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ABSTRACT

The relative merits of wing-canard,
wing-tail, and tailless arrangements for
advanced fighter applications were address~
ed in two wind tunnel studies. Variable
camber by means of automatically scheduled
leading~ and trailing-edge flaps was a pri-
mary consideration in both studies. In the
first study, a canard was evaluated with
respect to a tail on a modified F-16 tran-
sonic fighter model at subsonic, transonic,
and supersonic speeds. Both arrangements
were tested in enough detail to address the
effects of scheduled flaps and static mar-
gin on trimmed polar shape, along with sta-
bility and control considerations at high
angles of attack. In the second study,
General Dynamics and NASA/LRC conducted a
series of generic wind tunnel tests to pro-
vide the data base needed for a more gener-
al understanding of the aerodynamic/per-
formance comparisons between wing-canard,
wing-tail, and tailless arrangements. Both
a 60-degree leading-edge-sweep delta wing
and a 44-degree leading-edge-sweep trape-
zoidal wing were tested, at subsonic and
supersonic speeds, to address configura-
tions dominated by vortex flow and by at-
tached flow, respectively. Sufficient data
were obtained to provide trimmed drag polar
comparisons for all wing-canard, wing-tail,

and tailless arrangements with optimally
scheduled flaps at various stability
levels. The importance of these aerody-

namic comparisons was placed in perspective
by evaluating their impact on takeoff gross
weight {(TOGW) in the design of an advanced
fighter. From the results of both studies,
several general conclusions were reached.
(1) For highly efficient, variable-camber
wings, large negative stability levels are
required to achieve small subsonic polar

shape benefits for wing-canard arrange-
ments, as compared to wing-tail arrange-
ments. However, these large negative stab-

ility levels are accompanied by reduced
maximum lift for canard arrangements along
with potential stability and control prob-
lems at high angles of attack. The need
for large negative stability levels with a
wing-canard diminishes as the main wing ef-
ficiency is decreased. (2) Subsonic polars
for canard and tailless arrangements are
more sensitive to subsonic static margin
than those of wing-tail arrangements. (3)
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At supersonic speeds, the canard arrange-
ments show some advantage because their
polar shapes optimize at higher subsonic
stability levels than wing-tail or tailless
arrangements. (4) The minimum drag and
weight advantages of tailless delta ar-
rangements can overcome polar shape defi-
ciency to provide a TOGW advantage for
typical advanced fighter mission/perform-
ance requirements. (5) Static margin limit
is a critical issue in control surface (ca-
nard, tail, tailless) selection.

L. Introduction

Requirements for superior combat per-
formance at subsonic and supersonic speeds
have led to a widespread integration of
variable-camber systems in advanced fighter
designs. By contrast, the control surface
selection issue (canard, tail, or tailless)
has been a subject of considerable dis-
agreement. The purpose of this paper is to
investigate some key aspects of this con-
troversial issue with special emphasis
placed on considering the effects of trim
and variable camber, obtained by means of
automatically scheduled flaps.

II. Transonic Fighter Model Analysis

A series of wind tunnel tests was
conducted by General Dynamics during 1977
and 1978 to evaluate the relative merits of
canard and tail arrangements in conjunction
with a larger wing on the F-16. The canard
and tail arrangements shown in Figure 1
were tested in enough detail to address the
effects of scheduled flaps (leading- and
trailing-edge) and static margin on both
trimmed polar shape and stability/control
characteristics at high angle of attack.

The initial section contains an over-
view of some primary factors that affect
trimmed polar optimization with a well-
designed variable-camber wing. This dis-
cussion contains some explanatory-type con-
clusions that were drawn only after careful
analysis of all data obtained. This infor-
mation is presented up front to provide
some preliminary insight that will aid the
reader in understanding data comparison
trends as they are presented in subsequent
sections of this report.

77a



DRAG POLAR OPTIMIZATION WITH SCHEDULED
FLAPS

Before drawing comparisons between
the wing-canard and wing-tail arrangements
of Figure 1, it is useful to review some
fundamental aerodynamic considerations that
govern drag polar optimization in various
flow regimes for a well designed fighter.
A trimmed subsonic polar can be optimized
by use of scheduled flaps combined with
proper CG placement, as illustrated for the
wing-tail arrangement in Figure 2.
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Figure 1 Canard and Tail Arrangements Evaluated on

Modified F-16

In the low~to-moderate 1ift range,
labeled Regime I in Figure 2, the leading-
and trailing-edge flaps are scheduled to
maintain attached flow over the wing. Here
the drag polar is nearly optimized by
carrying all 1ift in the main wing rather
than in any control surface (tail or
canard). This is possible only if the CG
is located at the wing-body center of

pressure so that, with scheduled flaps, the
wing-body is simultaneously trimmed and
optimized.

In the higher 1ift range, labeled

Regime II in Figure 2, the wing becomes
less efficient due to flow separation and
loss of leading-edge suction. Here the
trimmed polar is enhanced by carrying small
to moderate uploads in the control surface
(tail or canard). This trim requirement in
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Figure 2 Subsonic Polar Optimizatidn with Scheduled Flaps
and CG Placement

Regime II is satisfied only if the CG is
located aft of the wing-body center of
pressure for a wing-tail or forward of the
wing-body center of pressure for a wing-

canard. A well designed controlled sepa-
ration device, such as a strake or a fixed
canard, will provide both favorable inter-

ference and wing load relief to further
enhance the polar in Regime II.

Wing-body drag polars and pitching
moment data are presented in Figure 3 for a
series of flap deflections on the transonic
fighter model at .6 Mach. These data show
that with the CG properly located, in this
case at 44%%, it is indeed possible to
achieve optimum trim requirements. For the
optimum flap schedule shown in Figure 3,
the wing is simultaneously optimized and
self-trimmed in Regime I; however, nose-
down control moments are required in Regime
II. This nose-down control requirement in
Regime II can be satisfied with either an
uploaded tail, which enhances the polar, or
a downloaded canard, which degrades it.
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Figure 3 Optimum CG Location for Variable Camber Wing as
Derived from Wing-Body Aerodynamics
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Following this rationale, a CG lo-
cation of 44%C is expected to provide a
near-optimum trimmed polar for either the
canard or tail arrangement in Regime I. It
may also be expected that this CG location
provides a near-optimum trimmed polar for
the tail arrangement in Regime II; however,
for the canard arrangement no single CG
location will provide an optimum trimmed
polar in both Regime I and Regime II.

The control surface trim requirements
at higher Mach numbers can be compared with
those at .6 Mach by inspection of wing-body
pitching moment curves, as shown in Figure
4, for the same CG location of 44%&. With
the optimum flap schedule indicated by the
dashed lines, it 1is apparent that the .9
Mach trim requirements are quite similar to
those at .6 Mach. At 1.5 Mach the flaps
are fixed at zero and the wing-body is
self-trimmed up to a 1lift coefficient of
0.8. In the supersonic Mach range,
referred to as Regime III in Figure 4, the
polar shape is optimized by carrying a
small fraction of the overall 1lift in the
control surface (tail or canard), as will
be shown in the generic research model

analysis. It will also be shown that the
subsonic/transonic Regime I  polar is
slightly enhanced by carrying a small
fraction of the total 1lift in the control
sur face. Therefore, considering only the
Regime I and Regime III cases, it may be
expected that the canard arrangement will

optimize with a CG location slightly
forward of 44%C while the tail arrangement
optimizes slightly aft of 44%c.
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Figure 4  Criteria for Optimization of Trim Surface
Requirements Across the Mach/Lift Flow Regimes
with Scheduled Flaps
This set of wing-body data indicates
that, with scheduled flaps and proper CG
placement, the trim surface requirements

can be nearly optimized across all three
flow regimes for the wing-tail case.
However, for the wing-canard case, the CG

location that provides near-optimum trim
requirements in Regimes I and III is aft of
an optimum placement for Regime II. A CG
location of 44%% provides a self-trimming
wing with optimally scheduled flaps in
Regime I, and is very close to an optimum
location for both the canard and tail ar-
rangements in Regime I, as will be shown in
the following two sections.

The longitudinal stability effects of
integrating both canard and tail control
surfaces with the wing-body are compared in
Figure 5 for the near-optimum CG location
of 44%&. The wing-body subsonic static
margin is nominally -18%¢ as defined in the
low-1ift coefficient range from 0 to 0.4.
Addition of the tail, which is located in
the wing downwash field, causes the aero-
dynamic center to shift aft 8% to give a
subsonic static margin of -10%&. Since the
canard is added in an upwash field caused
by the wing and forebody, it produces a
more powerful aerodynamic center shift of
15% forward to give a subsonic static
margin of -33%cC. This large forward
aerodynamic center shift coupled with the
near-optimum CG location of 44%C is an
illustration of the fundamental reason why
efficient wings with scheduled flaps re-
quire more negative stability to optimize
in Regime I with a canard than with a tail.
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Figure 5 Longitudinal Stability for Canard and Tail
Arrangements with Near-Optimum CG Location

The actual negative static margin
limit for each arrangement will be set by
stabilty and control considerations that

address high angle of attack (roll-pitch
coupling, deep stall, and lateral/direc-
tional) characteristics along with control
system (pilot-in-loop handling qualities
with real-time actuation rates) and flexi-
bility limits. For this transonic fighter
model, these considerations drove the
static margin limit to -10%%, as indicated
in Figure 5. This translates into an aft
CG 1limit of 44%C for the wing-tail versus
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21%% for the wing-canard. The wing-tail
provided fully satisfactory stability and
control characteristics at this subsonic
static margin limit of -10%&; however, the
wing-canard encountered both longitudinal
control and directional stability problems,
described later, which were not resolved
during this study.

In spite of these unresolved stabili-
ty and control problems for the wing-
canard, trimmed polar comparisons were made
at a subsonic static margin of -10%% as
shown in Figure 6. These comparisons in-
dicate substantial polar shape advantages
for the wing-tail arrangement at subsonic
speeds along with nearly identical super-
sonic polars.
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SCHEDULED FLAP AND TRIM EFFECTS

The use of scheduled flaps can have a
significant impact on control surface
selection as illustrated by the trimmed
drag polars shown in Figure 7 for a sub—
sonic static margin of -~10%&. With flaps
fixed at =zero, no significant difference
occurs between the wing~canard and wing-
tail arrangements., This is because the
wing is very inefficient with zero flaps
and under this condition favorable inter-
ference and load relief is provided by a
lifting surface located forward of the
wing. Both the forebody strake and the
uploaded canard perform this function in a
similar manner. However, for the optimum
scheduled flap case shown in Figure 7, the
wing-tail shows a definite advantage over
the wing-canard. This is because with
scheduled flaps the wing is potentially
very efficient and the polar is optimized
with practically no 1ift carried in the
control surface. With a static margin of
-10%&, the wing-tail arrangement is capable
of maintaining the optimum wing-body flap
schedule while minimizing control surface
lift; however, the wing-canard does not
provide this capability ( for reasons
described in the previous section).
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Figure 6 Trimmed Polar Comparison Between Canard and
Tail Arrangements at a Subsonic Static Margin

of —10%¢

The trimmed polar advantages for the
wing-tail at subsonic speeds can be best
understood by referring back to Figure 3.
With the origin for a CG location of 21%&
(a subsonic static margin of -10%& for the
wing-canard) superimposed on the wing-body
pitching-moment curves, it is evident that
the wing-canard polar shape must be com-
promised in Regime I. If the optimum wing-
body flap schedule is maintained, large
canard uploads are required for trim.
These canard uploads can be reduced only by
backing off from the optimum flap schedule
for the wing-body. The wing-canard enve-
lope polars shown in Figure 6 were defined
by passing a minimum-drag fairing tangent
to the family of trimmed polars for the
various flap deflections. These trimmed
envelope polars are optimum for the wing-
canard with a subsonic static margin of
-10%¢C.

Figure 7 Scheduled Flap Effect on Polar Comparisons
Between Canard and Tail Arrangements at a
Subsonic Static Margin of —~10%¢

Trimmed polar comparisons must be
carefully considered in the process of
evaluating various control surface options
(or any other <configuration option).
Furthermore, these trimmed polar com-
parisons must be made at stability levels
that are appropriate for each control
surface concept. The importance of this
kind of comparison is illustrated in Figure
8. For the untrimmed case, virtually no
polar shape difference occurs between the
wing-canard and wing-tail with scheduled
flaps. However, the trimmed polar com-
parisons at discrete static margins show
quite different results. The wing-tail
shows a definite advantage at neutral
stability but 1is nearly identical to the
wing-canard at a static margin of -15%¢.
With the static margin fixed at -30%G, the
wing~canard shows an advantage over the
wing-tail. However, this is not an ap-
propriate comparison because the wing-taill
polar is optimized at a static margin of
~-15%&, and -~30%C is not achievable for
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Figure 8 Trim Effects on Polar Comparisons Between Canard
& Tail Arrangements at Various Subsonic Static Margins

either arrangement, as will be shown in the
next section. The important point is that
trimmed polar comparisons should be made at
stability levels that are at least achiev-
able and optimum (if possible) for each
control surface arrangement.

STATIC MARGIN SENSITIVITY AND LIMITS

The subsonic polar of the wing-tail
shows significantly 1less sensitivity to
static margin than that of the wing-canard,
as shown in Figure 9. This comparison also
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Figure 9 Subsonic Polar Sensitivity to Static Margin for
Canard and Tail Arrangements

shows that the wing-tail polar is optimized
in Regime I at a more positive stability
level (i.e., -15%& for the wing-tail versus
-30%C for the wing-canard). A comparison
of the wing-canard and wing-tail polars at
their optimum static margins (see Figure
10) shows a small advantage for the wing-
canard up to moderate. lift coefficients.
For both arrangements, the optimum polars
are achieved by carrying a very small
fraction of the total 1lift in the control
sur face. This is evident if one recalls
that the self-trimming wing condition,
discussed previously, is achieved with the
CG at 44%C, which corresponds to static
margins of -33%& for the wing-canard and
~-10%& for the wing-tail. It 1is also

apparent from Figure 9 that the wing-canard
optimum static margin for the moderate-lift
regime is significantly more negative than
that for the high-1lift regime (i.e., -30%¢C
versus -20%3). With the CG located for a
static margin of -30%T on the wing~canard,
the low-to-moderate lift regime is
optimized Dbecause the wing 1is 1lifting
efficiently and practically no canard 1lift
is required for trim. However, this CG
location results in trim requirements for
download in the canard at higher 1lift co-~
efficients rather than the moderate canard
uploads that would enhance the polar in
this regime.
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Figure 10 Polar Shape Comparison Between Canard & Tail
Arrangements at Optimum Static Margins

The aft CG limits for this transonic
fighter model were set by longitudinal
control and directional stability charac-
teristics at high angles of attack. These
characteristics for the wing-canard and
wing-tail arrangements are compared in
Figure 11.

The longitudinal control power must be
sufficient to satisfy a dynamic roll/pitch
coupling requirement. In other words, for
a required roll rate of 50 deg/sec in this
case, sufficient nose~-down control must be
available to overcome both static and iner-
tial forces. This requirement is nominally
satisfied if the CG is located such that,
with maximum nose-down control, the pitch-
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Figure 11 Comparison of Maximum Nose-Down Control and

Directional Stability Characteristics for Canard
and Tail Arrangements
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ing moment coefficient is less than -0.1 up
to high angles of attack. With the static
margin set at -10%&, the wing-tail satis-
fies this roll-pitch coupling requirement;
but the wing-canard lacks sufficient nose-
down control at angles of attack above 32
degrees, as shown in Figure 11.

The directional stability comparison
of Figure 11 shows the wing-canard to be
unstable between 24 and 29 degrees angle of
attack. This problem was apparently caused
by an adverse interference of the canard
wake with the vertical tail. Increased
canard dihedral caused the same problem to
occur at lower angles of attack. The wing-
tail directional stability was considered
acceptable for a negative static margin of
-10%¢&.

Some attempts were made to correct
the longitudinal control and directional
stability problems associated with the
wing-canard; however, no satisfactory solu-
tions were found during this study. Based
on an assumption that these problems could
be resolved with further analysis and test
efforts, a decision was made to compare
trimmed polars at a static margin of -10%&
for both the wing-canard and the wing-tail.
Even though this assumption may be optimis-
tic for this wing-canard configuration, the
trimmed polars for the wing-tail still
provide a significant advantage over those
for the wing-canard as shown previously in
Figure 6.

The longitudinal control character-
istics for the wing-canard and wing-tail
are compared in Figure 12 with their CG's
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Figure 12 Comparison of Longitudinal Control Characteristics
for Canard and Tail Arrangements

located to provide a subsonic static margin
of -10%C. From these pitching moment
curves, it is evident that further aft
movement of the CG's would result in trim
requirements for increased upload in the
tail versus reduced upload in the canard.
These contrasting trim requirements result

in a fundamental trend toward increased
maximum lift for the wing-tail versus de-
creased maximum 1ift for the wing-canard
with reduced stability, as shown in Figure

13.
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Figure 13  Effect of Subsonic Static Margin on Maximum Lift
for Canard and Tail Arrangements

III. Generic Research Model Analysis

The preceding transonic fighter model
analysis represents a re-evaluation of wind
tunnel data taken during 1977 and 1978 on
two modified versions of the F-16 aircraft.
The task of re-evaluating this data was
undertaken during 1981 in light of current
interest in wing-canard arrangements for
advanced fighter applications. Conclusions
from this analysis indicate that a wing-
tail provides a better solution than a
wing-canard for a modified F-16 appli-
cation. Some questions remained, however,
as to whether these conclusions had general
relevance or were restricted to and
possibly driven by the particular configu-
ration characteristics of the F-16.
Literature surveys, conducted Dby Dboth
General Dynamics and NASA/LRC, showed no
other comparative testing that addressed
the canard-versus~tail issue in a system-
atic way with consideration for the effects
of trim and scheduled flaps. The joint
GD/NASA research program described herein
was initiated in 1982 to address this data-
base deficiency.

During 1982 and 1983, General Dynamics
and NASA/LRC conducted a series of wind
tunnel tests on a generic configuration
matrix, shown in Figure 14. The purpose of
this test program was to provide the data
base needed for a more general under-
standing of aerodynamic/performance com-
parisons between wing-canard, wing-tail,
and tailless arrangements. Both a 60-
degree leading-edge-sweep delta and a 44-
degree leading-edge-sweep trapezoidal wing
were tested to address configurations
dominated by vortex flow and by attached
flow, respectively. The data obtained were
sufficient to provide trimmed polar compar-
isons at various subsonic static margins
for the configurations of Figure 14 with
optimally scheduled flaps.
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Figure 14 Generic Research Model Configuration Matrix

This generic model is appropriate for
addressing trimmed polar shape character-
istics up to moderate 1lift coefficients,

where the polar shape 1is primarily a
function of wing and <control surface
geometry. However, stability and control

characteristics at high angles of attack
tend to be highly dependent on more subtle
configuration details and cannot be ap-
propriately addressed in such a generic
sense. Therefore, the testing was limited
to longitudinal data up to moderate 1lift
coefficients, as required for performance
comparisons. This generic test series was
conducted in the LRC 7- by 10-foot tran-
sonic tunnel at Mach numbers of 0.4 and 0.8
and in the LRC 4- by 4-foot supersonic
unitary tunnel at Mach numbers of 1.6 and
2.0. A dual-balance system was housed
within the fuselage to provide the capabil~-
ity of isolating forebody forces while

obtaining force data on the total configu-
ration. The following discussion is
limited to summary data comparisons that
reflect the major conclusions derived from
the study. Wind tunnel data from these
tests are available in Reference 1, along
with a more detailed presentation of ana-
lytical results.

TRAPEZOIDAL WING

It was previously observed that the
subsonic drag due to lift is nearly opti-
mized with the control surface unloaded,
provided that the main wing is lifting
efficiently. Therefore, the first step in
this study was to investigate the effects
of scheduled flaps, both with and without a
strake, on the wing-body envelope polar
efficiency. As shown in Figure 15, the
scheduled leading- and trailing-edge flaps
provide this wing with a highly efficient
subsonic polar. However, when combined
with a strake (defined in Reference 2 as AD
22), the polar improvements achieved with
scheduled flaps are significantly degraded.

This strake effect tends to support the
idea of carrying lift exclusively in the
main wing in the attached-flow regime. In
order to maximize wing-body efficiency, the
strake was removed for all the following
trimmed polar comparisons.
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Figure 15 Scheduled-Flap and Strake Effects on Wing-Body
Polars of the 44-Degree Sweep Trapezoidal Wing

A summary comparison of wing-canard,
wing-tail, and tailless data 1is presented
in Figure 16 as the variation of trimmed
envelope polar drag with subsonic static
margin for lines of constant 1lift coef-
ficient. The leading- and trailing-edge
flaps were optimally scheduled to minimize
drag for the wing-canard and wing-tail.
For the tailless arrangement, the subsonic
data were insufficient to define trimmed
polars; at supersonic speeds, trailing-edge
flap deflections were naturally governed by
trim requirements rather than by drag
optimization.
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Figure 16 Summary Trimmed Drag Comparison of Canard, Tail
and Tailless Arrangements with the 44-Degree Sweep
Trapezoidal Wing

At subsonic speeds, large negative
static margins are required to achieve
small polar benefits for the wing-canard as
compared to the wing-tail. The wing-tail
drag is optimized with subsonic static mar-
gins in the range of -10 to -15%8&. This
nominal level of instability is considered
achievable because of satisfactory high-
angle-of-attack stability and control char-
acteristics observed on the transonic
fighter model. Furthermore, the drag pen-
alties for slightly increased stability on
the wing-tail are not severe. The wing-
canard subsonic drag polar appears to be
approaching optimum with a subsonic static
margin of -25%&, and increased stability is
accompanied by severe drag penalties. The
risk associated with an aircraft designed
for this level of instability is signifi-

cant, and the potential drag benefits ap-
pear to be small. It is also apparent that
the subsonic polar shapes of both the

canard and tailless arrangements are far
more sensitive to subsonic static margin
variations than those of the wing-tail.

At supersonic speeds, static margin
sensitivity 1is roughly similar for the
canard, tail, and tailless arrangements.
Here, the optimization comparison between
canard and tail is somewhat reversed, with
the subsonic static margin being optimum at
~-15%% to =-20%C for the wing-canard versus
approaching optimum at -25%& for the
wing-tail. The reason for this reversal is
associated with aerodynamic center (defined
with all surfaces fixed at zero-deflection)
travel from subsonic to supersonic speeds,
which is greater for the wing~tail than for
the wing-canard, as shown in Figure 17.
This happens because the fraction of total
1ift carried by the tail increases signifi-
cantly as the wing downwash field decreases
from subsonic to supersonic speeds.
However, because of its forward location,
the canard experiences relatively 1little
variation in the fraction of total 1ift
that it carries between subsonic and super-
sonic speeds. Therefore, for a fixed level
of subsonic stability, the wing-body is
more stable at supersonic speeds for the
wing-tail than it is for the wing-canard.
It is this supersonic wing-body stability
that determines canard or tail trim
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Figure 17 Variation of Aerodynamic Center with Mach Number
for Canard, Tail and Tailless Arrangements with the
44-Degree Sweep Trapezoidal Wing

2.0

requirements. Both the wing-canard and the
wing-tail optimize with approximatley 12%
of the total 1ift carried in the control
surface, as shown for 1.6 Mach in Figure
18. This optimum control-surface/wing lift
ratio is achieved with a subsonic static
margin of nominally -21%C for the
wing-canard versus -27%& for the wing-tail.
The net result is that, at supersonic
speeds, the wing-canard provides a small
drag advantage over the wing-tail with a
reasonable level of subsonic static margin

(i.e., =10 to -15%¢&).
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Figure 18 Effect of Control Surface Lift on Trimmed
Supersonic Drag for Canard and Tail Arrangements
with the 44-Degree Sweep Trapezoidal Wing

DELTA WING

The effect of various flap schedules
on subsonic polar efficiency of the wing-
body is shown in Figure 19. Although the
scheduled flaps provide a large polar shape
improvement, this wing is not as efficient
as . the 44-degree—~sweep trapezoidal wing
(see Figure 15).
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Figure 19 Scheduled Flap Effects on Wing-Body Polars of the
60-Degree Sweep Delta Wing

A summary comparison of wing-canard,
wing-tail, and tailless data is presented
in Figure 20 as the variation of trimmed
envelope polar drag with subsonic static
margin for lines of constant lift coef-
ficient. The leading- and trailing-edge
flaps were optimally scheduled to minimize
drag for the wing-canard and wing-tail.
For the tailless arrangement, the leading-
edge flaps were optimally scheduled; how-
ever, trailing-edge flap deflections were
naturally governed by trim requirements
that were generally inconsistent with drag
optimization.

CANARD TAILLESS TAIL
""" —<7 i -t ——t
M=.4 M=38 M=186 M= 20
M N CLy N Cp
L g I i L &
T} | - L N
a2l - Nl L BT
N é N Y N N
NN A . . | X y
Cp 0 \\‘e;(__ 6 \ﬁ-—».—»s Cp . i ‘\lﬁ""l‘
. ] - Sy )
a i i naT\T“” -
! 2 | 5 a2, a2
T P i o : 0
L S J L j L | T | - I —
6 10 20 0 .qp 20 0 10 20 0 -0 -20
SUBSONICSM  SUBSONIC SM SUBSONICSM  SUBSONIC SM

Figure 20 Summary Trimmed Drag Comparison of Canard, Tail
and Tailless Arrangements with the 60-Degree Sweep
Delta Wing

As might be expected, the decreased
efficiency of this wing, with respect to
the trapezoidal wing, causes both the wing-
canard and wing-tail to optimize with
larger control surface uploads at subsonic
speeds. This results in polar optimization
with more positive stability for the wing-
canard and more negative stability for the

wing-tail. Still, the wing-tail provides
lower subsonic drag than the wing-canard at
subsonic static margins more positive than
-15%c. Also, as in previous cases, the
wing-tail subsonic polar shapes are far
less sensitive to subsonic static margin
variations than those of the wing-canard
and tailless arrangements.

The wing-tail subsonic drag is opti-
mized with subsonic static margins in the
range of -10%& to -15%¢ and the drag pen-~
alties for slightly increased stability
levels are not severe. This result is
similar to both of the previous wing-tail
arrangements., Furthermore, stability and
control characteristics of the transonic
fighter model at higher angles of attack
indicate that this nominal level of instab-
ility is achievable for a wing-tail.

The wing~canard subsonic polar is
optimized with a subsonic static margin of
approximately -20%& and, as for previous
wing-canard cases, slightly increased
stability levels are accompanied by large
drag penalties. At a subsonic static mar-
gin of -20%&, the wing-canard provides a
small drag advantage over the wing-tail.
However, the additional risk that would
accompany this small benefit does not ap-
pear to be warranted. At a subsonic static
margin of -15%&, the wing-canard subsonic
polar is comparable to that of the wing-
tail. The wing-canard also shows a small
supersonic advantage over the wing-tail at
this level of instability. An - increased
supersonic polar advantage for the wing-
canard is seen at a subsonic static margin
of -10%&; however, at this stability level
the wing-tail provides a significant sub-
sonic advantage.

The subsonic polars for the tailless
arrangement are roughly comparable to those
of the wing-tail at subsonic static margins
approaching -10%&. However, recent tail-
less aircraft experience by General
Dynamics on the F-16XL indicates that this
level of instability is probably not
achievable. At supersonic speeds, the
tailless arrangement provides a significant
minimum drag advantage that could compen-
sate for polar shape penalties associated
with more positive stability levels.

At supersonic speeds, the static
margin sensitivity is roughly similar for
the canard, tail, and tailless arrange-
ments. Here, the wing-canard optimizes at
a more positive subsonic static margin than
the wing-tail (nominally at -13%& versus
-20%8) . This trend is reversed from the
subsonic case, where the wing-canard opti-
mized at a subsonic static margin of -20%8&
versus -10%& for the wing-tail. The reason
for this reversal was described for the
trapezoidal wing case, where the same trend
was observed. The aerodynamic center
travel from subsonic to supersonic speeds
is greater for wing-tail than for the wing-
canard, as shown in Figure 21. Both the
wing-canard and wing-tail optimize with ap-
proximately the same percentage of total
1ift carried in the control surface (i.e.,
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Figure 21 Variation of Aerodynamic Center with Mach Number

for Canard, Tail and Tailless Arrangements with the
60-Degree Sweep Delta Wing

14% for the wing-canard versus 13% for the
wing-tail), as shown for 1.6 Mach in Figure
22. These optimum control-surface/wing
lift ratios are achieved with a subsonic
static margin of nominally -14%& for the
wing-canard versus -20%& for the wing-tail.
As was the case for the 44-degree-sweep
trapezoidal wing, the net result is that,
at supersonic speeds, the wing-canard
provides a small drag advantage over the
wing-tail with a reasonable level of sub-

sonic static margin (i.e., -13%&).
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Figure 22  Effect of Control Surface Lift on Trimmed Supersonic

Drag for Canard and Tail Arrangements with the 60-

Degree Sweep Delta Wing

AIRCRAFT DESIGN IMPLICATIONS

The importance of these aerodynamic
comparisons can be placed in proper per-
spective by evaluation of their impact on
the design of an advanced fighter aircraft.
This was accomplished by simulating the
polar shape characteristics shown in
Figures 16 and 20 in the General Dynamics
Conceptual Design Synthesis Procedure

(cpsp, Reference 3) and optimizing airfoil
thickness, wing area, and fuselage size for
various levels of mission/performance re-
quirements while holding planform shape
constant. The minimum drag of the baseline
fuselage and external stores was also held
identical for all configuration arrange-
ments in order to isolate the effects of
drag due to 1ift, camber, and trim.

Results of this analysis are presented
in Figure 23 in terms of relative takeoff
gross weight (TOGW) versus subsonic static
margin for both the trapezoidal and the
delta wing arrangements. The sizing
mission was held constant while the effect
of three levels of combat performance was
evaluated. The middle two comparison plots
are representative of a desired level of
combat performance, whereas the upper two
plots are representative of excessively
high supersonic maneuver requirements and
the lower two plots are representative of

reduced subsonic and supersonic combat
per formance requirements.
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Figure 23 Summary of Aircraft Sizing Analysis Based on
Trimmed Polar Shapes of Generic Research Model

For both the desired and moderate
per formance cases, the subsonic polar shape
characteristics are dominant factors and
the canard-versus-tail TOGW trends are
remarkably similar to the trimmed drag
comparisons of Figures 16 and 20. More-
negative static margins are required to
show a TOGW advantage for the canard, and
the canard TOGW 1is more sensitive to sub~
sonic static margin than the tail at these
performance levels. The crossover point
for the wing-canard occurs at a more posi-
tive subsonic stability level for the delta
wing (-12%&) than for the trapezoidal wing
(-17%8). This is attributed to the rela-
tively lower aerodynamic efficiency of the
delta wing. At subsonic static margins of
-10 to -15%&, which are considered poten-
tially achievable for canard and tail ar-
rangements, the trapezoidal wing shows a
TOGW advantage for the tail; however, the
TOGW difference between canard and tail
arrangements is not significant for the
delta wing.
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For the case of extreme supersonic
high—-g performance requirements, the super-
sonic polar shape advantage of the canard
becomes significant and provides the canard
an advantage with respect to the tail for
both the delta and trapezoidal wings.

It is unlikely that a tailless ar-
rangement can tolerate subsonic static mar-
gins of less than -5%C&. However, it is in-
teresting to note that, even at neutral
stability, the tailless delta is competi-
tive with both the canard and tail arrange-
ments at a subsonic static margin of ~10%8&.
This is attributed to the minimum drag and
weight advantages of the tailless delta,
since both the tail and canard arrangements
have superior polar shapes. Unfortunately,
subsonic test data was insufficient to sim-
ulate a tailless trapezoidal-wing arrange-
ment.

IV. Concluding Remarks

The generic test data analysis pro-
vides a better understanding of issues that
affect control surface selection for ad-
vanced fighter applications. Furthermore,
no basic contradictions with regard to the
canard versus taill issue, were found be-
tween the generic study and the modified
F-16 study. Based on these two studies, it
was generally concluded that the key con-
siderations for control surface (canard,
tail or tailless) selection are scheduled
flap and trim/static margin effects along
with high angle-of-attack stability and
control characteristics. The general con-
clusions resulting from this work are sum-
marized as follows:

° For highly efficient variable-
camber wings, large negative sub-
sonic static margins are required
to achieve subsonic polar shape
benefits for wing-canard arrange-
ments with respect to wing-tail
arrangementsg. However, these large
negative static margins are ac-
companied by reduced maximum 1lift
for canard arrangements along with
potential stability and control
problems at high angles of attack,
as shown for the modified F-16 case
with a subsonic static margin of
-10%¢.

® Subsonic polar shapes for canard
and tailless arrangements are more
sensitive to subsonic static margin
variations than those for tail ar-
rangements. As stability of the
wing-canard is increased from its
optimum level, the optimum wing-
body flap schedule must be com-
promised to avoid excessive trim/
interference drag penalties as-
sociated with carrying large trim
uploads in the canard.

® Supersonic polar shapes for canard
arrangements optimize at more pos-
itive subsonic static margins than
those for tail arrangements. This

results in a supersonic polar shape
advantage for the wing-canard.
However, mission/performance anal-
ysis shows that, for the trapezoid-
al-wing case, supersonic perfor-
mance requirements must be pressed
to extreme levels to take advantage
of this benefit; the canard versus
tail sensitivity to supersonic per-
formance requirements is consider-
ably reduced for the delta wing
case.

® The minimum drag and weight ad-
vantage of tailless delta arrange-
ments can overcome polar shape de-
ficiencies to provide TOGW advan-
tages for typical advanced fighter
mission/per formance requirements.

® Static margin limit is a critical
issue in control surface selection.
This limit is governed by consider-
ation of high angle-of-attack sta-
bility and control characteristics,
control system considerations, and
control-surface/flexibility
characteristics.

It was also noted throughout the

comparisons between wing~canard and wing-
tail arrangements that,

e If the main wing is performing ef-
ficiently, the subsonic polar shape
is nearly optimized with no lift in
a canard or tail. Full optimiza-
tion for an efficient wing requires
that a very small fraction of the
total 1ift Dbe carried in the
control surface; the optimum ratio
of control surface to wing lift in-
creases as the wing becomes less
efficient.

® Unloading a canard requires more
negative stability than unloading a
tail because of the forward aero-

dynamic center shift caused by
adding a canard. This factor
drives efficient variable-camber

wings toward requiring large nega-
tive static margins to optimize
with a canard; the need for large
negative static margins diminishes
as the main wing efficiency de-
creases.

® An uploaded canard enhances the
polar at angles of attack above the
main wing polar break. However,
this improvement is achievable only
if a canard upload is required for
trim. Such a trim requirement is
not consistent with the large nega-
tive static margin required to op-
timize an efficient variable-camber
wing in the attached-flow regime.

® At supersonic speeds, canard ar-
rangements optimize at more posi-
tive subsonic stability levels than
wing-tail arrangements. The reason
for this trend is that the aerody-
namic center travel from subsonic
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to supersonic speeds is greater for
the wing-tail than for the wing-
canard. Both arrangements optimize
with approximately the same frac-
tion of total 1lift carried in the
control surface at supersonic
speeds (nominally 12% to 14% for
the arrangements tested).

@ Nicholas, W.

For advanced fighter applications,
where a highly efficient, variable~camber
wing 1is employed, no significant wing-

canard advantage was found that would war-
rant the additional risk (associated with

increased negative stability,

increased

sensitivity of subsonic polar shape to CG

location,

over a conventional wing-tail arrangement.

and potential stability and con-
trol problems at high angles of attack)

771L

REFERENCES

U., Naville, G. L., An
Evalution of the Relative Merits of Wing-
Canard, Wing-Tail and Tailless Arrange-

ments For Advanced Fighter Applications,

General Dynamics, Fort Worth Division Re-
port, FZA-547, 19 April 1984.

Lamar, J. E., and Frink, N. T., Experi-
mental and Analytical Study of the Long-

itudinal Aerodynamic Characteristics of

Analytically and Experimentally Designed

Speeds,

Strake-Wing Configurations at Subcritical
NASA Technical Paper 1803, June
Unclass.

1981,

Jones, D. W., Nicholas, W. U., Brock,

0. R., Development of a Conceptual Design
Synthesis Program, General Dynamics, Fort
Worth Division Engineering Research Re-
port, ERR-FW-1575, 1974.




