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Summary

An investigation was conducted in the static test
facility of the Langley 16-Foot Transonic Tunnel to
determine the flow-turning capability and the nozzle
internal performance of an axisymmetric convergent-
divergent nozzle with post-exit vanes installed for
multiaxis thrust vectoring. The effects of vane curva-
ture, vane location relative to the nozzle exit, number
of vanes, and vane deflection angle were determined.
A comparison of the post-exit-vane thrust-vectoring
concept with other thrust-vectoring concepts is pro-
vided. All tests were conducted with no external
flow, and nozzle pressure ratio was varied from 1.6
to 6.0.

Results of this study indicate that the thrust-
vectoring capability of some of the present post-
exit-vane configurations was competitive with other
thrust-vectoring concepts reported in the literature.
However, all the present post-exit-vane configura-
tions incurred large resultant gross-thrust losses to
achieve vectored thrust. In general, any change in
geometry which produced larger thrust-vector angles
also caused larger resultant thrust losses.

Introduction

Future fighter aircraft must possess improved per-
formance over a broader range of flight conditions
than any aircraft previously developed. Much of
this improved performance will be directly related to
propulsion system advances. Using the exhaust noz-
zle to direct the thrust force vector (thrust vectoring)
away from the usual axial direction has the potential
of providing substantial airplane performance gains
or even adding new capabilities (refs. 1 to 9). Early
thrust-vectoring studies were limited to the longitu-
dinal or pitch axis (refs. 1, 6, and 10 to 14).

Recent studies have shown that multiaxis thrust
vectoring (pitch and yaw axes) can provide addi-
tional benefits beyond those obtained from pure
pitch thrust vectoring. The major benefit of multi-
axis thrust vectoring is aircraft control augmentation
(refs. 8 and 15 to 24). Use of the thrust force vec-
tor for aircraft control will allow aircraft designers to
reduce or even eliminate conventional aerodynamic
control surfaces and should lead to aircraft designs
with lower weight and drag and improved survivabil-
ity resulting from visual and radar cross-section re-
ductions (ref. 23). Also, use of thrust vectoring for
control will allow aircraft to operate in flight regimes
where conventional aerodynamic controls are ineffec-
tive, namely, at very low speeds and at very high
angles of attack. Maneuvers in these flight regimes
have been termed post-stall maneuvers or “super-
maneuverability” (refs. 15, 19, and 22 to 24).

Few experimental investigations of nozzles which
can provide yaw thrust vectoring or simultaneous
pitch and yaw thrust vectoring have been reported
(refs. 25 to 27). The purpose of the present paper
is to present the results of an investigation to eval-
uate the effectiveness of post-exit vanes in providing
a pitch and yaw capability, singularly or simultane-
ously, for an axisymmetric convergent-divergent noz-
zle. The experimental investigation was conducted in
the static test facility of the Langley 16-Foot Tran-
sonic Tunnel at static (no external flow) conditions.
The model geometric parameters investigated were
number of vanes, vane curvature, vane location rel-
ative to the nozzle exit, and vane deflection angle.
Nozzle internal performance and the flow-turning ca-
pability of the various vane configurations are pre-
sented for nozzle pressure ratios from 1.6 to 6.0.
High-pressure air was used to simulate the jet ex-
haust flow.

Symbols

All forces (with the exception of resultant gross
thrust) and angles are referred to the model center-
line (body axis).

A nozzle exit area, in?

Ag nozzle throat area, in?

Cy nozzle discharge coefficient, wp/w;

Cy chord length of vane, in.

F measured thrust along body axis,
positive in forward direction, 1bf

F; ideal gross thrust,

R;Ty; 2 e (v=-1)/v
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Fy measured normal force, positive up,
1bf

F, resultant gross thrust,
VFZ+F3 + FZ, Ibf

Fg measured side force, positive to
right, Ibf

g acceleration due to gravity,
32.174 ft /sec?

N number of vane positions on con-

figuration (either 3 or 4)

NPR nozzle pressure ratio, p; ;/pa

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

Da ambient pressure, psi
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jet total pressure, psi
radius of nozzle exit, in.

jet gas constant, 53.36 ft/°R

vane radius of curvature (see
fig. 3(b)), in.

radius from model centerline to
leading edge of vane, in.

jet total temperature, °R

ideal weight-flow rate, 1bf/sec

measured weight-flow rate, 1bf/sec

axial distance from nozzle exit plane

to leading edge of vane, positive
downstream, in.

axial distance downstream of vane
leading edge (see fig. 3(b)), in.

ratio of specific heats, 1.3997 for air

increment between unvectored and
vectored parameter

estimated vector angle, deg

resultant pitch-vector angle,

tan ™1 -Fﬁﬂ, deg
resultant vector angle, ,/63 + 62,
deg

resultant splay vector angle, posi-
tive in clockwii_(; direction from noz-
zle top, tan’lrf;, deg

geometric vane angle, deg

geometric pitch-vector angle mea-
sured from model centerline, posi-
tive angle produces positive normal-
force output, deg

geometric yaw-vector angle mea-

sured from model centerline, pos-
itive angle produces positive side-
force output, deg

geometric vane deflection angles
for each individual vane, positive
for trailing-edge deflection toward
nozzle centerline (see fig. 4(a)), deg

resultant yaw-vector angle,
tan~1 E},ﬁ, deg

Nr resultant gross-thrust efficiency pa-
bp > . -
rameter with pitch thrust vectoring

(eq. (6)), per deg

Nrs, resultant gross-thrust efficiency
parameter with simultaneous pitch
and yaw thrust vectoring (eq. (9)),
per deg

Nr resultant gross-thrust efficiency pa-
by > .
rameter with yaw thrust vectoring

(eq. (8)), per deg

N8y body-axis-thrust efficiency param-
eter with pitch thrust vectoring

(eq. (5)), per deg

ns, body-axis-thrust efficiency param-
eter with yaw thrust vectoring

(eq. (7)), per deg

¢ meridian angle of vane centerline
about model roll axis, positive
clockwise looking upstream (see
fig. 4(a)), deg

Abbreviations:

Axi. axisymmetric

C-D convergent-divergent
Conf. configuration

conv. convergent

DC double curvature
div. divergent

R radius

SC single curvature
SERN single expansion ramp nozzle
Sta. model station, in.
typ. typical

Vi, V2, vane 1, vane 2, etc. (see fig. 4(a))
V3, V4

2-D two-dimensional

Apparatus and Methods
Static Test Facility

This investigation was conducted in the static
test facility of the Langley 16-Foot Transonic Tunnel.
Testing is conducted in a large room where the jet
from a simulated single-engine propulsion system ex-
hausts to the atmosphere through a large open door-
way. A control room is remotely located from the test



area, and a closed-circuit television is used to observe
the model whea the jet is operating. The static test
facility has an air control system which is similar to
that of the 16-Foot Transonic Tunnel and includes
valving, filters, and a heat exchanger to maintain the
jet flow at constant stagnation temperature. The air
system utilizes the same clean, dry air supply as that
used by the 16-Foot Transonic Tunnel (ref. 28).

Single-Engine Propulsion Simulation System

A sketch of the single-engine air-powered nacelle
model on which various thrust-vectoring nozzle con-
figurations were tested is presented in figure 1. The
propulsion simulation system is shown with a typical
post-exit-vane configuration installed.

An external high-pressure air system provided a
continuous flow of clean, dry air at a controlled tem-
perature of about 540°R. This high-pressure air was
varied during jet simulation up to about 90 psi in
the nozzle. The pressurized air was brought by six
air lines through a dolly-mounted support strut and
into a high-pressure plenum chamber. The air was
then discharged perpendicularly into the model low-
pressure plenum through eight multiholed sonic noz-
zles equally spaced around the high-pressure plenum.
(See fig. 1.) This airflow system was designed to
minimize any forces imposed by the transfer of axial
momentum as the air is passed from the nonmetric
high-pressure plenum to the metric (attached to the
balance) low-pressure plenum. Two flexible metal
bellows seal the air system (between metric and non-
metric model parts) and compensate for axial forces
caused by pressurization. The air then passed from
the low-pressure plenum through a circular choke
plate and instrumentation section, which were com-
mon for all nozzle configurations tested. All test con-
figurations attached to the instrumentation section

at model station 39.00.

Nozzle and Post-Exit-Vane Design

Nozzle. The nozzle utilized throughout this inves-
tigation was an axisymimetric, convergent-divergent
type. Figure 2 is a sketch showing the geometry
of the nozzle. The nozzle had a throat area A of
3.145 in?, an expansion ratio Ag/A¢ of 1.482, and a
design nozzle pressure ratio (NPR)ges (NPR for fully
expanded flow at nozzle exit) of 6.09.

Post-exit vanes. The thrust-vectoring concept in-
vestigated consisted of vanes mounted downstream of
the nozzle exit (post-exit vanes). Figure 3 presents
sketches showing the geometry of the vanes. The
vane planform was not varied during the investi-
gation except for clipping the trailing-edge corners

(see fig. 3(a)) for the configurations utilizing four
post-exit vanes. This modification was required to
prevent physical interference between vanes at large
positive deflections. Two vane curvature geometries
were tested (fig. 3(b)). A double-curvature (“spoon”
shaped) vane, set with axial and radial curvature,
and a single-curvature vane, set with radial curva-
ture only, were tested.

As shown in figure 1, the post-exit vanes were
mounted externally on the axisymmetric C-D nozzle.
For ease of configuration changes, the vanes were
attached by two bolts to a mounting bar through
a machined slot (see fig. 3(a)) in the vane mounting
plate, which made vane deflections possible at any
angle between —25° and 25°.

Two basic thrust-vectoring concepts were inves-
tigated, namely, a three-vane concept and a four-
vane concept. Figure 4 presents sketches showing
the circumferential, longitudinal, and radial locations
of the vanes relative to the nozzle exit. The three-
vane concept had three post-exit vanes mounted equi-
angularly (120° apart) around the nozzle exit. Fig-
ure 5 presents photographs of several of these config-
urations. The four-vane concept had four post-exit
vanes mounted equiangularly (90° apart) around the
nozzle exit (see fig. 4). Photographs of several four-
vane configurations are shown in figure 6. Exami-
nation of figure 4(a) indicates that obtaining a pure
pitch thrust vector is straightforward on both thrust-
vectoring concepts (deflection of vanes V1 and V3
for the four-vane configurations and deflection of
vane V1 or vanes V2 and V3 for the three-vane con-
figurations). Similarly, obtaining a pure yaw thrust
vector is straightforward for the four-vane configura-
tions (deflection of vanes V2 and V4). However, ob-
taining a pure yaw thrust vector for the three-vane
configurations is not obvious and probably requires
unequal deflections of two or possibly all three vanes.

The effect of vane longitudinal and radial position
relative to the nozzle exit was investigated for a single
vane at ¢ = 240°. Sketches showing the longitudinal
and radial variations from the baseline position are
given in figure 4(b). These configurations represent
a three-vane configuration with vanes V1 and V3
removed. All other configurations investigated had
vanes located in the baseline position only.

Instrumentation

A six-component strain-gauge balance was used
to measure the forces and moments on the model
downstream of model station 20.50. Jet total pres-
sure was measured at a fixed station in the in-
strumentation section by a five-probe rake. (See
fig. 1.) A thermocouple was also positioned in
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the instrumentation section to measure the jet to-
tal temperature. Weight flow of the high-pressure air
supplied to the nozzle was determined from pres-
sure and temperature measurements in the high-
pressure plenum calibrated with Stratford choke
nozzles (ref. 29).

Data Reduction

Approximately 50 frames of data, taken at a
rate of 10 frames per second, were used for each
data point; average values were used in the com-
putations. With the exception of resultant gross
thrust F, all data in this report are referenced to
the model centerline. Six basic performance param-
eters are used in the presentation of results; they
are internal thrust ratio F'/F;, resultant gross-thrust
ratio F,/F;, discharge coeflicient C4, and three re-
sultant thrust-vector angles—pitch ép, yaw dy, and
splay és. Reference 30 presents a detailed descrip-
tion of the data reduction procedures used for the
current investigation.

Internal thrust ratio F'/F; is the ratio of the ac-
tual measured nozzle thrust along the body axis to
the ideal nozzle thrust. Ideal thrust F; is based on
measured weight flow wp, jet total pressure p; ;, and
jet total temperature T; ;. (See the section “Sym-
bols.”) The balance axial-force measurement, from
which the actual nozzle thrust F is subsequently ob-
tained, is initially corrected for model weight tares
and balance interactions. Although the bellows ar-
rangement in the air pressurization system was de-
signed to eliminate pressure and momentum inter-
actions with the balance, small bellows tares on the
six balance components still exist. These tares result
from a small pressure difference between the ends of
the bellows when air system internal velocities are
high and from small differences in the forward and
aft bellows spring constants when the bellows are
pressurized. These bellows tares were determined
by running Stratford choke calibration nozzles with
known performance over a range of expected internal
pressures and external forces and moments. The re-
sulting tares were then applied to the six-component
balance data obtained during the current investiga-
tion. Balance axial force obtained in this manner is a
direct measurement of the thrust along the body axis
F. The procedure for computing the bellows tares is
discussed in detail in reference 28.

The resultant thrust ratio Fy/F; is the resultant
gross thrust divided by the ideal thrust. Resultant
gross thrust is obtained from the measured axial,
normal, and side components of the jet resultant
force. From the definitions of F' and F,, it is obvious
that the thrust along the body axis F' includes losses
which result from turning the exhaust vector away
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from the axial direction, whereas resultant gross
thrust F, does not.

Nozzle discharge coefficient Cy is the ratio of
measured weight flow to ideal weight flow where
ideal weight flow (in 1bf/sec) is computed from equa-
tion (1) or (2), depending on the value of NPR. If
NPR < 1.89 (unchoked nozzle flow)

1 \1/
w; = Atpy j (‘N-P—R‘>

1
TisR; (v-1 | (NPR)
If NPR > 1.89 (choked nozzle flow)
(r+1)/2(~-1) P
oo (555) o8 @

Nozzle discharge coefficient reflects the ability of a
nozzle to pass weight flow and is reduced by any mo-
mentum and vena contracta losses (effective throat
area less than A;). Nozzle throat area A; is the mea-
sured minimum area in the nozzle.

The resultant vector angles ép, 6y, and &5 are
the angles at which the post-exit vanes turn the
exhaust flow from the axial direction. As indicated
in the “Symbols” section, determination of these
angles requires the measurement of axial, normal,
and side forces on the model. As an aid to data
analysis, estimated vector angle fest (function of
model geometry only) is shown on several of the
summary plots. Estimated vector angle was obtained
using equations (3) and (4). It is assumed in these
equations that the effectiveness of each post-exit vane
was inversely proportional to the number of vane
locations on the configuration (e.g., each vane on
a three-vane configuration affected only 1/3 of the
exhaust flow). For estimated pitch-vector angles,

N
5est = Z
n=1

For estimated yaw-vector angles,

1.1 [M] 3)

cos(by,n)

Z|

N ) '
best = Z ! tan_1 [M] (4)

cos(8u,n)

Also, several summary figures show estimates for
configurations which were not tested. These esti-
mates were based on data from actual tested con-
figurations. On the four-vane configurations, for ex-
ample, yaw thrust-vector angles caused by deflecting



vanes V2 and V4 (tested) should be identical to pitch
thrust-vector angles caused by deflecting vanes V1
and V3 (not tested), except that forces and angles
are rolled by 90°.

To compare results from the current investiga-
tion with results obtained from previous investiga-
tions, several new thrust efliciency parameters were
defined. For pure pitch thrust-vectoring concepts (no
yaw), a body-axis-thrust efficiency parameter is de-

fined as A(F/F.
M6, = AWF/F) (5)
|6p]

and a resultant gross-thrust efficiency parameter is

defined as A(F,/F)
Nrep, = ‘W (6)

For pure yaw thrust-vectoring concepts (no pitch),
the body-axis-thrust efficiency parameter is defined

s, = L0 )
Y

and the resultant gross-thrust efficiency parameter is

defined as AF,/F)
Mrs, = # (8)

For simultaneous pitch and yaw thrust-vectoring con-
cepts, a resultant gross-thrust efficiency parameter is

defined as A(F,/F))
Nrs, = % (9)
T
These parameters were computed from data obtained
as close to (NPR)4es as possible and essentially in-
dicate the amount of thrust loss resulting from 1° of
resultant thrust-vector angle.

Results and Discussion
Basic Data

The basic data for each configuration of the cur-
rent investigation are presented in figures 7 to 10.
Data are presented in the form of resultant thrust
ratio F,/F;, thrust ratio F'/F;, discharge coefficient
C,4, resultant splay vector angle 65, resultant yaw-
vector angle 6y, and resultant pitch-vector angle .
All basic data are plotted as functions of nozzle pres-
sure ratio NPR. From the definitions of F' and F,,
it is obvious that thrust ratio F/F; includes losses
which result from turning the exhaust vector away
from the axial direction, whereas resultant thrust ra-
tio Fy/F; does not. Losses included in both thrust
terms are friction and pressure drags associated with
the thrust-vectoring hardware and any changes in
geometry caused by the hardware.

In general, many of the basic data show trends
consistent with previous studies (refs. 11, 13, 14,
and 25 to 27). The vane-off nozzle configurations
and many of the vane-on configurations have peak
thrust performance (F and F;) at a nozzle pressure
ratio near the design value of 6.09. Nozzle over-
expansion losses occur at NPR < 6.09 and, although
not tested, it is expected that nozzle underexpansion
losses would occur at NPR > 6.09. As expected,
since all the geometric variables of the current test
were well downstream of the nozzle throat, nozzle
discharge coefficient was not affected by vane instal-
lation or deflection. Also, discharge coefficient was
relatively independent of NPR once choked flow was
established in the nozzle (NPR > 1.89). Positive de-
flection of a thrust-vector vane (vane trailing edge
toward nozzle centerline) produced appropriate in-
creases in the absolute values of resultant pitch and
yaw-vector angles. As is discussed in more detail sub-
sequently, negative deflections of the thrust-vector
vane had little effect on 6y and é,. The variation
of resultant splay angle és with vane deflection was
also as expected. For example, for a single vane
installed at ¢ = 240° (see fig. 7), vane deflection
produced values of §; of about —120° (equivalent
to 240°). For the configuration with a vane installed
at ¢ = 240° with a positive deflection of 25° and a
vane installed at ¢ = 120° with varying deflection an-
gles (see fig. 9(b)), resultant splay angle varied from
about —120° (simultaneous pitch and yaw thrust vec-
toring) to —~180° (pure pitch thrust vectoring) as vane
deflection of the ¢ = 120° vane increased from nega-
tive to positive values.

The results discussed above were as expected
based on previous investigations of convergent-
divergent nozzles. However, the thrust parameters
(F/F; and F,/F;) exhibited two trends which were
not easily anticipated from previous studies. First,
the NPR at which peak thrust performance occurred
tended to decrease with increasing positive vane de-
flection (vane deflecting into exhaust jet). This trend
occurred even for the single-vane installation (see
fig. 7), but it was most evident when multiple vanes
were installed (see figs. 9(b) and 9(c}). Occurrence of
peak thrust performance at lower values of NPR indi-
cates that the design NPR has been reduced. Since
(NPR)ges is proportional to nozzle expansion ratio
A¢/A; and throat area was not affected by vane de-
flection (as indicated by the independence of Cy to
vane deflection), it is obvious that the nozzle effective
exit area was reduced by positive vane deflections.
This hypothesis is substantiated in figure 10(d). The
data shown in figure 10(d) are for configurations with
four vanes installed which deflect in unison. For
these configurations, physical nozzle exit area must
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decrease with increasing positive deflection angle, be-
cause all four vanes deflect simultaneously into the
exhaust jet and, as can be noted from the thrust-ratio
data, the NPR required for peak thrust performance
subsequently decreases.

The second trend that was not expected is that
many of the thrust performance curves (F/F; and
F/F;) show either a discontinuity in curve slope or
two distinct performance peaks. There are two pos-
sible causes for this behavior. At low NPR (NPR <<
(NPR)ges ), internal exhaust flow separation probably
occurs. As shown by the data in reference 31, inter-
nal flow separation can cause discontinuities in the
thrust-ratio curves. Also, when vanes are installed
or deflected unsymmetrically at the nozzle exit, part
of the nozzle exhaust is bounded by an additional
expansion surface, and the remainder of the exhaust
flow is allowed to freely expand without any solid
boundaries. In this case, the axisymmetric nozzle of
the current test becomes similar to cone-plug, wedge,
or single expansion ramp nozzles in that the exhaust
is bounded on one side by a solid boundary and is
allowed to freely expand on the other side. As shown
in reference 13, nozzles of this type either have dis-
continuities in their thrust-ratio performance curves
or have two distinct performance peaks.

Summary Data

Effect of vane curvature. A single vane mounted
120° counterclockwise from the nozzle top (the same
position as vane V2 for the three-vane configurations)
was used to investigate the effects of vane curva-
ture. Basic data for the single-curvature and double-
curvature vane configurations are presented in fig-
ures 7 and 9, respectively. Summary plots of the
effects of vane curvature on thrust and resultant
vector angles at NPR = 6.0 (near design) are pre-
sented in figure 11. For positive geometric-vane vec-
tor angles (vane deflected toward nozzle centerline),
the single-curvature vane produced resultant thrust-
vector angles (§y and é,) near the values expected
(best); the double-curvature vane produced resultant
thrust-vector angles greater than dest, (see fig. 11(a)).
The double-curvature vane had better turning effec-
tiveness, because the vane terminal angle was larger
(by approximately 9.3°) than the geometric vane an-
gle. Thus, the exhaust flow next to the double-
curvature vane was turned to some value greater
than é, /9. For negative geometric-vane vector an-
gles, neither vane configuration produced any re-
sultant thrust-vector angle. For NPR < 6 (noz-
zle overexpanded or near design), the exhaust flow
was probably not attached to either vane configura-
tion at negative values of 6, 1y2. It is possible that
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exhaust-flow attachment to the vane might occur for
underexpanded nozzle operation (NPR > 6.09 for
the test nozzle) as the jet plume starts to expand,
but this condition was not tested during the current
investigation.

As shown in figure 11(b), a positive deflection of
the vane had a large detrimental effect on thrust per-
formance. Losses in resultant thrust ratio of about
7 percent and 10 percent occurred at &,y = 25°
for the single-curvature and double-curvature vanes,
respectively. Resultant thrust ratio is not reduced
by any loss in axial (body-axis) thrust as a result
of turning the flow away from the axial direction.
However, axial thrust ratio F'/F; includes this loss;
thus, losses in axial thrust ratio are even greater than
F,/F; losses. As indicated in reference 6, thrust vec-
toring a supersonic jet (as in the current investiga-
tion) tends to produce large resultant thrust losses.
Such losses would occur only in the thrust-vectoring
mode and are a function of the geometric post-exit-
vane angle.

Negative post-exit-vane deflection caused only a
very small loss in resultant thrust ratio for either
vane curvature configuration. As previously dis-
cussed, such a result is consistent with the negligi-
ble effect of negative vane deflection angle on resul-
tant thrust-vector angle. The small resultant thrust
loss at negative vane deflections probably results
from increased pressure drag as the vane axial pro-
jected area increases with increasing negative deflec-
tion. To reduce the model test matrix, only double-
curvature vanes were used for the remainder of the
test configurations.

Effect of vane location. The effect of post-exit-
vane location relative to the nozzle exit (see fig. 4(b))
on body-axis-thrust efficiency with thrust vectoring
is shown in figure 12. The body-axis-thrust efficiency
parameters, 7, and N6y indicate the amount of axial
thrust ratio lost to provide 1° of resultant pitch or
resultant yaw-vector angle, respectively. Efficient
post-exit-vane thrust vectoring is represented by low
values of the thrust efficiency parameter. For the
data shown in figure 12, the single post-exit vane
(position V2 on the three-vane configurations) was
located 30° off the yaw axis and 60° off the pitch
axis. Thus, this configuration was more efficient in
producing resultant yaw-vector angles than resultant
pitch-vector angles as indicated by lower values of n8,
than 75, .

In general, moving the vane downstream from the
baseline location (from zp/R = 0.089 to z,/R =
0.310) had only minor effects on vane turning ef-
ficiency. However, moving the vane radially away
from the nozzle centerline (from r,/R = 1.190 to



rn/R = 1.301) produced significant reductions in
vane turning efficiency (higher values of ns, and
n5y) regardless of vane axial location. The loss in
the body-axis-thrust efficiency parameters when the
vane was moved away from the nozzle centerline was
caused primarily by a decrease in resultant thrust-
vector angle. For a given post-exit-vane deflection
angle, the amount of vane area projecting into the
exhaust stream decreases as the value of r,/R in-
creases. The baseline vane location was selected for
tests on the rernaining configurations.

Effect of vane deflection. The effects of vane de-
flection on the performance of three-vane and four-
vane configurations (see fig. 4(a)) are presented in
figures 13 and 14, respectively. The three-vane con-
figuration (fig. 13) was tested with one, two, and
three vanes installed. The four-vane configuration
(fig. 14) was always tested with all four vanes in-
stalled, but with three different combinations of vane
deflection angles. As discussed previously for the case
of a single vane installed at ¢ = 240° (also shown in
fig. 13), positive vane deflection generally produced
an appropriate response in the resultant vector an-
gles 6p and 6y (as indicated by the trends in fegt) for
all vane and configuration combinations tested. Un-
fortunately, positive vane deflections also produced
large resultant and axial thrust-ratio losses, which
increased with increasing geometric vane deflection
angle and with the number of vanes which were set
at a positive vane deflection. For the geometric vari-
ables of the current test, any change in geometry that
produced larger resultant vector angles also produced
larger thrust-ratio losses. As mentioned previously,
these losses are probably associated with turning a
supersonic jet (ref. 6).

Negative vane deflection generally had little ef-
fect on the thrust ratios or resultant vector angles.
As discussed previously, the lack of jet flow attach-
ment to the vanes at negative deflections (for the
NPR of the current test) probably caused this re-
sult. One exception to this trend can be noted for the
configuration shown in figure 14 with &,y = —25°
and 6, y9 = b, y3 = 25° For this configuration,
vanes V2 (¢ = 270°) and V3 (¢ = 180°) turn the
exhaust flow toward vane V4 (¢ = 90°), and some
exhaust-flow attachment on vane V4 probably oc-
curs since negative deflection of vane V4 increases
the magnitude of resultant yaw-vector angle (see
fig. 14(c)).

The performance of the three-vane and four-vane
configurations which produced the largest resultant
vector angles at NPR = 6.0 is summarized in fig-
ures 15 and 16, respectively. For the three-vane
configuration (fig. 15), the top vane was deflected

outward (6,1 = —25°), the vane at ¢ = 240° was
deflected inward (6,2 = 25°), and the deflection
of the vane at ¢ = 120° was varied from -25°
to 25°. For this configuration, maximum simultane-
ous pitch and yaw thrust vectoring is obtained when
6y,y3 = —25°, and pure pitch thrust vectoring is ob-
tained when 6, 3 = 25°. Examination of the data
and sketch in figure 15 indicates two idiosyncrasies
of a three-vane installation. First, it is impossible to
generate pure yaw thrust vectoring with the configu-
rations shown. Pure yaw thrust vectoring can only be
obtained by setting a different vane deflection angle
at each vane position. Second, a three-vane vectoring
system produces different amounts of resultant pitch-
vector angle in the negative and positive directions.
Maximum negative resultant pitch-vector angle oc-
curs when &8, y1 = —25° and 6, y2 = 6, y3 = 25°
(two positive deflected vanes), but maximum positive
resultant pitch-vector angle requires 6, y/; = 25° and
6y y2 = 0y y3 = —25° (only one positive deflected
vane).

As shown in figure 15, increasing 6, y3 from -25°
to 25° decreases the absolute value of resultant yaw-
vector angle from about 10° to 0° and increases the
absolute value of resultant pitch-vector angle from
about 6° to 19°. Resultant thrust-ratio losses as-
sociated with the three-vane post-exit-vane vector-
ing concept are very large. The resultant thrust-
ratio loss increased from about 10 percent for one
vane (V2) deflected toward the nozzle centerline to
about 21 percent for two vanes (V2 and V3) deflected
toward the nozzle centerline. Thrust losses of this
magnitude are probably prohibitive for use on op-
erational aircraft except for limited purposes. One
potential application would be vane deflection only
during take-off and landing mission segments. In this
case, the thrust losses shown in figure 15 would not
impact on the majority of the airplane mission, but
the benefit of additional control during low dynamic
pressure segments of flight could still be realized. Of
course, any increase in weight because of the vec-
toring system would have to be considered for the
entire mission. If control surfaces are sized for low
dynamic pressure flight conditions, it is possible that
the weight (and drag) of the vectoring system could
be offset by resizing the control surfaces to a smaller
size.

The effect of single-vane deflection on the per-
formance of a nozzle with four post-exit vanes is
shown in figure 16. Resultant thrust-ratio losses as
a result of thrust vectoring for the four-vane con-
figuration are larger than (because of the additional
vane deflected toward the nozzle centerline), but sim-
ilar in trends to, those shown in figure 15 for the
three-vane configuration. Thus, thrust-ratio data are
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not presented in figure 16. For the four-vane con-
figuration shown, three vane deflections were held
constant (6,1 = —25° and 6, ye = 6, v3 = 25°),
and the fourth vane deflection (6, y4) was varied
from —-25° to 25°. For this configuration, maximum
simultaneous pitch and yaw thrust vectoring is ob-
tained when 6,4 = —25° and pure pitch thrust
vectoring is obtained when 6, 4 = 25°. Unlike the
three-vane configuration, pure pitch thrust vector-
ing or pure yaw thrust vectoring is easily obtained
with the four-vane configuration. Also, the magni-
tudes of the resultant pitch- and yaw-vector angles
are not dependent upon the direction of thrust vec-
toring. For é,y4 = —25° the absolute values of
resultant pitch- and yaw-vector angles are both ap-
proximately 18°. As 6, 4 increases (vane V4 deflects
toward nozzle centerline), resultant pitch-vector an-
gle 6, remains reasonably constant (varies from ~17°
to —22°), but the absolute value of resultant yaw-
vector angle 6, decreases almost linearly to a value
near 0° at 6, /4 = 25°. By visualizing the sketch of
figure 16 rotated by 90°, it can be seen that identi-
cal results would be obtained for either pitch or yaw
thrust vectoring.

Effect of number of vanes. The effect of number
of post-exit vanes on the body-axis-thrust efficiency
parameters is presented in figure 17. Low values of
the thrust efficiency parameters indicate better (less
loss) performance. The data presented in figure 17
indicate that performance depends not only on the
number of vanes installed but also, as might be
expected from previous discussion, on the number
of vanes deflected toward the nozzle centerline. All
the configurations shown in figure 17 exhibit very
large thrust losses due to thrust vectoring. Body-
axis-thrust ratio decreased by about 1 to 2 percent
per degree of actual thrust-vector angle achieved.

One three-vane and two four-vane pitch-vectored
configurations are shown in figure 17(a). How-
ever, each configuration has a different number of
vanes deflected into the exhaust flow, and body-
axis-thrust efficiency performance decreases (7s,
increases) with the number of positive deflected
vanes. The data for the configuration with only
one vane (¢ = 180°) deflected into the exhaust
flow were estimated by rolling the thrust compo-
nents of a yaw-vectored configuration by 90° about
the body axis. A comparison of a three-vane and
a four-vane configuration with the same number
(one) of positive deflected vanes is shown in fig-
ure 17(b). The four-vane configuration has slightly
better (lower 7’]5y) body-axis-thrust efficiency with
yaw thrust vectoring than the three-vane configu-
ration. This result might be expected since the
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four-vane configuration has a vane located perpen-
dicular to the yaw axis (V2 at ¢ = 270°); the three-
vane configuration has its primary yaw vane (V2 at
¢ = 240°) located 30° off the yaw axis. The three-
vane configuration shown in figure 17(b) does not
produce pure yaw; it also has a pitch component.
A similar result is shown in figure 17(c) for the
three-vane configuration. Since the vane used for
simultaneous pitch and yaw vectoring (V2 at ¢ =
240°) is located 60° off the pitch axis, the three-vane
configuration exhibits very poor body-axis-thrust ef-
ficiency in the pitch direction (about 2 percent loss
per degree of pitch-vector angle) when simultaneous
pitch and yaw vectoring are required.

A comparison of the measured resultant thrust-
vector angle envelopes for the three-vane and four-
vane thrust-vector concepts (maximum vane deflec-
tion = £25°) is presented in figure 18. The open
symbols represent actual configurations tested, and
the solid symbols represent envelope boundaries es-
timated from these data. For example, the upper
left-hand boundary corner shown in figure 18 for
the three-vane concept was estimated from data ob-
tained on the pure negative pitch-vectored configura-
tion (bottom of envelope) by rotating the measured
resultant gross-thrust vector 120° clockwise and re-
solving normal- and side-force components. The up-
per boundary (positive pitch vectoring) was obtained
in a similar manner from the data presented in fig-
ure 9(c) for the configuration with 6, 9 = 25° and
by, y1 =byyg = —25°

The most obvious conclusion from the results
shown in figure 18 is that the four-vane concept has
a much larger resultant thrust-vector angle envelope
than the three-vane concept, particularly for simulta-
neous yaw thrust vectoring and negative pitch thrust
vectoring. Another result, which was discussed pre-
viously, is that the three-vane concept has an asym-
metric vector angle envelope about the pitch axis.

Comparison of Thrust-Vectoring Concepts

The performances of pitch thrust-vectoring con-
cepts, yaw thrust-vectoring concepts, and multiaxis
thrust-vectoring concepts reported in references 26,
27, and 32 are compared with performance of the
post-exit-vane vectoring concepts of the current in-
vestigation in figure 19. Data in this figure are pre-
sented at a nozzle pressure ratio near design for each
concept shown. To eliminate the effect of different
geometric vector angles tested for the various con-
cepts, data on the vertical axes are presented in the
form of a ratio, such that a value of 1.0 indicates
a measured resultant vector angle equal to the geo-
metric (metal) vector angle. The parameters on the
horizontal axes indicate the loss in resultant (gross)



thrust ratio per degree of resultant vector angle ob-
tained. A value of zero indicates no gross-thrust loss
due to thrust vectoring.

Pitch thrust-vectoring concepts. Figure 19(a)
shows that nozzles which use upper and lower in-
ternal flaps to provide pitch thrust vectoring (the
2-D C-D nozzles and one of the SERN concepts) can
produce resultant pitch-vector angles near the geo-
metric value (6p/6yp ~ 1.0) with little or no gross-
thrust loss (nr&p ~ 0). A SERN with a flap in

the trailing edge of the expansion ramp suffers from
lower pitch thrust-vectoring effectiveness (6p/6v,p)
and from larger thrust losses. Although the four-
vane and three-vane (at positive pitch-vector an-
gles) post-exit-vane concepts of the current inves-
tigation are competitive in pitch thrust-vectoring
effectiveness with the other pitch-vectoring concepts
shown, they incur substantially larger thrust losses.
Because the post-exit-vane concept with three vanes
utilizes only one vane to provide positive pitch
thrust-vector angles, this configuration has the low-
est pitch-vectoring effectiveness of any considered.

Yaw thrust-vectoring concepts. A comparison
of the performance of several pure yaw-vectoring
concepts is presented in figure 19(b). In general,
except for the axisymmetric-nozzle post-exit-vane
concept (four vanes) of the current investigation and
a twin-engine configuration with dihedral 2-D C-D
nozzles, the thrust-vectoring effectiveness of pure
yaw thrust-vectoring concepts (6y/6yy) is not as
high as the thrust-vectoring effectiveness of the pure
pitch thrust-vectoring concepts (6p/6y,p) shown in
figure 19(a). The primary reason for the low yaw
thrust-vectoring effectiveness of these configurations
is the sizing of the yaw-vectoring mechanisms. Since
2-D nozzle aspect ratio is generally larger than 1.0,
the yaw-vector flaps or vanes are either much smaller
than the upper and lower pitch-vector flaps or they
affect a smaller percentage of the total exhaust flow
than the pitch-vector flaps. Also, as indicated in
reference 26, the powered-rudder (center immersed
vane) concept is penalized because the rudder chord
is too short and the sidewall round-port concept is
penalized because the port exhaust area is too small.

The 2-D C-D nozzle post-exit-vane, axisymmetric-
nozzle post-exit-vane (current test), and powered-
rudder concepts cause substantial resultant thrust
losses because the yaw-vectoring mechanism is act-
ing on a supersonic stream. However, the largest
resultant thrust loss due to pure yaw vectoring was
incurred by the sidewall round-port concept. For this
concept, part of the exhaust flow is diverted out of

the nozzle before reaching the primary nozzle throat
and thus generates little or no resultant thrust.

The highest levels of pure yaw-vectoring effec-
tiveness (6y/6yy) were attained by the 2-D C-D,
twin-engine dihedral nozzle concept of reference 27
and the axisymmetric-nozzle post-exit-vane (four
vanes) concept of the current investigation. However,
as previously discussed, the axisymmetric-nozzle
post-exit-vane concept suffers from substantial re-
sultant thrust loss in order to provide thrust-vector
angles. It should be noted that pure yaw thrust
vectoring was not obtained with the three-vane,
axisymmetric-nozzle post-exit-vane concept. The
2-D C-D, dihedral nozzle concept is the only con-
cept shown in figure 19 with high yaw-vectoring ef-
fectiveness and low resultant thrust loss. The reason
for the low resultant thrust loss for this configura-
tion is that it utilizes the same large upper and lower
nozzle internal flaps used by the 2-D C-D nozzle con-
cepts to generate high levels of pitch thrust-vectoring
effectiveness with little or no resultant thrust loss
(see fig. 19(a)). No additional flaps, vanes, or ports
are required by this concept to generate yaw thrust
vectoring.

Multiaxis thrust-vectoring concepts. The perfor-
mance parameters presented in figure 19(c) are the
same as those presented in figures 19(a) and 19(b) ex-
cept for the resultant gross-thrust efficiency param-
eter (s, ), which is normalized by resultant vector
angle. (See “Symbols” section.) Thus, a concept
which is theoretically ideal in pitch thrust vector-
ing (6p/bv,p = 1.0; Nrs, = 0) is penalized by poor
yaw thrust vectoring and vice versa. The concepts
shown previously for pure pitch or yaw thrust vec-
toring generally exhibit similar performance trends
when utilized for multiaxis (simultaneous pitch and
yaw) thrust vectoring. Nozzles which utilize internal
nozzle upper and lower flaps for pitch thrust vector-
ing exhibit good performance about the pitch thrust-
vector axis; yaw-vectoring effectiveness is generally
much lower than pitch-vectoring effectiveness; and
the post-exit-vane concepts of the current investiga-
tion incur large resultant thrust-loss penalties.

The highest multiaxis thrust-vectoring perfor-
mance is exhibited by a SERN with a tail-pipe gim-
bal joint. This configuration utilized both the nozzle
expansion ramp and lower flap to obtain pitch thrust-
vector angles. As discussed previously, this method
provides high pitch thrust-vectoring effectiveness and
little or no resultant thrust losses. Yaw thrust-vector
angles were obtained by turning the flow upstream
of the nozzle with a gimbal joint. Since exhaust-
flow velocity ahead of the nozzle is very low, yaw-
vector angles are obtained with no measurable loss
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in thrust. This multiaxis thrust-vectoring concept
appears to be ideally suited for a single-engine air-
plane application.

The twin-engine dihedral nozzle concept, which
had good performance for both pure pitch and pure
yaw thrust vectoring, shows a significant drop in both
pitch and yaw thrust-vectoring effectiveness when
used for multiaxis thrust vectoring. The reason for
this performance decrease is that only one nozzle
is deflected to obtain simultaneous pitch and yaw
thrust vectors; thus, only half the available thrust
is used to provide a multiaxis vector capability. The
relatively high yaw-turning effectiveness and low re-
sultant thrust loss of this concept, however, still
make it attractive for twin-engine airplane applica-
tions where yaw tail-pipe gimbal joints may not be
feasible. Also, since this concept requires no ad-
ditional flaps, vanes, ports, actuators, etc., to ob-
tain a multiaxis thrust-vectoring capability, it may
have the lowest weight penalty of any of the concepts
considered.

Conclusions

A static (no external flow) test has been con-
ducted in the static test facility of the Langley
16-Foot Transonic Tunnel to determine the flow-
turning capability and the nozzle internal perfor-
mance of an axisymmetric convergent-divergent
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nozzle with post-exit vanes installed for multiaxis
thrust vectoring. The test was conducted at nozzle
pressure ratios from 1.6 to 6.0. The results of this
investigation indicate the following conclusions:

1. The thrust-vectoring (flow-turning) capability of
some of these post-exit-vane configurations was
competitive with other multiaxis thrust-vectoring
concepts. However, all the present post-exit-
vane configurations incurred large resultant gross-
thrust losses to achieve vectored thrust. In
general, any change in vane geometry which
produced larger thrust-vector angles also caused
larger resultant thrust losses.

2. Four post-exit vanes provided a much larger
thrust-vector envelope than three post-exit vanes.
Also, the three-vane configuration had an asym-
metric thrust-vector envelope which depended on
vane orientation around the nozzle exit.

3. Resultant vector angle was increased by moving
the vane hinge toward the nozzle exhaust flow;
axial location of the vane hinge had little effect
on resultant thrust-vector angle.

4. Double-curvature (“spoon” shaped) vanes pro-
duced larger thrust-vector angles than single-

curvature vanes.

NASA Langley Research Center
Hampton, Virginia 23665-5225
February 24, 1988
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Vane planform for 3-vane configurations

Vane planform for 4-vane configurations

Chord plane

Center-of -vane rotation

Figure 3. Sketches showing geometry of thrust deflector vanes. All dimensions are in inches unless otherwise

noted.
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(a) Thrust deflector vane planform definition.
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(b) Thrust deflector vane curvature definition.

Figure 3. Concluded.
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(a) 6yv1 = byy2 = byy3 =0°.

Figure 5. Photograph‘s of three-vane axisymmetric-nozzle configurations.
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v1=—25%6,y2 = byy3 = 25°

Figure 5. Continued.
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L-88-39

(€) byy1=~25%6, g = 25% by y3 = —25°,

Figure 5. Concluded.
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(a) by v1 = oy V2 = 6v,V3 = 6v,V4 =0°.

Figure 6. Photographs of four-vane axisy

mmetric-nozzle configurations.
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(b) 6y, v1 =8y v2 = by y3 =25%6, 4 = —25°.

Figure 6. Continued.
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(C) 6’U,V1 = —25% 6v,V2 = 6v,V3 = 25°; 6U,V4 = —25°.

Figure 6. Concluded.
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Figure 7. Effect of vane deflection on nozzle performance of axisymmetric nozzle with SC vanes; three-vane
configurations.

24 ORIGINAL ve /% 78

LIt

OF POOR QUALITT



n

V2 v3

NPR

roogo

b 6

e %90 v
off off

deg &
gv.

Longitudinal
vy deg  position
off Baseline

Baseline
+.25
+.25

Baseline

Radial
position

Baseline
Baseline
Baseline
+ 125
+.125

Figure 8. Effect of varying radial and longitudinal vane positions on nozzle performance of axisymmetric nozzle

with DC vanes; three-vane configurations.

25



°v,v1' deg 6v,V2' deg 6v,V3' deg

vl
O Off Off Off
(] -25
& -20
N -10
V2 V3 N 0
I 10
@) 20
Y 25

(a) 6, v1 = by 3 = Off; vary 6, yo.

Figure 9. Effect of vane deflection on nozzle performance of axisymmetric nozzle with DC vanes; three-vane
configurations.
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Figure 10. Concluded.
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Figure 11. Effects of vane curvature on performance of axisymmetric nozzle with three vanes for thrust
vectoring. &, y1 =6, y3 = Off; NPR = 6.0.
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Figure 12. Effect of vane hinge location on body-axis-thrust efficiency with thrust vectoring. Three-vane
configurations; 6, y1 = 6, y3 = Off; §, y2 = 25°; double-curvature vanes.
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(c) Thrust-vector angle performance.

Figure 13. Concluded.
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(a) Resultant thrust-ratio performance.

Figure 14. Effect of vane deflection on performance of an axisymmetric C-D nozzle with four vanes for thrust
vectoring. Double-curvature vanes; flagged symbols indicate baseline (vanes off) nozzle performance.
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(a) Pitch thrust vectoring.

Figure 17. Effect of number of post-exit vanes on body-axis-thrust efficiency with thrust vectoring. Double-
curvature vanes.
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(b) Yaw thrust vectoring.

Figure 17. Continued.
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(¢) Simultaneous pitch and yaw thrust vectoring.

Figure 17. Concluded.
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Vane configuration

O Three vanes (all installed
o (one installed
Q {two installed)
O Four vanes

Solid symbols indicate estimated data ///

-
PP s L4

24

Figure 18. Comparison of resultant yaw and pitch thrust-vector angle envelopes for three-vane and
four-vane thrust-vectoring configurations. Double curvature vanes; NPR = 5.0.



Nozzle 6p effector : 6v v deg | Reference Comments
O | Axi. Three post-exit vanes -25.0 Current
o + Three post-exit vanes 25.0
a Four post-exit vanes +25.0
¢© 12-D C-D| Conv. and div. flaps 11,7 Ref, 32 No yaw vanes
& | 2-D C-D | Divergent flaps +20.3 Ref, 26 Conf. S15 no yaw device
O | SERN Expansion ramp flap 20.3 Ref, 26 Conf. SR1l; no yaw vanes
O | SERN Expansion ramp and lower flap -21.0 | Unpublished | Expansion ramp on bottom
© | 2-D C-D | Conv. and div. flaps +15.0 Ref, 27 Conf. 2
O |2-D C-D [ Divergent flaps +20.0 Ref. 27 Conf. 3 Dihedral angle « (°
1.2
°a
1.0
o
8 ‘mand
(o]
h)
TL 6 fo)
v,p
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41
2 Increasing
performance
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n ., per deg
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(a) Pitch thrust vectoring, 6,y = 0°.

Figure 19. Comparison of performance of configurations using different pitch and yaw thrust-vectoring schemes.
Data are shown at NPR near design for each configuration.
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(b) Yaw thrust vectoring, 6y p = 0°.

Figure 19. Continued.

Nozzle 6y effector 6v v deg]| Reference Comments
O | Axi Four post-exit vanes +25.0 Current
O | 2-D C-D | Two post-exit vanes +20.0 Ref. 32 1.5 throat aspect ratio
o Single flap in one sidewall only +20.0 Ref. 26 Conf. F16
a Round port upstream of throat 5.3 Conf. P9
a Immersed vane (powered rudder) +20.0 Conf. R4
O | SERN Sidewall vanes at exit +14.0 Conf. SR5
o 2-D C-D | Flaps in both sidewalls +20.0 Ref, 27 Conf, 2
(o] 2-D C-D | Divergent flaps, twin engine +20.0 Ref. 27 Conf. 3 Dihedral angle = 45°
(0]
(@]
-
o <
0 a 4
- Increasing
o
performance
] | L { ] 1 | |
0 . 002 .004 .006 .008 .010 012 .014 .016 .018
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