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Experimental Study of Three-Lifting-Surface Configuration

C. Ostowari*

and D. Naikt
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The aerodynamic ramifications of utilizing three lifting surfaces as opposed to the conventional or canard lift-
ing configurations have been studied on a theoretical basis by previous researchers. This paper presents an ex-
perimental investigation of various cenfiguration modlflcatlons for an unyawed typlcal business jet at a
Reynolds number of 1.3 X 105, In general, the data are untrimmed. The three-surface lift is marginally different
from the conventional and has Jlower slope and maximum lift coefficient than the canard conflguratlon A de-
crease in gap adversely affects the pitching moment characteristics. A smaller stagger leads to better aerody-
namic and stability characteristics, except that the lift-dependent drag might increase. A decrease in span of the
forward wing has minimal effect on the lift and drag. A variation in the incidence angles of either or both the
forward and aft wings changes the zero-lift moments of the configuration, while marginally affecting overall llft

and drag

Nomenclature

a.c. = aerodynamic center

aspect ratio, b%/S

lifting surface span

lifting surface mean aerodynamic chord

drag coefficient, drag/qS

lift coefficient, lift/qS

C,, = pitching moment coefficient w.r.t. 0.25¢,,
moment/gSc,,

f.w. = forward wing (canard)

g = gap (vertical distance between the a.c. of wings),
distance/c,,

L = fuselage length

q = freestream dynamic pressure
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N = Reynolds number w.r.t. ¢,

stagger (horizontal distance between the a.c. of
wings), distance/c,, '

lifting surface exposed planform area
LC = three-lifting-surface configuration
angle of attack

incidence angle

= difference

= taper ratio

= sweep angle at 0.25¢

Subscripts

= canard (forward wing)

tail (aft wing)

main wing

zero-lift condition
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Introduction

HE theories and modifications to the theories of Prandtl

and Munk have been used by a number of researchers!~?
to explore the minimum induced drag of multiplanes (aircraft
with multiple wings). These studies have yielded comparative
predictions of the induced drag and static longitudinal stabil-
ity of conventional aircraft, canard, and three-surface config-
urations. The effect of variations in gap and stagger are also
an integral portion of these studies.
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Kendallé-® has summarized these analytical results, theoriz-
ing that minimum induced drag should be attainable at any
¢.g. location so long as equal and opposite vertical loads are
applied by the forward and aft lifting (or trimming) surfaces.
Furthermore, these minimum induced drag loads should be
achievable at any useable c.g. location, within the practical
limits set by the size and shape of the lifting surfaces.

-An important and pragmatic concern about these theoreti-
cal studies is that idealizing assumptions have been made, usu-
ally closely allied to Prandtl’s and Munk’s assumption of an
elliptical spanwise lift distribution. Both Butler® and Kroo*
have suggested that for nonelliptical lift distributions with
pure canards, the effects are significantly .different from
results deduced using purely elliptical distributions. Butler
predicts that the three-surface induced drag at both typical
cruise and high-lift conditions is lower than the induced drag
of either a conventional aircraft or a canard-wing type.

A recent analytical study, by Selberg and Rokhsaz,® of the
aerodynamic tradeoff between the three configurations shows
that the three-surface one is superior to the canard only at
lower stabilator aspect ratios and that the overall induced drag
penalty is not sufficiently different to be of primary concern in
the configuration selection process.

The conventional airplane configuration has been the sub-
ject of numerous experimental investigations. Wind-tunnel
measurements of wing-canard interference'® have shown
potential advantages, in terms of aerodynamic efficiency,
high-lift capability and stall characteristics, for the lower sub-
sonic speed range. Other experimental studies!! have shown
the importance of proper canard airfoil selection to the longi-
tudinal stability of canard-wing configurations. These studies
have also pointed out the need for basic experimental data on
a typical three-lifting-surface configuration.

This paper presents aerodynamic force and moment mea-
surements from a series of wind-tunnel experiments using a
practical airplane configuration to ascertain how nonelliptical
lift distributions affect the lift, drag, and static longitudinal
stability for a three-surface configuration. The configuration
selected for the research was similar to a current tail-aft busi-
ness jet aircraft that is modified by the addition of a forward
wing and fuselage extension for stagger.

Comparisons are made between the conventional (tail-aft),
canard, and three-surface configurations. The effect of varia-
tion in tail and forward wing incidence angles and the effects
of stagger and gap are also studied.

Procedure

The wind-tunnel testing was carried out, on a 0.15 scale
model of a typical business jet, at the Texas A&M University
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2.13 x 3.05 m low-speed wind tunnel. The tunnel and its six-
component, pyramidal, virtual center, external balance is
described in Ref. 12. The model has a removable fuselage ex-
tension to allow for two different stagger values. Two forward
wing spans were studied. The larger forward wing had the
same span as the horizontal tail, while the smaller forward
wing had a span which was 75% of the horizontal tail span.
The location of the forward wing is shown in Fig. 1. The cir-
cumferential band just forward of the main wing indicates
where the fuselage can be split to include the fuselage exten-
sion plug.

Provisions were made to allow for forward wing and hori-
zontal tail incidence variation. The effect of gap variation was
studied by placing the horizontal tail at two different locations
on the vertical tail. The various model configurations are
shown schematically in Fig. 2 and tabulated in Table 1.

Of the 98 possible configurations, 66 were studied and
selected results are presented here. Pertinent model dimen-
sions are given in Table 2.

All force and moment measurements were made on an
unyawed model at a dynamic pressure of 2.16 kPa (45 1b/ft?),

Fig. 1 Three-lifting-surface model.
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Fig. 2 Model configurations.

Table 1 Meodel configurations

Configuration Variables

Wing + fuselage 2 fuselage sizes

Wing + fuselage
+ horizontal tail

2 fuselage sizes
2 tail positions
3 tail incidence angles

2 fuselage sizes
2 forward wing sizes
3 forward wing incidence angles

Wing + fuselage
+ forward wing

2 fuselage sizes

2 forward wing sizes

2 tail positions

3 forward wing incidence angles
3 tail incidence angles

Wing + fuselage
+ forward wing
+ horizontal tail
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which corresponds to a Reynolds number, with respect to a
mean aerodynamic chord of 0.3048 m (1 ft), of 1.3 x 10%. The
angle-of-attack range studied was — 8 to 20 deg in increments
of 2 deg. All data were corrected for tunnel wall effects (wake
blockage, solid blockage, buoyancy drag, etc.) using the
standard procedure given in Ref. 13. Although dimensional
quantities are given here in SI units, measurements were made
in U.S. customary units. Unless specifically stated, all force
and moment data are nondimensionalized w.r.t. S,,.

During testing, the force and moment data were referred to
the quarter-chord location of the mean aerodynamic chord of
the model main wing. Data for C,,, referred to 0.25c,,, vs C,
is studied to compare values at the zero-lift condition and to
compare neutral points. The C,,, values are independent of
the c.g. location and the pitching moment slopes are used to
estimate the neutral points for the various configurations.
These data can also be used to compare the pitching moment
characteristics for various configurations at the same static
margin by simple rotations about the zero-lift points.!* The
data are not trimmed at a fixed stability level. The discussion
in the following section should be tempered by this fact.

Results

The reduced data are presented here in the form of plots of
lift coefficient vs angle of attack, drag coefficient vs lift coeffi-
cient, and pitching moment coefficient vs lift coefficient. It is
important to note that all the plotted data are reduced w.r.t.
S,,. For clarity, pertinent tables are superimposed on some of
the plots. These tables contain both data reduced w.r.t. S,
and data reduced w.r.t. the total planform area. Omissions
(i.e., data w.r.t. total planform area not presented here, be-
cause of space restrictions) can easily be deduced from the
plotted data and the information contained in Table 2. Fur-
thermore, in the interests of more clarity and less clutter, only
selected drag data points have connecting lines passing
through them.

Comparison between TLC and Conventional Configuration

Figure 3 shows a comparison between the conventional con-
figuration and the TLC. The characteristics are for an un-
stretched aircraft with a high tail at a 8 of —2 deg, with and
without a large forward wing that can be set at three different
incidence angles. The configurations have common fuselage,
main wing, and vertical tail.

Table 2 Pertinent model dimensions*

b, 2.00 m

b, 0.336 b,,

b. large = 0.336 b,,, small = 0.257 b,,

Cy 0.3048 m

c 0.574 c,,

c, large = 0.465 c,,, small = 0.338 c¢,,
w 0.5529 m?

S, 0.204 S,

S. large = 0.081 S, small = 0.047 S,

AR,, 7.2

AR, 4

AR, large = 5.3, small = 5.3

8w, 1.64 c,, and 0.8 ¢,

Sy,e 4.69c,and 3.46 c,

L extended = 9.50 c,,, original = 8.27 ¢,
Ay 0.403

A: 0.469

A large = 0.386, small = 0.386

A, 12.7 deg

A, 25 deg

A, large = 30 deg, small = 30 deg

3Main wing section: modified NACA 64A109; other wings: NACA 64A008.
Main wing dihedral: 2.5 deg; other wings: no dihedral. All wings untwisted.
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Fig. 3 Comparison between the three-surface and conventional
configurations and the effect of forward wing incidence.
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The lift curve slope and maximum lift, w.r.t. S, are higher
for the TLC, indicating the extra lift obtained from the for-
ward wing. This does not, however, imply that the forward
wing has a favorable effect on the flow over the main wing, a
possibility, mentioned by Feistel et al.,'’® for canard-wing
combinations. The data-reduced w.r.t. total planform area
show the marginal degradation in the slope and marginal im-
provement in maximum lift coefficient with the addition of
the third lifting surface.

For subsonic aircraft, the gap g,, . is an important determi-
nant!© of the main wing performance. However, in the present
study, this gap effect was not studied. The variation in g,, , is
presented in a later subsection.

The balance resolution for drag coefficient is +0.0002. For
the lift coefficient range of —0.2 to 0.8, including values in
and around typical cruise (chosen as C; =0.55 here), the TLC
has higher total drag (w.r.t. S,,) and higher drag coefficient
(w.r.t. total planform area). With the assumption that there is
minimal separation and, consequently, negligible pressure
drag at cruise, the difference ACp between the drag at some
lift coefficient and the minimum drag can be said to give some
indication of the lift-dependent drag. These values (Fig. 3b)
indicate that, at cruise, the TLC induced drag is probably
greater than the conventional induced drag. However, this
result is marginally useful as none of the configurations were
trimmed at cruise.

Figure 3b shows the marginal drag benefit at high (>0.8)
lift coefficients for the TLC over the conventional. The results
seem in agreement with Butler’s theoretical predictions regard-
ing the lower drag at high-lift conditions.® However, the con-
figurations have nonlinear pitching moment characteristics
(Fig. 3c¢) for C, greater than 0.75. The fair amount of control
of surface deflection required for trim would again adversely
affect the drag and thus could nullify any possibility of a drag
benefit.

The pitching moment plots show the neutral point for the
conventional aircraft to be 0.158c,, aft of the quarter-chord
reference point and to move forward to 0.172¢,, with the addi-
tion of the forward wing. As mentioned earlier, the moment
curves may be rotated about their C,,, values for comparisons
at the same static margin. The zero-lift pitching moment is
highest for the conventional. For the TLC to fly in trim with
the same, arbitrarily chosen static margin and at the same
design lift coefficient as the conventional, it would require
considerable control surface deflection, which would ad-
versely affect the drag.

At high-lift conditions, the pitching moment characteristics
are nonlinear. The amplitudes of the fluctuations in pitching
moment are smaller for the TLC, at all three incidence angles,
than the amplitude of the fluctuations for the conventional
airplane. However, the conventional is seen to pitch down at
stall.

Effect of Variation in Forward Wing Incidence Angle

Figure 3 also shows the effect of variation in forward wing
incidence angle. This variation has a minimal effect on the
TLC lift, reflected in the C, ., , near stall. There is a marginal
improvement in the high-lift drag characteristics with an in-
crease in forward wing incidence angle. The variation in inci-
dence does not affect the neutral point of the TLC. As would
be expected, C,, increases with an increase in forward wing
incidence angle.

Comparison between TLC and Canard Configuration

Figure 4 compares the characteristics of basically the same
TLC as in the previous subsection with the canard configura-
tion. These configurations have a common fuselage and verti-
cal tail. The forward wing incidence angle is fixed at 3 deg.
The 6 for the horizontal tail is — 2 deg. The horizontal tail can
be moved to provide the two different gaps shown in Fig. 2.
This gap effect is discussed in the next subsection.
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Fig. 4 Comparison between the three-surface and canard configura-
tions and the effect of gap g..,.
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For data reduced relative to total planform area, the canard
configuration has a far higher maximum lift and an 8% higher
slope (see Fig. 4a). The stalling angle of attack is the same.

The canard has lower minimum drag (Fig. 4b) but a higher
minimum drag coefficient, w.r.t. total planform area. The
fact that the canard has fewer interfering surfaces probably
does not contribute to this difference, as the next subsection
shows the minimal effect of gap g,,, on the aerodynamic char-
acteristics. At a typical cruise lift coefficient, the starred ACj,
indicate that the TLC-induced drag is probably more than the
canard-induced drag. However, this may be viewed in the per-
spective of Selberg and Rokhsaz’s finding,® for trimmed con-
figurations, that there is an overall induced drag benefit with a
TLC that may not be sufficient to be of primary concern in the
configuration selection process.

The pitching moment in Fig. 4c shows the negative zero-lift
moment for the canard. As would be expected, the neutral
point for the canard is much further ahead, 0.532¢c,, in front
of 0.25c,,, than those for the TLC. The canard would require
considerable control surface deflection for trim at typical
cruise, again adversely affecting the drag. The TLC probably
would be easier to control at the high C, conditions, as evi-
denced by the smaller fluctuations in pitching moment.

Effect of Variation in Gap

The importance of the forward gap g,, . has been discussed
by other authors'® in connection with canard configurations.
This subsection deals with the effect of variation in g,,, for a
TLC with g, . close to zero. Although, for the sake of brevity,
the conventional configuration data are not presented, it is im-
portant to note that the variation in g,, , has a significant effect
on the aerodynamic characteristics of the conventional config-
uration. The high-tail conventional lift is higher and the drag
is less than the low-tail conventional.

The gap g,,;, has minimal effect on the TLC lift curve
(Fig. 4a). The maximum lift coefficient, lift curve slope, and
stalling angle of attack do not change appreciably with gap.
The drag characteristics (Fig. 4b) are largely, except for a
small decrease in AC, around cruise, unaffected by the de-
crease in gap. The change in the lift-dependent drag indicates
that the gap has a small effect on this drag. The minimal effect
of the change in gap on the overall lift and drag characteristics
of the TLC, could imply that the forward and main wing
wakes are probably well below the lowest horizontal tail posi-
tion. Since the gap has a significant effect on the conventional
configuration, the forward wing of the TLC probably has
some favorable effect on the flow over the main wing.

Most of the current TLC literature gives some consideration
to the variation in gap between the main wing and the aft
wing. The minimal effect of the gap shown here could possibly
lead to simplifying assumptions, regarding the aft gap, for
future theoretical models. On the other hand, it could be
purely coincidental.

The C,, curves (Fig. 4c) show positive C,,, decreasing with a
decrease in gap. The neutral point for the high tail is 0.172¢,,
ahead of the quarter-chord point. For the low tail it is 0.249c,,
ahead. The low tail will require more control surface deflec-
tion for trim at the chosen cruise C, of 0.55. In both cases, the
curves are somewhat nonlinear in the high C; range. Since the
overall lift and drag are largely unaffected by the change in
gap, the difference in the pitching moment characteristics
probably arises purely from the different moment arms, pro-
vided by the different gaps, for the drag of the aft lifting
surface.

Effect of Variation in Stagger

The effect of a change in stagger s,, . between the forward
and main wing of the TLC is shown in Fig. 5. The values for
the two staggers were given earlier in Table 2. The configura-
tion has a high tail and a large forward wing set at an incidence
angle of 3 deg. Results are shown for tail incidence angles of
—2 and —4 deg. The effect of the variation in tail incidence
angle is discussed in the next subsection.
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Fig. 5 Effect of stagger and the effect of tail incidence.

Figure 5a shows the relatively small effect of this change in
stagger on the lift characteristics. The stalling angle of attack
and lift curve slope are unchanged. There is a less than 2% de-
crease in the C,,,, in going from the smaller to the larger
stagger.

The effect on drag is minimal in the high-lift regions
(Fig. 5b). The overall drag in and around cruise is understand-
ably higher for the stretched version because of the larger fuse-
lage wetted area available. However, if the AC, values are a
fair indication, the lift-dependent drag at cruise increases with
this decrease in stagger. The drag polars in and around cruise
are shown on a larger scale in Fig. 5¢ for clarity.

The pitching moment, w.r.t. 0.25¢,,, in Fig. 5d is seen to
have an increase in zero-lift moment with this decrease in stag-
ger. Further, the neutral point for the larger stagger is roughly
0.15¢,, ahead of the neutral point for the smaller stagger. The
pitching moment curves for the larger stagger have larger fluc-
tuations in the high-lift region. Incidentally, from nonaero-
dynamic criteria (i.e., a simple weight balance), one would ex-
pect the c.g. of the longer body to be 0.095¢,, ahead of the c.g.
for the shorter body. This distance is small because the fuse-
lage plug is inserted close to the original c.g.

Effect of Variation in Tail Incidence Angle

This effect is partially presented in Fig. 5. Although for
clarity, all three tail incidence angles were not simultaneously
presented in the coefficient plots, the effect of variation in tail
incidence angle merits some discussion. Further, it should be
noted that the following discourse is confined to high-tail con-
figurations. Low-tail inferences can be made from a synthesis
of this subsection with the effect of gap presented earlier.

A variation in the incidence angle of the horizontal tail mar-
ginally affects the lift and drag. The stalling angle of attack
and lift curve slope do not change with tail incidence angle for
all the configurations studied. Also, there is a marginal de-
crease in C;n,, and an increase in Cp,;,, when the tail inci-
dence angle is decreased from 0 to —4 deg. For example, for
the conventional configuration, the C, ., decrease is 5% and
the Cpy, increase is 20 counts. There is an overall increase in
lift with increasing incidence angle and there is a 1 deg range
for the angles of attack at which zero lift occurs for the three
tail incidence angles. There is a slight improvement in high-lift
drag with an increase in tail incidence angle. The basic pitch-
ing moment characteristics remain the same but, as expected,
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Fig. 6 Effect of forward wing span.
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the zero-lift pitching moment increases with a decrease in tail
incidence angle.

Effect of Variation in Forward Wing Span

In the previous subsections, results have been presented for
a TLC with a forward wing whose span is the same as that of
the horizontal tail. Figure 6 shows a comparison between the
aerodynamic characteristics of a stretched TLC with a for-
ward wing of span 1.00b, and those of a stretched TLC with a
forward wing of span 0.75b,. In both cases, the forward wing
is at an incidence angle of 3 deg and the gap g,,. and stagger
s,,c are not changed. The tail is high and at an incidence angle
of —2 deg. The data for a conventional airplane (identical ex-
cept that it lacks the forward wing) have been superimposed
for comparison.

There is no noticeable change in the lift characteristic (when
it is reduced relative to total planform area) of the TLC with
an increase in the forward wing size. The stalling angle of at-
tack, lift curve slope, and maximum lift coefficient are all
basically unaffected by the change in forward wing size. In
and around cruise (Fig. 6b), the TLC with the large forward
wing has slightly higher total drag, probably because of larger
wetted surface area. The AC), shows a small change with span,
probably implying marginal change in the lift-dependent drag.

The pitching moment data in Fig. 6c shows that the zero-lift
moment decreases with forward wing size and is negative for
the large span. The neutral point moves forward roughly 20%
with an increase in span.

Conclusions

A series of wind-tunnel experiments have been carried out
to investigate the aerodynamic characteristics for a three-
lifting-surface configuration. Comparative data between the
three-surface, canard, and conventional configurations, with
identical fuselage, main wing, and vertical tail, are also super-
imposed where appropriate. Wherever possible, parallel data
reduced w.r.t. the total planform area are given for compari-
son with the data reduced w.r.t. a standard planform area (the
main wing). In general, the data are for an untrimmed
aircraft. '

Lift

The three-surface lift is marginally different from the con-
ventional and is lower (in slope, maximum lift) than the corre-
sponding canard configuration. The overall characteristic
(slope and maximum lift) improves with an increase of the in-
cidence angle of either the forward or aft lifting surfaces. It is
basically unaffected by a decrease in the size of the forward
wing. There is no change with a variation in the aft wing to
main wing gap. ‘

Drag at Cruise

The three-surface drag in and around cruise is greater than
the drag of the conventional and comparable to the canard
configuration. Drag increases with an increase in forward
wing incidence angle, decrease in aft wing incidence angle, in-
crease in forward to main wing stagger, and decrease in aft to
main wing gap. There is a slight increase with an increase in
forward wing size.

Drag at High-Lift Conditions

There is no change with a change in the aft to main wing
gap. There are slight drag benefits with an increase in forward
wing incidence angle and an increase in aft wing incidence
angle.

Zero-Lift Moment

In order to have desirable pitching moment characteristics,
the three-surface and canard configurations will require con-
siderable control surface deflection, adversely affecting the
drag. The three-surface zero-lift moment can be set to a
desired value by realigning the surfaces. For example, it in-
creases with an increase in the forward wing incidence angle,
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decrease in aft wing incidence angle, increase in aft to main
wing gap, decrease in stagger between the forward and main
wing, and decrease in the forward wing span.

Neutral Poiit

As would be expected, the three-surface neutral point is be-
tween the conventional and canard neutral points. It does not
change with a change in either forward or aft lifting surface in-
cidence angle The neutral point moves forward with a de-
crease in aft to main wing gap, an increase in forward to main
wing stagger, and an increase in forward wing span.
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