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NATIONAL ADVISORY COMMITTEE FOR .AERONAUTICS 

RESEARCH MEMORANDUM 

fl'PTEIRNAL PERFORMANCE OF TWO-DIMENSIONAL WEDGE EXHAUST NOZZLES 

By William T. Beale and John H. Povolny 

SUMMARY 

An experimental investigation of four rectangular-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 about 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 approach-section size and lip angle 
had negligible effect on thrust over the ranges tested, and a 50-percent 
reduction in side-plate coverage caused about a 1-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. 

INTRODUCTION 

As flight speeds increase, the aircraft exhaust nozzle becomes in-
creasingly important; slight gains in nozzle thrust coefficient, 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, a 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 corner. They are similar in principle to the "pen-
shape" exit reported in referefice 4 except for the fact that they use 
a two-dimensional wedge for the expansion surface. Their geometry and 
nomenclature are described in the following sketch:

These nozzles may be designed to conform to streamlines in Prandtl-Meyer 
flow and hence can provide essentially isentropic expansion at their 
design pressure ratio. Furthermore, the presence of the free-jet bound-
ary allows the expanding jet to be influenced by ambient pressure changes 
as it 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 
geometrical variations with flight Mach number. 

This report gives results of an experimental investigation of three 
rectangular-throat wedge nozzles designed to conform to Prandtl-Meyer 
streamlines for pressure ratios of 5, 10, and 24. Variations in the side 
plate, the lip angle, and the geometry upstream 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 general characteristics of 
wedge nozzles are discussed. 

APPARATUS AND INSTRUMENTATION 

Wedge-Nozzle Configurations 

The three wedge contours used with the Prandtl-Meyer wedge nozzles 
(described in fig. i) conform to streamlines resulting from the expansion 
of a compressible fluid (air) around a sharp corner (Prandtl-Meyer flow). 
These contours are based on the tabular information given in reference 5, 
in which the assumption of a straight sonic line at the throat of the 
nozzle is made. No boundary-layer correction was included. An arbitrar-
ily-contoured wedge shorter than the Prandtl-Meyer designs is shown in 
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 construction features common to the wedge configurations 
tested are illustrated in figure 3. All configurations 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 labyrinth and prevented a 
pressure gradient on the outside 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 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 wedge surfaces from throat to tip. 

PROCEDURE 

Performance data for each configuration were obtained over a range of 
nozzle pressure ratios at a constant airflow. The nozzle pressure ratio 
was varied from about 2 to the maximum obtainable (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 temperature 
instrumentation at station 1 and corrected for beilmouth and labyrinth 
forces. The ideal jet thrust is defined as the product of the measured
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mass flow and the ideal jet velocity (assuming isentropic expansion) 
based on the measured nozzle pressure ratio and inlet temperature. 

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

Standard 250 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 similar 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 comparable. 

The maximum 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, tares, 
and the like. A value of ±1.5 percent was obtained. 

RESULTS AND DISCUSSION

General Wedge-Nozzle Characteristics 

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

coefficient, i Over- Under-
CF	 ex-	 expanded

panded 

Operating pressure
ratio, P/p0 

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 conditions; 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 
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a static pressure somewhat near ambient; then, it récontpresses as it 
turns toward the axial direction. This is illustr.ted in figure 6 1 which 
shows typical wedge-pressure distributions for the wedge nozzle designed 
for a pressure ratio 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 

Free expansion 
- 

Hypoth ---- Design-point jet boundary - -- 
sonic 	 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 is a loss of available 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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similar effect is given, for instance, in ref. 4 and in ref. 6, P. 835.) 
A consequence of such premature supersonic flow is a reduction in the 
nozzle flow capacity (flow coefficient), since at the minimum area the 
Mach number is not necessarily unity but may vary to values greater or 
less than unity, and hence the mass flow is less than It would be if the 
minimum area were filled by sonic flow. A displacement 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 Pressure Ratio of 10 

Approach section and side plates. - In figure 7 the performance of 
the basic wedge nozzle designed for a pressure 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 variation 
in thrust with approach-section geometry was noted, the configuration 
with the smaller approach section showed a marked drop in throat pressure 
and flow capacity. A comparison of thrust and pressure distributions be-
tween these twd 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 geometrical 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 axial total momentum 
and the wedge axial forces (where total momentum is defined as wV + pA). 
A similar observation 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 about 1 percent. The concomitant 
drop in wedge pressure toward the tip and sides of the wedge is shown in 
figures 7(b) and S. 

Lip angle. - The effect of small changes in lip angle on the per-
formance of the wedge nozzle designed for a pressure ratio of 10 is shown 
in figure 9. The range of lip angle tested (25.7 0 to 35.50 ) 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 lip angle). The shift of the 
pressure distribution curves to the left with decreasing lip angle is 
the result of moving the origin 01' the Prandtl-Meyer expansion away from 
the wedge, which allows the higher-pressure regions of the flow fanning 
out from the lip to intersect the surface farther downstream, as illus-
trated by the sketches on this figure. The difference in flow capacity 

N
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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 ratio 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 considerably from the 
theoretical. The fact that the measured pressure on the downstream por-
tion of the wedge is somewhat higher than the theoretical is evidence 
that the Prandtl-Meyer fan source (the lip 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 performance 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 a 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 lip with pressure ratio. Evidence 
of this is indicated by a comparison of the corrected airflow curve with 
a curve of lip load factor (P - p 0 )/P (where P is constant), 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 area (as evidenced by the variations in nozzle airflow) would. 
cause a change of equivalent design pressure ratio from about 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 a pressure ratio of 29 
corresponds well to the theoretical curve for a 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 9, 10, and 11 (design'
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pressure ratio about 9, fig. 2), which were approximately two-thirds as 
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 characteristics 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 (configura-
tion 9) showed poorest thrust and pressure distributions. Lengthening 
the lip and reducing the wedge hump (configuration 10) allowed lower 
approach Mach number and, consequently, closer 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 a 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 Prandtl-Meyer wedge nozzles 
are compared with those of the best plug and convergent-divergent nozzles 
previously tested at the NACA Lewis 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 considerably 
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 is the thrust coefficient more 

than 3 percentage points below the design value at pressure ratios 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.
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Application to Aircraft 

Throat-area 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 variations 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:

P/p = 10 

N 
P/p = 24N\ c
	 -- = 0.42 

cl P/p 

The thrust of these two wedges is almost the sane for all operating pres-
sure ratios below 10 (fig. 13). From this it is inferred that 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. approach Mach number), on the other 
hand, tend to cause premature supersonic flow and excessive overexpansion 
in the lip 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 lip angles contribute to high external drag. 

External conformation. - 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 illustrated in ref. 7 and was applied to the 
penshape nozzle of ref. 4.) The resultant configuration would conform 
well with traditional afterbody shapes and would be compatible with iris
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or clamshell lips (for throat-area variations). Installed, this wedge 
nozzle would look as 'shown in the following sketch: 

S 

External-flow effects. - The wedge nozzle, like any other nozzle, 
will be affected by the external 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 it would other-
wise, thereby reducing wedge pressure and., hence, thrust. For an ex-
treme afterbody design, wedge or plug nozzles could show the same over-
expansion losses as does the convergent-divergent nozzle, whose shielded 
jet cannot be affected by external pressure over a wide range of low-
pressure-ratio operation. 

Additional information is required to optimize the external and in- 
tera1 configuration, since internal performance is enhanced 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 overexpansion 
over those obtained with cylindrical boattails.) 

Thus the wedge nozzle appears to be competitive with other types 
in internal performance; and its use seems worthy of consideration in 
cases where it provides secondary advantages in base drag reduction, 
ease of cooling, or the like. 

CONCLUDING REMARKS 

• 

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

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

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

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, December 4, 1956
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APPENDIX A 

SYMBOLS 

A	 area, sq in. 

Ae	 - throat area measured normal to lip at exit, sq in. 

A1	 pipe area under labyrinth seal, sq in. 

CF	 jet-thrust coefficient 

Cw	 flow coefficient 

c	 throat depth 

F	 jet thrust, lb 

Fd	 balanced-air-pressure diaphragm reading, lb 

g	 acceleration due to gravity, 32.17 ft/sec2 

h	 wedge-nozzle height 

P	 total pressure, lb/sq in. 

p	 static pressure, lb/sq in. 

Pbm.	 integrated static pressure acting on outside of belimouth, 
lb/sq in. 

R	 gas constant, 53.35 ft-lb/(lb)(°R) 

T	 total temperature, OR 

V	 velocity, ft/sec 

mass flow, slugs/sec 

W	 airflow, lb/sec 

lip angle, deg 

i	 ratio of specific heats 

5	 ratio of nozzle-inlet total pressure to NACA standard sea-level 
pressure of 2116 lb/sq ft
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e	 ratio of nozzle-inlet total temperature to NACA standard sea-
level temperature of 518.7 0 R 

Subscripts: 

d design 

e exit 

eff effective 

Id ideal

M	 measured 

w	 wedge wall 

0	 ambient, exhaust-nozzle outlet 

1	 belliuouth inlet 

2	 air measuring station 

3	 exhaust-nozzle inlet 
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APPENDIX B 

METHODS OF CALCULATION 

Airflow was calculated as the summation of the flow across station 
2 (fig. 4):

w	
(w-j'\M p2g 

a	 \ pA 

where

1-iF 

 

	

pA	 •')	 -P) 

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

Jet thrust was defined as 

F = WV	 + A e,eff - e,eff	 e 

The measured jet thrust was found as 

F = w 	 + pA b Al + a Z (pb	 PO) 

	

M ml	 11	 m  

The ideally available jet thrust, based on measured mass flow ., was cal-

culated as

FL2R
yFjdm T3 [l)f 

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

CF = FIIIFid
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(b) Wedge surface pressure distributions; operating pressure ratio, 15. 

Figure 7. - Concluded. Effect of approach geometry and side-plate cover-
age on performance of Prandtl-Meyer wedge nozzle. Design pressure ratio, 
10.
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Figure 9. - Concluded. Effect of small changes in lip angle on performance 
of Prandtl-Meyer wedge nozzle. Design pressure ratio, 10.
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Figure 10. - Concluded. Performance of Prandtl-Meyer wedge noz-
zle designedfor pressure ratio of 5. Configuration 7. 
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(b) Wedge surface pressure distribution; operating pressure ratio, 29. 

Figure 11. - Concluded. Performance of Prandtl-Meyer wedge nozzle designed 
for pressure ratio of 24. Configuration 8.
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(a) Thrust and flow characteristics. 

Figure 12. - Performance of shortened wedge nozzle. 
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Figure 12. - Concluded. Performance of shortened wedge nozzle. 
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Figure 13. - Comparison of Prandtl-Meyer wedge nozzles with other nozzles. 
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