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Deflected Thrust Effects on a
Close-Coupled Canard Configuration

James L. Thomas,* John W. Paulson Jr.,t and Long P. Yip*
NASA Langley Research Center, Hampton, Va.

The effects of deflected thrust on the stability and performance of a close-coupled canard fighter con-
figuration are presented. These results were obtained at low speeds in the Langley V/STOL tunnel. Transonic as
well as low-speed results are also presented for an unpowered close-coupled canard and a supercruiser con-
figuration. The V/STOL tunnel data indicate an increase in maximum lift and reductions in drag due to l ift with
the addition of two-dimensional vectored thrust at the wing inboard trailing edge. The longitudinal pitchup
associated with the unpowered configuration at higher angles of attack was significantly reduced with power.

Nomenclature
CD = drag coefficient, drag/q^S
Cm - pitching-moment coefficient, pitching moment/^^Sc
CL = lift coefficient, lift/q^S
CT = thrust coefficient, thrust/g^S
c = wing or canard chord
c = mean aerodynamic chord
e = induced drag efficiency parameter
ps = excess specific power
q = dynamic pressure
S = wing reference area
V = linear velocity
a = angle of attack, deg
<5 = deflection of flap or nozzle, deg
A = sweep angle

Subscripts
E = equivalent thrust-removed coefficient
/ =flap
J =jet
N = nozzle
0 = minimum
-L = perpendicular
oo = freestream

Introduction

E XTENSIVE unpowered studies at the Langley Research
Center by B. B. Gloss on a generalized wind-tunnel model

have shown increases in maximum lift coefficient with the
addition of close-coupled canard/strake combinations to
several wing planforms typical of highly maneuverable air-
craft.1 '2 These increases are primarily associated with the
additional lift developed on the canard and/or strake and the
beneficial interaction of the canard/strake on the wing at the
higher angles of attack. Analysis of the results in Ref. 3 in-
dicates reductions in drag due to lift for the canard, strake,
and wing camber. These benefits, however, are accompanied
with a longitudinal instability, or pitchup, at the higher angles
of attack because of the vortex lift developed on the forward
strakes.
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A larger version of one of the most promising con-
figurations tested by Gloss was fabricated with plain flaps and
two-dimensional nozzles at the wing root trailing edge. The
model was tested in the Langley V/STOL tunnel at thrust
coefficients typical of those available at transonic maneuver
conditions.4 The results indicate increases in maximum lift
coefficient and reductions in drag due to lift with deflected
power as well as a significant decrease in the pitchup
associated with the unpowered configuration. Lift jets were
also placed in the nose of the model, and tests were run at
thrust coefficients and jet deflection angles similar to those
that might be encountered during hover and transition
conditions of a VTOL configuration. The results indicate a
beneficial induced effect with the deflected thrust positioned
at the wing trailing edge. The results from tests of both
configurations are discussed further herein.

The models tested had little or no design optimization in
that they had no twist, camber, or leading-edge radius. With
proper attention to the wing and canard near-field designs,
further reductions in drag due to lift could be obtained. Some
discussion of the process used to design a model represen-
tative of a configuration designed to meet maneuvering
requirements at transonic speeds and also high-lift
requirements at low speeds is included. Also, some examples
of supersonic fighter configurations being considered to meet
both maneuvering and high-lift requirements are presented.
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Fig. 1 Maneuver boundaries and typical time history of one-on-one
combat.
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Low-Speed Performance Studies
The maneuver boundaries for a fighter aircraft are shown

schematically in Fig. 1. The instantaneous maneuver limit at
subsonic speeds is set by maximum lift and maximum
structural loading, while the sustained limit is set by thrust
minus drag levels. The instantaneous maneuver limit at
supersonic speeds is typically set by structural load limits or
thrust limits. Simulation of one-on-one combat in the Langley
differential maneuvering simulator with similar aircraft has
typically produced time histories of altitude vs Mach number,
as shown schematically in Fig. 1. The sustained one-on-one
engagement for evenly matched aircraft quickly degenerates
to subsonic speeds, while a clearly superior design can end the
engagement and still remain near original altitude and speed.
It is unlikely that an aircraft would fall to the lower speeds
because of increased vulnerability to both ground attack and
air attack from more than one aircraft. However, some
conditions necessitate an absolute one-on-one engagement
and it is for those conditions that the experimental results at
low Mach numbers reported herein apply directly.

The degree to which the data obtained at low Mach
numbers is applicable to the higher speeds depends on the
slenderness of the configuration and the design stage for
which data are required. The equivalance theory of
Oswatitsch and Keune states that for slender bodies, the flow
is governed by a longitudinal potential dependent on the
equivalent area distribution and the Mach number and a
crossflow potential dependent only on the local cross section
and independent of the Mach number. The vortex lift
developed on slender configurations is dominated by the
crossflow conditions. Therefore, it seems reasonable that
planform shaping and interference flowfield studies con-
ducted at low speeds during the preliminary design stage
would provide a valuable insight into the lift-dominated
flowfields that will be encountered during maneuvering at
transonic speeds. The detailed design for desired pressures on
the aircraft above the critical Mach number dictates, of
course, the use of nonlinear design methods and wind-tunnel
testing at the higher design Mach numbers.

The experimental variation of longitudinal aerodynamic
characteristics for a supersonic cruise fighter model is shown
in Fig. 2.5 For the slender configuration with highly swept
leading edges, the lift and drag are almost invariant up to 0.9
Mach number. The pitching-moment data show the most
variation with Mach number, indicating a more nose-down
moment at the higher Mach numbers. The variation of lift,
drag, and moment for a close-coupled wing-canard model is
shown in Fig. 3.1>6 The wing is approaching the limit to which
the slenderness criterion can be applied, but the canard in-
terference promotes vortex lift on the wing so that the entire
configuration is a vortex lift-dominated flowfield. Again, the
lift and drag are almost invariant with Mach number, while

the moment shows a more nose-down trend with Mach
number. Variation of the incremental lift, drag, and pitching
moment due to the addition of the canard with Mach number
is shown in Fig. 4. The interference trends due to canard
placement are consistently predicted through the Mach
number range demonstrating that low-speed tests can provide
a cost effective way of obtaining preliminary aerodynamic
trends for configurations with highly three-dimensional lift
dominated flowfields.

Test Results for Maneuver Configuration
A three-view drawing and geometric characteristics of the

model tested in the Langley V/STOL tunnel are given in Fig. 5
and a photograph of the model installed in the test section is
shown in Fig. 6. The model geometry is identical to a model
tested by Gloss with the addition of two-dimensional nozzles
at the wing root and slightly different canard strakes.1>2 The
model was tested over an angle-of-attack range of - 4 deg to
40 deg and a thrust coefficient range up to 0.3.

Longitudinal characteristics of the unpowered con-
figuration are similar to those obtained previously by Gloss
and are presented in Fig. 7.4 The canard and strake provide
increments in maximum lift coefficients of 1.0 and 0.2,
respectively. The moment center selected provides a
longitudinal instability of about 0.06 (8Cm/dCL =0.06) with
the wing and canard. The pitchup caused by the vortex lift
from the strake is clearly seen at the higher angles of attack.

The longitudinal data for the wing-canard configuration
with flaps and power (CT =0.2) is shown in Fig. 8. The ad-
dition of power increases the maximum lift coefficient both
with and without flaps. With flaps deflected and no power,
pitchup (dCm/dCL =0.13) occurs even without the strake due
to flow separation over the flaps. The pitchup was eliminated
over a large CL range with the addition of power. The data
presented are not trimmed, since the canard tested was fixed
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Fig. 3 Effect of Mach number on the longitudinal characteristics of
a close-coupled canard wing model.
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Fig. 2 Effect of Mach number on the longitudinal characteristics of
a supersonic cruise fighter model.
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Fig. 4 Effect of Mach number on incremental l ift , drag, and pitching
moment due to addition of canard.
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Fig. 5 Three-view sketch of close-coupled canard/strake fighter
configuration tested in the Langley V/STOL tunnel.

Fig. 6 Model installed in Langley V/STOL tunnel.
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Fig. 7 Lift and pitching-moment characteristics of the unpowered
wing-canard/strake configuration.

in incidence and is presented to show the trends and
magnitudes of deflected thrust effects. The high loads
necessary on the canard for trim dictate an improved section
design with both leading- and trailing-edge devices.

Since the thrust coefficients available at typical maneuver
conditions are small, the lift obtained from the thrust com-
ponent in the lift direction or from induced circulation is
small. The vectored-thrust provides increased lift from the
boundary-layer control over the lifting surfaces. The effects
of flaps and power on the wing-canard configuration with the
direct thrust component removed from the lift and moment is
shown in Fig. 9. This demonstrates that the increase in
maximum lift coefficient and reduction in pitchup is largely
attributed to the boundary-layer control over the wing and
trailing-edge flaps.

The longitudinal characteristics of the wing-canard/strake
configuration are shown in Fig. 10. At the higher lift coef-
ficient, there is a more severe pitchup than without the

Fig. 8 Effects of flap deflection and power on the lift and pitching
moment of the wing-canard configuration.
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Fig. 9 Effect of flap deflection and power on the thrust-removed lift
and pitching moment of the wing-canard configuration.

strakes, especially for 6/ = 30 deg where dCm/3CL =0.30 at
a = 20 deg to 25 deg. The effect of the power was to reduce the
pitch instability to dCm/dCL =0.11 at a = 20 deg to 25 deg.
The increments in maximum lift obtained with flaps and
power are similar to those without the strakes.

Previous analyses have shown the reductions in drag due to
lift when the canard and strakes are added to the wing. The
effect of power and flaps is to further reduce the drag due to
lift (CD.) as shown in Fig. 11. The term

CD-CDn+CTcos(a
[CL-CTsin(a + d ) ] 2

is an experimental thrust-removed drag due to lift parameter
( A C D . / C L

2 ) aero commonly expressed as 1/irAe for un-
powered models (Ref. 3). The theoretical minimum was
calculated from a far-field drag optimization technique.3

Although reductions in drag due to lift occurred with power,
none of the curves reached the theoretical minimum largely
because both the wing and canard were uncambered with
sharp leading edges.

Test Results for VTOL Configuration
The canard-wing configuration was also tested at larger

thrust coefficients (up to CT = 5) and flap deflection angles
representative of the hover and transition conditions of a
VTOL configuration. Lift jets exiting from two elliptically
shaped slots were located in the nose of the model. The
forward jets provided approximately, one-third of the total
thrust and were located forward to trim the large nose-down
moments from the trailing-edge jets. Results from the tests at
a = 0 deg and deflection angles on the nozzle and flap equal to
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Fig. 10 Effect of flap deflection and power on the lift and pitching
moment of the wing-canard/strake configuration.
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Fig. 11 Effect of flap deflection and power on the thrust-removed
drag due to lift variation with total lift coefficient.
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Fig. 12 Interference effects on close-coupled canard VTOL con-
figuration.

90 deg and 60 deg, respectively, are shown in Fig. 12. The
rearward placement of the nozzles on the wing induces a
beneficial effect via circulation so that the measured lift is
greater than that predicted by adding the lift of the jet and
wing-canard tested separately. The forward jet produces
suction pressures on the fuselage and wing-canard lower
surfaces, which cause a loss in lift. The elliptically shaped slot
jets were selected based on previous results which indicated
that this shape reduces adverse lift interference.1

Results from previous wind-tunnel studies at similar
conditions of a model similar to the Harrier are shown in Fig.
13.8 The high pressures induced on the wing from the jets
exhausting ahead of and at the wing cause a detrimental
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Fig. 13 Interference effects on Harrier configuration.
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Fig. 14 New close-coupled wing/canard configuration.

interference. The measured lift is less than that predicted
assuming no interference.

Follow-On Studies
A sketch of a new research close-coupled canard wing

configuration to be tested in the Langley V/STOL tunnel later
this year is shown in Fig. 14. The configuration was designed
to minimize compressible and viscous effects at high lift. It is
intended to be representative of a realistic transonic
maneuvering configuration. The model was constrained to
have the same fuselage and powered nozzles as the original
configuration. The wing leading- and trailing-edge sweeps
were increased (Ac/2 = 40 deg) to reduce nonlinear com-
pressibility effects and also to move the aerodynamic center
rearward so that the nose-down moments due to the jet are
reduced for a given level of stability. A glove was added in-
board on the wing in an attempt to sweep the isobars forward
and give a more two-dimensional-type loading outboard. The
canard has the same leading- and trailing-edge sweeps as the
wing. The canard taper ratio was selected so that a reasonable
tip chord existed when the canard span was increased (with
bolt-on additions) to that of the wing. This variable geometry
was built into the model so that the effect of canard span to
wing span on induced drag can be determined experimentally.

The wing and canard twist, camber, and thickness were
determined as shown in Figs. 15 and 16. Basically, a super-
critical airfoil section known to have good two-dimensional
viscous and compressibility characteristics at transonic speeds
was modified for three-dimensional induced effects. Using the
Korn-Garabedian program, a design curve of section-lift
coefficient (C/) vs drag divergence Mach number (MDD) was
developed for scaled versions of the original airfoil (see Fig.
15).9 Using the nonplanar unified vortex-lattice theory of
Ref. 10, the sweep of the chordwise center of pressure,
( x / c ) c p , was calculated at the design Mach number of 0.9.
Using the infinite swept-wing analogy (C/w =C/JL cos2A) and
the two-dimensional drag divergence plot, the variations of
maximum freestream section lift coefficients on the wing and
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Fig. 16 Twist and cumber based on constant freestream section-lift
coefficient and desired two-dimensional chordwise loading.

canard that can be realized, while staying below drag-
divergence Mach number, were generated.

An inverse program was used to calculate the twist and
cambers required on the planform. The local freestream
section lift was chosen as the maximum from Fig. 15 and held
constant across the span, realizing that the resulting twists
would have to be modified in the root and tip regions. The
chordwise loading was chosen as the two-dimensional sub-
critical loading of the original section. The resulting twists
and cambers are shown in Fig. 16. The twists were fitted
approximately to the theoretical distributions as shown by the
dashed lines. Relying on structural deflections to provide
partial twist at high maneuver load conditions, two versions
of the research model, identical except for the levels of twist,
are being fabricated. The low-twist version will be used to
study conventional takeoff and landing high-lift performance
and the high-twist version high-angle-of-attack maneuver
performance. Both versions will have full-span variable
leading- and trailing-edge devices on both the wing and
canard. The canard incidence will be variable so that trimmed
high-lift levels can be obtained at both high-angle-of-attack
(low-thrust) and low-angle-of-attack (high-thrust) conditions.
This design procedure was not intended to produce an op-
timum transonic design. Rather, it was intended to develop a
configuration that would be realistic of that required for
transonic maneuvering conditions.

Follow-on designs being considered for a supersonic
configuration with design Mach number of 1.8 are shown in
Fig. 17. For these configurations, the intent will be to
aerodynamically design the model to be representative of that
required for efficient supersonic cruise. However, it will be
tested at low speeds in takeoff and landing and at high angles
of attack. Two possible configurations are shown that may
give good takeoff, landing, and maneuvering characteristics.
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VARIABLE AREA STRAKE

T.E. FLAP

THRUST VECTORING NOZZLES

SUPERSONIC MANEUVERING I

L.E. DROOP

VARIABLE SWEEP GLOVE SECTION
T.E. FLAP

THRUST VECTORING NOZZLES

SUPERSONIC MANEUVERING I I
Fig. 17 Conceptual design of supersonic maneuver configuration.

One has a fixed glove with increasing leading-edge radius
inboard in addition to camber in order to provide a com-
bination of planform, camber, and thickness blending to
relieve leading-edge pressure gradients and thus delay the
formation of the leading-edge vortex to higher angles of
attack. A variable-area strake is used as pitch control and to
initiate vortex-type flow past the angle of attack where the
wing can no longer support attached flow. The other concept
uses a variable-sweep glove with leading- and trailing-edge
devices to provide for trim of the wing trailing-edge flap and
vectored-thrust moments. Both concepts would use vectored
thrust as in the transonic design. The design goal of both is to
provide high lift at high angles of attack with desired levels of
stability and sufficient control power to trim the con-
figuration.

Conclusions
Previous results have shown increases in maximum lift and

reductions in drag due to lift for close-coupled canard wing
configurations. Further increases in maximum lift and
reductions in drag due to lift have been demonstrated with
power applied through two-dimensional nozzles at the wing
trailing edge. Furthermore, the longitudinal instability, or
pitchup, was significantly reduced with power. Experimental
results for a VTOL configuration show that in the transition
mode the rearward nozzle location produces beneficial in-
teractions via induced circulation.

An effort to design a new model with planform, twist, and
section shape realistic of a transonic maneuvering con-
figuration has been completed. The new configuration will be
tested at low speeds in the Langley V/STOL tunnel to study
takeoff, landing, and high-angle-of-attack aerodynamics with
power. Some conceptual design for a supersonic con-
figuration having improved high-lift and maneuver
characteristics at low speeds are presently being studied,
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AERODYNAMICS OF BASE COMBUSTION—v. 40
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A. W. Barrows and J.R. Ward, Ballistics Research Laboratories

I t is generally the objective of the designer of a moving vehicle to reduce the base drag—that is, to raise the base pressure to a
value as close as possible to the freestream pressure. The most direct and obvious method of achieving this is to shape the body
appropriately—for example, through boattailing or by introducing attachments. However, it is not feasible in all cases to
make such geometrical changes, and then one may consider the possibility of injecting a fluid into the base region to raise the
base pressure. This book is especially devoted to a study of the various aspects of base flow control through injection and
combustion in the base region.

The determination of an optimal scheme of injection and combustion for reducing base drag requires an examination of the
total flowfield, including the effects of Reynolds number and Mach number, and requires also a knowledge of the burning
characteristics of the fuels that may be used for this purpose. The location of injection is also an important parameter,
especially when there is combustion. There is engineering interest both in injection through the base and injection upstream of
the base corner. Combustion upstream of the base corner is commonly referred to as external combustion. This book deals
with both base and external combustion under small and large injection conditions.

The problem of base pressure control through the use of a properly placed combustion source requires background
knowledge of both the fluid mechanics of wakes and base flows and the combustion characteristics of high-energy fuels such
as powdered metals. The first paper in this volume is an extensive review of the fluid-mechanical literature on wakes and base
flows, which may serve as a guide to the reader in his study of this aspect of the base pressure control problem.
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