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Some Trim Drag Considerations for Maneuvering Aircraft
LlNWOOD W. McKlNNEY* AND SAMUEL M. DOLLYHlGHf

NASA Langley Research Center, Hampton, Va.

The results of a preliminary analytical and experimental study of trim drag characteristics
at maneuvering lift coefficients have been summarized. The study included aft-tail con-
figurations at subsonic and supersonic speeds and canard configurations at subsonic speeds.
It is shown that the tail load required to minimize trim drag is highly dependent on the wing-
body drag-due-to-lift characteristics with examples presented for both the full and zero lead-
ing-edge suction cases. For the high drag case (corresponding to zero leading-edge suction),
which tends to be typical at high maneuvering lift coefficients and high speeds, rather large
uploads on the tail are required to reduce the trim drag problem. The analytical predictions
of trim drag characteristics compare well with the experiment for the aft-tail configuration.
At supersonic speeds, reductions in down tail load required to trim, obtained by increasing
tail volume and thereby allowing a favorable rebalancing of the aircraft, result in relatively
large reductions in trim drag for aft-tail configurations. At subsonic speeds, the experi-
mental studies for the canard configuration exhibit considerably higher trim drag than the
analytical prediction as a result of canard stall.
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Nomenclature }

aerodynamic center
wing mean aerodynamic chord
total drag coefficient
drag coefficient at zero angle of attack
trim drag increment (drag increment between wing-

body drag curve and trimmed drag curve at a
constant lift coeffi cient )

lift coefficient, based on wing area
lift coefficient at zero angle of attack
increment in total lift coefficient carried on the

horizontal tail
lift coefficient due to deflection of horizontal tail,

per deg
slope of lift curve with angle of attack, per deg
pitching-moment coefficient
pitching-moment coefficient at zero angle of attack
pitching moment due to deflection of horizontal tail

at constant a, per deg
slope of pitching-moment curve with angle of attack,

per deg
slope of pitching-moment curve with angle of at-

tack, per deg
incidence angle of horizontal tail, deg
horizontal-tail arm, distance from center of gravity

to center of pressure on horizontal tail, ft
Mach number
f reestream dynamic pressure, Ib /ft2

local dynamic pressure at the horizontal tail, lb/ft2

reference area of horizontal tail
reference area of wing
tail volume coefficient, ltSt/cSw
angle of attack, deg
angle of deflection of canard, deg
downwash angle, deg
downwash angle at zero angle of attack, deg
drag-due-to-lift factor, variation of drag coefficient

with lift coefficient squared
variation of downwash with angle of attack

Presented as Paper 70-932 at the AIAA 2nd Aircraft Design
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submitted September 23, 1970; revision received January 15,
1971.

* Aerospace Technologist. Member AIAA.
t Aerospace Technologist. Associate Member AIAA.
t Primed quantities are nondimensionalized with respect to

tail area and chord.

Subscripts
t = refers to horizontal tail
w = refers to wing body
trim = refers to trimmed conditions

Introduction

TRIM drag has been the subject of a number of papers
published in the past1'2 and probably the most widely

known of these is the paper by Graham and Ryan.1 In
these analyses, however, the emphasis was primarily on
l-g flight and supersonic speeds. The present analysis is
concerned with the maneuvering case and emphasizes the
subsonic speed range.

In view of the many variables involved in an analysis of
trim drag and the interaction with stability and control char-
acteristics, it was considered desirable to supplement the
analytical study with a wind-tunnel investigation of a general
research model that could be used to study both aft-tail and
canard configurations.

Figure la shows a sketch of the model in the aft-tail con-
figuration and Fig. Ib shows a sketch of the model in the
canard configuration. The model in the canard configura-
tion was designed to utilize two balances: one balance is in
the forward fuselage to measure the combined forces and
moments of the canard and forward fuselage as indicated
by the shaded area of Fig. Ib, and the other in the aft fuselage
to measure the total forces and moments on the model. A
list of planform and configuration variables that will be
studied in the continuing investigation is shown in Table 1.
At the present time, however, only limited experimental data
have been obtained.

The purpose of the present paper is to summarize some of
the preliminary analytical studies that were used as a basis
for setting up the research program. These studies will be
compared with the experimental results, where available.
For aft-tail configurations, the discussion will be concerned
primarily with the effects of wing drag due to lift on trim
drag at subsonic speeds with a comparison of calculated and
experimental trim drag characteristics. The effect of tail
volume at supersonic speeds will also be discussed. The
adequacy of existing subsonic theory to predict interference
effects for canard configurations will be shown, and some
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Fig. la Sketch of general research model: aft-tail con-
figuration.

FOREBODY-CANARD BALANCE -» |\
MAIN BALANCE-

Fig. Ib Sketch of general research model: canard
configuration.

comparisons of calculated and experimental trim drag for
canard configurations will be discussed.

Method of Analysis

Various definitions of trim drag have been employed over
the years and the one selected for use in this paper is illustrated
in Fig. 2. The total trimmed drag polar is separated, for
analysis considerations, into the drag of the wing body and
the trim drag associated with trimming the wing-body mo-
ments. The trim drag increment listed on Fig. 2 as ACz>trim
is composed of an increment in drag on the wing due to the
change in wing lift coefficients required to offset the tail load
and the drag associated with the tail. It should be noted
that Fig. 2 represents trimming with a down load on the tail.

In this study, the aerodynamic characteristics of the com-
ponent parts of the airplane were obtained from lifting sur-
face theories (Ref. 3 for subsonic and Ref. 4 for supersonic),
and used as input to the following equations to calculate
the trim drag A(7z>trim as a function of tail load. The lift
and drag of the tail referenced to the local velocity at the tail
are

= {CLit'it

(1)

_ TAIL DRAG

AWING BODY- TRIM
DUE TO TAIL LOAD

- SEPARATION

_ FRICTION, FORM,
WAVE AND ROUGHNESS

Table 1 Planform and configuration variables for
research model

Item
Aft-tail configuration

Variations

Wing Camber, warp, section, sweep, location, plan-
form, and leading- and trailing-edge flaps for
maneuvering

Horizontal tail Size, location (vertical and horizontal)

Item
Canard configuration

Variations

Wing Camber, warp, section, sweep, location, and
leading- and trailing-edge flaps for maneuver-
ing

Canard Size, planform, location (vertical and horizon-
tal) and tr ailing-edge flaps for control

AC*, = &CD/t>CL*)t'{CLit'it + CV[-e0 +
(1 - d6/da)-a] + Cn^St/Svgt/go (2)

where

*"« = *«trim = ~{^0W + C™aw'OL + Cj^/f — €0 +

(1 - de/da)a]lt/cw-St/Sw'qt/q0}/CLit'-lt/cw'St/Sw-gt/q<>
(3)

The total trimmed lift and drag are

C L^ + C LO,, ' & + ACi, cose — ACj>, sine (4)

ot cose + AC Lt sine (5)

where

e = e0 + be/da -a (6)

The tail load referenced to wing area is

ACitaii = ACif cose — &CDt sine (7)

and the trim drag at a constant total lift coefficient is

= Cz>trimmed - l(CDOw 4- + X
(8)

Fig. 2 Definition of trim drag.

These equations, although written in terminology for an aft-
tail configuration, are also applicable . for canard configura-
tions when the canard aerodynamic and physical character-
istics are substituted for the tail terms and the downwash
is set equal to zero. Since the downwash terms apply to
the wing in the case of canard configurations, it is more ap-
propriate to obtain these effects from a lifting-surface theory
that accounts for mutual interference between the wing and
canard. In this case, the vortex lattice lifting-surface theory
of Ref. 3 was used.

In the present analysis, the drag-due-to-lift parameter of
the wing and tail/canard were considered separately rather
than integrating the total span load of the airplane. At the
high-lift coefficients of concern for maneuvering aircraft where
near-zero leading-edge suction usually exists on the wing,
this is not believed to result in significant error for aft-tail
configurations. For canard configurations where the span
load of the wing is significantly altered by downwash from
the canard, the absolute drag levels obtained with this
simplification may be somewhat in error and further work is
required to determine the magnitude. However, it is be-
lieved that the trends predicted are valid for preliminary
design work.
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Fig. 3 Typical variation of drag-due-to-lift parameter;
aspect ratio = 2.5; subsonic speeds.

Importance of Wing Efficiency

One of the more important considerations in a study of trim
drag is the efficiency with which the wing operates. There-
fore, a typical variation of the subsonic drag-due-to-lift
parameter (which is a measure of wing efficiency) is pre-
sented in Fig. 3. The full leading-edge suction line and the
zero leading-edge suction line are shown for reference. The
variation of leading-edge suction with Reynolds number and
wing geometry is discussed in a paper by Henderson.5 The
cross-hatched area indicates a typical range of values of the
drag-due-to-lift parameter for current aircraft including the
use of both fixed camber and twist or wing flaps for maneuver-
ing. At low-lift coefficients (€L ~ 0.30) typical of 1-0
flight, drag-due-to-lift values approaching those correspond-
ing to full leading-edge suction are generally obtained. At
the high-lift coefficients (Cz, ~ 1.0) which correspond to the
maneuvering case and consequently are of interest in this
paper, the drag-due-to-lift typically approaches the zero
leading-edge suction line even when current maneuver flap
concepts are considered. The need for improving drag-due-
to-lift characteristics of wings at the high-lift coefficients by
means such as wing warp, improved maneuver devices, and
so forth, is recognized and is included in the over-all general
research study outlined in Table 1. Wing efficiency is also
important at supersonic speeds and must be carefully con-
sidered in optimizing maneuvering performance. For this
paper, however, the discussion of drag due to lift will be
limited to the effects of the full and zero leading-edge suction
cases on trim drag.

Aft-Tail Configurations
Subsonic Case

To illustrate the effects of wing-body drag due to lift on
trim drag, the calculated variation of trimmed drag with tail
load required to trim is presented in Fig. 4 for both the full
leading-edge suction and zero leading-edge suction case.
The increment between the tail-off and trimmed curve
represents the trim drag (ACz> trim). These calculations were
made at a lift coefficient of 0.6 and Mach number of 0.7 in
order to obtain a comparison with experimental data from a
sharp-flat wing model. The trends predicted, however,
are applicable over the lift coefficient range for the two lead-
ing-edge suction conditions.

With full leading-edge suction, trimming with a slight up-
load results in minimum trim drag. The case presented is
for a configuration with a low tail (from stability considera-
tions) and, consequently, low down wash (de/da = 0.40).
If the tail is placed in a region of higher downwash, the
bucket in the trimmed curve will tend to shift to the down
tail load side of the figure due to the thrust component
obtained from the tail lift vector in the downwash field;
since, at subsonic speeds where Mach effects are not large,
the increase in drag due to lift on the wing for the full suc-
tion case resulting from a down tail load may be offset by
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Fig. 4 Effect of wing-body drag-due-to-lift on subsonic
trim drag for aft-tail configurations; M = 0.70; CL = 0.60.

the forward inclination of the tail lift vector in a region of
high downwash. It is generally desirable, therefore, to trim
with a near-zero tail load for wings having full leading-edge
suction.

For wings with near-zero leading-edge suction, significant
reductions in trimmed drag due to lift can be obtained if the
configuration is trimmed with a rather large upload on the
tail, which results in a reduction in angle of attack and un-
loads the wing. With zero leading-edge suction, the increase
in wing drag due to a down tail load far exceeds the beneficial
effects of the downwash field and the wing contribution is the
major portion of the total trim drag. It should also be noted
that the benefits shown for trimming with an up tail load at
CL = 0.6 would be even greater at a CL = 1.0 due to the
increase in wing drag due to lift.

The comparison of the calculations with experimental data
for the sharp-flat wing shows good agreement in the trend
with tail load. The difference in drag level shown results
from a difference between the experimental and the calculated
wing-body drag due to lift and is equivalent to an effective
leading-edge suction of about 10%.

It is important to remember that although trimming with
an upload on the tail at a high-lift coefficient results in trim
drag benefits for wings with near-zero leading-edge suction,
the total trimmed drag for these wings is much higher than
would be the case if full leading-edge suction could be main-
tained at the high-lift coefficients and Mach numbers of
interest for maneuvering.

Significant benefits in subsonic trim drag at the high lift
coefficients can be obtained by trimming the aircraft with a
relatively large upload on the tail for the state of the art of
wing-body drag-due-to-lift characteristics indicated in Fig.
3. As improvements in wing-body drag due to lift are made
through further research, the benefits of trimming with an
up tail load will become less significant, but at the present
state-of-the-art, the wing tail relationship for maneuvering
aircraft should receive careful attention.

Supersonic Case

At supersonic speeds, the trim drag problem is further
aggravated. A typical comparison of trim drag character-

a.c.| ~X_^_I^ACH SHIFT

M

L_CHANGE IN TAIL-LOAD DUE TO a.c.
SHIFT WITH MACH NO.

Fig. 5 Typical effect of Mach number on trim drag.



626 L. W. McKINNEY AND S. M. DOLLYHIGH J. AIRCRAFT

' 0 .4 .8 1.2 1.6
MACH NO.

Fig. 6 Calculated effect of tail volume on stability level.

istics as a function of tail load is shown in Fig. 5 for Mach
numbers of 0.90 and 1.60 at a typical maneuvering lift co-
efficient appropriate to each Mach number. The difference
in the curves is primarily due to Mach number effects on the
wing-body drag due to lift and downwash.

Supersonic aircraft typically trim with slight uploads at
subsonic speeds as is illustrated by the symbol on the solid
curve. The aerodynamic center shifts aft with increasing
Mach number as is illustrated by the insert of aerodynamic
center (ac) vs Mach number and a down tail load is gen-
erally required for trim at the supersonic Mach number,
which results in high trim drag. The magnitude of the down
load on the tail can be reduced at supersonic speeds by the
effective use of camber and twist to provide positive moment
at zero lift and wing design procedures to minimize wing-
body aerodynamic center shift with Mach number. Once
these wing design effects have been optimized, further bene-
fits in supersonic trim drag can be obtained by increasing the
tail contribution to stability at subsonic Mach numbers.
This effect moves both symbol points on Fig. 5 to the right
and results in reduced trim drag at both subsonic and super-
sonic Mach numbers.

A calculated effect of increasing tail contribution to sta-
bility is shown in Fig. 6. The tail volume was varied by
increasing the tail arm and size, as indicated by the sketches
on Fig. 6. The center of gravity of the configurations was
selected to give a total stability level of —0.03 at a Mach
number of 0.60 for all configurations. A preliminary verifi-
cation of the feasibility of the center-of-gravity selection was
obtained with weight and balance calculations. The in-
crease in stability contribution of the tail is shown as a
function of Mach number by a comparison of the tail-off
curves for the three configurations. The increase in tail
volume in going from the configuration with the smallest
tail volume (lower sketch) to the configuration with the
largest tail volume (upper sketch) was sufficient to make the
wing body unstable at a Mach number of 1.6. This un-
stable wing-body moment requires an uptail load for trim.

The calculated effect of the increase in tail volume on the
total trimmed drag due to lift at a Mach number of 1.60 is
shown on Fig. 7. As the tail volume is increased (from top
sketch to bottom sketch), the trimmed drag due to lift is
significantly reduced. The drag reduction at CL = 0.4 is
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Fig. 7 Calculated effect of tail volume on trimmed drag-
due-to-lift at M = 1.6; sharp-flat wing.

Fig. 8 Calculated effect of wing-body drag-due-to-lift on
subsonic trim drag for canard configuration; M = 0.70;

CL = 0.60.

approximately 0.011. It should be noted that the calculated
effect of this increase in tail volume on wave drag was ap-
proximately 0.001.

Canard Configurations

The discussion presented in the preceding sections of this
paper has indicated the desirability of trimming an airplane
with a positive load when the wing efficiency is low. The
canard is, of course, an obvious way of achieving a positive
load. Over the years, there has been interest in canard
configurations for a number of reasons. The most note-
worthy recent consideration of the canard is the trimmed high-
lift capability obtained by Swedish researchers in the develop-
ment of the Viggen aircraft.6

Recent unpublished theoretical studies by R. V. Harris
Jr., of the NASA Langley Research Center have indicated
that close-coupled canard configurations may have potential
advantages as high-performance maneuvering aircraft in
the low supersonic speed range. One specific potential ad-
vantage is reduction in wave drag compared to aft-tail
configurations.

A computed variation of trimmed drag due to lift with
canard trim load is presented in Fig. 8 for a close-coupled
canard configuration. This figure, as in the section on the
aft-tail configuration, is presented for wing-body drag-due-
to-lift levels corresponding to full leading-edge suction and
zero leading-edge suction as an illustration of the effects of
drag due to lift on trim drag. Stability levels of 0 and —0.05
are indicated on the trimmed curve. The comments on
wing-body drag due to lift made earlier with regard to Fig. 3
are, of course, equally valid for canard configurations.

For the sharp-flat wing case (zero leading-edge suction)
the calculations indicate that trimming with a canard has a
relatively large potential for reducing trim drag at low levels
of stability. This would be expected, since for the conditions
of zero leading-edge suction on the wing angle-of-attack
effects are extremely important on the drag due to lift.
Therefore, reducing the wing angle of attack by carrying part
of the lift on the canard is beneficial, as was the case for the
aft tail. When full leading-edge suction is developed on the
wing, the advantage of carrying a large lift load on the canard
is diminished. Consequently, as drag-due-to-lift improve-
ments on the wing are made at the high-lift coefficients of
interest for maneuvering, the advantages shown for the sharp-
flat wing case (zero leading-edge suction) will be reduced.

The remainder of the discussion on canard configurations
will be concerned only with the sharp-flat wing case (near-
zero leading-edge suction), which is applicable to current
wing drag-due-to-lift characteristics at the high-lift coeffi-
cients. For these wings, the trim drag is directly related
to the wing drag due to lift which is approximately CD = CL-
tana. Therefore, the ability to calculate the wing-body hit
curve in the canard downwash field is of prime importance.
Consequently, the following section is devoted to an assess-
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a, deg

Fig. 9 Effect ol canard-wing interference for high sweep
configuration; sharp-flat wing; M = 0.70.

ment of the applicability of existing theories to the prediction
of subsonic canard-wing interference effects.

Use of Existing Theory for Prediction of Subsonic
Interference Effects

A comparison of the experimental lift with theory is pre-
sented in Fig. 9 for the wing body, both isolated and in
proximity to the canard body (right side of Fig. 9); and the
canard body, isolated and in proximity to the wing-body
(left side of Fig. 9). For this comparison, the wing and
canard are coplanar. The canard had a leading-edge sweep
of 52° and the wing leading edge was swept 60°.

The lift curves for the wing body were predicted using Ref.
3 in conjunction with the vortex-lift theory developed by
Polhamus.7 The theory agrees well with experiment for the
isolated wing body up to an angle of attack of about 12°
where the vortex flow begins to break down, as would be
expected from the boundaries presented in Ref. 8. The
significant point is that the vortex lattice theory gives a good
prediction of the interference of the canard downwash on the
wing as is indicated by the agreement of theory and experi-
ment for the wing in proximity to the canard. Therefore, the
lift curve for the wing body in proximity to the canard is
reasonably well predicted by the theory up to about 20°
angle of attack. A comparison of the interference lift
increment obtained by experiment and theory is shown on the
lower part of the figure and good agreement is noted up to
an angle of attack of about 12°, which corresponds to the
point of vortex breakdown on the isolated wing body.

Theoretical predictions of the canard-body lift were made
using only the potential lift term of Ref. 7 with the constant
in the equation being determined from Ref. 3. These re-
sults are compared with the experimental lift on the left of
Fig. 9. The canard-body lift coefficient is based on the wing
reference area, and the difference in lift coefficient scale from
the wing characteristics should be noted. The theory over-
predicts the lift for both the isolated canard body and the
canard body in proximity to the wing. This discrepancy is
not fully understood, but is presumed to be associated with
fuselage interference effects.

The increase in canard-body lift due to upwash generated
ahead of the wing, shown plotted at the bottom of the figure
as an interference increment, is reasonably well predicted
by theory at angles of attack to about 16°. At the angles of
attack greater than 16°, the favorable interference is greater
than the theory predicts.

The mutual beneficial interference between canards and
wings at high angles of attack has been recognized for some
time, and the area has been extensively reported in Ref. 6.
This research utilized highly swept delta canards on which
fully developed vortex flow existed as opposed to the lowrer
sweep, higher aspect ratio canards of this investigation.

The calculated and experimental lift for a canard con-
figuration having a wing leading-edge sweep of 44° is pre-
sented in Fig. 10. In this case, only the potential lift term

a, deg

Fig. 10 Effect of canard wing interference for low sweep
configuration; sharp-flat wing; M = 0.70.

of Ref. 7 was considered for both the canard and wing due
to the low sweep angles. The comparison of the theoretical
and experimental lift for the canard body (left side of the
figure) shows generally the same trend as discussed previ-
ously. The isolated wing-body lift (right side of the figure)
is reasonably well predicted up to about 12-14° angle of
attack. In the case of the wing body in proximity to the
canard, the calculated lift curve agrees with experiment in
the low angle-of-attack range (a < 4°). At angles of attack
greater than about 8°, the interference of the canard results
in significantly higher lift on the wing than the theory pre-
dicts and delays wing stall. A completely satisfactory ex-
planation for this effect has not been demonstrated. It is
interesting to note that although achievement of full vortex
lift at this wing sweep would not be expected, as pointed out
earlier, the wing lift in the presence of the canard approaches
the value predicted by the theory with full vortex lift included
(see Fig. 11). It must be recognized, however, that this
favorable interference may be associated with some phenome-
non other than a favorable effect of the canard on the wing
vortex characteristics and that the agreement shown in Fig.
11 may be fortuitous.

The comparisons of theory and experiment that have been
presented are for configurations where the wing and canard
are coplanar, as indicated earlier in the discussion. The de-
sirability of locating the canard above the wing chord plane
has been shown by past research.6 However, the mathe-
matical model used in the present study to compute the
canard-wing interference can only handle the coplanar case
satisfactorily at this time.

Figure 12 shows a comparison of experimental data for a
high canard configuration with a coplanar calculation.
The lift curves for the canard body and the wing body in
proximity to each other are reasonably well predicted up to
about 16° angle of attack.

With the foregoing as validation, the coplanar calculations
of canard-wing interference were used in an assessment of
canard configuration trim drag characteristics at subsonic
speeds.

Canard Configuration Trim Drag

The calculated trim drag is compared with experiment in
Fig. 13. The comparisons are shown for lift coefficients of

Fig. 11 Comparison
of vortex-lift theory
with experiment for
low sweep wing in prox- L

W|NG BODY
imity to canard; M =

0.70.

VORTEX /
~

•POTENTIAL
THEORY
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Fig. 12 Comparison of co-planar theory \vith experiment
for high canard; sharp-flat wing; M = 0.70.

0.3 and 0.6 at Mach number of 0.7. The solid symbols and
tick on the calculated curve represent trim points at 5% static
margin. The agreement between the calculated and experi-
mental trim drag is reasonably good at the low-lift coefficient
with a small effect of canard height indicated. At a lift
coefficient of 0.6, the experimental trim drag is significantly
higher than predicted by the calculations with the coplanar
configuration exhibiting about 360 drag counts higher trim
drag than the high canard configuration at 5% static margin.

The high trim drag shown by the experimental data in this
case is the result of canard stall at the deflections required
for trim. This is illustrated in Fig. 14 where the canard lift
at 0° and 10° canard incidence is shown for the high canard
and the canard in the wing chord plane. The angles of
attack at which total lift coefficients of 0.30 and 0.60 occur
are also indicated for reference. The high canard at 10° de-
flection shows a slight loss in effectiveness at a » 5° (€L —
.0.3), and at a ~ 10° (CL = 0.60) the canard lift due to inci-
dence is only about 75% of the zero angle-of-attack value.
The canard in the wing chord plane shows a slightly greater
loss in control effectiveness at a « 5° (€L = 0.30) than the
high canard. At the higher angle of attack (a ^ 10°),
the chord plane canard maintains only about 40% of the
effectiveness shown at zero angle of attack.

The data of Fig. 14 bring to light one of the problems facing
the designer of a close-coupled canard configuration as a highly
maneuverable aircraft, that is, the task of providing an opti-
mum method of longitudinal trim control. If trim is ob-
tained through changing incidence of the canard, this would
seem to dictate a more highly swept canard configuration to
alleviate canard stall at high angles of attack. Such con-
figurations, unfortunately, tend to have high drag-due-to-lift
characteristics and would be expected to exhibit high trim
drag. The use of trailing-edge flaps or elevens on the canard
and/or wing offer a reasonable possibility in the subsonic
speed range, but at supersonic speeds these types of control
are not noted for either their control power capability or low
trim drag characteristics. The concept of balancing the air-
craft so that it is unstable at subsonic speeds and using an
augmentation system for stability is, of course, an interesting
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Fig. 13 Effect of lift coefficient on subsonic trim drag for
canard configuration; sharp-flat \ving; M = 0.70.

Fig. 14 Fifect of canard height on control effectiveness;
sharp-flat wing; M = 0.70.

possibility. However, it must be kept in mind that this
would tend to keep the canard operating at low angles of
attack and would be expected to destroy some of the favor-
able mutual interference effects exhibited by close-coupled
canard-wing configurations. Additional research effort is
required before these equations can be answered adequately.

One of the objectives of this continuing study is to com-
pare the trimmed drag due to lift of canard and aft-tail
configurations. Aircraft employing aft tails for longitudinal
stability and control have been in service for many years and
the basic design problems encountered and the applicability
of existing theories to these design problems are generally
understood. Our research efforts on close-coupled canard
configurations, however, have not been as extensive. Conse-
quently, the design problems associated with canard con-
figurations such as optimizing the mutually beneficial inter-
ference effects between a close-coupled canard and wing,
while providing optimum longitudinal control from drag con-
siderations, are not so well understood. Also, the applicabil-
ity of existing theories for predicting the interference effects
of close-coupled canard-wing configurations has not been
documented over the Mach number range. Therefore, a
completely valid comparison between optimized aft-tail and
canard configurations cannot be made at this time.

Conclusion

The results of a preliminary analytical and experimental
study of trim drag characteristics at maneuvering lift co-
efficients have been summarized. The study included aft-
tail configurations at subsonic and supersonic speeds and
canard configurations at subsonic speeds.

It is shown that the tail load required to minimize trim
drag is highly dependent on the wing-body drag-due-to-lift
characteristics, with examples presented for both the full
and zero leading-edge suction cases. For the high drag
case (corresponding to zero leading-edge suction), which
tends to be typical at high maneuvering lift coefficients and
high speeds, rather large uploads on the tail are required to
reduce the trim drag problem. The analytical predictions
of trim drag characteristics compare well with the experi-
ment for the aft-tail configuration. At supersonic speeds,
reductions in down tail load required to trim, obtained by
increasing tail volume and thereby allowing a favorable re-
balancing of the aircraft, result in relatively large reductions
in trim drag for aft-tail configurations.

The vortex lattice lifting surface theory gives good predic-
tions of the subsonic mutual interference effects for close-
coupled canard configurations at low and moderate angles
of attack for the 60° swept wing. The low sweep wing (44.0°
sweep of leading edge) of the investigation shows beneficial
high lift effects of the canard on the wing that are not pre-
dicted by potential flow theory.

At subsonic speeds, the experimental studies for the canard
configuration exhibit considerably higher trim drag than the
analytical prediction as a result of canard stall. One of the
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primary design problems for canard configurations is finding a
suitable means of longitudinal trim control that alleviates the
canard stall problem while maintaining the high angle-of-
attack benefits associated with close-coupled canard wing
configurations.
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Parameter Variation—An Insight to V/STOL Design
ARTHUR G. JONES*

Air Force Flight Dynamics Laboratory, W right-Patter son Air Force Base, Ohio

Dimensional stability derivatives gathered from a simulator during the development of
the XV-4B aircraft have been varied one and two at a time in a computer program for extract-
ing the roots of the lateral-directional characteristic equation. These roots have been used
to provide complex plane plots indicating the effect of derivative variation on the dynamic
characteristics of the vehicle. Secondary plots have been used to show the breakdown of the
elements making up each derivative. The sources for these elements and factors affecting
their prediction have been examined, along with changes required to modify the vehicle's
dynamic characteristics. Some comparisons are made with other vehicles.

Nomenclature
(7-rpm = cruise engines (2) % rev/min (diverted down-

ward for lift)
CG%mac = center of gravity % wing mean chord

acceleration due to gravity, ft/sec2

moment of inertia about the x and z stability axes
product of inertia about stability axes
rolling moment, ft-lb, positive right wing down
lift engines (4) % rev/min
stability derivatives, rate of change of rolling

moment divided by Ix with variable indicated
by subscript

mass of aircraft (w/g) slugs
yawing moment, ft-lb, positive nose right
stability derivatives, rate of change of yawing

moment divided by 7Z with variable indicated
by subscript

weight of aircraft Ib
side force, Ib, positive out right wing
stability derivatives, rate of change of side force

divided by mass with variable indicated by sub-
script

a = angle of attack, trim value equal to zero
yv = nozzle deflection (average of 6 engines) measured

from a 10° aft position
de = elevator position, positive trailing edge down
df = flap deflection
6 = pitch attitude, positive nose up, trim value equal

to zero
<r — real part of characteristic root,/sec
jeo = imaginary part of characteristic root,/sec

Presented as Paper 70-551 at the AIAA Atmospheric Flight
Mechanics Conference, Tullahoma, Tenn., May 13-15, 1970;
submitted June 5, 1970; revision received December 7, 1970.
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IX,I*
Ixz
L
L-rpm

m
N
Np,Nr,Nv

p, Yr)

Subscripts
p = perturbation rolling velocity, stability axes, positive for

right wing down aircraft motion, rad/sec
r = perturbation yawing velocity, stability axes, positive for

aircraft nose right motion rad/sec
v = perturbation side velocity, stability axes, positive for air-

craft motion to the right

I. Introduction

MANY tunnel tests are run and elaborate calculations
made to predict aircraft stability characteristics, par-

ticularly in the development of V/STOL aircraft. However,
there is always a question as to the accuracy of these predicted
characteristics.

In recent years there has been an attempt to correlate
various wind tunnel, calculated and flight test data to achieve
a better understanding of what is required for more accurate
predictions.3-5"7 This work has been partially successful but
more is needed. Here attention has been directed to ex-
amining the effect of varying values of stability derivatives
to determine their effects on vehicle dynamic characteristics.

II. Approach

Five of what are considered the more important lateral-
directional derivatives are examined relative to the dynamics
of the XV-4B (Fig. 1) .2-4 These derivatives listed in the order
of their effect on the dutch roll mode of the aircraft are Lv,
Nv, Lp, Yv, and Nr. All the nominal lateral-directional sta-
bility axis derivatives and trim conditions used for this paper
are listed in Table 1.


