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RESEARCH MEMORANDUM

EFFECT OF P1IUG DESIGN ON PERFORMANCE CHARACTERISTICS
OF CONVERGENT-PLUG EXHAUST ROZZLES

By H. George Krull and William T. Beals

SUMMARY

An evaluation of the Internal performance characterlstlics of seversl
plug-type nozzles was obtalned over a range of pressure ratlios from about
1.5 to 30, as part of a comprehensive experimental 1nvestigation of
large- scale oxhaust nozzles.

Plug nozzles, whlch were designed for nozzle pressure ratlos of
9.5 and 14 by the method of characteristice (called herein isentropilc
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 pesk
thrust coefflclents that were within 1 percent of the value for the isen-
troplc plug nozzles. For optimum performance, & plug angle of 60° was
required for a deslgn preesure ratio of 7 and an angle of 80° was required
for a design pressure ratlio of 18.5. Varylng the design of the throat
and the throat-approach sectlon altered the peak thrust coefficient 3
percentage polnts. Besed on an arbltrarily selected throat area, the
flow coefficlents for the configurations investigated varied from 0.80
to 0.84, when the flow was choked.

INTRODUCTION

It was shown in reference 1 that the extended plug nozzle has good
thrust characteristics over a ranges of pressure ratios from 1.5 to &t
least 16. The peak thrust coefficients were about as high as those of
a convergent-divergent mozzle, and were relatively insensitlve to pres-
sure ratlio below the deslgn polint. These data d1d not necessarlly re-
present the optimum for a plug nozzle, however, because no attempt was
made to refine the deslign.

The purpose of thls investigation was to determine whether a gain
in thrust coefflclent could be obtalned by refinements In plug design.
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The plug varlables that—were Investigated Iinclude plug expansion section
contour (isentroplc and conical), conlcal plug angle, and & rounded
throat=appreoach sectlon. ' '

The plug nozzles were Iinvestigated over a range of nozzle pressure
ratios from 1.5 to 30, The isentropic plug nozzles (designed by the
method of characteristics to provide axlal flow at dlscharge) were de-
plgned for nozzle pressure ratlos of 9.5 and 14, &and ths conical plug
nozzles, for nozzle pressure ratiocs ranging from 4.8 to 19.2. The conl-
cal plug angle was varied from 40° tp 8Q°

APPARATUS AND INSTRUMENTATION
Nozzle Configurations

Isentropic plug nozzles. = An exploded view of a typlcal 1sentrapic
plug nozzle i shown in figure 1(a). The aft sections (downstream of
throat) of these nozzlés wers designed by the method of characteristicse
(refs 2) for nozzle pressure ratios of 9.5 and 14. No boundary layer
correctlon was applled, and the tail of the plugs was cut off at & amall
diameter to reduce the length. The coordinates for each nozzle are -
listed in flgure 2. The deslgn pregsure ratlio and threat areas are
ligted In table I. In order to simplify the uge af the alr-flow data,
the throat area ussd In the calculations was defined as the amnmulus area
between the outer shell exit and the plug In a plans perpendicular ta the
nozzle axls.

Conical plug nozzles. - The 10 conical plug nozzle comfigurations’
investigated are ligted 1n table I along wlth thelr respective component
parts. An exploded assembly of a typlcal conflguration is shown In
figure 1(b). The component parts of each configuration consisted of a
spool plece, an outer shell, and a plug. The dimensions of the various
parts used to meke up the conflguration are shown In flgure 3. Plug
angles of 40°, 50°, 60°, and 80° were investigated. The 400 plug wae
designed for presaure ratios of ¢.8, 7.7, 10,3, and 19.2 (pressure ratio
corresponding to outer shell exit o throat area ratic). The 50° 60°,
and 80° pluge were designed for pressure ratios of approximately 7 and
18.5. The throat area 1g defined In the. feme menner as for the ileentropic
plug nozzlesn,

Instrmmentation

Pressures and temperatures were meagured at varlous statlons which
are Indicated in figure 4. Total- and wall etatlic-pressure measurements
at station 1 and total- and static-pressure meagurements (stream and wall
static) at station 2 were usad to compute inlet momentum and air flow,
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respectlively. Total pressure and temperature were measured at the
nozzle inlet (station 3). Amblent-exhaust-pressure instrumentation was
provided at station O, and a gtatic-pressure survey was made on the out-
gide walls of the bellmoiith Inlet. Wall static pressures were measured
along the surfacee of each of the plugs (from maximum diameter to down-
stream tip).

Installation

The nozzles were installed in a test chamber which was connected to
the laboratory combustion air and altitude exhaust facllities as shown
in figures 4 and 5. The nozzles wore bolted to a mounting pilpe which
was freely sugpénded by four fleitiure rods that were connected to the bed -
plate. Pressuré 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-meesuring cell. Pressure difference across the nozzle and
mounting plpe was maintalned by labyrinth seals around the mounting pipe
which separated the nozzle inlet air from the exhaust. A vent 1ine be-
tween the two labyiinth seals_and the test chamber decreased the pressure
differentlial across the sscond labyrinth and prevented a pressure gradl-
ent on the outaide of the diffuser section dus to an alr blaest from the
labyrinth sesl.

PROCEDURE

Performance data for each configuration were obtalned over a range
of nozzle pressure ratlos at a constant air flow. The nozzle pressure
ratio was varied from about 1.5 to the maximum cobtainable. Maximum
pressure ratio varled from configuretlon to configuration because of the
varying throat areas and the limited air-handling capacity of the alr
supply and exhauster equipment.

The thrust coefficient was calculated by dividing the actual jet
thrust by the 1ldeal thrust. The actnal jet thrust was obtained from the
force measured by the balancéd-alr-pressure-dilaphragm and from pressure
and temperature measurements mads throughout the test setup. The ideal
Jet thrust was calculated as the product of the measured mase flow and
the isentropic Jet velocity based on the nozzle pressure ratio and the
inlet temperature. The methods of caICulation.used in this report and
the symbols are shown in appendixes A and B, respectively.

U
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RESULTS AND DISCUSSION
Effect of Extermel IExpanslon Section on Performsnce Characteristlcs

Isentropic plug nozzles. - The isentropic plug nozzles were designed
by the method of characteristics to provide axial flow at the nozzle
dlscharge. The thrust coefflclents over a range of nozzle pressure ratios
for two lsentropic plug nozzles (deslgn pressure ratios of 9.5 and 14)
and a convergent-divergent nozzle (design pressure ratio of 16, ref. 3)
are shown in flgure 6. The lsentroplc plug nozzles had a peak thrust co-
efficlent of about 0.98. Thrust coefficlent waes relatlively insensitive
to nozzle pressure ratlo 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 coefflicients were, however, about 2
percentage polnts higher with lsentropic than with the conical extended
plug nozzles of reference 1. The peak thrust coefficlents occurred near
the design pressure ratios and were a&s high as the value for the
convergent-divergent nozzle.

Conical plug nozzles. - The lsentropic plug nozzle would be expected
to have higher thruet coeffliclents 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 isentroplc plug nozzle performance therefore serves as a reference
for comparison with other types of nozzle desligns. The i1sentropic 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
simple conical plug which could bhe easily constructed would compare
with that of the isentroplc plug, varilous ccnical plug nozzles were
also investigated.

As a firet 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 ratlos of 4.8, 7.7, 10.3, and
19.2 are shown In figure 7 plotted against nozzle pressure ratio. The
design pressure ratlo is the pressure ratlo corresponding to the ratio of
outer shell exit area to throat ares. The peak thrust coefficients,
which occurred near the design pressure ratlos, were several points
lower than the peak thrust coefficients of the lsentropic plug nozzles.
Generally, there was little variation in thrust coefficient with preasure
ratio (about 2 percemntage polints) for values below the design pressure
ratio. The 40° plug nozzle had a peask thrust coefficient of 0.97 for.a
deslgn pressure ratio of 4.8, but at a design pressure ratlio of 19.2 the
peak thrust coeffilcient had decreased to 0.94.

The flow angles in.the vicinity of the lsentropic plug nozzle throat
were greater than 409, which suggested that higher conical plug angles
might give better performance. The thrust coefflclents for nozzles with

i
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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 ratiocs of approximately 7 and
18.5. The 500, 60°, and 80° plug nozzles had higher performance over

the range of pressure ratios than the 40° plug nozzle. Thrust coefflclents
above 0.96 were obtained up %o 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 coefficlent at pressure ratlos below the
design point.

The effect of plug angle on peak thrust coefficlent 1s shown in
figures 9(a) end 9(b). These curves were cbtained by cross plotting the
data of flgure 8. The peak thrust cosefficient for the isentroplc plug
nozzles is shown by a dashed line. These results show that a conical
plug nozzle has a peak thrust coefflcient which 1s*only 1 percentage
point lower than that of an lsentroplc plug nozzle. The peak thrust co-
efficlent 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 performence for & deslgn pressure ratio of 7, whlle a plug angls
of 80° gave the best performance at a design pressure ratlo of 18.5.

Effect of Throat and Throat-Approach Section on Performance

Two conlcal 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 deslgnated the sharp plug
herein, 1s denoted as configuration F in refsesrence 1. The outer shell
exit (throat) is located at & sharp cormer on the plug (see gketch, fig.
10). With this arrangement a Prandtl-Meyer expansion was Iinduced around
the plug corner. The other nozzle, which is referred to as the rounded
plug, 1s the 40° plug nozzle reported herein. The throat-approach sec-
tlon of thls plug wes rounded so that the sharp corner at the throat was
eliminated. The curved portion of the plug became tangent at the conical
expansion section Jjust upstream of the throat (see sketch, fig. 10).

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

The Prandtl-Meyer expanslion 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 heve the lower thrust coefficient because
of the lower pressure force on the plug. The thrust coefficients for
these two nozzles are shown as & function of nozzle pressure ratio In
flgure 11. As expected, the rounded plug nozzle had a peak thrust co-
oefficient which was as much as 3 percentage points higher than that of
the sharp plug nozzle. In additlion, the thrust coefficlents at pressure
ratios below the deeign polnt were also higher for the rounded plug.

<N
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Ailr-Filow Parameter

The alr-flow paFBméter for all donfigurations 1s plotted agalnst
nozzle pressurs ratio in figure 12. The theoretical value of the alr-
flow parameter (0.344 Ib/sec/sq in.) for choked flow is shown by a dashed
line. The ratlo of the experimentsl air<flow paraméter to the theoreti-
cal value glves flow coefficlents for these conflguretions ranging from
0.80 to 0.94 when the flow is choked. To gimplifly the use of the sir-
flow data the throat area uged in the caléulation of the alr-flow péra-
the plug 1n & plane peF¥peridicular to the nozzléd &axias. This area was
greater than the actual flow arés, &hd conseqiiently the Flow cosfficients
were lower than for Simpls convergetit-dlvergent nozzles.

SUMMARY OF RESULTS

The internel performance charticteristics of several plug type noz-
zles were obtalned uver a range ©f pressurs ratlosg from 1.5 to 30. The
igentropic plug nozzles deBlgned by the method of characteristicse to
produce axial flow at the nozzls dischargs for nozzZle preéssure ratlos of
8.5 and 14 Had peeX thruset coefficients of ahout 0.98. The peak thrust
coefficlents occured near the design pressute ratios and were ap high as
those of convergent-divergent nozzles. The thrust coefflclent was rela-
tively Insenslitive to pressure ratio_below the design point varying
only from 0.96 to 0.98, -

The conlcal plug nozzles, whlch are simpler to manufacture, had
peak thrust coefflclants that were wlthin 1 percentage point of the pesk
value for the isentroplc plug neczzlé. As the deslgn pressure ratlo was
Increased, the plug &nhgle for best performance was Increased. The conl-
cal plug nozzles dealgned for a pressure ratlc of 7 had best performence
with a 60° plug, whereds the nozZlesd designéd for a pressure ratio of
18.5 had best performance with & plug angle of 80°;

Ag expected 1t was found that highéir thruet coefflcients could be
obtainsd 1f the plug nodzzlés wers Aedlgnsd so that the plig was rounded
in the region of the throat rather than having a sharp cormer at the
throat section. The rounded plug gave a 3 percéentage polnt increass in
peak thrust coefflclent over the valuse for a plug nozzle with a sharp
corner 8t the throat.

When the flow wWaB Bhokéd, the flow cosfficlents for the confilgura-
tione investligated wvarled from O. 80 to 0.94. Use of the mir-flow data

the alr-floW parameter 858 the annulus betwesen" the outer éhell oxit’ andi

Y
UNCLASSIFIED



6S7C

UNCLASSIFIED
NACA RM ES54HOS F

the plug in a plane perpendicular to the nozzle axis. This area was
greater than the actual flow aree, and consequently the flow coeffi-
clents were lower than for simple convergent-divergent nozzles.

Lewls Flight Propulsion Laboratory
National Advlsory Committee for Aeronautice
Cleveland, Ohlo, August 13, 1954
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APPENDIX A

METHODS OF CALCULATION

Alr flow. - The nozzle alr flow was calculated as

v o P22 2gy {(F2\ 7 _ |(F2)”
a,2 s 7 - H_ Pp Py

where 7 was assumed to be 1.4.

Thrust. - The Jet thrust was defined as
Ap .t

W D
a,2 - ? -
Fy = =25V + A (P4 - 20) +L P dA, - PehAp

or, ag deflined In the conventional manner,

WEZ_ -—
F =—8J—Ve + AE(pe - Po)

J

where V; and Eg are effectlve values. The actual jet thrust—was
calculated from the equation

Wa 2
Fy=—2—Vy +23A"y - P’y + Ay (yy - pg) - By

where F3 was obtalned from balanced-alr-pressure measurements.

.Z:]_'

2R Po\ 7
F, =W aR _ ¥ -0
1o e 7-1 9" (Ps)

Thrust coefficient. - The thrust cosfficient im defined as the ratio
of the actual to ideal Jet thrust

c. = 11
T Fi
L
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APPENDIX B
SYMBOLS
A outslde area, sq £t

/]

& <4 oa oW

o =R

Inside aresa, sq £t

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

plpe area under labyrinth seal, sq ft

plug proJected area, sq ft

exlt area of outer shell, sq ft

thrust coefficlent

thrust, 1b |

balanced-alr-pressure dlaphragm reading, 1b
acceleration due to gravity, 32.174 ft/sec®
total pressure, 1b/sq ft

static pressure, lb/sq ft

Integrated static pressure acting on outside of bellmouth Inlet
to gtation 2, 1b/eq ft

gas constant, 53.3 £t~1b/(1b)(°R) for air
total temperature, °R

velocity, Pt/sec

measured air flow, 1lb/sec

ratlo 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 femperature
at NACA gtandard sea-level conditions

CaunER
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Subscripts:
e nozzle exlt
i 1deal
J Jet
D plug .. . .
t throat
W plug surface or wall
0 exhaust or ambient
1 tnlet _ e
2 diffuser iInlet
3 nozzle Inlet
REFERENCES
1. Clepluch, Carl €., Krull, H. Georgs, and Steffen, Fred W.: Prelimin-

2.

3.
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ary Investlgation of Performance of Varliable-Throat Extended-~-Plug-
Type Nozzles over Wide Range of Nozzle Pressure Ratios. ~ NACA RM
E53J28, 1954. .- . . . . T IT

Ferri, Antonlo: Application of the Method of Characterletics to
Supersonic Rotatlonal Flow NACA Rep. 841, 1946. (Supersedes
NAGA TN 1135-) . ~ 2 . -

Krull, H. George, and Steffen, Fred W.: Performance Characteristics
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TABLE I. - NOZZLE CORFIGURATIONS
Plug angle |®Plug|®Shell |®Spool [Shell Exit Area | Design Throat
plece| Throat Area [pressure|area, Ap,

As/Af,t ratio sq 1n.
Isentropic 9.5 46.87
Isentfopic 14.0 49.5
40° conical| 1 4 4 1.33 4.8 67.04
400 conical| 1 3 2 1.68 7.8 36.78
400 conical| 1 2 1 1.96 10.3 26.73
400 conical| 2 1 8 2.83 19.2 | 33.74
50° contcal| 3 3 2 1.62 7.2 38.086
50° conical| 4 1 7 2.72 18 35.07
60° conical| 5 3 3 1.52 6.4 40.82
60° conical| & 1 7 2.89 19.9 32.99
800 conicall| 7 3 5 1.50 6.2 41.22
80° conical| 8 1 8 2.58 16.3 37.31

®Rumbers refer to parts shown in flg. 5.

L
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(a) Isentropic plug nozzle.

(b} Conical plug nozzle.

Tigure 1. - Exploded vlew of nozzles.
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Figure 2. -~ Isentroplc plug nozzle dimensions.
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1 2 _ plece shell | >
(s}
1 4| - 1L: | -] - 5.38 - 11,09 | 14.45 1 2.52 z o5 12, | u-02 | 1.30
2 40° | 50° |<£.00 - | o8 | .00 - 17.87 | 21.20 2 2.63 2 50255: 8.18 | 4.08
5 50° | - 1.% | 53| - - 5.86 | 7.98 | 12.64 3 2.81 3 o 42 | 8.8 | 4.13
i 50° [ 26° |47 | - {1.8¢ | 298 | - 15.12 | 18.38 ¢ 5.46 4 16” 6" | 0-68 | 3.58
5 ao° | - 1.5 - {ozz | 3.20 - 8.07 | 11.42 5 3.95
6 | 607} 26% [4.26 | - |2.36 | 252 | - (1525 16.70 8 1.57 s
T 8 | 255 | 2.2 0.8 | z.8¢ | - 7.80 | 11.09 'g 7.69 a6
8 | a® {3 [3.18| - |27 |25 | - |108¢] 14.05 7

Figure 5. - Conlcal nozzle componsnt parts and dimspsions. (All dimensions ere
in inches unless othervise noted; all dismeters ars inasids.)
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Figure 4. ~ Schematic drawing off nozzle in test chamber.
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Plug Deslgn pressure ratio
O Isentropic 9.5
O Isentropic 14
B Convergent-divergent
nozzle, 6° divergent
angle (ref, 3) 18
-—‘— Design pressure ratio
1.0
E
O
£ .90
(]
-
Q
b
&y
8
3]
g i ’(
.70 l‘ -
0 4 8 12 16 20 24

Nozzle pressure ratio, P3/'p0

Figure 6. - Comparison of thrust coefficlewts over range of nozele pressure ratlos for lsen-
tropic plug nozzles designed for pressure ratios of 9.5 and 14 and conical couvergent-
divergent nozzle designed for pressure ratio of 15.

GOH#SE WY VOVN

LT

a3141SSYIONA



fi

.. A3IISSYION

L¥

Thrust coefflclient, Cp

1.
—l— Design preassure ratio
'o—o'-—r—-
v v
, (a) Design pressurs ratio, 4.8.
1. . +
@%\f\(’\_.cm—s)_o_—‘o ¥ =0 by 0
. (b) Design pressure retio, 7.7,
1. f :
.8
(c) Deslgn preseure ratlo, 10.3.
1.0 i '
b L AN-AA —FA—a
« P—
3] 4 a8 12 16 20

Figure 7. - Couxperison of thruet coefficlents over range of nozzle pressure ratics for
40° conleal plug nozele.

Nozzle pressure ratlo, Pz/p,

(d) Design pressure ratio, 19.2.
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Thrust coeffioient, Cp

Plug angls, deg Devign preasurs ratic
< 40 7.7
o 50 7.2
o 60 8.4
A Bo 8.2
—— Depign pressurs ratio
1.
.8
(a) Design pressure ratic, approximately 7.
Flug sngle, deg Deaign preseure ratio
[+ 40 19.2
u] 5Q 18.0
o] . B0 19.9
A 80 16.4
'-—’—— Deslgn pressurse iwtic
1.0
y A
N fhelir P : .
[}
a -
0 L% B 18 18 20 4 28 52 58

Nozgle pressure ratio, Psfpo

{b) Design pressure retlo, approxiwately 18.5.

Figure 8, - Comparison of thruat coefficients over range of norzle pressure ratios for «°
conical plug angle moxxles. :

, 50°, 60%, mna BO°
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Thrust ocefficlent, Cq

1.00
98 Isentropic plug nozzle,
: design pressure ratio of 9.5
/ [ ———
-96/-" -_-—I-
-94
{a) Conleal plng nozzleas designed for pressure ratioc of approximately 7.
1.00
Isentropic plug nozzle,
-98 design pressura ratio of 14
.94 .
40 50 ' 60 70 80 80
Conical plug angle, deg
(b} Conical plug nozzles designed for pressure ratio of approximately 18.5.
Figure 9. - Comparlson of peek thrust coefficients of isemtropic plug nozzles and conical plug
nozzles over & range of conlcal plug angles.
b
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Pressure distribution on plug, Pw/Ps

Thrust coeffilcient, CT

=
(&)

Plug nozzle
~ Corner

(o] Rounded

DO Sharp
Sharp plug
(configuration F, ref. 1)

__-._/
.6

Rounded section tangent to
conlcal section Just upstream

i) of throat
ﬁ\ \ Rounded 40° conical plug
A
\ —
\D/ 1 S

1.2 1.4 1.6 1.8 2.0
Ratioc of flow area to throat area, Af/Af,t

hS
4

r
i

O
o

Figure 10. - Comparison of plug pressure distributions at nozzle pressure
retio of 20 for sharp and rounded conical plug nozzles designed for
pressure ratio of 10.

(@] < O
o= = 0D=0— >

O
o cﬁ ﬂ = oo o —°
\'D/cr Plug nozzle

o] Rounded
0O Sherp
.8 . .
0] 4 8 12 16 20 24
Nozzle pressure ratio, Pz/pg
34’5"
Figure 11. - Comparison of thrust coefficlients over range of nozzle pres-

sure ratlos for sharp and rounded plug nozzles deslgned for nozzle
pressure ratio of 10. ’
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Figure 12. - Variation or air flow parameter with nozzle pressure ratio for iaentiropic plug
nozzles designed for pressure ratios of 9.5 and 14 and 40°, 50°, 60° and 80° conical plug
nozzles designed for nozzle pressure ratios from approximately 7 to 18.5. .
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