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EFFECT OF DIVERGENCE ANGLE ON THE INTERNAL, PERFORMANCE
CHARACTERISTICS OF SEVERAL CONICAL
CONVERGENT -DIVERGENT NOZZIES

By Fred W. Steffen, H. George Kruli, and Relph F. Schmiedlin

SUMMARY

Experiments were conducted on conical convergent-divergent nozzles
having included divergence angles from 7° 10' to 50° and expansion ratios
from 1.39 to 3.81 over a wide range of nozzle pressure ratios with cold
flow, to determine the effect of divergence angle on the internal perform-
ance of the nozzles.

Thrust coefficlients at design pressure ratios decreased from 0.973
at a divergence angle of 7° 10' to 0.930 at a divergence angle of 50°.
Similar trends weré noted at pressure ratios slightly less than and
greater than design.

At pressure ratios where separation occurred within the nozzle, im-
proved performance was effected by Increasing the divergence angle.

At any given divergence sngle, & change In.expansion ratio had neg-
ligible effect on nozzle performsnce at design pressure ratio. . t e
L Lot o s B MPeran
Although divergence angle and expansion ratio were found to have no
effect on nozzle flow coefficient at choked pressure ratios, the pressure
ratio required to choke the nozzle increased with an increase in diver-
gence angle,

. 2N

INTRODUCTION . T

The selection of a convergent-divergent exhaust nozzle -for-opera-
tion at high nozzle pressure retios requires consideration of both the
expansion retio and divergence angle. For a particulsr expansion ratio,
a short high-divergence nozzle would have low weight and low cooling-
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surface area. As shown in reference 1, such nozzles would also promote
flow separation at low nozzle pressure ratios, thus relieving overexpan-
eilon losses. On the other hand, reference 1 also indicates that better
performance at pressure ratios close to the isentropic design value is
provided by long, low-divergence nozzles.

Some datas on the effect of divergence angle on nozzle performance
are presented in reference 2, but the range of divergence angles covered
was extremely small (0° to 7° 10') and no significant effects were
observed. The data of reference 1l also do not permit the effects of
divergence angle to be isolated because emch divergence angle was asso-
ciated with a different expansion ratio.

The purposes of the investlgation reported herein are to determine
the lsolated effect of divergence angle on nozzle internsl performsnce
and the varistion of nozzle intermal performance over a wide range of
divergence angles. Data for nozzles of approximately equal throat size
which vary in dlvergence angle from 7° 10" to 50° and in expansion ratio
from 1.39 to 3.81 are included in the report. All nozzles were run with
cold flow over a range of nozzle pressure ratios from well below design

to about design or greater.
APPARATUS AND INSTRUMENTATION
Nozzles
Nozzles of six different divergence angles, namely 7° 107, 11° 507,

24°, 30°, 36°, and 50° were investigated. Details of the nozzles are
shown in figure 1, and in the following table:

Nozzle Nozzle expansion ratios|
2 . divergence .
° angles

7° 10! 1.39]1.69| ==={2.65| ==mu

11° 50t |1.39]1.69|~==|2.65|~mn-

24° 1.391.69| ~=={2.65| ~~=-

300 coee|meee | 1.8 e mmem

36° cmmefaeee (1.8 mmme | mmam

. 50° ~—=-|1.89|---|2.65|3.81

‘3491



16%¢

CW-1 back

NACA RM E54H25 : L 3

The nozzles having divergence angles of 7° 107, 11° 50', and 24° were
run at expansion ratios of 1.39, 1.69 and 2.65. The 30° and 36° nozzles
were run at an expansion ratio of 1.8 only, whereas the 50° nozzle was
run at expansion ratios of 1.69, 2.65, and 3.81.

All nozzles had 13-inch-diameter inlets, 50° conical convergent
sections, 7-inch-radius circular-arc throat contours, and conical diver-
gent sections. With the exception of the 30° nozzle which hed a 7.16-
inch-diameter throat, all nozzles had approximastely 6-inch-diameter
throats.

Installation

The installstion of the nozzles in the test rig is shown in figure
2. The nozzles were fastened to the mounting pipe which was in turn
attached to a bed plate freely suspended from four flexure rods. The
entire assembly was installed within & plenum chamber comnected on one
end to the lsboratory high-pressure air supply and on the other end to
the laborgtory altitude exhaust system. DPressure difference across the
nozzle and mounting pipe was msintained by labyrinth seals around the
mounting pipe. - A vent line between the two lebyrinth sesls and the ple-
num chamber decreased the pressure differential across the second laby-
rinth seal and prevented dynamic pressures from acting on the ocutside of
the gdiffuser section. Forces acting on the nozzle and mounting pipe,
both external and internal, were transmitted from the bed plate through
8 flexure-plate supported bell crank and linkage to a balanced air-
pressure diaphragm force-measuring cell.

Instrumentation

Pregsures and tempersastures were measured at various stations as
shown in figure 2. Pressures obtalned from total-pressure rakes and
wall static taps et stations 1 and 2 were used in the computation of
intet momentum and air flow, respectively. Total-pressure and total-
temperature rakes were installed at station n to determine nozzle-~inlet
conditions. Plenum chamber static pressure and the static pressure act-
ing on the outside of the bellmouth Inlet were obtained from taps located
along the outer surfaces of the nozzle and the nozzle mounting pipe. In-
side wall static taps from nozzle throat to nozzle exit were used to
measure pressure distributions in the divergent sections of the nozzles.

PROCEDURE

Performance data for all nozzles were obtalned over a range of
pressure ratios from well below design to gbout design or greater.

o
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Pressure-ratio varistion was obtained by varlaetion of exhaust pressure
while inlet pressure and weight flow were held approximstely constant;
inlet pressures were about 35 and 25 pounds per square inch absolute for
the 6- and 7.16-inch-throat-diameter nozzles, respectively.

Unheated dry ailr at a temperature of about 80° ¥, shown in refer-
ence 1 to be sufficient to eliminste condensation shock, was used for
the entire investigation. Symbols and methods of calculation are given
in appendixes A and B, respectively.

RESULTS AND DISCUSSION
Typical Performance Characteristics

Thrust performance of all the nozzles investigeted as a function of
nozzle pressure ratio is shown in figure 3. Data for nozzles having
equal expansion ratlos but different divergence angles are gresented in
each part of the figure. For all nozzles other than the 50~ nozzle, peak
thrust coefficient occurs at the design pressure ratio, which 1s defined
as the one-dimensional isentroplic pressure ratio correspondingoto the
given expansion ratio. The peak thrust coefficients of the 50~ nozzles
appear in the range of nozzle pressure ratios from 2 to 3.

Effects of Dlvergence Angle on Thrust Coefficient at
Pressure Ratios Close to Design and Above

From figure 3, parts (b) and (&) particularly, it can be seen thst
the thrust coefficlent, at pressure ratios close to the design value and
above, decreases with an increase in divergence angle. This effect is
clearly indicated in figure 4, a cross plot of figure 3, which presents
thrust coefficient at design pressure ratio against divergence angle.

At design pressure ratio, the thrust coefficient decreased from aboutb
0.973 at a divergence angle of 7° 10' to 0.930 at a divergence angle of
50°. Data for pressure ratios slightly less than or greater than design
pregsure ratio would show & similar trend.

A theoretical curve noting the varletion of thrust coefflcient with
divergence angle is also included in figure 4. The equation

1 o
CT = E(l + cos 5) CT(a:O) was used to calculate the points on the curve.
If any radisl variation of velocity or density at the nozzle exit is
neglected, the term %(} + cos % is approximately equal to the ratio
of the axial component of the discharge momentum to the total dlscharge
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momentum. In order to adjust the level of the theoretical curve to the
level of the experimental dasta, it was assumed that a nozzle having a
completely axial discharge would have a thrust coefficient of 0.975.

The agreement between the experimental dats and the thearetical curve is
good.

At a glven divergence angle, the variation in thrust coefficient
with expansion ratio at design pressure ratio was smell, even though
changes In wetted area of the divergent section were large. For example,
changing the expansion ratio of the 7° 10' nozzle from 1.39 to 2.85 re-
sulted in a 317 percent increase in the wetted area of the divergent sec-
tion without effecting any significant change in thrust coefficient.

Some indication of the variation in thrust performance with diver-
gence angle at pressure ratlos around and sbove design can be determined
from the intermal wall pressure distributions in the divergent sections
of the nozzles. These pressure distributions are shown in figure 5.
Deviations of the wall pressures from the one-dimensional isentropic-
pressure distribution are caused by three-dimensional expansions and com-
pressions. The arese under these curves is indicative of the amount of
thrust provided by the divergent sections of the nozzles, the greater
the area the greater the thrust. Values of thrust coefflcients calcu-
lated from pressure distributions in the divergent sections of the noz-~
zles are shown in figure 6. For the calculations, it wes assumed that
all the nozzles represented 1n figure 5 were operated at an expansion
ratio of 1.8 and at a nozzle pressure ratio of 8.9, the design pressure
ratio corresponding to the expansion ratio. A curve of thrust coeffi-
cient obtained from force measurements is also shown in figure 6.

Thrust coefficients calculated from pressures show & decrease with an
increase in divergence angle similar to that obtained from force
measurements.

Effect of Divergence Angle on Overexpanded Performance

From the date in figure 3, particulerly parts (c) and (d), it can
be seen that at low nozzle pressure ratios, where separation occurs,
nozzle thrust performance is improved by an increasse in divergence angle.
This effect is shown in figure 7, a cross plot of data from nozzles of
various design preseure ratios (expansion ratios), all opersting at a
nozzle pressure ratio of 2. Increasing the divergence angle improves
nozzle performance by influencing the overexpanded flow to experience a
shock and to separate from the nozzle walls at locations progressively
closer to the throat, thus decreassing the area acted upon by lower-than-
ambient pressures. Movement of the shock, and thus separation point,
towards the throat of the nozzle with increassing divergence angle is
indicated in figure 8 by a typical pressure distribution curve. Date
are presented for nozzles having various divergence angles and an ex-
pansion ratio of 2.85 operating at a pressure ratio of 4.

P ey o
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After the flow separated from the nozzle walls, it was observed to
become essentislly axisl. Thus, for the 50° nozzle, which peaks at noz-
zle pressure ratios from about 2 to 3, the separated axial flow provided
8 greater part of the ideally evallable momentum in the axisl direction
than did the attached nonaxial flow at design pressure ratio.

Effect of Divergence Angle on Nozzle Air-Flow Charscteristics

Weight-flow parameter (corrected weight flow per unit throat area,
1b/(sec)(sq in.)) at pressure ratios where the flow was choked was un-
affected by either nozzle divergence angle or expansion ratio, as shown
in figure 9. A high divergence angle does, however, cause the nozzle to
choke at higher pressure ratios. Nozzles having dlvergence angles of
24° or greater generally choked at a pressure ratio of 1.8, while the
others were already choked at a pressure ratio of 1.2.

The values of the flow coefficients at choked conditions (the ratios
of the measured values of the flow parameter to its theoretical value,
0.344 1b/(sec)(sq in.)}) were very high; a mean value of the data indl-~
cates flow coefficients close to 1.000.

SUMMARY OF RESULTS

Conical convergent-divergent nozzles having divergence angles from
7° 10' to 50° and expangion ratios from 1.39 to 3.8L were run over a wide
range of nozzle pressure ratios to determine the variation of nozzle in-
ternal performance with divergence angle. - : : -

At design pressure ratio, the thrust coefficient decreased from
0.973 at a divergence angle of 7° 10" to0 0.930 at a divergence angle of
50°. At pressure ratios above design and slightly less than design,
nozzle thrust coefficient also decreased with an increase in divergence

angle.

For a nozzle having a given expansion ratio and pressure ratio,
and opersting with separated flow, the separation point occurred closer
to the throat for the high angle nozzles, thus relieving overexpansion
losses. Therefore, at pressure ratios considerably below design, nozzle
performance improved with an increage in divergence angle.

At a given divergence angle, thrust coefficient at design pressure
ratlo was relatively unaffected by changes in expansion ratio within the
range of expansion ratios and divergence angles investigated.

Peak thrust coefficients for all nozzles except those having a 50°
divergence sngle occurred at the design pressure corresponding to the

ST iy
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given expansion retio. The 50° nozzles, however, peeked at nozzle pres-
sure ratios between sbout 2 and 3 apparently because of almost complete
separation at these pressure ratios.

Flow coefficients at pressure ratios sufficient to choke the nozzles
were unaffected by either divergence angle or expansion ratio, and
appeared to be very close to 1.000. The pressure ratio required to choke
the nozzles increased with an increase in divergence angle.

Lewis Flight Propulsion Leboratory
Netional Advisory Committee for Aeronsuties
Cleveland, Ohio, September 10, 1954
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APPENDIX A
SYMBOLS
The following symbols are used in this report:

A area, sq ft, (sq in. in fig. 9)

A4 effective pipe area under lebyrinth seals, sq £t

Cop thrust coefficient

F thrust, 1o

Fd resultant force on thrust cell (balanced-air-pressure-diaphragm
force), 1b '

g acceleration due to gravity, 32.174 f‘b/sec2

P total pressure, lb/sq £t -

P static pressure, 1b/sq ft

R gas constant, 53.3 £t 1b/(1b)(°R)

T total temperature, °R

v velocity, ft/sec

Wg measured air flow, lb/sec

(o1 nozzle divergehce angle

'y ratio of specific heats, 1.4

4] ‘ratlio of total pressure at nozzle inlet to absolute pressure at
NACA standard sea-level conditions

e ratio of total temperature at nozzle inlet to sbsoluie tempera-
ture at NACA standard sea-level conditions

Subscripts:

bm outside of bellmouth inlet

e nozzle exit

- 3491
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i ideal

J Jet

n nozzle inlet

t nozzle th:;oat

W wall

b4 axial

0 exhgust or ambient

1 mounting pipe inlet station
2 air-flow measuring station
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APPENDIX B

Air flow. - The nozzle alr flow was celculated as

v o R2P2wy [ 2er (Pz) 1<P2)
a -1 -
-‘/RTn T PZ,W PZ,W
with 1 assumed to be 1.4.
Thrust. - The jet thrust was defined as
WV

8 €,X
Fy= =%+ A (pg - o)

and wasg calculated by the equation

WV A
Fy o= D1,whL + 2 'Pbml+Az(Pbm'Po)'Fd

where F(1 was cobtained from balanced-air-pressure-disphragm measure-

ments. The 1deally avallable jet thrust, which was based on measured
mass flow, was calculated as

_ R Y o
Fi =W \|E T-1 o |t - (Pn)

Thrust coefficient. - The thrust coefflcient is defined as the
ratio of the actual to the ideal Jjet thrust:

F
o= 2
i

3491
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Thrust coefficlent, Cnp

Divergence

angle

Desl asure ratio o] 7° 10!
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[ L 240
1.0
%Mm
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Nozzle preseure ratio, P /p,
(a) Expansion ratio, 1.39; divergence angles, 70 11', 11° 50', and 24°.

Figure 3. - Thrust coefficients of convergent-divergent nozzles over a range of nozzle pressure
ratios for specified expanaion ratio and werious divergence angles.
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Flgure 3. ~ Contlnued. Thrust coefficlents of convergent-divergent nozzles over a range
of nozzle premsure ratios for specified expanslon ratlo and varicus divergence angles.
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Figure 3. -~ Continued. Thrust cocefficionts of convergent-divergent nozzles over 2
range of nozzle preseure ratios for speclifled expanslion ratlo and various diver-
gence engles.
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Figure 5. - Continued. Thrust coefflclents of convergent-divergend nozrles over a rangs of nozzle pressurs ratics for

speoified expansion ratio and various divergesnco angles.
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(e) Expansion ratio, 3.81; divergence angle, 50°.

Figure 3. - Conclnded. Thrust coefficients of convergent-divergent nozzles over a range of noz-
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FMgure 4. - Variation in thrust coefficient at deslgn nozzle presaure ratlo with noz-~

zle divergence angle.
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Flgure 5. - Genoralized preasuxe distributlons along divergent walls of aawafal oconvergent-dlvergent nozzlese

having various divergonce angles at nozzle preassure raiios at or above design.
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0 Calculated from pressures in fig. 5
agsuming of convergent nozzle
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