the axial and radial inflow nozzles considered. However,
because of the lower mass flow coefficients and thrust ratios it
would be necessary to provide a higher chamber pressure or a
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larger throat diameter to obtain a given thrust, or a longer
burn to achieve a given total impulse than for a conventional
rocket nozzle.

In particular, the radial inflow nozzle appears to be attrac-
tive if used in a rocket engine, although heat-transfer mea-
surements are required to appraise its potential advantage
inferred from available heat-transfer measurements in nozzles
with axial inflow.
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