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Aerodynamic Effects Induced by a Vectored High Aspect Ratio
Nonaxisymmetric Exhaust Nozzle

Douglas L. Bowers*
A ir Force Flight Dynamics Laboratory, Wright-Palter son A ir Force Base, Ohio

Nonaxisymmetric exhaust nozzles exiting at or near the trailing edge of a lifting surface offer advanced air-
craft configurations improved performance because of induced aerodynamic effects. An experimental in-
vestigation of these induced effects was conducted at Mach numbers from 0.3 to 0.9 on a half-span wing body
configuration with a high aspect ratio vectoring (0, 15, 30 deg) nonaxisymmetric exhaust nozzle incorporated
into the wing trailing edge. Results indicate that, at all Mach numbers, the thrust-removed lift, drag, and
pitching moment coefficients for the wing body increased with increasing nozzle vectoring. Using the trimmed
data, an optimum drag polar can be formed which uses all three vector angles. As the nozzle pressure ratio in-
creases, the induced effects on the wing aerodynamics tend to increase proportionally.

Nomenclature
AR = model wing aspect ratio
ARC — model canard aspect ratio
b/2 = model wing half span, in.
CD = drag coefficient, D/qs
CL = lift coefficient, L/qS
CM — pitching moment coefficient at quarter chord,

moment/^Sc
Cp = pressure coefficient, (P—PX) Iq
CT = gross thrust coefficient, thrust, \b/qs
cr = root chord, in.
ct = tip chord, in.
c = mean aerodynamic chord
D = drag,lb
L = lift,lb
M = Mach number
NPR = nozzle pressure ratio, Pj/P^
P = local static pressure, psi
PT = total pressure at nozzle throat, psi
P^ = freestream static pressure
5 = model wing area, in.2

Sc = model canard area, in.2

q = dynamic pressure, psi
XIc = distance from wing leading edge in percent chord
2Y/b — distance from wing root in percent span
a = angle of attack, deg
AL£ = leading edge wing sweep angle, deg
\TE = trailing edge wing sweep angle, deg

Introduction

ANALYSIS of aircraft wing aerodynamics and aircraft
propulsion system performance have for most aircraft

systems been conducted as separate aspects of total aircraft
performance. Exceptions to this trend include jet flap
technology, laminar flow control research, and vertical/short
takeoff configurations, where the propulsion system must be
included as an integral part of aircraft aerodynamics.
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Although the technology developed in these exceptions has
not been utilized in more than a few prototype aircraft
systems, a new aerodynamics/propulsion related technology,
the nonaxisymmetric exhaust nozzle, offers improved aircraft
system performance which may have impact on advanced
aircraft design for many years. Some of the benefits identified
for nonaxisymmetric exhaust nozzles include 1) increased lift,
attributed to induced aerodynamics created by the nozzle
exhaust flow near the wing trailing edge; 2) increased in-
stantaneous maneuver with a vectoring exhaust jet; 3) im-
proved cruise performance due to reduced aftbody in-
stallation drag; 4) improved deceleration characteristics in-
flight and on landing when utilizing a thrust reverser; and 5)
reduced observables, i.e., radar cross-section and infrared
signature.

While the last three benefits are related to nozzle/aftbody
geometry and mechanical design, the first two benefits are
directly related to a combination of wing aerodynamics and
the exhaust nozzle jet. To realize these benefits, the exhaust
nozzle exit should be at or near the wing trailing edge. The
aircraft wing aerodynamics and the propulsion system per-
formance, in this case, are not easily separated because the
propulsion-induced effects on the aircraft lift, drag, and
pitching moment coefficients can be significant. As shown in
Fig. 1, the contribution of propulsion-induced lift can be as
great as the jet thrust component in the lift direction. Figure 2
presents an example of an advanced aircraft configuration
which utilizes propulsion-induced aerodynamics. Examples of
previous research in this area have emphasized jet flaps,2

over-the-wing blowing,3 '4 and integrated wing/exhaust nozzle
configurations.5'6

The purpose of this investigation was to explore the induced
and total performance aerodynamic coefficients (lift, drag,
and pitching moment) for a wing/body configuration with a
vectoring high aspect ratio nonaxisymmetric exhaust nozzle at
the wing trailing edge. This paper describes the experimental
investigation which utilized a half-span wind tunnel model
which was fully metric and incorporated 0, 15, and 30 deg
high aspect ratio vectoring exhaust nozzles.

Description of Aeropropulsion Model
The wind tunnel model utilized in this effort was available

equipment at the Air Force Flight Dynamics Laboratory
(AFFDL) Trisonic Gasdynamics Facility (TGF). The half-
span model shown in Fig. 3, was a wing/body/canard con-
figuration with interchangeable exhaust nozzles incorporated
at the wing trailing edge near the wing root. The primary
instrumentation was a five-component force balance which
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M = 0.9 a= 8U (Reference 1) Table 1 Wing and canard planform characteristics3

Wing Canard
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Nozz le Vector Angle - Degrees
Fig. 1 Induced lift due to thrust vectoring.

Fig. 2 Advanced aeropropulsion aircraft configuration.

7.42 I N ,

Fig. 3 Half-span test model (Ref. 7).

measured the forces on the entire model, primarily lift, drag,
and pitching moment. The moment center for this model was
at the quarter chord of the trapezoidal wing planform.

The wing planform had a leading edge sweep of 40 deg and
a trailing edge sweep of 12.62 deg. The wing airfoil varied
from a NACA 63A206 at the wing root to a NACA 65A204 at
the wing tip. All wing parameters are based on the trapezoidal
planform. The wing was instrumented with limited upper
surface static pressure orifices near the area of influence for
the exhaust nozzle flow.

A canard located on the fuselage forward and above the
wing was also tested. The canard planform was ap-
proximately 39% of the wing surface area. Table 1 describes
additional wing and canard planform parameters.

The nonaxisymmetric exhaust nozzles were convergent-type
with a span that was approximately 29% of the wing span
(from the wing-body junction). Cold high pressure air was

b/2
S
AR
c
cr
c,
ALE
Arc
Airfoils

Root
Tip

7.42 in.
3 1.46 in.2

3.5
4.65 in.
6.5237 in.
1.9571 in.

40 deg
12.62 deg

NACA 63A206
NACA 65A204

2.867 in.
12.18in.2

2.765
2.254 in.
3. 131 in.
1.017in.

40 deg
5. 37 deg

NACA 64A204

a Data from Ref. 7.

used as a jet efflux. Vectoring of the convergent exhaust
nozzles to the 15 and 30 deg positions was accomplished by
turning the last 5% of the integrated nozzle. The effect of the
nozzle surface being turned into the freestream flow, while
not unlike some proposed advanced nonaxisymmetric exhaust
nozzle vectoring schemes, is different from the vectoring
mechanism used in Ref. 5. The aerodynamic effects of thrust
vectoring in this test were not only due to induced effects but
also due to the "flap" effect of the turned down nozzle. The
vectored nozzle data in Ref. 5 was produced by turning vanes
in the exhaust flow which produce larger lift increments with
drag increments relatively smaller than those produced by
other vectoring schemes. The "flap" effect in vectored
exhaust nozzle performance will be discussed in another
section. The aspect ratio of these nonaxisymmetric exhaust
nozzles (defined as the ratio of the exhaust nozzle width to
height at the nozzle throat) was approximately 11.0.

To separate the exhaust nozzle thrust from the total con-
figuration forces, the exhaust nozzle, the body, and a small
portion of the wing surface forward of the nozzle (shown
cross-hatched in Fig. 3) were tested at static conditions at the
scheduled nozzle pressure ratios with the wind tunnel pumped
down to static pressures corresponding to the wind-on test
Mach number conditions. The force balance measured the
components of l i f t , drag, and pitching moment due to the
thrust over an angle-of-attack range for the 0, 15, and 30 deg
vectored nozzles. The static thrust force components were
then subtracted from the wind-on full wing/body con-
figuration data to obtain the thrust removed aerodynamic
components.

Facility Description and Test Parameters
The Trisonic Gasdynamics Facility, located at Wright-

Patterson Air Force Base, is a closed-circuit variable-density
continuous-flow wind tunnel with an operating Mach number
range of 0.23 to 3.00. Two test sections were utilized for this
effort. For the subsonic Mach numbers from 0.3 to 0.7, the
solid wall 2 by 2 ft test section was used with the half-span
model mounted directly to a wall plate. A transonic test
section, 15 by 15 in. square with slotted sidewalls top and
bottom, was utilized for a portion of the 0.7 and all of the 0.8
and 0.9 Mach number data.

Nominal test parameters were 0.3 to 0.9 Mach numbers,
nozzle pressure ratios from jet-off to maximum (determined
by model stress limits), angles of attack from -4 deg to 15
deg, and a unit Reynolds number of 2.0 x 106/ft.

Aerodynamic Changes Due to Thrust Vectoring
The combined aerodynamic and propulsion forces for an

aircraft constitute the total performance capability of that
system. To realize the nonaxisymmetric exhaust nozzle
benefit, the aircraft drag polars (total l i f t coefficient vs total
drag coefficient) should indicate improvements while vec-
toring the thrust. Figures 4, 5, and 6 present powered polars
for representative subsonic Mach numbers. All of the
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Fig. 4 Powered polar, A/ = 0.3, Fig. 7 Thrust-removed drag polar, A/ = 0.3, NPR = 3.

CD-T

-0.4
Fig. 5 Powered polar, M = 0.6, NPR = 3.

Fig. 6 Powered polar, A/ = 0.9, NPR = 5.

powered polars show the vectored exhaust nozzle polars
crossing over the nonvectored exhaust nozzle polar. An
optimum powered polar can be constructed, therefore, which
takes advantage of all vector angles. As l i f t coefficient is
increased, increasing the nozzle vector angle improves the
polar. These changes in the polars with vectoring can be

0.4

Fig. 8 Thrust-removed drag polar, M = 0.6, NPR = 3.

attributed to jet induced aerodynamic effects, a "flap" effect
with the turned down nozzle surface, and a direct jet lift
effect. This section will discuss these components as well as
the effects of forward fuselage mounted canard and nozzle
pressure ratio effects. The data presented for these nominal
Mach numbers are representative of data taken in the tests at
other Mach numbers.

The powered polars in these figures indicate benefits for
thrust vectoring, especially at high angles of attack or high lift
coefficients and at the lower Mach numbers 0.3 and 0.6.
While this data is untrimmed, the change in the drag polar is
not expected to negate the entire improvement. If the static jet
l ift (i.e., the component of lift due to the vectored exhaust
flow) is removed, the induced aerodynamic effects and the
"flap" effect remain. Thrust-removed drag polars for 0.3, 0.6
and 0.9 Mach numbers are shown in Fig. 7, 8 and 9. For the
Mx =0.3 and 0.6 thrust-removed drag polars, a benefit is still
evident for thrust vectoring up to 30 deg. Both vectored nozzle
drag polars cross over the unvectored polar, and the 30 deg
polar crosses the 15 deg polar. For the A/^^0.9 thrust-
removed drag polar, however, the changes with vectored
nozzles are very small, though the 15 and 30 deg vectored
nozzle data does cross over the unvectored polar at high l i f t
coefficient. The negligible change in the drag polar indicates
small changes in the induced l i f t , drag, and pitching moment
coefficients.

The benefits shown for thrust vectoring in Figures 7 and 8
for 0.3 and 0.6 Mach number are made up of induced
aerodynamic effects and the nozzle surface "flap" effect. The
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CANARD OFF

Fig. 9 Thrust-removed drag polar, M = 0.9, NPR = 5.
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Fig. 10 Induced aerodynamic components, M = 0.6.

induced aerodynamic components shown in Fig. 10 for
MO,, =0.6 indicate that, for a 15 deg vectored nozzle, as the jet
flow increases from jet off to nozzle pressure ratios of 3 and
5, the coefficients increase. The induced aerodynamics over
the wing are a result of the exhaust nozzle flow changing the
pressure distribution around the wing surface. The jet in-
fluence provides increased l i f t , increased drag and a change in
pitching moment proportional to the nozzle pressure ratio.
The penalty for induced l i f t from the nozzle vectoring is
therefore induced drag and a pitching moment change. This
change in wing body aerodynamic coefficients is verified by
the upper surface wing pressures ahead of the exhaust nozzle,
as indicated in Fig. 11. The pure induced components of the
nozzle vectoring changes are shown in Fig. 12. Negligible
thrust induced effects are evident for the 0 deg nozzle. The
induced effects present for the 15 deg nozzle and 30 deg nozzle
are at high lift coefficients only. At low coefficients, the 30
deg nozzle provided a polar worse than that for the 0 and 15
deg nozzles.

A portion of the vectoring drag polar changes is due to the
"flap" effect, i.e., a section of the nozzle, turned into the

-1,0

-0.6

-0.4

0.2 0.3 0.4 0.5 0.6 0.7

-1.0

-0.4

-0.2

0

NPR=1 NPR=3 NPR=5
0 0
6 A

or •
£f A
cr •

15° NOZZLE
CANARD OFF

0.2 0.3 0.4 0.5 0.6 0.7
2Y/b

Fig. 11 Wing pressure coefficients, M-0.6.

15U

0.4 LD

Fig. 12 Thrust-removed induced drag polars, /V/ = 0.6.

freestream flow, behaves like an aerodynamic control surface.
The jet-off drag polar for the three vectored nozzles presented
in Fig. 13 indicates that a large portion of the M^ =0.6 thrust-
removed drag polar benefits with nozzle vectoring is due to
the "flap" effect. Additional data for M^ =0.3 indicates that
the "flap" effect is a very small contributor to the benefits
related to the vectored nozzle. With increased dynamic
pressure for 1^^=0.6 rather than 71^=0.3, the larger
contribution of the nozzle surface is not unexpected.

Unless the thrust vector is directed through the aircraft
center of gravity, the aircraft will be out of trim when nozzle
thrust vectoring is being used. To trim out the vectoring
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Fig. 13 Jet-off "flap" effect, A/= 0.6, NPR=l.
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Fig. 14 Thrust-removed drag polar, M = 0.3, canard on, !\PR = 3.

CANARD
« OFF ONn o •£ A A

14 Q • 15 NOZZLE

-1.0

-0,6

-0.4

-1.0

-0.2

0.2 0.3 0.4 0.5 0.6 0.7 D.2' 0.3" 0".4 0.5 0.6
X/c 2Y/b

Fig. 15 Wing pressure coefficients, M=0.3, AT*/? = 3.

CT = .085

Fig. 16 Thrust-removed drag polar, A/ = 0.9, canard on, I\PR = 5.

moments, advanced aircraft systems are utilizing relaxed
static margin and canards. For selected conditions in this test,
a fuselage mounted canard was investigated. In Fig. 14, the
thrust-removed drag polar and pitching moment with the
canard on are shown. The canard coupled with the 15 deg
vectored nozzle gives a better drag polar at low l i f t coef-
ficients than the 0 deg exhaust nozzle. The 30 deg nozzle
crosses over as well, to form a better drag polar at high l i f t
coefficients. The influence of the canard on the wing flowfield
and wing pressures is presented in Fig. 15. The canard wake
tends to suppress the wing pressures, though the relative level
of pressure coefficient change due to induced effects does not
appear to be affected. Results not shown indicate that the
canard influence for M^^O.6 is similar to that shown for
M00=Q3. The canard tends to suppress the wing upper
surface pressures such that the total vehicle l if t lost on the
wing is somewhat offset by the canard l i f t . It should be noted
that any canard effect is configuration dependent. Placement

and planform of the canard can be critical in determining
canard/wing interactions. The trim drag penalty at high l if t
coefficients would have to be substantial to negate the vec-
toring benefits shown.

The effect of the canard on the Mx =0.9 data is shown by
comparing Figs. 9 and 16. While the upstream canard does
change the characteristics of the drag polar and pitching
moment, the negligible induced effects shown with the canard
off are unchanged with the canard in place.

Conclusions
Based on the data generated and analyzed in this effort, the

following conclusions can be made:

1) Thrust-removed drag polars, untrimmed, show benefits
for thrust vectoring, especially at high l if t coefficients for all
Mach numbers presented (Mx = 0.3 to 0.9).
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2) Changes in thrust-removed lift, drag and pitching
moment coefficient are due to jet-induced aerodynamics and
the "flap" effect of the exhaust nozzle surface turned into the
freestream flow. As Mach number increases, the contribution
of the induced aerodynamic effects decreases and the con-
tribution of the exhaust nozzle "flap" effect increases.

3) As nozzle pressure ratio increases, the induced effects
tend to increase proportionally.

4) Upper surface wing pressure coefficients support the
data trends for all exhaust nozzles and test conditions.

5) The trends shown by this data are indicative of the
potential of propulsion-induced aerodynamics to improve
advanced aircraft systems.
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