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mparison of Measured and Predicted Flows through Conical
5! Supersonic Nozzles, with Emphasis on the Transonic Region

¥ L. H. Back,* P. F. Massier,f anp H. L. Gier{
; Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif.
go understand better equilibrium flows through supersonic nozzles, wall static pressures
e been measured in nozzles with circular-arc throats having different ratios of throat radius
‘of curvature to throat radius r./ry, circular-are or conical convergent sections, and conical
divergent sections. These measurements were made with air at stagnation temperatures
of 530° and 1500°R and over a slagnatioﬂ@gﬂ;ﬁ?{!ﬂ;m L sia, The flow through
“the transonic region was found to depend essentially on local configuration, i.e., on the ratio
re/ra; two-dimensional isentropic flow predictions agreed with the data in this region for the
nozzles with r./ri. = 2.0, but were inadequate for the nozzle with r./riyy = 0.625. By com-
parison, the simplcé}_nefg_linwnsional isentropic flow prediction was as much as 459 high in
the throat region for one nozzle; in the conical sections, deviations of a smaller magnitude
were found. The effects of wall cooling and variation in the boundary-layer thickness at the
nozzle inlet were investigated, as were differences in pressure readings with taps of various
sizes. Some separation pressure data are presented to show the effect of wall cooling. Other
flow features that indicate the extent of deviations from one-dimensional flow include flow
coeflicients, thrust ratios, and local mass fluxesy It is hoped that these comparisons between
measurements and predictions will be useful in studying nozzle flows with the additional
complexity of chemical reactions.
Nomenclature s = condition at flow separation
t{ = stagnation condition
a = speed of sound 1 = one-dimensional flow value
a* = speed of sound at the sonic condition
A = local nozzle cross-sectional area
Aw = nozzle-throat area 1. Introduchion
ca = flow coefficient
d . = static-pressure tap diameter LOWS through supersonic nozzles are of interest in design
g b ::%zsﬁl?-ll)?izt diameter and development and in basic research. 1In the applied
1 - = nossle approach section length field, nozzles are used in rocket engines and in measuring
& = nilfow Inte flow rates, whereas in research they are used in acceleration
M = Mach number devices and in the study of flow phenomena such as non-
p = wall static pressure equilibrium effects. This experimental investigation was
Pa = ambient pressure initiated to gain a better understanding of equilibrium
p. = separation pressure flows through nozzles which appears to be basic in studying
p:« = stagnation pressure the additional effects associated with chemical reactions.
= nozzle radius Data are presented through the subsonie, transonie, and
ra = nozsle-throat radius supersonic flow regions of a number of conical nozzles. Em-
re = nozzle-throat radius of curvature s A > &
O - o it radite o curvatare phasis is placed on the throat region, where the flow is
R = nozzle-inlet radius transonic. 5
T: = stagnation temperature ras flows through conical nozzles
T. = wall temperature have shown deviations from one-dimensional isentropic flow,
z = axial distance from nozzle inlet as_indicated by measured wall static pressures. These
u = velocity component in z direction deviations result from radial velocity components ecaused
o= ""“’_"‘3100“3’ at _waﬂ by the taper and curvature of the nozzle.! Similar deviations
y = specific-heat ratio ) : have been observed where measurements were made in the
$ = velocity boundary-layer thickness at noazle inlet divergent region of conical nozzles?*® and where a few meas-
§* = displacement thickness . b By St i esnieal sk de ey
e Rk A Tt urements were made in the conical convergent region.
Local velocity measurements’ in the throat region have

e = nozzle expansion-area ratio . . : :
indicated the two-dimensionality of the _ﬂ_o\xg

» = kinematic viscosity i
¢ = distance defined in Eq. (6) n this paper, measured wall static pressures are presented
p = density for conical nozzles of various dimensions to show in detail
r = wall shear stress those regions where the flow is two-dimensional, and thus
- where the simple one-dimensional flow prediction fails. | The
Subscripts conical nozzles investigated have 30° and 45° half-angles of
e = condition at freestream edge of boundary layer .convergence, 15° half-angles of divergence, circular-arc
1 = condition at nozzle inlet entrance and throat sections, and expansion-area ratios up
S to 6.6. The ratios of throat radius of curvature to throat
Received September 8, 1964; revision received May 17, 1965. radius were 2.0 and 0.625. The effect of inlet configuration
This paper presents the results of one phase of research carried was investigated in other nozzles with the convergent sections

out at the Jet Propulsion Laboratory, California Institute of

Technology, under Contract No. NAS 7-100 red by NASA. : o ¥
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temperature of 530°R, compressed air was used, and the
nozzles were uncooled. The higher stagnation temperatures
were obtained by heating compressed air by the combustion
of methanol. The products of combustion were then mixed
To obtain uniformity before entering the nozzles, and at these
higher temperatures, the nozzle walls were cooled. At the
highest stagnation tem 1 fror
the gas to thenozzle wall was less than 19 of the total energy
of the gas at the nozzle inlet so that the flow was nearly
adiabatic in all cases. The products of combustion could
be treated approximately as air, since the mass flow-rate ratio
of methanol to air was small, e.g., at 1500°R the molecular
weight and specific-heat ratio were_28.6 lb/mole and_1.34,
respectively, for the products of combustion compared with
29.0 Ib/mole and 1.35 for air. Also, caleulated temperatures
mucts_of combustion, with the assumption of com-
plete chemical reactions, were within the ageuracy of thermo-
couple measurements described in Sec. IT_

Boundary-layer thicknesses at the nozzle inlet were varied
from about 5 to 45% of the inlet radius to investigate bound-
ary-layer displacement effects. The effect of wall static-
pressure tap size on the readings was also investigated. At
the lower stagnation pressures, the nozzles were overex-
panded, and the associated separation pressures are presented
both for hot-flow operation with cooled walls and for cold-
flow operation. Other features of the flow are included in
terms of deviations from one-dimensional isentropic flow.
For over-all nozzle performance, flow coefficients and thrust
ratios are shown. Local deviations in the mass flux at the
edge of the boundary layer calculated from the measured
wall static pressures are included, as is the sonic line location.

In the transonic flow region, various two-dimensional
isentropic flow predictions are compared with the data to
indicate the adequacy of these theories.

II. Instrumentation

The flow and instrumentation diagram of the system to
which the nozzles were attached is shown in Ref. 1. Stagna-
tion pressure was measured just upstream

ion, the length of which could be adjusted to specified
values. Changes in length were made to vary the nozzle-

inlet houM{:knc_s_g. These turbulent boundary-
laver thicknesses were estimated from measurements described
in Ref. 1. The approach section was cooled at the higher
stagnation temperature of 1500°R. Etagnutinu temperature
was determined by averaging the readings of two shielded

thermocouples placed 0.25 in. upstream of the nozzle inleg
These two thermocouples, Tocated 1 in. from the centerling

were spaced 180° apart circumferentially and generally read
s Late was meas-

ured with an orifice, and for the hot-

ow tests, a rotometer
was used to measure the mass flow rate of methanol. The 2

accuracy of the total mass flow rate is estimated to be 19
at stagnation pressures above about 100 psia. At lower
il . : gLE O
stagnation pressures, the readings are less accurate.

For the following nozzles [the 30°-15° (Fig. 1), those
shown in Fig. 2, and the 45°-15° @M_]‘,F%ﬂ%ameters
of the wall static-pressure taps were 0.040, 0.020, and 0.020
in., respectively,land the ratios of hole depth-to-diameter
were about 8, 47 and essentially infinity, respectively. The
holes were as sharp-edged as they could be made by drilling
and then smoothing the burrs with emery cloth. The axial
location of each tap was known to 0.002 in., and the taps were
spaced circumferentially and axially along each nozzle
wall. The static pressures were measured either with mer-
cury manometers or, at the higher pressures, with Heise
gages, which had 0.25-psia marked increments. lE‘he ac-
curacy of the readings is dictafed by the difference between
the static and stagnation pressures and thus depends on loca-
tion in the nozzle and on the stagnation pressure. The esti-
mated error in static pressure throughout the throat and

ure, the total heat transfer from

divergent regions and most of the convergent region is less
than_1%. Only in the nozzle-inlet region at the lowest
stagnation pressures, where the difference between the static
and stagnation pressure is small, is the estimated error of
5‘_7'2 significant; this error would be less at higher s!.a.-gm
pressures.] Considerably larger differences than the previ-

ously mehtioned 19, through most of the nozzle are found
with different sized taps, as discussed in Sec. V.

or hot-flow operation with cooled walls, wall temperatures
were determined from thermocouples embedded in the wall
of the 30°-15° nozzle and from calorimetric wall heat-flux

measurements with the 45°-15° nozzch

III. Static-Pressure Distributions

Measured static-to-stagnation-pressure ratios are shown
in Fig. 1 for the 30°-15° nozzle over a range of stagnation
pressures from 45 to 150 psia at a stagnation temperature
of 1500°R, with cooled walls. The upper limit of 150 psia
was dictated by manometer limitations at the time the tests
were made. TFrom boundary-laver traverses, the ratio of

inlet boundary-layer thickness to_pnozzle-inlet” radius was
estimated at about §/R ~ 0.25. {The pressure ratios are
nearly invariant with stagnation pressure except in the flow-
separation region, where the rise in static pressure is caused
by overexpanded nozzle operation.§ In the throat region,
there is some data spread, but it does not appear to vary
systmnﬁical]y with stagnation pressure. Considerable devi-

ations {from the prediction for one-dimensional (1-d) isen-
tropic flow (y = 1.40), shown as curve a, are apparent in
the transonic region; in particular, the measured pressures
are as much as about 309, below the prediction just down-
stream of the throat. Deviations of a smaller magnitude
are observable in the inlet and conical convergent scction,
where the data are slightly above the 1-d flow predictiong
Near the tangency of the circular-are throat and conica
divergent section, the measured pressure ratios change slope
abruptly and cross over the 1-d flow prediction further down-
stream. |A 1-d isentropic flow prediction with variable spe-
cific heat was also made and found to be at most 29, above the
prediction shown for ¥ = 1.40. This small difference indi-
cated the prediction with v = 1.40 to be adequate for com-
parison purposes if the entire nozzle flow region is considered.
For subsequent comparisons in the throat region, v differ§
little from the stagnation condition value of 1.35 used.
Another 1-d flow prediction referred to in the literature is
that for conical source flow in the divergent region. The
predicted wall static-pressure distribution for isentropic flow

(¥ = const) is e

i = Ja)d f(y—1)
P _ Jll i 7_2_2 M,z [_(Sb( 8t 1]}7 " )

Py (/)7
The subseript b denotes a point along the conical wall where
the indicated variables are known, and s is the radial dis-
tance from the source. If the experimental pressure and
corresponding Mach number at the circular-arc-throat conical
tangency point are used, Eq. (1) is shown in Fig. 1 by curve
b to predict substantially lower statie pressures in the conical
section than those obtained experimentally. Although better
agreement could be obtained if the prediction were initiated
downstream of the tangency, the comparison nevertheless

" indicates that the actual flow differs from conical source flow

in_the first part of the conical section,

ata were also obtained both at a lower stagnation tem-
perature of 530°R (uncooled walls) and with no approach
length such that at the noz et /R == 0.05. These data,

though not shown, indicated that the effect of wall cooling_

altered the measured pressure ratio negligibly except in the

flow-separation region, where, at the same stagnation pres-

sure, the separation point moved downstream with wall
cooiingJ The dependence of separation pressure on wall
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Fig. 1 Static-to-stagnation-pressure ratios along the 30°=15° nozzle.

cooling is discussed in See. VI.

gl‘he effect of inlet boundary-

tially independent of inlet configuration and depend only on

the local nozzle contour.] The magnitudes of the deviations

layer thickness on the measured pressure ratio was not dis-
cernible.} fThus these- investigations revealed a negligible
oun

v-layer displacement effect, which was also In agree-

ment with predictions of the displacement thickness §* from
the turbulent boundary-layer analysis® In connection with
the prediction, it should be mentioned that §* became nega-
tive upstream of the throat as a result of the combined effects
of wall cooling and flow acceleration. Predicted values of
&* are shown in Fig. 12 of Ref. 1

o investigate the effect of inlet configuration, measured
pressure ratios are shown in Fig. 2 for nozales of different
contraction-area ratios but having the same throat radius
throat radius of curvature, and half-angle of divergenc?
The convergent sections were formed by circular arcs of equ
radii of curvature. For comparison purposes,|the cold-flow
data shown are average values for each nozzle over the range
of stagnation pressures indicated.

g parated flow data (not
shown) are discussed in Sec. V hrough the throat and

dwergent. regions, the measured pressure ratios are essen-

from I-d isentropic flow (curve a) are similar to those found
with the 30°-15° nozzle (Fig. 1), which has the same ratio of
throat radius of curvature to throat radius (r./re, = 2.0) and
half-angle of divergence as the nozzles shown in Fig. 2

The effect of throat configuration is shown by comparing
Fig. 3 to Fig. 1. In Fig. 3, measured pressure ratios for the
45°-15° nozzle are shown for a stagnation-pressure range
from 45 to 250 psia and a stagnation temperature of
1500° R. JBecause of the smaller throat radius of curvature to
throat radius of 0.625, as compared to 2.0 for the 30°-15°
noszzle, there are larger deviations from the pressure ratio for’
1-d isentropic flow in the transonic region. These amount to

as much as 459, just downstream of the throat.J In the
conical convergent section, there are also larger deviations
from 1-d flow than with the 30°-15° nozzle because of the
larger 45° half-angle of convergence. In addition, at the
higher expansion-area ratios of the 45°-~15° nozzle, the data
once more cross over and become less than the 1-d flow pre-
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Fig. 2 Static-to-stagnation-pressure ratios with various nozzle-inlet configurations.
diction. With the 45°-15° nozzle, only hot-flow cooled- EI‘he prediction from Eq. (2) is shown in Fi by curve
wall data were obtained, and a larger c, wblch agrees well with the measured pressure E]tstrlbutwns

upstream length
éﬁ%_‘ﬂ) was used such that §/R ~ 0.45. Although no
ata were obtained with a thinner inlet boundary-layer thick-
ness, both experimental observations with the 30°-15°
nozzle and predictions indicate that the measured pressure
ratios would be altered negligibly.

1V. Two-Dimensional Flow Predictions

Exact solutions of the two-dimensional (2-d) isentropic-
flow equations are virtually nonexistent for flow regimes

throughout a supersonic nozzle. Approximate solutions
consist either of calculating the flow field by numerical or
graphical techniques or of obtaining analytical solutions in
particular flow regions. Since, as expected, gle\iations from
1-d flow are largest near the throat, the transonic regmn is of

in the throat vicinity.} In the regions that extend to the
circular-are-throat conical tangencies, the requirement that
the velocity at the wall be parallel to the wall is not exactly
satisfied as a consequence of the solution method; this un-
doubtedly leads to the inferior prediction near these tangen-
cies.

he correspondence of the prediction from Eq. (2) with
the data is equally good for the nozzles with various inlet
configurations, as shown in Fig. 2 by curve ¢. It should be
noted that Hall's prediction %[epends only on throat con-
figuration through the ratio r./ru and not on inlet configura-
tion.] The measured pressure ratios in the throat region
shown in Fig. 2 display this same trend.

or the 45°-15° nozzle (r./ru = 0.625), the prediction is.

primary concern. Also, a solution in this region is needed
fo inifiate a solution by the method-of-characteristics in the

supersonic region.
In the transonic rggion,lﬁall‘!obt.ained a solution for the
velocity field for isentropic tational flow (y = const)

by a series expansion of the velocity components in inverse
powers of r./ri.. The first three terms for the velocity com-
ponents in the series solution were calculated and appear in
the reference. From these, the wall static-to-stagnation-
pressure ratio can be calculated :

p/pe = {1 — [(y = 1)/(y + 1)]P3}+/(x=D @)

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

not applicable since the series solution div for re/re < 1.
Instead, Fig. 3 shows as curve d the Sauer Eﬁlﬁﬁﬁﬁ;!?
which, as ﬂall has pointed out, is the first-term approxima-
tion in his series solution. This is considerabl
below the data for the 45°-15° nozzle.] In Fig. 1 (curve d),
this prediction indicates the improvément upstream of the
throat afforded by the Hall solution, curve ¢, in which three
terms are used. However, at the throat and downstream of
it, there is little difference between the first and third approxi-
mations.

It would be of interest to compare the data with predie-
tions from the irrotational method of characteristics in the
supersonic region; however, predictions by Darwell and
Badham!! and Migdal and Landis!? for conical nozzles with
circular-arc throats reveal flow conditions near the nozle
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Fig. 3 Static-to-stagnation-pressure ratios along the 45°-15° nozzle.

axis that would lead to shock formation, and consequently
invalidate the irrotational assumption. Predicted shock
formation occurs where Mach lines originating just down-
stream of the circular are and conical tangency approach the
nozzle axis. Darwell and Badham discuss the prediction in
defail with respect to the accuracy of the numerical solution
and its initiation, using either Hall’s? or Sauer’s!® transonic
solution. As indicated in Fig. 1, for the 30°-15° nozzle with
ro/Tw = 2.0, either of these solutions should provide a good
approximation to the actual flow in the region of interest.
It should be noted that boundary-layer displacement effects,
not accounted for in these predictions, do influence the nozzle
freestream flow boundary to some extent; this can alter the
predicted flow field. Whether or not shock formation
actually oce s be decided by
experimental o i Rather than wall static-pressure
measurements, either total pressure-probe traverses along
‘the axis of conical nozzles or some means of visual observation

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

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

diction by Oswatitsch and Rothstein, 13

P v =1 a\2/ V\? ¥/ (y—1)

A o O ¢ e

P [] 2 ( fy at) (ul) ] @)
where

) 1 [ rd¥
- [{‘ +§[§E{=+

1 (du,/dz) dr (dr)’] : dr\? |2

4 " dz dz T (dz) ]
The subscript 1 denotes average quantities for 1-d isentropic
flow, in which v = const. For calculation purposes, it is
convenient to use the relation (1/w,)(dw/dz) = (2/r) X
[(dr/d2)/(M,* — 1)]. In the prediction that applies for a
constant <, the velocity distribution is computed from the
local configuration of the wall. The requirement that the
fluid velocity at the wall be parallel to the wall is not exactly
satisfied because of the way in which the solution was ob-
tained. The prediction from Eq. (3) is shown in Fig. 1 as
curve e to be in close agreement with the Hall prediction and,
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thus, the data in the throat vicinity of the 30°-15° nozzle.
At the circular-arc-throat conical tangencies, the prediction
is discontinuous because of d%/dz?; these discontinuities are
indicated by vertical dashed lines. - Near the tangencies, the
solution becomes more approximate, since the restrictions
on the magnitude of the nozzle radius and its derivatives
implied in the analysis are not satisfied.

The 45°-15° nozzle contour deviates even further from the
restrictions imposed by this analysis; however, for com-
parison, this prediction is shown in Fig. 3 as curve e in a nar-
row part of the throat region. The rather sharp decrease in
static pressure is predicted, but the prediction is below the
data.

V. Static-Pressure Tap Size

E‘ht‘ presence of a statie-pressure hole causes some flow
disturbance, which alters the measured static pressure from
the true value. For sharp-edged holes, deeper than about
2 diam, measured static pressures in flows with negligible
pressure gradients have been found to increase with hole
size; it is believed that the small holes read nearer the true
static_pressure. Other effects, such as slight burrs and the
presence of foreign particles, have been found to alter the
readings as well.  For nozzle flow, in addition to the pressure
gradient induced in the flow by the presence of the hole, the
external pressure gradient is superimposed in the flow direc-
tion. The flow disturbance is thus expected to inerease with
hole size because a larger pressure drop exists across the hole
than when the freestream flow is not accelerating.

To investigate the effect of hole size on the static-pressure
readings, the 2.51-1 nozzle shown in Fig, 2 was instrumented
with 0.010- and 0.040-in.-diam tap pairs. As mentioned
before, the holes were as sharp-edged as they could be made
by smoothing with emery cloth any surface burrs that were
produced by drilling. The ratio of hole depth to diameter
was about 3. Static-pressure distributions were obtained
over a range of stagnation pressures from 45 to 170 psia,
with air at a stagnation temperature of 520°R (uncooled
walls). Two of these distributions are shown in Fig. 4.
To allow a direct comparison of the differences in the read-
ings, the lower part of Fig. 4 also shows the percentage
difference between the 0.010- and 0.040-in.-diam tap readings
at locations where these two taps were axially within 0.002
in. of each other. This is the limit to which the axial location
of the taps is known. As seen in Fig. 4, the pressure differ-
ence between the smallest and largest tap readings varies
systematically through the nozzle; random differences
(plus or minus) that would be associated with reading ac-
curacy are not evident. The smallest tap has the lower
reading, as_has been observed in flows with negligible ac-
celeration. [ The percentage difference in the tap readings is
a maximum In the transonic region where the pressure
gradient is Jargest. The difference 1s hardly discernible in
the nozzle-inlet region where the freestream velocity is low
and in the flow-separation region for the low-stagnation-
pressure test where the reverse flow velocity is relatively low

The 0.002-in. uncertainty in the axial distance between the

0.010- and 0.040-in.-diam tap pairs would alter the per-
centage differences shown in Fig. 4 by 0.1 at most.

" The trends of the differences shown for the two tests were
typical of those found at intermediate stagnation pressures
of 75, 100, and 125 psia, and duplicate tests at some of the
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Fig. 4 Statie-to-stagnation-pressure ratios along the
2.51-1 nozzle with different sized pressure taps.

To indicate the magnitude of the differences between the
tap readings in another way, reference is made to an estimate
of the static-pressure tap error. By dimensional analysis for
a low-speed, essentially constant-property turbulent boundary
layer with negligible flow acceleration, Livesey et al.¥ and
others give the error ap for deep holes:

A
Ap/r = =L(d*
T

where d* = d(r/p)Y%/y, d is the tap diameter, and 7 is the
wall shear stress. According to experimental measurements
by Livesey et al. and others, Ap/r increases monotonically
with d* to-about 3 at d* == 900, the limit at which measure-
ments have been made. By comparison, in the throat re-
gion for the highest stagnation-pressure test, values of (p, —
puw),/ T are as large as 40; the corresponding value of d* based
on the 0.040-in.-diam tap is about 6200. For the lowest
stagnation-pressure test, the predicted value in the throat
region is less, (po — pw)/T = 10, as is the corresponding
value d* = 1900. In these estimates, the wall shear stress
was predicted from the analysis of Ref. 8.

Unfortunately, since the true static pressure is not known,
one can only conclude from the data shown in Fig. 4 thatjthe
_static-pressure distributions shown in_Figs. 1-3 are pro-
bably slightly higher than the true onesl o

VI. Separation Pressures

IFO!‘ overexpanded nozzle operation, the ratios of separation
to ambient pressure are shown in Fig. 5 for nozzles that have -
re/rm = 2.@( There were too few pressure taps in the diver-
gent region“of the 45°-15° nozzle for a meaningful representa-
tion. The data are shown by the barred vertical lines. The
upper bar is the tap reading upstream of the separation

pressures indicated the data to be reproducible. In a system
in which pressure gradients can exceed those along the 2.51-
1 nozzle, Jaivin found differences of the same magnitude
as those shown in Fig. 4 for tap diameters ranging from

0.0016 to 0.019 in. by measuring the pressure distributions
along a flat plate on which a liquid jet impinged. In that
investigation, a limiting value of the tap size was found for
which ne further change in the measured pressure distribu-
tion was observed;]a 0.004-in.-diam tap read the same as the
0.0016-in.-diam tap. N\

\ "6.1016 wwm

“point; the lower bar would be that at the succeeding tap if
separation had not occurred and was determined from higher
stagnation-pressure tests. _Thus, the actual value lies be-
tween the values shown. |The Mach number at separation
was calculated for isentropic flow (y = 1.4) based on the
average separation pressure.] The ratios of separation-to-
ambient pressure for the hot-flow tests with cooled walls
shaded symbols) are generally about 5 to 10% below the
cold-flow values (open symbols). These lower values at the
same stagnation pressure correspond to a relocation of the




various nozzles.

scpa.ratwn point downstream with wall {'oolmg, as was men-
tioned in Sec. III. This indicates that w
important in the interaction

“nozzle wall. _&hﬂ)efg_ “et al.’® also found the same trend.
Tor our data, it is not clear whether the lower separation pres-
sures are due only to wall cooling, since, with hot flow and
cooled walls, the boundary-layver-thickness Revnolds numbers
at the separation point estimated from the analysis of Ref. 8
were about one-half of those for cold flow at the same stagna-
tion pressure and boundary-layer thickness at the nozzle
“inlet. In this regard, the data shown in Fig. 5 for the 30°-15°
nozzle with hot flow and cooled walls do not reveal any
definite trend between the results with relatively thin bound-
ary layers (§/R ~ 0.05) at the nozzle inlet and those with
thicker layers (6/R ~ 0.25). However, it is difficult to deter-
mine whether there is any dependence on the boundary-layer-
thickness Reynolds number, owing to the scatter of the results
at the highest separation Mach numbers (last four shaded
points), which correspond to separation near the nozzle-exit
plane.

The data in Fig. 5 extend over rather low ratios of stagna-
tion-to-ambient pressure because of the relatively small
expansion-area ratios. When these data are compared with
others obtained with uncooled walls, such as the accumulated
results of Arens and Spiegler (Ref. 17, Fig. 2), the hot-flow
data with a cooled wall are found to lie below those results.

VII. Flow Coeflicients L]

En Fig. 6, comparisons between measured mass flow rate at
a stagnation temperature of 1500°R (cooled walls) and com-
puted values for 1-d isentropic flow (y = 1.35) are shown in
terms of the flow coefficient/cs = m/m,.| At the lower stag-

nation pressures, there is appreciable scatter in the values =it =0

Some of the scatter is undoubtedly due to errors in the mass
flow-rate measurements. At the higher stagnation pressures,
~ the scatter is Iess, and for both nozzles, the flow coefficient is

- approximately betwgg'n 0.98 and 1.0. Smce the flow through
the transonic region determines the mass flow rate through
“the nozzle, Fig. 6 also contains the Hall Erediction:l

S ra\? _87+21(1..
=B — 1 b (%) oo - St () +

7547 + 1971y + 2007 (r_u.)‘ . ] @
552960 Te B

et rpmg e AR Sy A S Ty “m_ 2

etween the shock wave aml
_boundary Tayer which results in flow separation from the
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065 T T T ~ For the 30°-15° nozzle, the prediction from Eq. (4) is 0.
: NOZZLE 7R cooLe waLLs 7 LA in fair agreement with the experimental values. This cor-
s 060 - : :g:g: e 500} 040<Z < os8 !&6 :ﬁ e respondence is expected from the close agreement of pre-
o O 30-i5° 530 7 12 ~0I0 dicted and measured static pressures in the throat region.
- 0 25-1 ) e 73 - However, for the 45°-15° nozzle, the experimental values
E oes|- ©164-1 520 ol - — exceed the prediction from Eq. (4), in which only the first
5 ‘:) term in the brackets is retained. As mentioned before, the
J i Hall solution dwerg‘es for r./ru. < 1. If only the first term
e ¥ in the brackets is included, the prediction is identical with
g + %Jﬁ) &‘L that of either Sauer' or Oswatitsch and Rothstein.!®*  Thus,
| . | : the lower predicted values of the flow coefficient further
g i * ; how the inadequacy of existing predictions for nozzles
B 1 with r./ru << 15
§ 040 + T + ¥ 1
g + VIII. Thrust Ratios
o 2 g To indicate how the nozzles tested would perform as thrust
devices with negligible wall shear stremes,ﬁgi? 7 shows ratios
030 = - - £E e of actual thrust to that for 1-d isentropic How (y = 1.40)
H e i for a stagnation temperature of 1500°R (cooled walls) J ﬁ
¢ ]
Fig. 5 Separation to ambient-pressure ratios for ;, - I:(p_nl TE f:_ ;)rf.l] ;/[U'h-l-'. 4 f: ptd‘l:l
1 AL I Ai

To clearly illustrate the deviations, the nozzles are assumed
to discharge into a vacuum, and the thrust ratios are shown
for hypothetical expansion-area ratios from a value of 1 to
that of the HIJU[“DF(“\QU]’(‘ tap location nearest the nozzle
exit. th terms in the thrust expression represent the force
on the nozzle-inlet area or effective chamber end wall and the
integrated wall pressure distribution resulting in the axial
force on the nozzle side wall. The shape of the thrust-
ratio curve is dependent on whether the wall pressure is less
or greater than the 1-d flow value and on the magnitude of
the difference, as shown in Figs. 1 and 3. Shown for com-
parison is the often quoted correction factor (1 + cosé) for
nonaxial exit flow for conical nozzleS§ T ]liu\mold
flow would be the same as those shown in Fi ig. 7, based on the
data mentioned in Sec. I11.

IX. Sonic Line

‘able 1 contains a comparison at a stagnation temperature
of 1500°R (cooled walls) of predicted and experimental loeca-
tion of the intersection of the sonic line with the edge of the

boundary layer. The experimental values correspond to the
point at which the Mach number obtained from the measured

statie-pressure distributions for isentropic flow (y = 1.35)
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Fig. 6 Flow coeflicients.
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Table 1 Comparison of predicted and experimental
sonic line intersection with edge of boundary layer at
T: = 1500°R (cooled walls)

Nozzle (&/Ten )exp. \Ef":h)zq, ®) (&/rn)man
“ 30°-15° 0.15-0.16 0.19 0.16
45°-15°  0.13-0.14 0.34

was equal to unit-_vJ One prediction for isentropic flow is
from either Sauer!® or Oswatitsch and Rothstein:!?

Era = [(v + 1)/2]V2(ra/r)'?

where £ is the axial distance upstream of the
The otherisentropic flow prediction 1s from
For the 30°-15° nozzle, the prediction from Lq. (6) gives a
value larger than that measured for the upstream distance
to the sonic line, with better agreement afforded by Hall’s
prediction. Hall’s analysis is not applicable to the 45°-15°
nozzle, since r./ry, < 1; by using Eq. (6), the predicted dis-
tance is more than twice the t'ﬂacrinmnlull_\' deduced value.
The cold-flow experimental values would be the same as those
indicated in Table 1, based on the data mentioned in See. I11.

X. Mass Flux Ratios

For the calculation of boundary-layer flow and heat trans-
fer to nozzle walls, the local mass flux (pV'), at the edge of the
boundary layer is needed. §By assuming isentropic flow
(y = 1.4), this local mass flux was calculated from the
measured static-pressure distributions and is shown non-
dimensionalized by the 1-d isentropic flow value in Fig. 8.
Through most of the nozzle, the local mass flux is leSs than
the 1-d valuej which implies lower wall heat fluxes, since for
turbulent boundary-layer flows, ¢ = (pV)% §The mass
flux deviation amounts to about 209 in the inlet region and
just downstream of the throat for the 45°-15° nozzle; with
the 30°-15° nozzle, the deviations are less.

The maximum values of the mass flux (p17). occur just

upstream of the throat at the intersection of the sonic line

with the edge of the Loundary layer. Itis in this region that

Theat-transfer measurements indicate the maximum heat
flux to the \\'all.”-‘j
Al. Conclusions

Wall static-pressure measurements have been presented
for air flowing through conical nozzles with circular-are
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.l
039 ——
30-15°
—— = o= — === = === (1 +cos8), B=15°
X ose —+ —
< 1
Q |
-
& o097 —
s 45-15°
g o |
§ 096 T
\/ Ty =1500°R, COOLED WALLS
NOZZLE 7
0ss 30-15* o~ 025 ——
45-15° 2 045
s s TO0 G
1 2 3 4 L] 6 T L]

_ NOZZLE EXPANSION-AREA RATIO 4/4;,

'Fig. T Variation of thrust ratio with expansion-area

ratio (curves were obtained from averaged p/p, ratios
shown in Figs. 1 and 3).
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Fig. 8 Local to one-dimensional mass flux ratios along
the nozzles (values were determined from averaged p/p,
ratios shown in Figs. 1 and 3).

throats. Comparisons have been made with predietions,
The results indicate the following,

1) In the throat region, where the flow is transonic, two-
dimensional isentropic flow predictions are in close agreement
with the data for the nozzles with a ratio of throat radius of
curvature to throat radius r./ry, = 2.0, but inadequate for
the nozzle with r./ry, = 0.625. Deviations as large as 30
and 45% from the simple one-dimensional isentropic flow

prediction were found in the throat region for the nozzles
with r./ru, =

2.0 and 0.625, respectively.
2)E_t{mu-]:rvsamlmt-usu|'t-n_u_.-gt_.~<_in the throat and diver-

gent Tegions of nozzles with the same r./ry, and half-angle of
divergence were foupd to be essentially independent of various

inlet :'onﬁgul'ationhj

3) Smaller deviations in static pressure from one-dimen-
sional flow were found in the conical sections. In the con-
vergence region, the magnitude increases with convergence
angle, whereas in the divergence region, this effect was not
investigated since all the nozzles tested had a 15° half-angle
of diyergence.

4}&:1[‘ underexpanded operation, the pressure measure-
ments were insensitive to the effects of both cooled and un-

cooled walls and to nozzle-inlet boundary-layer thickness to
0.45 of the nozzle-inlet radius. Thus, boundary-layer effects

were found to be negligible.

-~

5) Pressure readings depend on tap size, with significant
differences found between 0.010- and 0.040-in.-diam holes.
The smallest tap reads the lower pressure, which is believed
to bepearer the true static pm-mreh

B)E‘:lr overexpanded nozzle operation, the separation point
moved downsfream with wall cooling for tests at the same
stagnation pressure, so that the ratios of separation-to-
ambient pressure for the hot-flow tests with cooled walls were

generally about 5 to 1097 below the cold-flow \'ﬂ.lll;?:j]
mension-

7) Mass flow rate and thrust depend on the two-di
ality of the flow through the transonic region, with boundary-
layer effects relatively unimportant for the nozzles investi-
gated that have expansion-area ratios to 6.6 I

8) In the transonic region, local mass fluxes at the edge of
the boundary layer deduced from the static-pressure meas-
urements deviate less from one-dimensional flow values than
do the static pressures. In the convergence section, the
magnitudes of these deviations are about the same as they
are in the transonic region and depend on the convergence
angle.
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