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SUMMARY

An investigation was conducted to obtain nozzle performance data
with relatively large-scale models at pressure ratios as high as 120.
Conical convergent-divergent nozzles with divergence angles a of 150,
250, and 29° were each tested at area ratios of approximately 10, 25,
and 40. Heated air (1200° F) was supplied at the nozzle inlet at pres-
sures up to 145 pounds per square inch absolute and was exhausted into
quiescent air at pressures as low as 1.2 pounds per square inch absolute.

Thrust ratios for all nozzle configurations are presented over the
range of pressure ratios attainable and were extrapolated when possible
to design pressure ratio and beyond. Design thrust ratios decreased with
increasing nozzle divergence angle according to the trend predicted by
the (l + cos a)/z parameter. Decreasing the nozzle divergence angle
resulted in sizable increases in thrust ratio for a given surface-area
ratio (nozzle weight), particularly at low nozzle pressure ratios.

Correlations of the nozzle static pressure at separation and of the
average static pressure downstream of separation with various nozzle
parameters permitted the calculation of thrust in the separated-flow
region from unseparated static-pressure distributions. Thrust ratlos
calculated by this method agreed with measured values within about 1
percent.

INTRODUCTION

Although exhaust-nozzle design-point performance has been experi-
mentally and theoretically well established, off-design performance,
especially in the overexpanded separated region, is more difficult to
ascertain and i1s not completely amenable to analysis. The wide range of
exhaust pressures encountered by missiles and spacecraft results in a
considerable amount of off-design engine operating time. Because of the
sensitivity of vehicle performance to nozzle efficiency (particularly



payload), some knowledge of off-design performance is necessary to
determine accurately the overall vehicle flight history. Although there
have been a number of design and off-design investigations of convergent-
divergent exhaust nozzles, most of them have been either full-scale
rocket-engine tests with their Inherent measurement limitations, or rel-
atively cold gas tests with small-scale models at pressure ratios of

less than 50.

In order to extend the preciseness of erperimental nozzle perform-
ance data (especially in the off-design regicn), the investigation pre-
sented in this report was conducted with reletively large-scale models
(6.5-1in. throat diam.), a gas temperature of 1200° ¥, and pressure ratios
from 4 to 120. Three basic nozzles were usec¢ having nominal divergence
half-angles of 150, 250, and 29°. Each nozzle was built and operated
with an area ratio of 40 and then cut off for tests with area ratios of
about 25 and 10. Although the bulk of the dsta were obtained with an
inlet-air temperature of about 1200° F, some data were obtained with
unheated air. The use of direct-fired heaters to raise the inlet temper-
ature resulted in the presence of condensaticn shock in the nozzles dur-
ing most of the heated-air testing; however, it was possible to correct
the data for this effect.

Thrust retios are presented for all nozzle configurations over a
range of nozzle pressure ratios from 10 to 1C0 and were extrapolated
when possible up to a pressure ratio of 1000. Design thrust ratios are
compared with expected values from the (1 + cos «)/2 parameter of refer-
ence 1, and the performances of the different-divergence-angle nozzles
are compared on the basils of nozzle surface crea (weight). A simplified
method of thrust determination is developed that permits the calculation
of nozzle thrust in the separated-flow region from unseparated static-
pressure profiles.

APPARATUS

The three basic nozzle configurations investigated (fig. 1) had
inlet diameters of 9 inches, nominal throat diameters of 6.5 inches,
overall area ratios of 40, and divergence half-angles of approximately
lbo, Zbo, and 22°. The original nozzles were subsequently cut off to
pive area ratios of about 25 and 10, which resulted in a total of nine
different nozzle configurations. All nozzles were of stainless-steel
construction and contained static wall orifices with approximately 2-
itich axisl spacing throughout their lengths. Detailed nozzle dimensions
are glven in the sketches of figure 1, and thz more important nozzle
criteria are summarized in the following tabls:
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Divergence angle, a, | Throat diam., | Area ratio,

deg in. A/B
15.3 6.49 9.2
24.5
40.1
25.0 6.50 9.9
24.3
40.0
29.0 6.49 10.5
28.9
40.1

A sketch of the nozzle rig is shown in figure 2. The nozzle assembly
was rigldly mounted on a flexure-plate-supported test platform that was
connected by a linkage to a calibrated null-type thrust cell. Dry air
(l grain/lb) entered the nozzle assembly through a bellmouth Venturi duct
in which mass-flow measurements were made. The air then passed through
five combustor cans before entering the nozzle inlet. (During cold-flow
operation, the combustor cans were removed from the combustor section.)

A labyrinth seal just downstream of the bellmouth inlet mechanically
isolated the nozzle and associated ducting from the inlet-air line, thus
prermitting measurement of the thrust forces.

TEST PROCEDURE

Nozzle performance data were obtailned with each configuration at
nozzle-inlet pressures of about 145, 90, and 50 pounds per square inch
absolute to determine the effects of Reynolds number on nozzle perform-
ance. The exhaust pressure was varied from about 1.2 to 12 pounds per
square inch, which gave a range of nozzle pressure ratios from 4 to 120.
The exhaust pressure was varied in both increasing and decreasing direc-
tions to check for possible hysteresis in the thrust-measuring system.
The nozzle-inlet alr temperature was maintained at approximately 1200° F
by burning JP fuel in the five combustor cans upstream of the nozzle
inlet. Although the facility inlet air was dried to about 1 grain per
pound, the combustion of fuel increased the moisture content so that
condensation shocks occurred in the nozzle during most of the heated-air
testing. OSome cold-flow data (80O F air temp.) were also obtained, which
were essentially free of condensation shock. During these cold-flow
tests, the maximum nozzle pressure ratlo available was about 77.



DATA PROCEDURE
Measured Thrust

Nozzle thrust F was determined over the available pressure-ratio
range from the sumation of momentum and pressure forces on the installa-
tion and the thrust-bed balance force as measured by the thrust-measuring
cell. Nozzle thrust coefficient Cp was obtained by dividing the meas-
ured thrust F Dby the product of nozzle-inlet total pressure, nozzle
throat area, and the throat flow coefficlent ¢. A throat flow-coefficient
value of 0.98 was determined during cold-flov tests from the ratio of
actual airflow to airflow as calculated from nozzle-inlet pressure and
temperature measurements and assumed sonic ccnditions at the nozzle
throat. Nozzle thrust ratio F/Fid was obteined by dividing the meas-
ured thrust F by the product of actual mass flow and the ideal velocity
that would be obtained with isentroplic expansion from nozzle-inlet con-
ditions to ambient pressure. (All symbols are defined in appendix A)

Corrected Thrust

Although the facility inlet air was dried to about 1 grain per
pound, the use of direct-fired heaters to ra:se the nozzle-inlet tempera-
ture caused the moisture content to increase to about 133 grains per
pound. This resulted in condensation shocks in the nozzles at an area
ratio of about 8 except when flow separation occurred upstream of this
area ratio. All the affected measured-thrust values were corrected for
condensation-shock effects by comparing integrated-pressure thrust calcu-
lations from measured nozzle pressure distributions with those from the
calculated nozzle pressure distributions tha'; would have occurred without
condensation shock. (The unseparated pressue distributions without con-
densation shock were determined by the method described in appendix B. )
Calculated shock-free pressure distributions were necessary because
measured shock-free data (cold flow) were no- obtained with all nozzle
configurations and did not cover a large enough range of nozzle pressure
ratio. Condensation-shock-free thrust calcu.ations for the nozzle oper-
ating in the separated-flow region (separation and oblique shock within
the nozzle) were made possible by the correlation of the nozzle static
pressure at separation and the average nozzle static pressure downstream
of the separation point with various nozzle Harameters. The performance
of nozzle configurations for which the condensation-shock-free unseparated
static-pressure distribution could be determned out to the nozzle exit
was extrapolated to deslgn pressure ratlo and beyond. This was possible
because the total momentum at the nozzle exi: is constant for all pres-
sure ratios beyond that required for full flow, and thus overall thrust
varies directly with nozzle pressure ratio.
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RESULTS AND DISCUSSION
Iffects of Condensation Shock

Comparison of measured and corrected thrust. - Actual thrust-ratio
data and corrected thrust-ratio values obtained at three dlfferent area
ratios with the 29° nozzle are shown in figure 3 as a function of nozzle
pressure ratio. It can be seen that the presence of condensation shock
resulted in lower values of thrust ratio in the overexpanded region of
about 1 percent for the nozzles with area ratios of 25 and 40 and had
negligible effect on the area-ratio-10 nozzle. Cold-flow data (fig.
3(b)), which were essentially free of condensation shock, agreed well
with the shock-free calculated curve. Condensation shock also lowered
the pressure ratio at which full flow is attained, thereby resulting in
incorrect values of design-point pressure ratio and design thrust ratio.
The effect of condensation shock on the thrust performence of the 15°
and 25° nozzles was essentially the same as shown for the 29° nozzles.
The effect of inlet pressure level (Reynolds number) on thrust perform-
ance is seen to be within the overall scatter of the data. The various
effects of condensation shock on nozzle performance were eliminated by
a method developed later in this report.

Comparison of measured and corrected pressure distributions. - The
static-pressure distribution of the 290 nozzle is shown in figure 4.
The diagonal solid line represents the measured unseparated pressure
distribution obtained with this nozzle. The portion of this line between
area ratios of 8 and 28 is the distribution after the occurrence of con-
densation shock. The dashed line just below this portion of the solild
line represents the calculated static-pressure distribution that would
have occurred without condensation shock. The agreement of the cold-~
flow data with the calculated shock-free line is, of course, about the
same as the agreement in thrust that was evident in figure 3(b).

The static-pressure-ratio rise across the oblique shocks associated
with separation (indicated by the nearly vertical lines) was approximately
of the same magnitude and location for a given nozzle pressure ratio
regardless of the nozzle-inlet total pressure or overall nozzle area
ratio Ae/Acr' The reason for the difference in thrust ratio (fig. 3)
with and without condensation shock can be discerned from the static-~
pressure distribution. Although the static pressure up to separation
ig lower without condensation shock, this is more than offset by the
fact that separation occurs farther upstream and results in a larger
pressure-area force downstream of separation. Therefore, the net result
is a slightly greater thrust for the condensation-shock-free case.

The static-pressure distributions of figure 4 are typlcal of noz-
zles exhausting into quiescent air; however, the nozzle tests of refer-
ence 2 indicate that, with external flow, the pressure distributions



might be somewhat altered. Since these external-flow tests were con-
ducted with relatively small-area-ratio nozzles and at relatively low
pressure ratios, the possible effects of external flow on the pressure-
distribution data herein could not be determined.

Thrust Performance

Nozzle performance with the effects of condensation shock eliminated
1s presented as plots of thrust ratio F/Fid against nozzle pressure
ratio, nozzle divergence angle, and nozzle surface-area ratio. In those
cases where it was possible to establish full flow through the nozzle,
the thrust performance was extrapolated to design pressure ratio and
beyond.

Pressure ratio. - Thrust ratios for all nozzle configurations inves-
tigated are shown in figure 5 as a function of nozzle pressure ratio.
Thrust ratios for the 10- and 25-area-ratio nozzles peaked at approxi-
mately design pressure ratio (ambient pressursz equal to nozzle~exit
pressure) and decreased again at higher pressure ratios. Design-point
performance could not be determined for the 4)-area-ratio nozzles, since
the large pressure ratio necessary to establish full flow could not be
attained in this investigation. The values of full-flow and design-
point pressure ratio for the 29° nozzles (indicated by the vertical ticks)
are high relative to the 15° ang 25° nozzles, because the area ratios of
this nozzle were high compared with the nominal values (see APPARATUS
table or fig. 1). The smaller-angle nozzles zave higher thrust ratios
at all pressure ratios above sbout 13. Increising the nozzle area ratio
from 10 to about 25 for a fixed nozzle angle resulted in about the same
maximum (design—point) thrust ratio but requi-ed a higher nozzle pressure
ratio.

Divergence angle. - The nonaxiality of fliow at the exit of a conical
nozzle results in a thrust loss that should be predictable from the
(1 + cos a)/z parameter of reference 1. Desiymn thrust ratios of the 10-
and Z5-area-ratio nozzles are shown in figure 6 as a function of nozzle
divergence angle o along with the predicted values adjusted about 1/2
percent for boundary-layer losses. Design thi'ust ratios decressed with
increasing o according to the predicted trend, but the absolute values
of design thrust ratio were about 1 percent h:igher than expected. This
is attributed to lnaccuracies in mass-flow me:surement during the deter-
mination of flow coefficient, whose value of 0.98 is about 1 percent
lower than usually measured for these types o:’ nozzles. All values of
thrust ratio and thrust coefficient presented in this report are there-
fore presumed to be about 1 percent high.

Surface-area ratio. - A comparison of the: thrust ratios that can be
obtained with the different-divergence-angle nozzles as a function of
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surface-area ratio (ratio of divergent surface area to throat area) is
shown in figure 7 for pressure ratios of 200, 500, and infinity (exhaust
into a vacuum). Surface area was used as a basis of comparison because
it is felt to be closely related to nozzle weight for the range of area
ratios considered. At a given surface-area ratio, decreasing o from
29° to 15° increased the thrust ratio about 3 percentage points at infi-
nite pressure ratio and as much as 6 points at a pressure ratio of 200.
Although the divergence angle for maximum thrust ratio may be lower than
15°, it is generally accepted that 15° gives a good compromise between
performance and weight. The nozzle area ratio required for maximum
thrust ratio at finite pressure ratios (figs. 7(2) and (b)) can easily
be determined from the peaks of the thrust-ratio curves. However, at
infinite pressure ratio (fig. 7(c)), which will be approached by upper-
stage space rockets, thrust ratios continue to rise with increasing area
ratio, and a compromise between desired thrust and nozzle weight or
length will be necessary.

Calculated~Thrust Method

The determination of nozzle thrust from internal static-pressure
measurements is discussed in the following sections. The thrust-
coefficient equation in terms of pressure and momentum forces is

s e
F 1 A 1 A 1/Pa\ (Re
Cp = =po— = |C + 2 a + -P—d( ) -_(_>(__)
F PNer F,cr P _/; r (}%) (@) ? fs (PN) Ic_r @ PN Acr

where the term in the brackets represents the total momentum at the noz-~
zle exit, or the thrust coefficient of the nozzle discharging into a
vacuum. The integrated pressure-area terms would normally be determined
from actual nozzle pressure distributions; however, as a means of avoid-
ing this time-consuming process, or in the absence of separated pressure
distributions, the integral values can be determined from unseparated
pressure distributions and the generalized curves presented herein. The
throat thrust-coefficient term CF,cr can be obtained from the theoret-

1

- =7
ical value EQF%l) v and the throat flow coefficient ¢. However,

because of the suspected inaccuracy of the measured flow coefficient,
an effective throat thrust coefficient was used in the thrust calcula-
tions in order to attribute any differences between measured and calcu-
lated thrusts solely to the integration method.

Pressure integration upstream of separation. - Integrations of
measured unseparated static-pressure distributions (with condensation
shock) and calculated unseparated statlc-pressure distributions (without




condensation shock) are shown in figure 8 as a function of nozzle area
ratio. These curves are valid for any area-ratio station in the nozzle
as long as flow separation has not occurred ipstream of the area ratio

of interest. They also yield directly the fill-flow value (/€ ) of the
cr

force coefficlent acting on the divergent portion of a particular size

nozzle (Ae/Acr)' The higher value of pressure-area force coeffilcient

immediately downstream of the throat of the smaller-angle nozzles is due
to the initially less rapld expansion near the throat region (see sketch

(a)). Although the static-pressure profiles of the various angle nozzles

eventually cross (i.e., the nozzle static pressure of the larger-angle
nozzles becomes higher at large area ratios), the slightly higher inte-
grated pressure force in this region does not make up for the initial
lower pressure level.

S o A 5 e e
@ ho L e 7 | L oo
f;r (PN) (A—c; 59 |Jer |29¢ 5 [29° (/5 150

cr

A/
Sketch (a)

cr

Evaluation of throat thrust coefficient. - The effective throat
thrust coefficient CF cr Vvas determined exyerimentally from the data

(with condensation shock) shown in figure 9. Extrapolation of measured
Cyp data, obtained at pressure ratios beyond full flow, out to zero

ambient pressure (pa/PN = 0) gives values of CF in terms of throat

thrust coefficient Cp cy @and the full-flow integrated pressure-area
J

coefficient of figure 8, so that

e
- 1 PYe [ A
CF, er CF - cp[c (PN)C (Acr)

r

Using the values of Cy at zero pressure ant % fe from the solid

lines of figure 8 (W1th condensation shock) Iesulted in an average

8%-d
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experimental value of throat thrust coefficient of 1.246 for the three
10-area-ratio nozzles of 15°, 25°, and 29° half-angle. This value of
throat thrust would, of course, also apply to the higher area ratios.

Determination of separation point. - After the throat thrust coeffi-
cient is evaluated and the method of determining the integrated pressure-
area force up to separation is known, the separation point for a given
nozzle pressure ratio is next determined. This 1s accomplished by making
use of the correlation of nozzle static-pressure ratio at separation with
nozzle pressure ratio as shown in figure 10. Lines of constant Mach
number ratio are included to show the agreement of the separation data
with theory. These lines were calculated from information in reference
3 assuming various Mach number ratios with no total-pressure loss (for
the condensation-shock-free case) and one-dimensional shock theory. The
Mach number ratio lines in the condensation-shock region were calculated
with a total-pressure loss of 0.32 due to condensation shock (see appendix
B). Various analyses {refs. 4 and 5) have indicated that the Mach number
ratio across the oblique shock wave is primarily dependent upon the
boundary layer and should be approximately constant at a value of 0.76.
Separation data for all nozzle configurations tended to generalize at a
Mach number ratio of about 0.76 or 0.77 for both hot and cold flow and
for all nozzle pressure ratios for which separation data could be deter-
mined. The constant Mach number ratio lines for cold flow (v = 1.40)
were coincidentally the same as for hot flow (v = 1.34) with condensation
shock. With this information, it is now possible to determine the sepa-
ration pressure ratio for any value of nozzle pressure ratio. With the
separation conditions known, the area ratio at separation can be deter-
mined from pressure-distribution curves such as figure 4, and the inte-
grated pressure-area force prior to separation can be determined from
figure 8.

Pressure integration downstream of separation. - The final step in
the calculation of nozzle thrust coefficient is to evaluate the force on
the downstream portion of the nozzle where the flow is separated. This
is simply accomplished with the correlation of figure 11, which shows
the relation of the average static pressure downstream of the separation
point with nozzle pressure ratio and various other nozzle parameters.

Tt can be seen that the data for all nozzle configurations generalized
with reasonable accuracy when the pirameter 1 - (?;-e
A - a
plotted as a function of fé ( 2 g The term sought for the thrust
N cr
equation, f:, is related to the average static-pressure ratio downstream
of separation as follows: ’

) cOos & was

e

EeE) - () ()
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This can be seen more clearly in the pressure-profile sketch (b):

it (50 - [ere
o /Py °

N
0-())
N
R
Aor/Acr As/Acr Ae/Acr

Sketch (b)

The plot of figure 11 is essentially the ratio of the cross-hatched area
(times the cosine of one-half the divergence angle) to the rectangular
area plotted as a function of the rectangular area. Since this curve is

P
hyperbolic, the term 1 —[( Is)-e) cos (%):] was plotted on lograrithm
a

paper to increase the sensitivity of the curve.

Py \ (Ae~ Ag ; ;
At low values of ?ﬁ - (separat ion near the nozzle exit) 5
cr

the scatter of the correlation data is as hizh as +0.05; and at high

Pg Ae As
values of = I\ (separation near the nozzle throat), the scatter
N cr

e
may be as low as +£0.005. However, since the f eAY A is a small
s \Fn/ \Acr
part of the thrust equation when separation occurs near the exit and
quite large when near the throat, thrust cal:ulations based on this
correlation are actually more accurate when separation occurs near the
nozzle exit.

Summary of calculated thrust method. -

.

(1) For an assumed value of P/ Py ps/iz?N is obtained from figure
10.

(2) As/Acr is determined from pg/Py «nd figure 4.

TRY-H
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(3) The integrated pressure-area coefficient from the nozzle throat

and

5
to the separation point, ./.(%1)d(—é;),is obtained from AS/ACr
cr

PN/ \Acr
figure 8.

(4) The integrated pressure-area coefficient from separation point
to nozzle exit is obtained from figure 11:

[ ERe) -1 b G = e E)C) (=)
oo 1 [ )45 [ B -3)02)

(6) Foo_ CFPNAcr
F. )

id mVig

where Vi3 1is the ideal velocity that would be obtained with isentropic
expansion to ambient pressure.

Comparison of measured and calculated thrusts. - A comparison of
measured thrust ratios in the separated-flow region with values calcu-
lated by the preceding method 1s shown in figure 12 for the three
different-divergence-angle nozzles at a different area ratio. Calculated
thrusts agreed within 1 percent of the measured values for pressure
ratios from the full-flow value down to about 6 for the 10- and 25-area-
ratio nozzles and down to about 15 for the 40-area-ratio nozzle. This
more than covers the overexpanded region of practical interest and also
the region in which condensation-shock corrections were necessary. Thus,
the correlations of figures 10 and 11 permit the calculation of thrust
for any conical convergent-divergent nozzle as long as the unseparated
static~pressure distribution is known throughout the nozzle.

.

SUMMARY OF RESULTS

The results of a performance investigation of several conical
convergent-divergent rocket-type nozzles are as follows:

1. Design thrust ratios decreased with increasing nozzle divergence
angle according to the trend predicted by the (1 + cos a)/z parameter.

2. Decreasing the nozzle divergence angle to about 15° resulted in
a sizable increase in thrust ratio for a given surface-area ratio {nozzle
weight), rarticularly at low nozzle pressure ratios.
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3. Correlations of the nozzle static pressure at separation and of
the average static pressure downstream of separation with various nozzle
parameters permitted the calculation of thrust in the separated-flow
region from unseparated static-pressure distributions. Thrust ratios
calculated by this method agreed with measured values within about 1
percent.

lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, May 20, 1960
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APPENDIX A
SYMBOLS
A area, sq ft
Cp thrust coefficient, F/pA_ Py
F nozzle thrust, 1b
F/F;3 thrust ratio
Fiq ideal thrust, ow.,Vig/g, 1b
g acceleration due to gravity, 32.17 ft/sec2
M Mach number
m mass flow, wcr/g
P total pressure, lb/sq ft abs
P static pressure, lb/sq ft abs
T total temperature, °R
v velocity, ft/sec
w airflow, lb/sec
a nozzle divergence angle, deg
T ratio of specific heats
P flow coefficient, Wl/Wcr
Subscripts:
a ambient (exhaust section)
er throat or critical (M = 1) conditions
e nozzle exit
1d ideal

nozzle inlet

13
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surface
separation point
bellmouth inlet
inlet-air line

airflow measuring station
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APPENDIX B

CORRECTION OF MEASURED STATIC-PRESSURE DISTRTBUTIONS WITH CONDENSATION
SHOCK TO DISTRIBUTIONS WITHOUT CONDENSATION SHOCK

The use of combustion-type heaters to raise the inlet-air tempera-
ture resulted in a nozzle-inlet moisture content of about 133 grains per
pound. Data of reference 6 indicate that, with this moisture content
and inlet-alr conditions of 1200° F and 145 pounds per sguare inch abso-
lute, moisture condensation would initiate at a Mach number of about
3.65. The condensation is, of course, accompanied by heat release, which
causes a total-pressure loss (shock) and a static-pressure increase down-
stream of the condensation region. Measured static-pressure distributions
were corrected for condensation shock by subtracting the difference in
static-pressure distributions with and without condensation shock calcu-
lated for the ideal one-dimensional-flow case (y = 1.4). The methods
and assumptions used to calculate the static-pressure correction are as
follows:

(1) It was assumed that the flow initially expanded to a condition
of supersaturation and then, at the conditions prescribed by reference
6, shocked to equilibrium (saturation) conditions. It was further
assumed that equilibrium flow existed throughout the remainder of the
expansion (moisture condensed at a rate to maintain saturation condi-
tions). From this rate of moisture condensation with Mach number, the
variation of total temperature with Mach number was calculated from the
heat of vaporization of the water.

(2) The variation of total pressure in the condensation-shock region
P'/PN with Mach number was approximated by calculating the total-

pressure loss due to heat addition at constant area for small increments
of Mach number and temperature-rise ratio. The overall total-pressure-
loss ratio through the condensation-shock region was determined to be
about 0. 32.

(3) The variation of static pressure in the condensation-shock
region p'/PN with Mach number was obtained by multiplying the one-

dimensional static-pressure ratlo for a given Mach number by P'/PN.

The area ratio A'/Acr corresponding to this Mach number was determined
by multiplying the one-dimensional area ratio by the ratio

A'"/A = PA/T'/P' AT as required by continuity. This gave the static-
pressure distribution with condensation shock, p'/PN against A'/A
for the one-dimensional-flow case.

cr’
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(4) The difference between the calculatec. static-pressure distribu-
tion with condensation shock (p‘/PN against A'/Acr) and the one-

dimensional static-pressure distribution (p/PN against A/Acr) was

employed as a correction factor by subtracting it from the measured
static-pressure distributions. This then established the static-pressure
distributions that would have occurred in the nozzles if there had been
no condensation shock.
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Nozzle static-pressure ratio, p/Py
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Figure 4. - Static-pressure distribution of 29°-divergence-angle
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Nozzle thrust ratio, F/Fi4q
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Nozzle static-pressure ratio at separation, Ps/PN
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30

ot

E-481

"sasjsweded 27ZZ0U SNOTJBA UITM UOTIBJIEdes JO WesI3sumop sanssoad 073B3S 4BBISGAE JO UOTIBTSII0) - T 5an$Td
10y N
m< - w< MQ
3] el 4 e 2 T 8° 9 i I Z° T 80" 90" y0" <0 c0* Hom.
LA
—
Ja 50"
[y
-
: %o
JPRe .
o T 90
v ~
o o
N
L .
> TTS r
g
INDZA,
s
iy P .
|5 <
MOTJ PTOD v ¢
62 T 4a O ¢ N
sz N A O - o B
ST v v O <5
oY S22 0t
3ap ‘0
¢578ue sousBasnld v/ Jg-
g
T




E-481

Nozzle thrust ratio, F/Fid
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Figure 12. - Comparison of calculated and measured thrust ratios.
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