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OF CONVERGENT-PLUG EXHAUST NOZZLES

By H. George Krull and William T. Beale

SUMMARY

An evaluation of the internal performance characteristics of several
plug-type nozzles was obtained over a range of pressure ratios from about
1.5 to 30, as part of a comprehensive experimental investigation of
large-scale exhaust nozzles.

Plug nozzles, which were designed for nozzle pressure ratios of
9.5 and 14 by the method of characteristics (called herein isentropic
nozzles), had peak thrust coefficients of about 0.98. Thrust coefficient
was relatively insensitive to nozzle pressure ratio (varied from 0.96 to
0.98) for values below the design point. Conical plug nozzles had peak
thrust coefficients that were within 1 percent of the value for the isen-
tropic plug nozzles. For optimum performance, a plug angle of 60° was
required for a design pressure ratio of 7 and an angle of 80° was required
for a design pressure ratio of 18.5. Varying the design of the throat
and the throat-approach section altered the peak thrust coefflcient 3
percentage points. Based on an arbitrarily gselected throat area, the
flow coefficients for the configurations investigated varied from 0.80
to 0.94, when the flow was choked.

INTRODUCTION

Tt was shown in reference 1 that the extended plug nozzle has good
thrust characteristics over a range of pressure ratios from 1.5 to at
least 16. The peak thrust coefficients were about as high as those of
a convergent-divergent nozzle, and were relatively insensitive to pres-
sure ratio below the design point. These data did not necessarily re-
present the optimum for a plug nozzle, however, because no attempt was

made to refine the design.

The purpose of this investigation was to determine whether a gain
in thrust coefficient could be obtained by refinements in plug design.
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The plug variables that were investigated include plug expansion section
contour (isentropic and conical), conical plug angle, and a rounded
throat-approach section.

The plug nozzles were investigated over a range of nozzle pressure
ratios from 1.5 to 30. The isentropic plug nozzles (designed by the
method of characteristics to provide axial flow at discharge) were de-
signed for nozzle pressure ratios of 9.5 and 14, and the conical plug
nozzles, for nozzle pressure ratios ranging from 4.8 to 19.2. The coni-
cal plug angle was varied from 40° to 80°

APPARATUS AND INSTRUMENTATION
Nozzle Configurations

Isentropic plug nozzles. - An exploded view of a typical isentropic
plug nozzle is shown in figure 1(a). The aft sections (downstream of
throat) of these nozzles were designed by the method of characteristics
(ref. 2) for nozzle pressure ratios of 9.5 and 14. No boundary layer
correction was applied, and the tail of the plugs was cut off at a small
diameter to reduce the length. The coordinates for each nozzle are
listed in figure 2. The design pressure ratio and throat areas are
listed in table I. In order to simplify the use of the air-flow data,
the throat area used in the calculations was defined as the annulus area
between the outer shell exit and the plug in a plane perpendicular to the
nozzle axis.

Conical plug nozzles. - The 10 conical plug nozzle configurations
investigated are listed in table I along with their respective component
parts. An exploded assembly of a typical configuration is shown in
figure 1(b). The component parts of each configuration consisted of a
spool piece, an outer shell, and a plug. The dimensions of the various
parts used to make up the configuration are shown in figure 3. Plug
angles of 40°, 50°, 60°, and 80° were investigated. The 400 plug was
designed for pressure ratios of 4.8, 7.7, 10.3, and 19.2 (pressure ratio
corresponding to outer shell exit to throat area ratio). The 500, 600,
and 80° plugs were designed for pressure ratios of approximately 7 and
18.5. The throat area is defined in the same manner as for the isentropic
plug nozzles.

Instrumentation

Pregsures and temperatures were measured at various stations which
are indicated in figure 4. Total- and wall static-pressure measurements
at station 1 and total- and static-pressure measurements (stream and wall
gstatic) at station 2 were used to compute inlet momentum and air flow,
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respectively. Total pressure and temperature were measured at the

nozzle inlet (station 3). Ambilent-exhaust-pressure instrumentation was
provided at station 0, and a static-pressure survey was made on the out-
side walls of the bellmouth inlet. Wall static pressures were measured
along the surfaces of each of the plugs (from maximum diasmeter to down-

stream tip).

Installation

The nozzles were installed in a test chamber which was connected to
the laboratory combustion air and altitude exhaust facilities as shown
in figures 4 and 5. The nozzles were bolted to a mounting pipe which
was freely suspended by four flexure rods that were connected to the bed
plate. Pressure forces acting on the nozzle and mounting pipe, both ex-
ternal and internal, 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 difference across the nozzle and
mounting pipe was maintained by labyrinth seals around the mounting pipe
which separated the nozzle inlet air from the exhaust. A vent line be-
tween the two labyrinth seals and the test chamber decreased the pressure
differential across the second labyrinth and prevented a pressure gradl-
ent on the outside of the diffuser section due to an air blast from the

labyrinth seal.

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 varied from about 1.5 to the maximum obtainable. Maximum
pressure ratio varied from configuration to configuration because of the
varying throat areas and the limited air-handling capacity of the air
supply and exhauster equipment.

The thrust coefficient was calculated by dividing the actual jet
thrust by the ideal thrust. The actual jet thrust was obtained from the
force measured by the balanced-air-pressure-diaphragm and from pressure
and temperature measurements made throughout the test setup. The ideal
jet thrust was calculated as the product of the measured mass flow and
the isentropic jet velocity based on the nozzle pressure ratio and the
inlet temperature. The methods of calculation used in this report and
the symbols are shown in appendixes A and B, respectively.
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RESULTS AND DISCUSSION
Effect of External Expansion Section on Performance Characteristics

Isentropic plug nozzles. - The isentropic plug nozzles were designed
by the method of characteristics to provide axial flow at the nozzle

discharge. The thrust coefficients over a range of nozzle pressure ratios

for two isentropic plug nozzles (design pressure ratios of 9.5 and 14)
and a convergent-divergent nozzle (design pressure ratio of 16, ref. 3)
are shown in figure 6. The isentropic plug nozzles had a peak thrust co-
efficient of about 0.98. Thrust coefficient was relatively insensitive
to nozzle pressure ratio for values below the design point, varying from
only 0.96 to 0.98. This characteristic was similar to that obtained pre-
viously (ref. 1). The peak thrust coefficients were, however, about 2
percentage points higher with isentropic than with the conical extended
plug nozzles of reference 1. The peak thrust coefficients occurred near
the design pressure ratios and were as high as the value for the
convergent-divergent nozzle.

Conical plug nozzles. - The isentropic plug nozzle would be expected
to have higher thrust coefficients than the conical plug nozzle, provided
all other factors were equal, because the flow from the isentropic nozzle
is discharged axially, whereas the flow from the conical nozzles is not.
The isentropic plug nozzle performance therefore serves as a reference
for comparison with other types of nozzle designs. The isentropic plug,
however, would be difficult to construct because of the complex curva-
ture of the expansion section. To see how closely the performance of a
gimple conical plug which could be easily constructed would compare
with that of the 1lsentropic plug, various conical plug nozzles were
also investigated.

As a first approach, a 40° plug was chosen because it was about the
same length as the isentropic plug. The thrust coefficients of a 40°
conical plug nozzle designed for pressure ratios of 4.8, 7.7, 10.3, and
19.2 are shown In figure 7 plotted against nozzle pressure ratio. The
design pressure ratio is the pressure ratio corresponding to the ratio of
outer shell exit area to throat area. The peak thrust coefficients,
which occurred near the design pressure ratios, were several points
lower than the peak thrust coefficients of the isentropic plug nozzles.
Generally, there was little variation iIn thrust coefficient with presgsure
ratio (about 2 percentage points) for values below the design pressure
ratio. The 40° plug nozzle had a peak thrust coefficient of 0.97 for a
design pressure ratio of 4.8, but at a design pressure ratio of 19.2 the
peak thrust coefficient had decreased to 0.94.

The flow angles in the vicinity of the isentropic plug nozzle throat
were greater than 400, which suggested that higher conical plug angles
might give better performance. The thrust coefficients for nozzles with
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plug angles greater than 40° are shown in figure 8 as a function of noz-
zle pressure ratio. Data are shown for 40°, 50°, 60°, and 80° conical
plug nozzles designed for nozzle pressure ratios of approximately 7 and
18.5. The 509, 60°, and 80° plug nozzles had higher performance over

the range of pressure ratios than the 40° plug nozzle. Thrust coefficients

above 0.96 were obtained up to a pressure ratio of about 30 with the
nozzles having a high design pressure ratio. Generally, plug angle had
little or no effect on thrust coefficient at pressure ratios below the
design point.

The effect of plug angle on peak thrust coefficient is shown in
figures 9(a) and 9(b). These curves were obtained by cross plotting the
data of figure 8. The peak thrust coefficient for the isentropic plug
nozzles 1s shown by a dashed line. These results show that a conical
plug nozzle has a peak thrust coefficient which is’'only 1 percentage
point lower than that of an 1sentropic plug nozzle. The peak thrust co-
efficient was more gensitive to plug angle for a design pressure ratio of
18.5 than for a design pressure ratio of 7. A 60° plug angle gave the
highest performaence for a design pressure ratio of 7, while a plug angle
of 80° gave the best performance at a design pressure ratio of 18.5.

Effect of Throat and Throat-Approach Section on Performance

Two conical plug nozzles designed for a pressure ratio of 10 were
chosen to show the effect of throat and throat-approach section on
nozzle performance. One nozzle, which is designated the sharp plug
herein, is denoted as configuration F in reference 1. The outer shell
exit (throat) is located at a sharp corner on the plug (see sketch, fig.
10). With this arrangement a Prandtl-Meyer expansion was induced around
the plug corner. The other nozzle, which is referred to as the rounded
plug, is the 40° plug nozzle reported herein. The throat-approach sec-
tion of this plug was rounded so that the sharp corner at the throat was
eliminated. The curved portion of the plug became tangent at the conical
expansion section just upstream of the throat (see sketch, fig. 10).

The effect of these two designs on the pressure distribution along the
plug is shown in figure 10.

The Prandtl-Meyer expansion of the flow around the corner on the
sharp plug nozzle lowers the pressure on the plug surface considerably
below that of the rounded plug. Therefore, it would be expected that
the sharp plug nozzle would have the lower thrust coefficient because
of the lower pressure force on the plug. The thrust coefficients for
these two nozzles are shown as a function of nozzle pressure ratio in
figure 11. As expected, the rounded plug nozzle had a peak thrust co-
efficient which was as much as 3 percentage points higher than that of
the sharp plug nozzle. In addition, the thrust coefficients at pressure
ratlios below the design point were also higher for the rounded plug.
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Air-Flow Parameter

The air-flow parameter for all configurations is plotted against
nozzle pressure ratio in figure 12. The theoretical value of the air-
flow parameter (0.344 lb/sec/sq in.) for choked flow is shown by a dashed
line. The ratio of the experimental air-flow parameter to the theoreti-
cal value gives flow coefficients for these configurations ranging from
0.80 to 0.94 when the flow is choked. To simplify the use of the air-
flow data the throat area used in the calculation of the air-flow para-
meter was defined as the annulus area between the outer shell exit and
the plug in a plane perpendicular to the nozzle axis. This area was
greater than the actual flow area, and consequently the flow coefficients
were lower than for simple convergent-divergent nozzles.

SUMMARY OF RESULTS

The internal performance characteristics of several plug type noz-
zles were obtained over a range of pressure ratios from 1.5 to 30. The
isentropic plug nozzles designed by the method of characteristics to
produce axial flow at the nozzle discharge for nozzle pressure ratios of
9.5 and 14 had peak thrust coefficients of about 0.98. The peak thrust
coefficients occured near the design pressure ratios and were as high as
those of convergent-divergent nozzles. The thrust coefficient was rela-
tively insensitive to pressure ratio below the design point, varying
only from 0.96 to 0.98.

The conical plug nozzles, which are simpler to manufacture, had
peak thrust coefficients that were within 1 percentage point of the peak
value for the isentropic plug nozzle. As the design pressure ratio was
increased, the plug angle for best performance was increased. The coni-
cal plug nozzles designed for a pressure ratio of 7 had best performance
with a 60° plug, whereas the nozzles designed for a pressure ratio of
18.5 had best performance with a plug angle of 80°.

As expected it was found that higher thrust coefficients could be
obtained if the plug nozzles were designed so that the plug was rounded
in the region of the throat rather than having a sharp corner at the
throat section. The rounded plug gave a 3 percentage point increase in
peak thrust coefficient over the value for a plug nozzle with a sharp
corner at the throat.

When the flow was choked, the flow coefficients for the configura-
tions investigated varied from 0.80 to 0.94. Use of the air-flow data
was simplified by defining the throat area used in the calculations of
the air-flow parameter as the annulus between the outer shell exit andil
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the plug in a plane perpendicular to the nozzle axis. This area was
greater than the actual flow area, and consequently the flow coeffi-
cients were lower than for simple convergent-divergent nozzles.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 13, 1954
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APPENDIX A

METHODS OF CALCULATION

Air flow. - The nozzle air flow was calculated as

N =1 g ds
v L P ) 78 (Pz) y
a,? - D
P /'—RTS Py

where 7 was assumed to be 1.4.

Thrust. - The Jjet thrust was defined as

Wa 2 ) Aot A
BN Af,t(pt - pg) + : P dAy - Pyhp

or, as defined in the conventional manner,

Wg o — o
FJ = _J—'g Ve + As(pe = po)

where V; and 55 are effective values. The actual jet thrust was
calculated from the equation

Vg 2
= 1= 1 _ -
Fy=—g T+ Pah'y - P’y + APy - Po) - Ty
where Fy was obtained from balanced-air-pressure measurements.

The ideally available jet thrust, which was based on measured mass
flow, was calculated as

21

2R o\ 7
F. =W eh 7 af sl
1~ 78,2 g 7-1°3°% (Ps)

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

SYMBOLS
outside area, sq ft
ingide area, sq ft

flow area (annulus between outer shell exit area and plug in plane
perpendicular to plug axis), sq ft

pipe area under labyrinth seal, sq ft

plug projected area, sq Tt

exit area of outer shell, sq ft

thrust coefficient

thrust, 1b

balanced-air-pressure diaphragm reading, 1b
acceleration due to gravity, 32.174 ft/sec?
total pressure, 1b/sq ft

static pressure, 1b/sq ft

integrated static pressure acting on outside of bellmouth inlet
to station 2, 1b/sq ft

gas constant, 53.3 ft-1b/(1b)(°R) for air
total temperature, °R

velocity, ft/sec

measured air flow, 1lb/sec

ratio of specific heats

ratio of total pressure at nozzle inlet to absolute pressure at
NACA standard sea-level conditions

ratio of total temperature at nozzle inlet to absolute temperature
at NACA standard sea-level conditions




10 NACA RM ES54HOS5

Subscripts: 5
e nozzle exit

it ideal .
3 Jet

P plug

t throat

w plug surface or wall

0 exhaust or ambient

1 inlet

2 diffuser inlet

3 nozzle inlet
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TABLE I. - NOZZLE CONFIGURATIONS
Plug angle |®Plug|®Shell |®Spool [Shell Exit Area | Design Throat
piece Throat Area |pressure|area, Aft:

As/Af,t ratio sq in.
Isentropic 9.5 46.87
Isentropic 14.0 49.5
40° conical| 1 4 4 132 4.8 67.04
40° conical| 1 5 2 1.68 7.8 36.78
400 conical| 1 2 i 1286 10.3 26.75
40° conical| 2 i 8 2.838 19.2 33.74
500 conical| 3 5 2 1.62 A% 38.06
50° conical| 4 i 7 272 18 SHialol/
60° conical| 5 3 3 1.52 6.4 40.62
60° conical| 6 1 7 2.89 11859 52899
80° conical| 7 35 5 1250 6.2 41.22
80° conical| 8 i 6 2.58 16.3 3751

aNumbers refer to parts shown in fig. 5.
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(a) Isentropic plug nozzle.

(b) Conical plug nozzle.

Figure 1. - Exploded view of nozzles.

NACA RM ES54HOS
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6.5

Flow

Diam

Plug coordinates

6.57

X Y X Y X ¥ X Y
0 0.18]14.00|1.30] 8.00 | 3.95 | 12.00 | 4.05
.5 .25 4.50|1.53| 8.50|4.20|13.00 | 3.62
1.00 .35]15.00 | 1.79| 9.00 |4.38 | 14.00 | 3.17
1.50 AT [5.50 | 2.07 1 9.50 |4.42 | 14.16 | 3.12
2.00 .60]16.00 (2.39 | 10.00 | 4.53
2.50 .74 | 6.50 | 2.73 | 10.50 | 4.50
3.00 .91 7.00 | 3.14 | 11.00 | 4.42
3.50]| 1.09 | 7.40 [3.52 | 11.50 [ 4.27

6.5

Flow

Diam

(a) Isentropic plug nozzle designed for pressure ratio of 9.5.

8.93

(b) Isentropic nozzle designed for pressure ratio of 14.0.

Plug coordinates

X Y X Y X Y
0 0.20| 8.00 ] 2.90|12.00 | 5.14
1.00| .35| 8.50 | 3.26|13.00 | 4.80
2.00] 55| 9.00 | 367 14%00 | 412
3.00| .83| 9.50 | 4.15|15.00 | 3.36
4500/ |.1.131| 10.00: 1" 4. 67 F 15551 | 312
5.00( 1.48 [ 10.50 | 5.03
6.00| 186 | 11.00:|"5:18
T7-00/| 2.341] 12..25 |.5.20

Figure 2. -

Isentropic plug nozzle dimensions.

s

4.73

5.4
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Flow
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e A _p le— ¢ —»
(a) Plug (b) Spool piece. (c) Outer shell.
Outer a B (&
Spool A
Plug T; M N 0 P Ry R, S T Pgece shell
o
1 Sy Al || At :
1 O 1.31 = - 3.38 = 11.09 | 14.45 L 2.52 2 330 . 8.82 i gg
2 40° | 30° | 4.00 = [Foswe1 | 4.00 o 17.87 | 21.20 2 2.63 3 260 42! i
(o) 3 2.81 8.86 4.13
3 50 : 1300 e 5| R E - 3.88 | 7.98 | 12.64 < : 18° o' | 10,66 | .58
4 502 1[N ae2 il = [ [ Tz2les - 15.12 | 18.38 4 -46 :
5 60° | - |1.35 - |22 | 3.20 = 8.07 | 11.42 g ;’;g?
6 60° | 26%¢ | 4.16 — e s - 13.25 | 16.70 . CD-3776
7 80° 23% 2.2 - |o.88 | 2.94 = 7.80 | 11.09 Z; ;{5(2
g a0 | s8° I g qe | - Bl 288 | - 10.84 | 14.05 :
Figure 3. - Conical nozzle component parts and dimensions. (All dimensions are

in inches unless otherwise noted; all diameters are inside.)

GOH¥SH WY VOVN




Station i 2 3 0
Inlet Air-flow Nozzle inlet Ambient-exhaust
! measurement ' nozzle exit

1 I

| Vent 1ine Test chamber
| it :

Flexure rod

Inlet-air Mounting I SN ;

| 2
" \ pipe \ nozzle 4
i
: : '8 LN J
Flow - - F\\
RS J

\x A—] 3
Bellmouth inlet

Labyrinth seals Exhaust line

Diffuser b

——J/// ?_/ Thrust-measuring
Bed plate

Bell crank cell

g TP 5, g

l CD-3777 l

Figure 4. ~ Schematic drawing of nozzle in test chamber.
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Thrust coefficient, Cp

©
<)

@
(3]

=70

- 3 t F ) ’
Plug Design pressure ratio
O Isentropic 95
(o] Isentropic 14
] Convergent-divergent
nozzle, 6° divergent
angle (ref. 3) 16
—\— Design pressure ratio
B i
0 4 8 12 16 20 24
Nozzle pressure ratio, P3/pO
Figure 6. - Comparison of thrust coefficients over range of nozzle pressure ratios for isen-

tropic plug nozzles designed for pressure ratios of 9.5 and 14 and conical convergent-
divergent nozzle designed for pressure ratio of 16.
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Thrust coefficient, Cp

1.0
+ Design pressure ratio
°&0-<>o—~o—0-A—
(&4
9
(a) Design pressure ratio, 4.8.
150
)
(b) Design pressure ratio, 7.7.
150
dj DJ W | B,
e A Sl gy
.S
(c) Design pressure ratio, 10.3.
1.0
TA-ALAANANA S——F A
&)
0 4 8 12 16 20 24 28
Nozzle pressure ratio, PS/pO
(d) Design pressure ratio, 19.2.
Figure 7. - Comparison of thrust coefficients over range of nozzle pressure ratios for

40° conical plug nozzle.
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Plug angle, deg Design pressure ratio
O 40 e,
a 50 Tie2
(e} 60 6.4
A 80 6.2
+ Design pressure ratio
L)
N O~
Q.
S .8
g (a) Design pressure ratio, approximately 7.
s
s Plug angle, deg Design pressure ratio
o
it o 40 19.2
= (u] 50 18.0
(e] 60 1939
g A 80 16.4
——'—- Design pressure ratio
1le)
o =0 _]
= sy )
.9
-8
0 4 8 12 16 20 24 28 32 36
Nozzle pressure ratio, P3/pO
(b) Design pressure ratio, approximately 18.5.
Figure 8. - Comparison of thrust coefficients over range of nozzle pressure ratios for 400, 502 60°, and 80°

conical plug angle nozzles.
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‘ 1.00
‘ - 98 Isentropic plug nozzle,
| © : design pressure ratio of 9.5 |
.p.‘ / L\‘
=}
| [3)
o
Gy
Gy
\ S .94
o
\ o (a) Conical plug nozzles designed for pressure ratio of approximately 7.
é 1.00
| Isentropic plug nozzle,
\ .98 design pressure ratio of 14~ |
—
\ .96 / ]
.94
| 40 50 60 70 80 90
Conical plug angle, deg
‘ (b) Conical plug nozzles designed for pressure ratio of approximately 18.5.
\ Figure 9. - Comparison of peak thrust coefficients of isentropic plug nozzles and conical plug
\ nozzles over a range of conical plug angles.
\
\ £y v . ' '
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<
Plug nozzle
> ~Corner
O Rounded ols
3 ] Sharp
Sharp plug
(configuration F, ref. 1)
——/
Ny b
=
3
)
2 Rounded section tangent to
=W d conical section just upstrear
8 5; of throat
=] Rounded 40° conical plug
3
.g N
- \ T
y \o/
g %D\
o o=
-~ g‘:
Ay
%.O 1.2 1.4 L6 1.8 2.0
Ratio of flow area to throat area, Af/Af,t
Figure 10. - Comparison of plug pressure distributions at nozzle pressure
ratio of 20 for sharp and rounded conical Plug nozzles designed for
i pressure -ratio of 10.
1.0
£
© ™ Ve
4; & £ 19} o O
<] e y,
o
o
% — 00—
g ﬁ ﬂ- L oo o
& : “KQZ;{)/IJ'_
8 Plug nozzle
(8
ey (o) Rounded
g O Sharp
‘ 4
& 8
0] 4 8 12 16 20 24
- Nozzle pressure ratio, Pz/pj
A 34’5?‘
Figure 11. - Comparison of thrust coefficients over range of nozzle pres-

sure ratios for sharp and rounded plug nozzles designed for nozzle
pressure ratio of 10.
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Design Plug
pressure ratio
8 12'5 } Isentropic
A 4.8
O Sl o
0 10.3 40
O 19.2
o) T2 }
500
O 18 Conical
O 6.4 5
o — i 1L L Al S 19.9 } o
6,2 o
<O> 16.4 } 59
:Bz:qujﬂw \,2" D—O —— Theoretical value
26
18 Eil
AP E=—=
! i _ _—
32 S SR> 0
[ B
24 A — L
36
o L = lan —
e A
T O
28 e}
20
36
O OO < <
BVa® = 9 O
28
40
<INt | =0 Rl el e (Sor | BF S 1 5 DR Y SR [ CST TRPE [ SR
32
HO—0Q-0—0—0—00—0—P—0—1—Op O
== — O — OO =
24
4 8 12 16 20 24 28 32 36

Nozzle pressure ratio, P;,>/po
Figure 12. - Variation or air flow parameter with nozzle pressure ratio for isentropic plug

nozzles designed for pressure ratios of 9.5 and 14 and 409, 50°, 60° and 80° conical plug
nozzles designed for nozzle pressure ratios from approximately 7 to 18.5.
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