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RESEARCH MEMORANDUM

INTERNAL PERFORMANCE CHARACTERISTICS OF SHORT CONVERGENT-
DIVERGENT EXHAUST NOZZLES DESIGNED BY THE
METHOD OF CHARACTERISTICS

By H. George Krull and William T. Beale

SUMMARY

An evaluation of the internal performance characteristics of short
nozzles designed by the method of characteristics was obtained over a
range of nozzle pressure ratios from 1.5 to 22.

The basic nozzle used in this investigation was the shortest nozzle
that could be designed by the method of characteristics to discharge the
flow axially at a nozzle pressure ratio of 15. The pesk thrust coeffi-
cient of this nozzle was 0.976, which occurred at the design pressure
ratio of 15. Portions of the divergent section of the basic nozzle were
cut off, reducing the divergent-section length to one-third of the design
value, with no effect on the peak thrust coefficient. The peak thrust
coefficient did, however, occur at pressure ratios lower than design
because of a reduction in the expansion ratio. At the design pressure
ratio of 15, a 70 percent reduction in the divergent-section length
caused a drop of approximately 1 percent in the thrust coefficlent below
that of the baslc nozzle. The nozzle contour based on a characteristics
solution gave higher thrust coefficients than a conical nozzle of the
same length. :

Abrupt inlet sections permitted reduction in nozzle length without
reducing the thrust coefficient. The only effect an abrupt inlet had
on the nozzle performance was to reduce the flow coefficient.

INTRODUCTION

In eddition to having a high thrust coefficient, the exhaust nozzle
of a jet propulsion system should always be as short as possible to
minimize welght and cooling surface. Several methods for reducing the
divergent~section length have been investigated previously. These methods
included increased dlvergence angle of a conical nozzle (ref. 1),
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underexpansion (ref. 2), and arbitrarily contoured divergent sections
(ref. 2). It was found that when the length of the divergent section

of a conical nozzle was decreased by increasing the divergence angle,
the thrust coefficient decreased. For example, an increase in the di-
vergence angle from 7° to 50° decreased the peek thrust coefficient from
approximately 0.97 to 0.93. Moderate underexpansion reduced the length
of the divergent section without causing serious performance losses.

For a given length, the arbitrary divergent-section contours had lower
peak thrust coefficients than simple conical divergent sections.

Another approach to the problem of reducing the divergent-section
length would be to study the performence trends of short nozzles with
contours based on a characteristic solution. There is lifttle change in
cross-sectlonal area along the latter part of the divergent section of
a nozzle designed by the method of characteristics. A large part of the
divergent section could, therefore, be cut off without seriously affecting
the nozzle-expansion ratio. This investigation was conducted to (1) de-
termine the performance characteristics of a short nozzle designed by
the method of characteristics, and (2) determine whether this basic-
nozzle contour will provide a higher thrust coefficient than a conical
nozzle of equivalent length when the basic nozzle 1s shortened by cut-
ting off part of the divergent section. "

The basic nozzle used for this investigation was designed by the
method of characteristics for a pressure ratio of 15. The ratio of
divergent-section length to throat diameter, Zd/d, was varied from the
basic design value of 2.65 to 0.79 by cutting off parts of the divergent
section. The ratio of inlet section length to throat diameter lin/d

of the nozzle inlet was varied from a value of 1.4 to 0.4. These nozzles
were investigated over a range of nozzle pressure ratios from 1.5 to
22.

APPARATUS AND INSTRUMENTATION
Nozzle Configurations

The divergent section of the basic nozzle used in this investigation
was designed by the method of characteristics. It had the shortest Zd/d

consistent with uniform exit flow at a pressure ratio of 15. (All symbols

are defined in appendix A.) A sketch of the nozzle is shown in figure 1(a).

A sharp corner at the throat of the nozzle enabled the divergent section

to be shorter than a "characteristics" nozzle with a continuous contour

at the throat section. This nozzle will be referred to herein as the
sharp-throat characteristics nozzle. A description of the design pro-

cedure and the coordinates of the divergent section are given in refer-

ence 3. The Zd/d of the divergent section is 2.65. The length of the -

SRt m:':—n.m~ ~W‘,
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divergent section was decreased to values of Zd/d of 1.98, 1.3, and
0.79 by cutting off various lengths of the divergent section (fig. 1(a)).

Two inlet sections with Zin/d equal to 1.4 and 0.4 were investi-
gated. Sketches of these inlets are shown in figure 1(b).

Installation

The nozzles were installed in a test chamber, which was connected
to the lsboratory compressed-alir and altitude-exhaust facilities, as
shown in figure 2. The nozzles were bolted to a mounting pipe, which
was freely suspended by four flexure rods connected to the bed plate.
Pressure forces acting on the nozzle and mounting pipe, both externally
and internally, were transmitted from the bed plate through a flexure-
plate-supported bell crank and linkage to a balanced-air-pressure dia-
phragm force-measuring cell. Pressure differences across the nozzle and
mounting pipe were maintained by labyrinth seals around the mounting
pipe, which separated the nozzle-inlet air from the exhaust. The space
between the two labyrinth seals was vented to the test chamber. This
decreased the pressure differential across the second labyrinth and pre-
vented a pressure gradient on the outside of the diffuser section due
to an air blast from the labyrinth seal.

Instrumentation

Pressures and temperatures were measured at various stations (fig.
2). Total- and wall-static-pressure measurements at station 1 were
used to compute inlet momentum, and total- and static-pressure measure-
ments (stream and wall static) at station 2 were used to compute air
flow. Total pressure and temperature were measured at the nozzle inlet
(station 3). Ambient exhaust pressure was provided at station O, and
a static-pressure survey was made on the outside walls of the bellmouth
inlet. Wall static pressures were measured along the divergent section
of each of the nozzles.

PROCEDURE

Performance data for each configuration were obtained over a range
of nozzle pressure ratios at a constant air flow. The nozzle pressure
ratio was vaeried from about 1.5 to approximately 22, which was the limit
obtainable with the air supply and exhauster facilities.
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The thrust coefficlent was calculated by dividing the actual jet
thrust by the ideal thrust. The actual jet thrust was computed from
the force measured by the balanced-air-pressure diaphragm and from pres-
sure and temperature measurements made throughout the setup. The ideal
Jet thrust was defined as the product of the measured mass flow and
the isentropic Jjet velocity, which was based on the nozzle pressure
ratio and the nozzle-inlet temperature. The methods of calculation used
in this report are shown in appendix B.

RESULTS AND DISCUSSION
General Performance Characteristics

The performance characteristics obtained with the sharp-throat
characteristics nozzle, which was designed for a nozzle pressure ratio
of 15, are shown in figure 3. Nozzle thrust coefficient is plotted
against nozzle pressure ratio. The peak thrust coefficient, which oc-
curred at the design pressure ratio, was 0.976.

It would be desirable to reduce the length of the sharp-throat
characteristics nozzle and still maintain high performance. Because of
the contour of the sharp-throat characteristics nozzle, there is little
change in cross-sectional area along the latter part of the divergent
section. Therefore, a portion of the divergent section could be cut
off without seriously affecting the nozzle expansion ratio.

The effect of reducing the divergent-section length of the sharp-
throat characteristices nozzle on thrust coefficient is shown in figure
4. A reduction in Zd/d to 1.98 had no measurable effect on nozzle

performance except at the very low pressure ratios. Reductions in Zd/d
to values of 1.3 and 0.79 showed no effect on the magnitude of the
peak thrust coefficient. For these values of Zd/d the peak thrust

coefficient did, however, occur at pressure ratios lower than design
because of the reduction in nozzle expansion ratio. At the design pres-
sure ratio of 15, however, a 70 percent reduction in the divergence
section length (ld/d = 0.79) caused only & 1 percent decrease in thrust

coefficient below that of the basic nozzle.

G807
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Comparison of Sharp-Throat Characteristics Nozzles
with Conical Nozzles

A comparison of the sharp-throat characteristics nozzle with the
optimum that can be obtained with a conical nozzle is shown in figure
5. The nozzle thrust coefficient is plotted as a function of the diver-
gent section Zd/d for a nozzle pressure ratio of 15. The sharp-throat

characteristics-nozzle curve is & cross-plot from figure 4. The curve
for the conical nozzles was made up of a locus of points for the optimum
performance of nozzles having divergence angles ranging from 7° to 500.
At low values of Zd/d or high divergence angles, the best performance
wag obtained when the conical nozzle were moderately underexpanded. The
sharp-throat characteristics nozzle gives a higher thrust coefficient
than a conicel nozzle of the same length (fig. 5). For example, at an
Zd/d of 1.5 the thrust coefficient of the sharp-throat characteristics

nozzle is about 1 percentage point higher than a conical nozzle.

As shown in figure 5 the thrust coefficient of the sharp-throat
characteristics nozzle drops off when ld/d is 1.5 and below. It might
be expected that higher values of the thrust coefficient could be ob-
tained at these low values of Zd/d by designing the basic nozzle for
a pressure ratio higher than 15 and then cutting it back. The nozzle
would then have a higher expansion ratio for a given Zd/d and the
underexpansion losses would be decreased. This condition is illustrated
in the following sketch:

Throat
of B
<< 1<
- | Design P/p > 15
3
E l Design P/p = 15
5 [
o
H |
a1
o |
@
E — 7,d/d~>|

There will, however, be a limit to this procedure because as the basic
design pressure ratio increases, the discharge angle at the exit will
increase for a given ld/d. The thrust coefficient will then become

adversely affected by the discharge angle as previously observed with
coulcal nozzles.
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Effect of Inlet-Section Length on Nozzle Performance

It was found that relatively abrupt nozzle-inlet sections could be
used without affecting the nozzle thrust coefficient. This is illus-
trated in figure 6, where thrust coefficient is plotted as a function
of nozzle pressure ratio for the two inlet sections that were investi-
gated. These inlet sections” had values of 1in/d of 1.4 and 0.4. The

inlet sections, which are shown in figure 1(b), were interchangeable
with the divergent section shown in figure 1(a).

The only effect that the abrupt inlet had on nozzle performance was

to reduce the air-flow parameter W,-/6/A;;® from 0.336 to 0.332 as shown

in figure 7. These values of air-flow parameter were typical for the
other nozzles presented herein. The reduction in the air-flow parasmeter
was caused by a 1 percent decrease in effective throat area due to a
high rate of contraction ahead of the throat. As shown in reference 2,
abrupt inlet sections had the same effect on the performance of simple
conical nozzles.

SUMMARY OF RESULTS

The internal performance characteristics of a convergent-divergent
nozzle that was designed by the method of characteristics were obtained
over a range of pnozzle pressure ratios from 1.5 to 22. It had the
shortest divergent section that was consistent with uniform exit flow
at a pressure ratio of 15.

This nozzle had a peak thrust coefficient of 0.976, which occurred
at the design pressure ratio. The length of the divergent section was
reduced from the design value of 2.65 to 0.79 by cutting off portions
of the divergent section. This had no effect on the magnitude of the
peak thrust coefficient. The peak thrust coefficient for the shorter
lengths occurred at pressure ratios below the design value of 15 because
of a reduction in expansion ratio. At a pressure ratio of 15 a 70 per-
cent reduction in the divergent-section length caused only about a 1
percent decrease in the thrust coefficient below that of the basic noz-
zle. The contour given by the characteristics solution provided higher
thrust coefficients for a given length than a simple conical divergent

section.

Abrupt-inlet approach sections permitted reduction in nozzle length
without decreasing thrust coefficient. The only effect the abrupt inlet
had on nozzle performance was a slight reduction in the flow coefficient.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, May 9, 1956
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APPENDIX A
SYMBOLS

A inside area, sq ft
AL pipe area under lebyrinth seal, sq ft
Ath throat area, sq £t -
CT thrust coefficient
d throat diameter, ft
F thrust, 1b
Fa balanced~air-p:essure-diaphragm reading, 1b
g acceleration due to gravity, 32.17 ft/sec2
lg length of divergent section, ft
zin length of inlet section, ft
P total pressure, lb/sq £t
P static pressure, 1b/sq ft
pbm integrated static pressure acting on outside of bellmouth inlet

to station 2, 1b/sq ft
R gas constant, 53.35 £t-1b/(1b)(°R) for air
T - total temperature
v velocity, ft/sec
W, air flow, 1b/sec
i~
K;ﬁg‘ corrected air-flow parameter, (1b/sec)/sq in.
Y ratio of specific heats
d ratio of total pressure at nozzle idlet to absolute pressure at

NACA standard sea-level conditions

SV e i

e N
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2] raetio of total temperature at nozzle inlet to absolute tempera-
ture at NACA standard sea-level conditions

Subscripts:

e exit

i ideal

J Jet

0] exhaust or ambient
1 bellmouth inlet

2 diffuser inlet

3 nézzle inlet

SS0%
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APPENDIX B

METHODS OF CALCULATION

Air flow. - The nozzle alr flow was calculated as

% e o

where Y was assumed to be 1.4.

Thrust. - The Jjet thrust was defined as

F—pi%-?—z- +A_ (p
B~ Ve e ‘e

3 199

and was calculated from the equation
F —W——a’zv + A+ A -p) -F
3= & Vit Pt -y 1L (Ppm - P) - Fy

The ideally avallable jet thrust, which was based on measured mass

flow, was calculated as
T-1
T
- R _Y A2
Fy = Wa,z g€ 71T -1 T3 (ES)

Thrust coefficient. - The thrust coefficient is defined as the ratio
of the actual to ideal jet thrust

G = 23
T

Fi
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Ratio of divergent section length
to throat diemeter, Zd/d
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-I':Lu/d = 0.40. Z:Ln/d = 1.40

(b) Inlet sections

Figure 1. - Nozzle dimensions. (A1l dimensions in inches.)
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Nozzle thrust coefficient, CT

CONRIINNSELEE 13
_\4}/’
al
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-1—————-Zd————bﬂ
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0 4 8 12 16 20
Nozzle pressure ratio, P3/po
Figure 3. - Performance of sharp-throat "characteristics" nozzle

designed for pressure ratio of 15. Ratio of divergent section
length to throat diameter, ld/d, 2.65; expansion ratio, Ae/Ath’
2.45.




‘ﬁﬁummmmmanﬁ!s

Nogzzle thrust coefficient, CT

ol

TE THETTARD O -

Ratio of divergent Expansion ratio,
ji;:i_,ji_:? section length to Agfhy
— ' throatﬁd%gmeter,
\vﬁ_ [ I ba/ v
a . l o 2.65 2.45
I o 1.98 2.38
NN A 1.32 2.07
_ T | O .79 1.71
'*h_"_'ld'—__"
1.0
T | E I :
AafaTuEN
e
.9 HH
.8 :
70 a 8 12 18 20 24
Nozzle pressure ratio, P3/po
Figure 4. - Effect of cutting off various lengths of the divergent sectlon
A mAarela narPAarmannsa
Vid JHuoo s LJE-J- e VAL LG bk S @

[Tal
&
H

9)2095d W VOVN



Nozzle thruat coefficlent, CT
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.90 :
.98
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Ratio of divergent section length to throat diameter, 1,/d

4.5

‘Figure 5. - Comparlson of sharp-throat "characteristies" nozeles with conleal convergent-divergent nogzlas at

& nozzle-pressuras ratlic of 15.
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Nozzle thrust coefficient, CT

-__Wv/”T Ratio of inlet Ratlo of dlvergent Expansion retio,
section length sectlion length to Ae/Ath
A d to throat throat diameter,
] dlameter, 15/d
1, /a d
in
~_ A 0.4 1.32 2.07
o o 1.42 1.32 2.07
I/-\ : £
_'1Iin nll
1.0
.9
"0 4 8 12 16 20 24

Nozzle pressure ratlo, PS/PO

Figure 6. - Effect of long and short inlet on nozzle performance.
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Ratlio of inlet Ratlo of dlvergent Expension ratio,

section length section length to Au/A,
to throat throat diameter,
diameter, 14/4
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: 0 0.4 1.32 2.08
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—_— Theoretical for choked flow
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b
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i
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i
e =
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Nozzle pressure ratio, P3/po

Flgure 7. - Effect of nozzle-inlet mection on alr-flow paresmeter of sharp-
throat "characteristica" nozzle.
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