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NATTONAL. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INTERNAT. PERFORMANCE OF TWO-DIMENSIONAL WEDGE EXHAUST NOZZLES

By William T. Beale and John H. Povolny

SUMMARY

An experimental investigation of four rectanguler-throat two-
dimensional wedge exhaust nozzles was conducted. Three of the nozzles
were designed to conform to Prandtl-Meyer streamlines for pressure ra-
tios of 5, 10, and 24; and a fourth, arbitrarily contoured, with a length
less than that required for isentropic expansion, was designed for a
pressure ratio of about 9. The effects of variations in the side plate,
the lip angle, and the geometry upstream of the throat were investigated
on the nozzle designed for a pressure ratio of 10.

The three Prandtl-Meyer wedge nozzles tested were determined to have
peak thrust coefficients sbout 1 percent lower than those of the best
convergent-divergent and plug nozzles investigated to date; the thrust at

all pressure ratios below design was within about 3% percentage points of

the peak thrust. The variations in spproach-section size and 1lip angle
had negligible effect on thrust over the ranges tested, and a’'50-percent
reduction in side-plate coverage caused sbout a l-percentage-point thrust-
coefficient loss, The shortened wedge showed a peak thrust coefficient
about 2 percent below those of the best Prandtl-Meyer designs tested.

TNTRODUCTION

As flight speeds incresse, the aircraft exhaust nozzle becomes in-
creasingly importent; slight gains in nozzle thrust coefficieunt, or re-
ductions in its drag, weight, or cooling load, are reflected in signif-
icant improvements in over-all aircraft performance. In order to attain
such improvements, the NACA Lewis laboratory has extended its exhaust-
nozzle research program to include an experimental investigation of the
wedge nozzle, & type which, it is believed, may have installation advan-
tages in some applications (twin—pod or underbody installations, e.g.)
over the previously considered convergent-divergent nozzles, divergent
ejectors, and plug nozzles (refs. 1 to 3).

The wedge nozzles investigated are defined as those utilizing two-
dimensional expansion from a corner and having a free-Jet boundary
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downstream of this cormer. They are similer in principle to the "pen-
shape" exit reported in reference 4 except for the fact that they use

a two-dimensional wedge for the expansion._surface. ~Thelr geometry and
nomenclature are described in the following sketch: T

Corner

;;vFree~Jetwboundary -

gide plate

Approach’//),
flow [—

Weclge:x " o —

These nozzles may be designed to conform €6 streamlihes in Prandtl-Meyer
flow and hence ¢an provide essentlally isentropic expansion at their
design pressure ratio. Furthermore, the presence of. the free-jet bound-
ary allows the expanding Jjet to be influenced by ambient pressure changes
ags 1t is with the external expansion plug;® The wedge nozzle may then be
expected to exhibit moderate variations in thrust coefficient with pres-
sure ratio as does the plug nozzle, thereby reducing the necessity of B
geometrical varigtions with £light Msch nimber.

This report gives results of an experimental 1nveotigation of three
rectanguler-throat wedge nozzles de51gned:io conform to Prandtl- Meyer
streamlines for pressure ratios of 5, 10, @nd 24. Variations in the side
plate, the lip angle, and the geometry upSﬁream of the throat were made .
on the nozzle designed for a pressure.ratio of 10. A fourth wedge with .
length less than that required for isentropic expansion was also tested.
The effect of these geometry changes and some generai.characterlstics of
wedge nozzles are discussed.

APPARATUS AND INSTRUMENTATION
Wedge-Nozzle Configiurations

The three wedge contours used with the Prandtl-Meyer wedge nozzles
(described in fig. 1) conform to streamlines resulting from the expansion
of e compressible fluid (air) around a shafp corrier (Prandtl-Meyer flow).
These contours are based on the tebular ifformation given in reference 5,
in which the assumption of & straight soni¢ line at the throat of the
nozzle is made. No boundary-layer correction was included. An erbitrar-
ily contoured wedge shorter than the Prandtl-Meyer designs is shown iIn
figure 2. Tabulations of the coordinates of the wedge surfaces are pre-
sented on both figures 1 and 2. . . .
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The general comstruction features common to the wedge configurations
tested are 1llustrated in figure 3. All configurstions were of the
double-wedge type with cantilevered lips bolted as '‘shown.

Test Facility

A schematic drawing of the test facility is given in figure 4. The
nozzles were mounted on a pipe freely suspended by flexure rods which
were connected to the bedplate. Pressure forces acting on the nozzle and
mounting pipe were transmitted from the bedplate through a flexure-plate-
supported bell crank and linkage to a balanced-air-pressure-diaphragm
force-measuring cell. Pressure differences across the nozzle and mount-
ing 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 lebyrinth and prevented a
pressure gradient on the ocutside of the diffuser section which could re-
sult from airflow through the labyrinth seal.

Instrumentation

Pressures and temperatures were measured at the various stations in-
dicated in figure 4. One wall static- and six total-pressure measurements
at station 1 were used to compute inlet momentum, and eight total- and two
wall static-pressure measurements at station 2 were used to compute air-
flow. Eight total-pressure and one temperature measurements were made at
the nozzle inlet (station 3). Ambient exhaust-pressure measurement wes
provided at station O, and a static-pressure survey was made on the out-
side walls of the bellmouth inlet. Wall static pressures were measured
along the wedge surfaces from throat to tip.

PROCEDURE

Performance data for each configuration were obtained over s range of
nozzle pressure ratios at a constant airflow. The nozzle pressure ratio
was varied from sbout 2 to the meximum obtainsble (26 to 32). For all
tests the nozzle total pressure was within the range of 50 to 60 inches of
mercury absolute. ’

The thrust coefficient was calculated by dividing the actual Jet
thrust by the ideal Jet thrust. The actual jet thrust was computed by
subtracting the force measured by the balanced-air-pressure diaphragm
from the inlet total momentum as measured by pressure and tempersture
instrumentation at station 1 and corrected for bellmouth and lsbyrinth
forces. The ideal Jet thrust is defined as the product of the measured
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mass flow and the idesl jet velocity (assuming isentropic expansion)
based on the measured nozzle pressure ratio and inlet tempersture.

The symbols used in this report are defined in gppendix A, and the
equations used in the calculations are given in appendix B.

Standard 25° half-angle convergent nozzles were used at the begin-
ning and end of the test program. The results (fig. 5) show the order
of repeatability of thrust and flow coefficients to be within 0.5 per-
cent. Similar tests, with similex results, were made during the nozzle
programs reported in references 1 to 3. The thrust-data contained in
these and the present report are thus directly compareble.

The meximum possible error in thrust data in this report was esti-
mated from possible experimental errors in reading the primary quantities
used to compute thrust: total and static pressures, areas, forces,'fares, ;
and the like. A value of 41.5 percent was obtained.

RESULTS AND DISCUSSION
General Wedge-Nozzle Characteristics

Some features common to all the wedgeé-nozzle data (figs. 6 to 11)
are described in the following sketches and discussion. As shown in the

Design point
Thrust ’/”——_ﬁl-—--\-‘\~\

coefficient, |« >

Cp Over- | ynder-
ex ] expanded
pande .

Operating pressure
ratio, P/pO

preceding sketch, the peak thrust coefficient occurs at or near the de-
sign pressure ratio, which is defined as the pressure ratio required to
permit one-dimensional isentropic expansion from uniform sonic flow at
the geometrical throat area to uniform supersonic flow through the exit
area. At such a pressure ratio the flow should be discharged uniformly
in the axial direction at the ambient static pressure. Ideally, no
losses should occur under these conditioms; but the actual thrust is,

of course, affected by wall friction, improper wedge shape, and departure
from the assumed sonic line at the throat, all contributing to thrust
loss.
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As shown in the next sketch, at pressure ratios less than design
(the overexpanded region), the flow expands part way down the wedge to

Hypothetical curved sonic line
/-Assumed one-dimensional sonic line
-7

_— - - Actual
SW7/a

NLY
I 28 Theory (completely
| cl W expanded )
_l_ Shocks 2 21,
Premsture | Recompression Wedge pressure
expansion z//
Expansion

a static pressure somewhat near ambilent; then, it recompresses as it
turns toward the axial direction. This is illustrated in figure 6, which
shows typical wedge-pressure distributions for the wedge nozzle designed
for a pressure ratioc of 10 operating at overexpanded pressure ratios of
2, 3, 4, and 5. (The theoretical pressure distribution for a nozzle de-
signed for a pressure ratio of 10 is included for comparison.) The
losses associated with the expansion-plus-shock recompression process re-
sult in the drop in thrust coefficient in the overexpanded region.

As shown in the final sketch, at pressure ratios above the design
value (the underexpanded region) , nozzle-outlet static pressure and wedge

ﬁee expension __,
— anm—

N rDesign-point jet boundary
Hypothetical Ty —— = ——='== v —<»

-

sonic line Nozzle throat

wall pressure stay constant; and the flow continues to expand beyond the
confines of the model and the design-point Jet boundary. Again the re-
sult 1s a loss of availeble thrust and, hence, a drop in thrust
coefficient. -

Another characteristic of the wedge nozzles Investigated, which is
illustrated in the preceding sketches and by the data in figure 6, is the
premature supersonic expansion of the flow around the wedge upstream of
the throat as evidenced by low static- to total-pressure ratio. This ef-
fect is aggravated by high approach velocities. (A discussion of a
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similer effect is given, for instance, in ref. 4 and in ref. 6, p. 835.)
A consequence of such premsture supersonic flow is a reduction in the
nozzle flow capecity (flow coefficient), since at the minimum area the
Mach nurber is not necessarily unity but may vary to valves greater or
less than unity, end hence the mass flow is.less than 1t would be if the
minimum ares were filled by sonic flow. A dlsplacement of the sonic line
should also distort the entire Prandtl-Meyer expansion field; the evi-
dence of such distortion and its effects will be discussed subsequently
along with the specific effects of the geometry variations tested.

Wedge Nozzle Designed for Pressire Ratio of 10

Approach section and side plates. - Infigure 7 the performance of
the bagic wedge nozzle designed for a pressu¥e ratio of 10, configuration .
1, is compared with configurations 4, 5, and 6, which have smaller ap-
proach sections and reduced side plates. While only a slight varistion
in thrust with epproach-section geometry was noted, the configuration
with the smeller approach section showed a marked drop_in throat pressure
and flow capacity. A comparison of thrust and pressure distributions be-
tween these two configurations exemplifies the general observation that
departure from the intended flow conditions at the throat (uniform sonic
flow) caused by abrupt approach sections need not greatly affect down-_
stream pressure distribution or thrust. With reference to this observa-
tion, it might be useful to point out that, whereas supersonic flow up-
stream of the throat reduces wedge pressures,; it also increases the total
momentum of the flow at the geametrical throat. Thus the thrust loss due
to wedge pressure reduction is partially compensated for, since nozzle
thrust may be considered as the sum of the throat sxial total momentum
and the wedge axial forces (where total momentum is defined as WV + pA).
A similar observablion is also made with regard to the penshape nozzle
reported in reference 4. -

The 50-percent reduction of the side plates (configurations 4 and 6)
reduced the peak thrust coefficient sbout 1 percent. The concomitent
drop in wedge pressure toward the tip and sides of the wedge is shown in
figures 7(b) and 8.

Lip angle. - The effect of small changes in lip angle on the per-
formance of the wedge nozzle designed for a pressure retio of 10 i=s shown
in figure 9. The range of lip angle tested, (25.7° to 35.5° ) gave only
slight thrust-coefficient changes (fig. 9{a)). However, the wedge pres-
sure distributions (fig. 9(b)) show the drop in throat pressure with in-
creasing approach Mach number (decreasing 1ip engle). The shift of the
pressure distribution curves to the left with decreasing 1ip angle is
the result of moving the origin of the Prandtl-Meyer expsnsion away from
the wedge, which allows the higher-pressure regions of the flow fenning
out from the 1ip to intersect the surface farther downstream, as illus-
trated by the sketches on this figure. The difference in flow capacity

29Tv
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of the nozzles is primarily a result of the difference in the physical
throat area.

Wedge Nozzles Designed for Pressure Ratios of 5 and 24

In order to determine possible variations in performance with de-
sign pressure ratio, two other Prandtl-Meyer wedge-nozzle configurations
with design pressure ratios of 5 and 24 were tested.

Design pressure ratio of 5. - The performance of the wedge nozzle
designed for a pressure ratioc of 5 is presented in figure 10. Whereas
the thrust curve of this configuration shows the expected position of
the peak, the wall pressure distributions vary considersbly from the
theoretical. The fact that the measured pressure on the downstream por-
tion of the wedge 1s somewhat higher than the theoretical is evidence
that the Prandtl-Meyer fan source (the 1lip exit) was farther down the
wedge than intended. In spite of this, however, the performance is as
good as could be expected.

Design pressure ratio of 24. - The performence of the wedge nozzle
designed for a pressure ratio of 24 is presented in figure 11. As for
the previously discussed configurations, the thrust coefficient in the
overexpanded region (pressure ratios less than design) is relatively high;
thus the thrust curve is relatively flat for the range investigated. Un-
like the preceding configurations, however, the corrected airflow curve
does not tend to flatten until & pressure ratio of about 9.0 is reached.-
This effect of pressure ratio on nozzle corrected airflow is felt to be
a result of a deflection of the nozzle 1lip with pressure ratio. Evidence
of this is indicated by a comparison of the corrected airflow curve with
& curve of lip load factor (P - po)/P (vhere P is constenmt), which

shows that the nozzle corrected airflow increased in the same way as the
lip load factor (acting on the cantilevered lip). The resulting change
in throat aresa (as evidenced by the varistions in nozzle airflow) would
cause a change of equivalent design pressure ratio from gbout 22 at an
operating pressure ratio of 2 to 16 at an operating pressure ratio of 24.
(The wall pressure plot (fig. 11(b)) taken at & pressure ratio of 29
corresponds well to the theoretical curve for s wedge designed for a
pressure ratio of 20.) These data are still considered representative
of high-pressure-ratio wedges, however, since the change in throat area
increased the equivalent design pressure ratio at low operating pressure
ratios, thus exaggerating any possible performance loss due to
overexpansion.

Shortened Wedge Nozzle

Any reduction in nozzle size without thrust penalty is desirable;
such an attempt was made with configurations 2, 10, and 11 (design-
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pressure ratioc about 9, fig. 2), which were approximately two- thirds a8
long as the corresponding Prandtl-Meyer wedge~-nozzle design.

Experience with plug nozzles (ref. 3) showed that method-of-
characteristics (curve surface) plugs performed better than did conical
plugs, not only at design pressure ratio but also below design, where
the chearacteristics plugs were no longer correctly shaped for isentropic
expansion. A curved instead of a straight wedge profile was therefore
selected as a more promising nonisentropic (shortened) wedge nozzle.

The performance of the shortened wedge is presented in figure 12.

The maximum thrust coefficients were about 2. percentage points lower than
those of the Prandtl-Meyer designs. The most abbreviated lip (configure-

tion 9) showed poorest thrust and pressure distributions. Lengthening
the 1lip and reducing the wedge hump (configuration lO) allowed lower
approach Mach number and, consequently, clogér approach to the ideal
straight sonic line at the throat. Thrust and pressure distributions of
this configuration evidenced closer approximation to isentropic expansion
with some Improvement in thrust at lower pressure ratios. (A theoretical
pressure distribution for s wedge nozzle having the same maximum thrust

pressure ratio as configuration 11 is included in fig. 12 for comparison.)

A reduction in shroud dimension (configuration 11) increased the approach
Mach number and the throat overexpansion. Peak thrust was little changed
but was shifted to a higher pressure ratio as a result of the decreased
throat- to exit-area ratio of this configuration (fig. 4).

Comparison of Prandtl-Meyer Wedge Nozzles
with Other Nozzles

In figure 13 the thrust curves of the Erandtl—Meyer wedge nozzles
are compared with those of the best plug_and convergent-divergent nozzles
previously tested at the NACA lLewis laboratory (refs. 1 and 3). The peak
wedge-nozzle thrust is shown as about 1 percent lower “than that of the
plug and convergent-divergent nozzles. At pressure ratios con51derably
below design, the wedge nozzles show thrust coefficients considerably
better than those of the convergent- divergent nozzle but not as good as
those of the plug nozzle. In no case 1is the thrust coefficient more

than 3% percentage points below the design value at pressure ratlos less

than design. The superiority of the wedge nozzle designed for a pres-
sure ratio of 5 over the convergent nozzle is evident, indicating its
possible use in turbojet aircraft in the Mach number range of 1 to 2.

=



NACA RM ES6K2Sb

Application to Airecraft

Throat-ares variation. - The tests of lip-angle effect showed little
change in thrust with a mass-flow variation of 20 percent (fig. 9). An
estimate of the effects of wider mass-flow veriations may be made from
the thrust curve of the wedge nozzle designed for a pressure ratio of 24.
As shown in the following sketch, this nozzle may be considered as an
approximation of a wedge nozzle designed for a pressure ratio of 10 with
lip angle increased to restrict the mass flow to 42 percent of the design
value of the latter nozzle:

The thrust of these two wedges is almost the seme for sll operating pres-
sure ratios below 10 (fig. 13). From this it is inferred thet throat-
area decreases may be made with little change in low-pressure-ratio in-
ternal performance by simply increasing the lip angle.

Increases in throat area (and epproach Mach number), on the other
hand, tend to cause premasture supersonic flow and excessive overexpansion
in the 1ip region. While the data of this report do not show excessive
thrust losses from such overexpansion, plug data (ref. 3) from more ex-
tensively varied configurations do show effects which, in most cases,
are small. For maximum internal performance, then, it seems advisable
to vary the throat area to smaller-than-design values rather than in the
other direction whenever possible. It must be remembered, however, that
high 1ip angles contribute to high external drag.

External conformetion. - The rectangular-throat wedge nozzle may
not conform well in many installations which have rounded forebodies.
The throat of this wedge nozzle can be modified to other throat shapes
by tracing the Prandtl-Meyer streamlines from the desired throat bound-
aries. (This method is i1llustrated in ref. 7 and was applied to the
penshape nozzle of ref. 4.) The resultant configuration would conform
well with traditionsl afterbody shapes and would be compatible with iris

C%. ) ET‘-'. ‘E'i": r
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or clamshell lips (for throat-area variations). Installed, this wedge
nozzle would lock as shown in the following sketch:

External-flow effects. - The wedge npzzle, like any other nozzle,
will be affected by the externel pressure field adJacent to it. Low

pressures around the jet exit will effectively increase the nozzle pres-

sure ratio, causing the nozzle flow to expand more than i1t would other-
wise, thereby reducing wedge pressure and, hence, thrust. For an ex- '
expansion losses as does the convergent-divergent nozzle, whose shielded
Jet cannot be affected by external pressure over a w1de range of low-
pressure-ratio opergtion.

Additional informetion is required to optimize the external and in-
ternal configuration, since intermal performaence is enhamnced by lip
angles close to the theoretical values while external drag, including
the low-pressure-field effect on internal performance, is minimized by
low lip angles. (Some effects of lip angle and boattail design on plug-
nozzle performance are given in ref. 8, in which it is shown that con-
ical boattails greatly reduce the lip drag and internal overexpsnsion
over those obtained with cylindrical bosttails.)

Thue the wedge nozzle appears to be competitive with other types
in Internal performance; and 1ts use seems worthy of considerstion in
cases where it provides secondary advantages in base drag reduction,
ease of cooling, or the like. -

CONCLUDING REMARKS

The three Prandtl-Meyer wedge nozzles tested (design pressure ra-
tios of 5, 10, and 24) showed peak thrust.coefficients about 1 percent
lower than those of the best convergent-divergent and plug nozzles in-
vestigated to date. Thrust at all pressure ratios below design was

within 33 3 percentage points of peak thrust.
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Variations in spproach-section size and 1lip angle had negligible
effect on thrust over the ranges tested, and a 50-percent reduction in
side-plate coverage caused about & l-percentage-point thrust loss.

A wedge designed for a pressure ratio of sbout 9 with 30-percent re-
duction in length from the Prandtl-Meyer design showed peak thrust coef-
ficlients about 2 percent below those of the best Prandtl-Meyer designs
tested.

The wedge nozzle appears to be campetitive with other types oun the
basis of internal performance. Its use seems worthy of consideration in
cases where it provides secondery advantages in base drag reduction, ease
of cooling, or the like.

Lewis Flight Propulsion Leboratory
Netional Advisory Committee for Aeronsutics
Cleveland, Ohio, December 4, 1956
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ares, sq in.

throat ares measured normel to lip at exit,

plpe area under labyrinth seal, sq in.

Jet-thrust coefficient

flow coefficient o

throat depth

Jet thrust, 1b

balanced-air-pressure disphragm reading, 1b i

acceleration due to gravity, 32.17‘ft/sec2

wedge-nozzle height
totel pressure, 1b/sq in.

static pressure, lb/sq in.
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sq in.

integrated static pressure acting on outside of bellmouth,

1b/sq in.

gas constant, 53.35 £t-1b/(1b)(°R)

total temperature, °R
velocity, f£t/sec

mase flow, slugs/sec
airflow, lb/sec

lip angle, deg

ratio of gpecific heats oz

of]

ratio of nozzle-inlet total pressure to NACA standard sea-level .

pressure of 2116 1b/sq ft

|
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e ratio of nozzle-inlet total temperature to NACA standsrd sea-
level tempersture of 518.7° R '

Subscripts:

d design

e exit

eff effective

ia ideal

m measured

w wedge wall

0] ambient, exhaust-nozzle outlet
1 bellmouth inlet

2 air measuring station

3 exhaust-nozzle inlet

13
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METHODS OF CALCULATTION

Airflow was calculated as the summation of the flow across stetion

2 (fig. 4):
v = Z(w@)uxng
- Ph T,
Az
where
1y -1
Ww~/gRT _ T or Y
PA (%) T -1 (l B %)

is the local.value found from each of the elght total-pressure probes
and the wall static-pressure taps at station 2. The term AA is the =
area sgampled by the individual probes. = - oo

Jet thrust was defined as : . _ .

F= W:ve,eff' * Ae(pe,eff - PO)

The measured jet thrust was found as B _
Fpp = Wy + Pyhy - Bghy +oag{By - ) - Fy

The ideally availlable Jet thrust, based on measured mass flow, was cal-
culated as

-1

_ 2R _¥ I’OlY
Fig = vy E«r-lTSE"('ﬁ;)

Thrust coefficient, the ratio of measured to ideal thrust, was

Cp = Fu/Fiq

CoTd
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(c) Configuration 8; design pressure ratlo, 24. E
Figure 1. - Concluded. Prandtl-Meyer wedge nozzles. (Dimeneions are in inches.) E
8
&
! - LY '] » ~ N

1
. . '
. S . I,, . o L o h . ! . - '




Ve ' - Wi ) : 1 N & B

' r v »
I R
r y é:*i{ - Prandtl-Meyer origin gg
/ ]
Contour A Side plate &
! Contour B Z! / n
T
3 2.23
l sy v
) 0.54 :é{ ™ =
f——5——
|..2 z0-W 6.5 —F~——»] le——4.25 —»»
=
" 11
ﬁ%?
hd
Contour A

x|0 0.40 ]0.85 |l.21 |1.61 |2.01 |2.41 |2.82 [5.22]|5,62(4.02|4.42]4.83(5.25|5.63(5.84(5.96(6.20]6.43

¥ | 0.145|0.202|0.282|0.379|0.483|0.596|0.730|0.877|1.05|1.23]|1.44|1.67|1.82|2.20(2.53]|2.70(|2.79}2.94|3.00

Configuration | Description a b c d B B, | Wedge | Geometricsal | Equlvalent design
deg |contour | area ratlo, presgure ratlo
dfe
9 Bhort 1ip 6.45 |1.00| 3.40 [ 5.92 | 4.82 | 33.0 A 1.74 8.2
10 Long 1lip 6.45 | 3.85 | 2.46 | 4£.38 | 4.40 | 33.0 B 1.78 8.6
12 Raduced fron- [5.20 | 1.30 | 2.47 | 4.65 [ 4.90 | 30.0 B 1.88 2.8
tel area
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