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Summary 
A static (wind-off) test has been conducted in 

the static test facility of the Langley 16-Foot Tran- 
sonic Tunnel to evaluate the effects of post-exit 
vane yaw vectoring on nonaxisymmetric nozzles. 
Three baseline nozzles were tested: an unvectored 
two-dimensional convergent nozzle, an unvectored 
two-dimensional convergent-divergent nozzle, and a 
pitch-vectored two-dimensional convergent-divergent 
nozzle. Each nozzle geometry was tested with three 
exit aspect ratios (ratio of nozzle width to height 
at exit) of 1.5, 2.5, and 4.0. Two post-exit yaw 
vanes were externally mounted on the nozzle side- 
walls at the nozzle exit to generate yaw thrust vec- 
toring. Vane deflection angle (OO, -20°, and -30°), 
vane planform, and vane curvature were varied dur- 
ing the test. Results indicate that the post-exit 
vane concept produced resultant yaw vector an- 
gles which were always smaller than the geometric 
yaw vector angle. Losses in resultant thrust ra- 
tio increased with the magnitude of resultant yaw 
vector angle. The widest post-exit vane produced 
the largest degree of flow turning, but vane cur- 
vature had little effect on thrust vectoring. Pitch 
thrust vectoring was independent of yaw thrust 
vectoring. 

Introduction 
The next generation of fighter aircraft will be a 

versatile and specialized class of vehicles designed 
for operation over a wide range of flight and com- 
bat conditions. Future fighter aircraft requirements 
will probably include transonic and supersonic cruise 
capability, short take-off and landing (STOL) fea- 
tures, high turn rates, and supersonic maneuver- 
ability at conventional and high angles of attack. 
Studies of “supermaneuverability” indicate that ad- 
vanced fighters will require aircraft control beyond 
the stall limit (post-stall maneuverability). (See 
refs. 1 through 5.) Increased aircraft control power 
may be achieved by modifying the fighter propul- 
sion system. Addition of multiaxis thrust-vectoring 
capability to the engine exhaust system can result 
in powered-control moments for extended maneu- 
verability which are independent of airframe aero- 
dynamics and aircraft angle of attack (refs. 2 through 

Thrust vectoring is a powered-controls concept 
which uses the exhaust nozzle to direct the thrust 
force vector (by directing the exhaust jet) away from 
the nominal axial direction. Incorporating thrust 
vectoring into the propulsion system improves over- 
all performance by expanding the aircraft flight enve- 
lope and adding a STOL capability (refs. 4 through 

8). 
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16). Multiaxis thrust vectoring is effective at flight 
conditions where control power from conventional 
aerodynamic control surfaces is degraded, such as 
very low speeds or very high angles of attack. Use 
of thrust vectoring to augment aircraft control could 
allow the designer to reduce the size of conventional 
control surfaces; thus, weight and drag are reduced 
and the aircraft operational envelope is expanded to 
include post-stall flight conditions. 

The variable-geometry nonaxisymmetric nozzle is 
a highly integrable propulsion exhaust system. In- 
vestigations have shown that nonaxisymmetric noz- 
zle systems meet isolated and installed performance 
requirements and integrate well into the airframe for 
low installed drag (refs. 15 through 21). The geome- 
try of nonaxisymmetric nozzle designs can be easily 
modified to include multiaxis thrust vectoring and 
thrust reversing. A number of investigations, con- 
ducted at both static (wind-off) and wind-on test 
conditions, have verified the effectiveness of non- 
axisymmetric nozzles for pitch thrust vectoring 
(refs. 14 through 24). Several recent studies eval- 
uated static and wind-on effects of lateral or yaw 
thrust vectoring on nonaxisymmetric nozzle perfor- 
mance (refs. 7 and 24 through 26). 

To continue the development of yaw thrust- 
vectoring nonaxisymmetric nozzles, a wind-off test 
has been conducted in the static test facility of the 
Langley 16-Foot Transonic Tunnel. High-pressure 
air was used to simulate the exhaust jet. Two 
generic nonaxisymmetric nozzle concepts were in- 
vestigated: a two-dimensional (2-D) convergent noz- 
zle and a two-dimensional convergent-divergent (2-D 
C-D) nozzle. A pitch-vectored two-dimensional 
convergent-divergent nozzle configuration was also 
tested. Each of these three nozzle configurations 
was tested with nozzle exit aspect ratios (ratio of 
nozzle width to height at exit) of 1.5, 2.5, and 4.0. 
Yaw thrust vectoring was implemented on each noz- 
zle configuration by two externally mounted vanes 
(one on each sidewall) which hinged at the nozzle 
exit. This thrust-vectoring concept is referred to as 
“post-exit yaw vane.” The vane geometric parame- 
ters investigated were vane planform, vane curvature, 
and vane deflection angle. The test nozzle pressure 
ratios ranged from 1.6 to 6.0. The results of this in- 
vestigation are presented as basic nozzle performance 
data (discharge coefficient, internal thrust ratio, and 
resultant thrust ratio) and nozzle-vane flow-turning 
capability (resultant thrust-vector angles). 

During another phase of this investigation, the 
post-exit vane thrust-vectoring concept was applied 
to an axisymmetric nozzle configuration. In this 
case, the post-exit vanes were used for both pitch 
and yaw thrust vectoring. The results of this study 



are presented in reference 27. Selected results on 
both nonaxisymmetric and axisymmetric nozzles are 
presented in reference 28. 

Symbols 
All forces (except resultant gross thrust) and all 

resultant vector angles are referred to the model body 
axis (measured from the model centerline). A de- 
tailed discussion of the data reduction and calibra- 
tion procedures and definitions of forces, angles, and 
propulsion relations used in this report are presented 
in reference 29. 

nozzle exit aspect ratio (ratio of 
nozzle width to height, measured at 
nozzle exit) 

nozzle exit area, in2 

nozzle expansion ratio 

measured nozzle throat area, in2 

individual yaw vane planform area, 
in2 

ratio of vane planform area to nozzle 
exit area 

nozzle discharge coefficient, wp/wi 

measured thrust along body axis, 
positive in forward direction, lbf 

ideal isentropic gross thrust, 

measured normal force, lbf 

resultant gross thrust, 

J F 2  + F$ + Fi :  lbf 

measured side force, lbf 

acceleration due to gravity, 
32.174 ft/sec2 

nozzle pressure ratio, p t , j / p ,  

design nozzle pressure ratio (NPR for 
fully expanded flow at nozzle exit) 

ambient pressure, psi 

jet total pressure, psi 

gas constant, 1716 ft2/sec2-OR for air 

jet total temperature, OR 

W 

wi ideal weight-flow rate, lbf/sec 
WP measured weight-flow rate, lbf/sec 

7 ratio of specific heats, 1.3997 for air 
6, resultant pitch thrust-vector angle, 

tan-' 9, deg 

43 resultant splay thrust-vector angle, 
positive in clockwise direction from 
nozzle top, tan-' %, deg 

6, resultant yaw thrust-vector angle, 
tan-' q, deg 

6V,P geometric pitch vector angle mea- 
sured from model centerline, positive 
deflection angle produces positive 
normal force, deg 

geometric yaw vector angle measured 
from model centerline, positive 
deflection angle produces a positive 
side force, deg 

width of nozzle measured at exit, in. 

6 V 4  

Abbreviations: 

C-D convergent-divergent 
Sta. model station, in. 
VlGV4 flat yaw vane configuration 

designat ions 

V5 curved yaw vane configuration 
designation 

2-D two-dimensional 

Apparatus and Methods 
Static Test Facility 
This investigation was conducted in the static 

test facility of the Langley l6-Foot Transonic Tun- 
nel. The static test facility has been used extensively 
in the development and testing of nonaxisymmetric 
nozzle concepts for evaluating nozzle internal perfor- 
mance (ref. 24). Nozzle testing is conducted with 
a single-engine propulsion simulation system which 
generates a compressed-air jet that exhausts to the 
atmosphere. This facility uses the same filtered dry 
air supply as the l6-Foot Transonic Tunnel and has 
a similar air control system which includes a heat ex- 
changer for maintaining a constant stagnation tem- 
perature in the exhaust jet (ref. 30). 

Single-Engine Propulsion Simulation System 
A sketch of the single-engine air-powered nacelle 

model on which the test nozzles were installed is 



I 

presented in figure 1. The propulsion simulation 
system is shown with a convergent nozzle and a set 
of yaw vanes installed. 

An external high-pressure air system provided a 
continuous flow of clean dry air at a controlled tem- 
perature of about 530'R. The air pressure was var- 
ied during jet simulation from atmospheric pressure 
(jet off) up to about 90 psi in the nozzle. The high- 
pressure air was brought through a dolly-mounted 
support strut by six tubes which connect to a high- 
pressure plenum chamber. As shown in figure 1, 
the air was then discharged perpendicularly into the 
model low-pressure plenum through eight multiple- 
hole nozzles equally spaced around the high-pressure 
plenum. This method was designed to minimize the 
forces imposed by the transfer of axial momentum as 
the air is passed from the nonmetric high-pressure 
plenum to the metric (mounted to the force bal- 
ance) low-pressure plenum. Two flexible metal bel- 
lows were used to seal the air system and compensate 
for axial forces caused by pressurization of the low- 
pressure plenum. 

The air then passed from the low-pressure plenum 
through a transition section, a choke plate, and an 
instrumentation section. The transition section pro- 
vided a smooth flow path from the circular low- 
pressure plenum to the rectangular choke plate and 
instrumentation section. The instrumentation sec- 
tion had a flow-path width-to-height ratio of 1.437. 
From the instrumentation section, the airflow entered 
an adapter (installed at model station 41.13) which 
was used to vary the nozzle aspect ratio by varying 
the width of the flow path. All nozzles were installed 
to the aspect ratio adapter at model station 44.63. 

Nozzle and Post-Exit Vane Designs 
Detailed sketches of the aspect ratio adapter sec- 

tion and the test nozzles are presented in figure 2. 
Geometric parameters and sketches of the post-exit 
yaw vector vanes are presented in figure 3. Photo- 
graphs of typical test nozzle installations with and 
without yaw vanes are shown in figures 4 through 6. 

Nozzles. Two generic nonaxisymmetric nozzle 
concepts were investigated: a two-dimensional (2-D) 
convergent nozzle and a two-dimensional convergent- 
divergent (2-D C-D) nozzle. The 2-D C-D nozzle 
type was tested with and without pitch thrust vec- 
toring (6v,p = -11.7' and 0'). These three nozzle 
configurations were tested as baselines (without yaw 
vanes) and with post-exit yaw vanes installed. 

The unvectored 2-D C-D nozzle was formed from 
the 2-D convergent nozzle by installing triangular- 
shaped duct inserts to the upper and lower nozzle 
flaps. (See fig. 2(b).) The inserts introduced conver- 

gence and divergence to the internal flow path and 
reduced the nozzle throat area. The pitch-vectored 
2-D C-D nozzle was formed by a single duct insert 
to the lower flap of the 2-D convergent nozzle. (See 
fig. 2(b).) Since only the lower flap was modified for 
pitch thrust vectoring, the nozzle throat was trans- 
lated upward above the model centerline. The nozzle 
exit remained fixed in the same location as the exit 
of the unvectored 2-D C-D nozzle. Each of the three 
basic nozzle configurations was tested with three dif- 
ferent exit aspect ratios (exit width divided by exit 
height) of 1.5, 2.5, and 4.0. A separate set of 2-D 
convergent flaps and duct inserts was built for each 
exit aspect ratio tested. The nozzle exit aspect ratio 
was varied by using the aspect ratio adapter section 
to adjust the width of the flow path and then by 
installing the appropriate set of nozzle flaps with or 
without duct inserts. The height at the exit was held 
nominally constant (at 1 in.) for all test configura- 
tions. Thus, nozzle throat and exit areas decreased 
with decreasing exit aspect ratio. All nozzles used 
the same sidewalls regardless of nozzle type or exit as- 
pect ratio. Design parametria (Ae/At ,  (NPR)d) for 
each test nozzle are given in figure 2. The variation 
of nozzle geometry with exit aspect ratio is clearly 
seen in the photographs of figures 4 through 6. 

Post-exit vanes. The post-exit vanes were 
mounted to the nozzle sidewalls with the vane hinge 
line located at the nozzle exit. (See fig. 1.) The 
vanes were equally deflected laterally to turn the ex- 
haust jet in the yaw plane. Four different flat vane 
planforms were tested. (See fig. 3(a).) Vane V1 
served as the baseline flat vane and had a height 
of 1.0 in. (identical to the height of the nozzle exit) 
and a length of 1.625 in. Vanes V2 and V3 also had 
heights of 1.0 in. but had lengths of 2.125 in. (longer 
than Vl) and 1.125 in. (shorter than Vl),  respec- 
tively. Vane V4 had the same length as the baseline 
V1 (1.625 in.) but had a larger height of 1.5 in. To 
investigate the effect of vane curvature, the baseline 
V1 flat vane planform was modified with a radius of 
curvature of 3.0 in. and a trailing-edge terminal angle 
of 10'. The curved vane, designated V5, still kept the 
same height and length as V1. (See fig. 3(b).) For a 
given post-exit vane planform area Av, the ratio of 
vane area to nozzle exit area AvIAe increased with 
decreasing exit aspect ratio. The values of Av/A,  
for each combination of vane and aspect ratio are 
given in figure 3. All five post-exit vanes were tested 
with the unvectored 2-D convergent and unvectored 
2-D C-D nozzle configurations. Only the baseline flat 
vane V1 was tested with the pitch-vectored 2-D C-D 
nozzle configuration. 
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Basic data plots: 

Effect of vane installation and deflection 
for- 

2-D convergent nozzle with AR = 1.5 
and 6,,p = 0' . . . . . . . . . .  

2-D C-D nozzle with AR = 1.5 and 

2-D C-D nozzle with AR = 1.5 and 

2-D convergent nozzle with AR = 2.5 
and 6v,p = 0' . . . . . . . . . .  

2-D C-D nozzle with AR = 2.5 and 

2-D C-D nozzle with AR = 2.5 and 

2-D convergent nozzle with AR = 4.0 
and ~ 5 , ~ ~  = 0' . . . . . . . . . .  

2-D C-D nozzle with AR = 4.0 and 

2-D C-D nozzle with AR = 4.0 and 

s,,, = 0" . . . . . . . . . . . .  

6v,p = -11.7' . . . . . . . . . .  

sl,,, = oo . . . . . . . . . . . .  

6r,,p = -11.7' . . . . . . . . . .  

6zl,p = 0" . . . . . . . . . . . .  

6c,p = -11.7' . . . . . . . . . .  
Summary data plots: 

Figure 

. . . .  7 

. . . .  8 

. . . .  9 

. . .  10 

. . .  11 

. . .  12 

. . .  13 

. . .  14 

. . .  15 

Effect of nozzle exit aspect ratio with 

Effect of exit aspect ratio with vane V1 

Effect of nozzle type with vanes off . . . .  18 
Effect of nozzle type with vane V1 and 

--30° . . . . . . . . . . . . .  19 
Effect of flat vane planform for 2-D 

convergent nozzle with 6v,p = 0' 
and 6,,, = -30' . . . . . . . . . . .  20 

Effect of flat vane planform for 2-D 
C-D nozzle with SvIp = O'and 

Effect of vane curvature for 2-D 

vanesoff . . . . . . . . . . . . . . .  16 

and S,,, = -30' . . . . . . . . . . .  17 

b Y  - 

6v.y = -30' . . . . . . . . . . . . .  21 

convergent nozzle with 6,,, = 0' 

Effect of vane curvature for 2-D C-D 
and 6,,, = -30' . . . . . . . . . . .  22 

6,,, = -30' . . . . . . . . . . . . .  23 
nozzle with 6,,, = 0' and 

Results and Discussion 

Basic Data 

The basic data figures present the effects of post- 
exit vane installation (&,: = 0') and deflection on 
nozzle performance. Specific effects of nozzle type, 
exit aspect ratio, vane geometry, and vane curvature 
are discussed in detail later. In general, the trends 

in nozzle performance for the baseline nozzle config- 
urations without yaw vectoring are consistent with 
earlier studies of nonaxisymmetric nozzles (refs. 17 
through 21, 24, and 26). 

Regardless of nozzle geometry, the post-exit vane 
yaw vectoring concept always produced resultant yaw 
vector angles which were smaller than the geometric 
yaw vector angle of the vanes. Other investigations 
of thrust-vectoring concepts (refs. 16, 26, and 27) in- 
dicated that low values of resultant thrust-vector an- 
gle can result from turning supersonic exhaust flow. 
Vectoring supersonic flow at the nozzle exit is less 
efficient in turning than vectoring lower velocity flow 
in the vicinity of the nozzle throat. Thrust-vectoring 
concepts which initiate flow turning inside the noz- 
zle at subsonic or slightly supersonic conditions tend 
to result in thrust-vector angles which are equal to 
or, in some cases, greater than the geometric vector 
angle. 

For the post-exit vanes, the largest values of 6, 
were generated by the nozzles with the smallest exit 
aspect ratio of 1.5 (compare fig. 7 with figs. 10 and 
13). For all test nozzle-vane configurations, the 
maximum value of 6, was -22' for the 2-D C-D 
nozzle with vane V4 and AR = 1.5, 6v,p = O', 
6,,, = -30°, and NPR = 6.0. Increasing the exit 
aspect ratio had an adverse effect on 6,. Depending 
on vane geometry and/or exit aspect ratio, 6, either 
remained nearly constant over the tested NPR range 
or increased slightly with increasing NPR. 

Trends in nozzle discharge coefficient cd de- 
pended on the nozzle type, 2-D C-D or 2-D con- 
vergent. For the baseline 2-D C-D nozzles (without 
post-exit vanes) with and without pitch vectoring, cd 
remained relatively constant with increasing NPR for 
NPR > 2.0. (See figs. 8, 11, and 14 for 2-D C-D noz- 
zles without pitch vectoring and figs. 9, 12, and 15 
for pitch-vectored 2-D C-D nozzles.) When post-exit 
vanes were installed (S,,, = 0') and deflected, there 
was no effect of yaw vectoring on c d  levels for any 
of the 2-D C-D nozzle-vane configurations. However, 
the baseline 2-D convergent nozzles (without post- 
exit vanes) produced an effect of NPR on cd. (See 
figs. 7, 10, and 13.) For NPR > 2.0, c d  increased 
with increasing NPR, indicating a variation in effec- 
tive throat area with NPR. This effect of NPR on 
cd continued when the post-exit vanes were installed 
and deflected. In addition, use of the post-exit vanes 
on the 2-D convergent nozzles resulted in a varia- 
tion of cd with vane angle. Post-exit vane instal- 
lation alone (without deflection, 6,,, = 0') slightly 
decreased cd over the NPR range tested. Deflec- 
tions of the yaw vanes further diminished c d  levels 
to 3 to 5 percent below the baseline results. As noz- 
zle exit aspect ratio increased, this effect of post-exit 
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vane installation and deflection on c d  decreased in 
magnitude. 

The measured geometric throat area of each noz- 
zle configuration was used in computing the ideal 
weight-flow rate (wi)  term of c d ,  even when the post- 
exit vanes were installed and deployed. The geomet- 
ric throat area was determined by measurements of 
nozzle throat height and nozzle throat width, which 
varied with exit aspect ratio. For the 2-D C-D noz- 
zles, the throat location is well upstream of the nozzle 
exit and, as a result, deflection of the post-exit vanes 
at the exit would not affect the magnitude of either 
the geometric throat area or the effective throat area. 
However, the throat of a 2-D convergent nozzle is co- 
incident with the nozzle exit. Installation and de- 
flection of post-exit vanes at the exit of a convergent 
nozzle could change the effective throat area either by 
changing the actual throat geometry or by introduc- 
ing a different flow condition at the nozzle geometric 
throat (exit) for each vane deflection angle. When 
the post-exit vanes are installed at some deflection 
angle, the minimum distance between the vanes is 
inclined to the model axis such that the actual width 
of the flow path between the vanes is smaller than the 
measured minimum width of the convergent nozzle. 
The minimum distance between the vanes decreases 
with increasing vane deflection angle. Thus, for the 
convergent nozzles with deflected post-exit vanes, it 
is probable that the effective throat area moves out 
of the nozzle exit on one side of the nozzle and onto 
the post-exit vane which deflects into the exhaust 
jet. The effective throat area thus becomes inclined 
across the flow path between the post-exit vanes and 
is reduced by increasing the vane deflection angle. 
This reduction in effective throat area with increas- 
ing vane deflection angle would explain the trends in 
c d  measured for the convergent nozzles. 

For the 2-D convergent nozzle configurations, in- 
creasing the exit aspect ratio of the nozzle does 
not change this effect of vane deflection on effec- 
tive throat area (figs. 7, 10, and 13). The coeffi- 
cient C d  decreased with increasing vane deflection 
angle. However, as mentioned earlier, increasing AR 
decreased the magnitude of the trends in c d .  Since 
geometric throat area increased with increasing AR, 
the relative influence of the post-exit vanes on effec- 
tive throat area (and, thus, on discharge coefficient) 
is reduced with increasing AR. (For example, com- 
pare fig. 7(a) with fig. 13(a).) The effects of AR on 
performance are discussed in more detail later. 

The small reduction in c d  which occurs when the 
post-exit vanes are installed undeflected (b,,, = 0') 
probably results from additional nozzle boundary- 
layer growth along the surface of the vanes. In- 
creasing the boundary layer would move the effective 

throat area slightly downstream of the nozzle exit. 
As a result, the effective throat width (and effective 
throat area) would decrease slightly, producing a de- 
crease in c d  from the baseline (vanes off) levels. 

For all baseline nozzles without post-exit vanes, 
peak values of internal and resultant thrust ratios 
occurred near the value of design nozzle pressure 
ratio (NPR)d. (See fig. 21(b).) Both F/Fi  and 
F,/Fi increased to a peak at the design condition 
(NPR = (NPR)d),  then leveled off and decreased as 
NPR rose above (NPR)d. Such trends are common 
for most nozzle types. Typically, thrust ratio data 
are reduced by overexpansion losses at values of NPR 
below design and by underexpansion losses at values 
of NPR above design. Installation and deflection of 
the post-exit vanes caused the NPR at which peak 
performance occurred to vary from the design nozzle 
pressure ratio (NPR)d. This effect is most obvious 
for the nozzles with exit aspect ratio of 1.5. (See 
figs. 7 through 9.) Design nozzle pressure ratio is a 
function of geometric nozzle expansion ratio A,/At .  
As discussed earlier, vane installation and deflection 
may change the effective exit area and/or the effec- 
tive throat area, resulting in a new value of effective 
expansion ratio and, thus, effective (NPR)d for the 
yaw-vectored configurations. For the 2-D convergent 
nozzle configurations, the post-exit vanes change the 
effective throat area from the baseline, as indicated 
by the variation of c d  with vane installation and de- 
flection angle which was discussed earlier. 

For the 2-D C-D nozzle configurations, effective 
A ,  was probably affected by the post-exit vanes in- 
stead of effective At.  The throat of each 2-D C-D 
nozzle was far enough upstream of the exit to be 
unaffected by the post-exit vanes. In addition, Cd 
showed no variation with vane installation and deflec- 
tion; this indicates that, for the 2-D C-D nozzles, At 
remained independent of the vanes and any variation 
in A,/At could only result from changes in effective 
A,. 

For most configurations, adding the post-exit 
vanes at 6,,y = 0' caused a small decrease (of 1 per- 
cent or less) in the internal and resultant thrust ra- 
tios. Both thrust ratios, F/Fi  and F,/Fi, also de- 
creased with increasing geometric deflection angle 
S,,, and with subsequently increasing resultant yaw 
vector angle 6,. The most significant thrust losses 
occurred for the nozzles with AR = 1.5, which had 
the largest resultant yaw vector angles. For exam- 
ple, in figure 7(d), vane V4 on the 2-D convergent 
nozzle with AR = 1.5 resulted in 6, = - 2 2 O ,  a 
13-percent loss in F,/Fi and a 19-percent loss in F/Fi  
at NPR = 6.0. The losses in F/Fi  were always equal 
to or greater than losses in F,/Fi. Recall that losses 
in .F/Fi reflect a decrease in axial thrust along the 
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body axis. Internal thrust ratio F/Fi  decreases as 6, 
increases because a larger part of the gross thrust is 
diverted from the body axis to the thrust-vectoring 
plane. Internal thrust ratio F/Fi  is also reduced by 
a decrease in nozzle efficiency (caused by increased 
friction drag, shock losses, expansion losses, etc.). 
Losses in resultant thrust ratio F,/Fi, however, do 
not include any losses due to resultant vector angle 
(see section "Data Reduction") but reflect an actual 
performance penalty in gross thrust resulting from a 
decreased nozzle efficiency. An earlier investigation 
of thrust vectoring (ref. 16) reported that thrust vec- 
toring a supersonic jet (vectoring downstream of the 
nozzle throat) can produce large losses in resultant 
thrust ratio. A reduction in F,/F; may result from 
friction or pressure drag on the post-exit vanes. The 
installation penalty (at SV,, = 0') probably results 
from combined friction and pressure drag. Addi- 
tional thrust losses during vane deflection (SVV,, > 0') 
may result from exhaust flow separation on the right 
post-exit vane which extended out of the jet to act as 
an expansion surface. A simple oil-flow study of the 
flow field on the expansion vane showed a reverse- 
flow pattern during yaw thrust vectoring which is 
indicative of jet flow separation. The left post-exit 
vane acted as a compression surface and probably 
had a more significant effect on flow turning than 
the expansion vane. In fact, results shown in refer- 
ence 27 on a post-exit vane concept installed on an 
axisymmetric nozzle indicated that a post-exit vane 
deflected away from the exhaust stream produced a 
negligible amount of flow turning. 

Yaw thrust vectoring had no effect on resultant 
pitch vector angle S,, regardless of nozzle exit aspect 
ratio or post-exit vane deflection angle. This result 
is shown in figures 9, 12, and 15. Pitch vectoring 
was initiated at the nozzle throat, well upstream 
of the exit, so that the exhaust jet was probably 
fully deflected in pitch before it reached the post-exit 
vanes. 

Pitch thrust vectoring had no effect on yaw thrust 
vectoring at values of NPR above design. In fact, S, 
showed the same variation with NPR whether pitch 
vectoring was implemented or not. This indepen- 
dence of pitch thrust-vector angle and yaw thrust- 
vector angle at and above the nozzle design con- 
dition is an important result of the post-exit vane 
thrust-vectoring concept. A highly desirable feature 
of a multiaxis thrust-vectoring system is that thrust 
vectoring about one axis does not degrade thrust- 
vectoring performance about the other axis. The 
post-exit vane concept can successfully provide us- 
able uncoupled pitch and yaw vectoring, although 
flow turning in the yaw plane did result in significant 
thrust losses. 

Resultant splay vector angle 6, was not presented 
for any of the unvectored nozzle configurations since 
splay vector angle is undefined for pure axial (unvec- 
tored) exhaust flow (see section "Symbols"). For a 
pure negative pitch-vectored nozzle configuration, 6, 
equals -180'. The basic 6, data are generally within 
5' of this defined level. The pitch-vectored configu- 
rations with and without the SV,, = 0' vanes resulted 
in values of S, near -180'. When the post-exit vanes 
were deflected and SV,, = 0' (no pitch vectoring), 
values of 6, near -90" resulted. Configurations with 
combined pitch and yaw vectoring (S,,,, = -11.7' 
and SV,, < 0') produced values of 6, which fell be- 
tween -180' and -go', depending on the value of 6, 
and NPR. As expected, when S, was greater than S,, 
the value 6, was closer to -90'; when 6, was greater 
than S,, S, was closer to -180'. Equal amounts of 
negative pitch and yaw thrust vectoring (6, = 6,) 
would produce a value of resultant splay angle equal 
to -135'. 

Summary Data 

Eflect ofexit aspect ratio. The effects of nozzle exit 
aspect ratio on nozzle performance are summarized 
in figure 16 for the baseline nozzles without post- 
exit vanes and in figure 17 for the baseline nozzles 
with vane V1 installed at SV,, = -30'. Performance 
parameters are plotted as functions of exit aspect 
ratio for fixed NPR values of 2.5, 4.0, and 6.0. These 
values of NPR are representative of choked flow 
conditions. Exit aspect ratio had only small effects 
on baseline nozzle performance. The magnitude of 
c d ,  F/Fi ,  and F,./Fi each varied only 1.5 percent or 
less with AR, and there was no effect of AR on 6, for 
the baseline pitch-vectored nozzle. (See fig. 16 (c).) 

The yaw-vectored configurations ( f i g .  17) showed 
a larger effect of AR on nozzle performance than the 
baseline configurations. For vane V1 at SV,y = -30°, 
resultant yaw vector angle decreased in magnitude 
(that is, became less negative) with increasing as- 
pect ratio. Internal and resultant thrust ratios in- 
creased with increasing AR. The largest values of 
S, were generated by the nozzle configurations with 
AR = 1.5. At NPR = 6.0, the magnitude of 6, de- 
creased from 18.5' to 7' as AR increased from 1.5 to 
4.0. This effect of exit aspect ratio on 6, probably re- 
sults from two geometric design characteristics: the 
physical distance between the post-exit vanes (noz- 
zle width) and the sizing of the post-exit vanes. It 
is not possible to determine from the data which of 
these two factors had the greater effect on nozzle 
performance. 

Nozzle exit aspect ratio was varied by holding 
the exit height constant and changing the width 
of the exit. Thus, nozzle exit area A, decreased 
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with decreasing AR. As the exit width, AR, and A, 
decreased, the sidewalls and sidewall-mounted post- 
exit vanes moved closer together so that a larger 
percentage of the exhaust flow periphery was directly 
affected by the yaw vanes. Since decreasing AR 
physically decreased the distance between the post- 
exit vanes, it was expected that the jet exhaust 
core (center portion of exhaust flow) would be more 
efficiently turned by vanes installed on nozzles with 
low AR than by vanes installed on nozzles with 
higher AR. In fact, the nozzles with AR = 1.5 and 
post-exit vanes, the configurations which physically 
contacted the largest percentage of the exhaust flow 
periphery, provided the largest values of 6, measured 
during this investigation. As AR and A ,  increased, 
the proximity of the sidewalls decreased, the vanes 
affected a smaller percentage of the exhaust flow 
periphery, and smaller values of 6, resulted. 

Post-exit vane planform and area were not varied 
with AR. The same post-exit vanes were tested with 
each nozzle configuration regardless of nozzle geom- 
etry or exit aspect ratio. As AR increased, the ratio 
of vane area to exit area A,/A,  decreased and, thus, 
the relative size of the post-exit vanes decreased. 
This effect of AR on the relative vane size proba- 
bly contributes to the decrease in 6, with increas- 
ing AR. For example, vane VI with the nozzles with 
AR = 1.5 results in A,/Ae = 1.083, with the nozzles 
with AR = 2.5 results in A,/Ae = 0.65, and with 
the nozzles with AR = 4.0 results in A,/A,  = 0.406. 
(See fig. 3(a).) If the size of the post-exit vanes had 
been increased with increasing AR to keep the ratio 
A,/Ae at a constant value independent of AR, then 
larger values of 6, would probably have resulted for 
the nozzles with AR = 2.5 and AR = 4.0. Other 
effects of vane planform are discussed later. 

Eflect of nozzle qpe .  The effects of 2-D nozzle 
type on nozzle internal performance are presented in 
figure 18 for nozzle configurations without thrust vec- 
toring and in figure 19 for the nozzle-vane configura- 
tions with vane V1 installed and S,,, = -30'. Nozzle 
internal performance parameters c d ,  F / F i ,  F,/Fi, 
and 15, (fig. 19) are presented as functions of nozzle 
exit aspect ratio at three fixed NPR values: 2.5, 4.0, 
and 6.0. The performance data for the unvectored 
baseline nozzle show almost no effect of nozzle type 
on cd. The effect of nozzle type on the thrust ratio 
data varies with NPR. At NPR = 2.5, there is little 
effect of nozzle type on either F / F i  or F,./Fi. How- 
ever, at NPR = 4.0 (fig. 18(b)) and 6.0 (fig. 18(c)), 
the thrust ratios for the 2-D convergent nozzles were 
lower than those for the 2-D C-D nozzles, regardless 
of AR. This difference in thrust ratios due to nozzle 
type increased as NPR increased. The thrust ratio 

data reflect the different design parameters (Ae/At,  
(NPR)d) of the two nozzle types. The 2-D C-D noz- 
zles had a higher value of (NPR)d than the 2-D con- 
vergent nozzles. (See fig. 2(b).) At NPR = 4.0 and 
6.0, the 2-D C-D nozzles were operating closer to 
design conditions than the convergent nozzles. Con- 
sequently, at these particular values of NPR, under- 
expansion losses decreased the thrust ratios of the 
convergent nozzles to produce the differences in 
thrust levels between the two nozzle types. 

The effect of nozzle type on the thrust-ratio per- 
formance data of the yaw-vectored configurations 
(fig. 19) was similar to the results for the unvectored 
nozzles. At NPR = 2.5, there was little effect of noz- 
zle type on F / F i  or F,/Fi. At NPR = 4.0 and 6.0, 
the 2-D C-D configurations produced slightly (1 per- 
cent or less) higher thrust ratios than the 2-D con- 
vergent nozzle-vane configurations. Similarly, nozzle 
type had only a small effect (about 1 percent or less) 
on resultant yaw vector angle 6,. However, nozzle 
type had a large effect on Cd data for the nozzle-vane 
configurations. The 2-D convergent configurations 
had significantly lower C d  levels than the 2-D C-D 
configurations for &,y = -30". This effect of nozzle 
type on c d  results from the effective throat area vari- 
ation with vane deflection angle which occurred for 
the convergent nozzles with deflected post-exit vanes 
and was discussed earlier in the section "Basic Data." 

Eflect of frat post-exit vane planform. The 
effects of flat vane planform on nozzle performance 
are summarized in figure 20 for the 2-D convergent 
nozzles, a,,, = -30', and in figure 21 for the 2-D C-D 
nozzles, S,,p = 0' and S,,, = -30'. The performance 
parameters FIFi ,  F,/Fi, and 6, are presented as 
functions of the vane area ratio A,/Ae (ratio of single 
vane area to nozzle exit area). Results are presented 
for the vane deflection S,,, of -30' at three values of 
NPR (NPR = 2.5, 4.0, and 6.0) for each nozzle exit 
aspect ratio. 

With the exception of vane V2 (A,/Ae = 1.417) 
installed on the nozzles with AR = 1.5 and operating 
at NPR = 6.0, increasing vane planform area resulted 
in significant increases (i.e., larger negative values) 
in resultant yaw vector angle S,, regardless of NPR, 
nozzle aspect ratio, or nozzle type. However, this 
beneficial effect on 6, was accompanied by large 
adverse effects on F/Fi  and F,/Fi. For each AR 
tested, the largest negative values of S, resulted from 
the S,,, = -30' deflection of vane V4, which also 
had the largest value of A,/Ae tested. The V4 
vane geometry had the same length as the baseline 
vane V1 but was wider. The smallest negative values 
of 6, resulted from vane V3, which had the smallest 
value of AV/Ae tested. Vane V3 had the baseline 
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width but was shorter in length than baseline vane 
V1. Vane V2, which had the baseline width but 
was longer than vane V1, had an inconsistent (with 
AR) effect on 6,. When AR = 1.5 and NPR = 6.0, 
6, results for the V2 configurations were smaller in 
magnihde than 6, results for the V1 configurations. 
However, at other combinations of AR and NPR, 
values of 6, for vane V2 were larger in magnitude 
than values for vane V1. (Recall that A,/A, for 
vane V2 was always greater than A,/A, for vane V1, 
regardless of AR.) 

Increasing vane width consistently increased 6, 
more effectively than increasing vane length. This 
result was independent of nozzle type. If the V4 vane 
data in figures 20 and 21 are ignored, the remaining 
data indicate the performance trends due to vane 
length only. In general, the V1, V2, and V3 data 
indicate that the beneficial effect of increasing vane 
length on 6, reached a maximum (for vane V1) and 
then diminished as vane length increased (vane V3). 
An optimum vane length for generating a maximum 
6, probably exists for each nozzle geometry and 
operating condition. 

Eflect of post-exit vune curvature. The effects 
of post-exit vane curvature on nozzle internal perfor- 
mance are presented in figure 22 for the 2-D conver- 
gent nozzle configurations and in figure 23 for the 2-D 
C-D nozzle configurations. Performance parameters 
F/Fi ,  F,/Fi, and 6, are plotted as functions of AR 
for three values of NPR (NPR = 2.5, 4.0, and 6.0). 
Results are presented for S,,, = -30' only. 

The effects of vane curvature on nozzle perfor- 
mance were generally small. At NPR = 2.5, vane 
curvature increased the magnitude of 6, by as much 
as 2 O ,  depending on AR and nozzle type. However, 
by NPR = 6.0, there was almost no effect of vane 
curvature on 6,. Increases in 6, due to vane curva- 
ture were paralleled by decreases in the thrust ratios. 
The thrust losses associated with vane curvature were 
possibly the result of increased pressure drag on the 
curved vanes. Overall, performance gains due to vane 
curvature were minimal. For a realistic operational 
aircraft, the extra fabrication costs of a curved vane 
instead of a flat vane would probably cancel out any 
small improvements in flow turning which result from 
vane curvature. 

Conclusions 
A static (wind-off) experiment has been con- 

ducted in the static test facility of the Langley 16- 
Foot Transonic Tunnel to investigate the effects of 
yaw thrust vectoring by post-exit vanes on non- 
axisymmetric nozzle performance. Two types of non- 
axisymmetric nozzles were tested: a two-dimensional 

convergent nozzle and a two-dimensional convergent- 
divergent nozzle. The two-dimensional convergent- 
divergent nozzle was tested with and without pitch 
thrust vectoring. The three basic nozzle configura- 
tions were tested as baselines (without yaw vanes) 
and with post-exit vanes installed. Each nozzle con- 
figuration was tested with three different nozzle exit 
aspect ratios (ratio of nozzle width to height at the 
exit) of 1.5, 2.5, and 4.0. Post-exit vanes for yaw 
thrust vectoring were externally mounted at the noz- 
zle exit and extended downstream behind the nozzle. 
The effects of vane deflection angle, vane planform, 
and vane curvature were examined. The test was 
conducted at nozzle pressure ratios from 1.6 to 6.0. 
The results of this investigation can be summarized 
as follows: 

1. Resultant yaw vector angles were always 
smaller than the geometric yaw vector angles. 

2. Installing the post-exit vanes without vane de- 
flection produced a small loss in resultant gross 
thrust. Vane deflection for yaw thrust vector- 
ing produced significant additional resultant 
thrust losses. 

3. Pitch thrust-vectoring performance was in- 
dependent of yaw thrust-vectoring operation. 
Pitch thrust vectoring had little effect on 
resultant yaw vector angle. 

4. The magnitude of resultant yaw vector angle 
decreased with increasing nozzle exit aspect 
ratio. 

5. There was very little effect of nozzle type 
(two-dimensional convergent or convergent- 
divergent) on resultant yaw vector angle. 

6. Increasing post-exit vane planform area gener- 
ally produced large increases in resultant yaw 
vector angle, regardless of other nozzle geo- 
metric or exhaust flow parameters. However, 
larger yaw vector angles were accompanied by 
large adverse effects on thrust. For the range 
of variables tested, increasing vane width was 
more beneficial than increasing vane length. 

7. Vane curvature had only a small effect on 
resultant yaw vector angle or resultant thrust 
ratio. 

NASA Langley Research Center 
Hampton, Virginia 23665-5225 
April 4, 1988 
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