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Subsonic VSTOL Aircraft Configurations with Tandem Wings
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The Prandtl-Munk theory predicts that tandem-wing configurations with large (vertical) gap have sub-
stantially lower induced drag than conventional wing-tail configurations of similar span, total lift, and dynamic
pressure. Wind-tunnel tests were performed to check the theory for a configuration with equal-span tandem
wings with gap/span=0.25, and a stagger/span=0.44. The tests show that the tandem-wing induced drag is
even lower than theoretically predicted values. The application of tandem wings to VSTOL subsonic aircraft is
discussed, and a new type of tandem-wing configuration is described. This employs extreme gull-type dihedral
and anhedral on the rear wing. This feature reduces induced drag, and also reduces wetted area by eliminating

the need for a separate vertical tail.

Nomenclature
A =aspectratio=52/S
ASW = antisubmarine warfare
a.c. =aerodynamic center
b =span
¢ =mean aerodynamic chord
Cp =drag coefficient = D/qS
Cp min =minimum drag coefficient
Cpo =drag coefficient at zero lift
Cp =(dragat C;, =C,,)/q X wetted area
C, =lift coefficient =L/qS
C.x =lift coefficient at Cp = Cp min.
Cy =pitching moment/qS¢
C, =yawing moment/qSh
C, 5 =3 C,/3 B
D =drag
D, =induced drag
e =span-efficiency factor from Eq. (3)
e, =modified span-efficiency factor from Eq. (2)
L =lift
Iy =horizontal tail moment arm
Mexp = experimental Munk factor, see Eq. (4)
THEO =theoretical Munk factor, see Eq. (5)
Ng =yaw acceleration per rad 8
q =dynamic pressure
S =reference area
TOGW =takeoff gross weight
a =angle-of-attack
8 = angle-of-sideslip
o =Prandtl factor for multiplane induced drag

I. Introduction

URRENTLY much attention is being given to the design

of subsonic VSTOL aircraft for missions requiring long
range and endurance. For such missions, certain advantages
can be obtained by employing tandem wings of approximately
equal span, with the wing tips separated by a large vertical
gap. These advantages include: low induced drag, the wide
range of possible aerodynamic center locations obtainable
through tailoring the chords of the front and rear wings, and
the relatively large distances separating the wings from
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centrally mounted lift/propulsion engines, fans, or
propellers. This separation simplifies the airframe structure
and improves accessibility.

The initial sections of this paper focus on questions relating
to the induced drag of tandem wings. A description is given of
tests performed in the Vought 7- X 10-ft low-speed wind
tunnel to check the theoretically predicted induced-drag
advantage of tandem-wing over conventional wing-tail
configurations. The other advantages listed above are
discussed in subsequent sections of this paper. Finally,
tandem-wing configurations are compared with conventional
configurations on the basis of takeoff gross weights of air-
craft sized to perform a given mission.

I1. Theoretical Induced Drag of Tandem Wings

The induced drag of a general pair of airfoils of spans b,,
b,, carrying lifts L ,, L, is given by Eq. (1).

w-(2) (5 () o

The Prandtl factor ¢ depends on the Trefftz-plane con-
figuration, i.e., the projection of the airfoils upon a plane
normal to the freestream. According to Munk’s stagger
theorem,? o does not depend upon the longitudinal
separation (stagger) of the wings. Graphs of o for un-
dihedralled (parallel) pairs of airfoils are given by Reid? and
McLaughlin.? For airfoils with dihedral or winglets ¢ may be
computed by Trefftz-plane or vortex-lattice programs, e.g.,
Lamar.* (Note that certain vortex-lattice methods, such as
that of Ref. 5, are not suitable for this purpose.)

Durand? tabulates both the Prandtl factor and also the
induced-drag parameters computed from Eq. (1). These
Prandtl factors are accurate to within 1%, but as noted by
Laitone,% there is an unfortunate labeling error in the tables in
Ref. 2. The first row heading is incorrectly labeled gap/(mean
span) instead of gap/(span of largest span surface).

Equation (1) applies for optimal (e.g., elliptic) span-
loading. The case of nonoptimal span-loadings, where the
span-efficiency factor for each isolated wing is e;, e,,
respectively, is discussed by Reid.! Reid shows that acceptable
accuracy is obtained by replacing 47 in the first term of Eq. (1)
by e, b3, and b3 in the last term by e, b3, with no change in the
middle term.

Equation (1) predicts considerable induced-drag savings for
configurations with large gap measured in the Trefftz-plane.
To illustrate this, Fig. 1 graphs Eq. (1) for a typical aft-tail
configuration, and also for an equal span-tandem or biplane
configuration with various ratios of gap to span. As shown in
Fig. 1, not only is the minimum induced drag less for the
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equal-span configuration, but the excess above the minimum
(i.e., the trim drag) is less sensitive to off-optimum division of
total lift between the two lifting surfaces.

-III. Vought Tandem-Wing Test

The Prandtl-Munk theory underlying Eq. (1) has been
verified experimentally for configurations of moderate
stagger, but no verification was available for highly staggered
configurations, i.e., ““tandem wing”’ rather than ‘‘biplane.”
Therefore, Vought performed a wind-tunnel test on the
tandem-wing model shown in Fig. 2.

The model description is as follows:”® The fuselage is
mainly fabricated from wood with a metal insert for the sting.
A bubble instrument can be mounted within the fuselage so
that the model pitch attitude can be verified without
dependence on sting-deflection calibrations. The front wing
employs a GAW-1 17% thickness/chord airfoil and is
fabricated from metal. It is mounted at a fixed incidence of
6.0 deg relative to the fuselage waterline. The waterline is the
reference for measurements of angle-of-attack «. A root fillet
is built up from wax on a metal baseplate cut to the planform
shown in Fig. 2. The rear wing is mounted on top of the
vertical tail by means of a tongue so that its incidence can be
set at one of several settings. The rear wing is made from
wood. Although the same tapes were employed to yield
identical planforms and airfoils for the front and rear wings,
the surface finish of the rear wing is inferior to that of the
front wing, and less smooth than is usual for wind-tunnel
models.

To fix transition, #60 grit was applied densely in 1/10-in.
wide bands at 5% chord on upper and lower surfaces of both
wings and both sides of the vertical tail. A similar transition
strip was applied around the fuselage 3-in. aft of the nose.
Standard static-tares, base-pressure, and wind-tunnel wall
corrections were applied to the measured data. For purposes
of selecting the appropriate wall correction, all runs with only
a single wing were considered to be ‘‘tail-off,”’” and all tandem
configurations were considered to be ‘‘tail-on.”’ It has been
found that the wall corrections and the base-pressure
corrections were both small. The tunnel cross-section was
7 % 10 ft. The test Reynolds number was 0.52 X 105, based on
the mean geometric chord of either wing, and the Mach
number was 0.17. The model span was 3.56 ft, the reference
chord was 0.474 ft, and the reference area was 1.584 ft2,
corresponding to the span, mean aerodynamic chord, and
gross area of either wing.

Several problems arise in comparing experimental drag
data with the predictions of Eq. (1). Some of these problems
occur because the derivation of Eq. (1) assumes that both
airfoils are untwisted and have no spanwise variation of
camber. As shown by Igoe, Re, and Cassetti,” for an isolated
airfoil with twist and/or a spanwise variation of camber, the
drag polar takes the form: i

(CL - CLX)Z
Cp=Cp,.. + ———="r 2
D Dmin. 7rAeX ( )
instead of the classical form:
C?
Cp,=C 3
b Do + TAe ( )

The ““offset’’ form of drag polar described by Eq. (2), with
Cp min. attained at C, =C, , =0, is predicted to occur for a
twisted wing even if viscous drag is negligible and full leading-
edge suction is maintained. Viscous effects, discussed below,
further offset the drag polar, but this effect is supplementary
to the above-mentioned offset due to twist and camber.

The derivation of Eq. (1) assumes that each airfoil of the
pair has (when isolated) a nonoffset drag polar of the form of
Eq. (3). Therefore, when performing an experimental
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Fig. 1 Induced drag for tandem-wing and conventional wing-tail
arrangements with optimal span-loadings.

Fig. 2 Vought tandem-wing research model.

verification of Eq. (1) by testing a pair of airfoils, it is
desirable that both airfoils should be untwisted and without
spanwise variations of camber. The wings of the model shown
in Fig. 2 satisfied these conditions, although the masking of
the front wing by the fuselage in effect violates these con-
ditions at the center section of the front wing.

Viscous effects cause the airfoil drag coefficient to vary
with angle-of-attack even in two-dimensional flow. Such
viscous effects are dependent on Reynolds number. A
principal goal of the Vought tests was to investigate the
validity of Eq. (1) which is derived on the assumption of
inviscid flow. Therefore it was desirable that the tests should
compare monoplane vs tandem-wing configurations at the
same Reynolds number. This was accomplished as follows:

Tests were conducted on three principal configurations:
1) both wings on (BVWFT), 2) rear wing off (BVWF), and
3) front wing off (BVT). “WF’’ denotes front wing and fillet.
The parasite and induced-drag characteristics of con-
figurations BVWF and BVT were not identical. Con-
sequently, the percentage improvement in induced drag
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Fig. 3 Comparison of averaged monoplane and tandem-wing drag
polars.

provided by the tandem arrangement depends upon whether
configuration BVWF or BVT is chosen as the baseline. To
obviate any bias due to this choice we take as our baseline a
drag polar formed by averaging BVWF and BVT at equal
C,’s (for all configurations the same reference area was
used). The resulting drag polar is called the drag polar of the
““averaged monoplane” designated 2 (BVWF+BVT). The
averaged monoplane is untrimmed (since it has only one
lifting surface) and has constant incidence angles on the front
and rear wings of 6.0 and 6.1 deg, respectively, with no twist
on either wing. The tandem configuration BVWFT is trimmed
about a point located 35% of the distance between the wing-
quarter mean geometric chords, which represents a possible
c.g. position. This trim is achieved by varying the rear-wing
incidence, leaving the front wing at 6.0 deg throughout.

The averaged monoplane concept described above
eliminates Reynolds number as a variable in the comparison
of monoplane induced drag vs tandem-wing induced drag. It
has the disadvantage that the wing area of the tandem con-
figuration BVWFT is twice that of the averaged monoplane
2 (BVWF + BVT), hence the wetted area and zero lift drag
are correspondingly different between BVWFT and '
(BVWF + BVT). This does not correspond to a comparison
between a full-scale tandem-wing configuration and a con-
ventional configuration designed to accomplish the same
mission. Such full-scale aircraft would have approximately
equal wetted areas. Proper allowance is made for these
considerations in the final section of this paper titled Full-
Scale Applications. The tandem-wing vs averaged monoplane
comparisons presented in the next section of this paper relate
principally to verifying the induced drag predicted by Eq. (1).

IV. Test Results

Figure 3 shows the measured drag polars for the untrimmed
averaged monoplane and the trimmed tandem configuration.
Note that the reference area used to define C; and Cj, is the
same for both configurations, although the gross wing area of
the tandem is double that of the averaged monoplane.

Although it is clear from Fig. 3 that a substantial reduction
in induced drag is provided by the tandem-wing arrangement,
it is not a simple matter to compare this reduction with that
predicted from Eq. (1). This is because the minimum drag
occurs at a nonzero lift coefficient, which we denote as C .
Hence the classical form of drag polar, {Eq. (3)], gives a poor
fit to the measured data near minimum drag and requires
extreme variations in e over the C, range of interest. A much
better fit can be obtained from Eq. (2), repeated below.

(CL_CLX)Z

Cp=C in +
b Dmin. wAey

Figure 4 shows the variation of e, with C, for the trimmed
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Fig. 4 Comparison of span-efficiency factors: tandem-wing vs
monoplane. :

tandem and the averaged monoplane configurations. At
C, =C, 5 the induced drag is small and hard to measure
accurately, hence ey in this region is sensitive to unavoidable
limitations on wind-tunnel balance accuracy. However, at
higher C, values the superior ey of the tandem configuration
is apparent.

The equality of C,, for the averaged monoplane, ;
(BVWF + BVT), and for the tandem configuration (BVWFT)
found in this test may be coincidental. Other tests, described
later, show C, x increasing when going from a monoplaneto a
tandem-wing configuration. For a given e, this provides a
further reduction in induced drag.

Comparison with Theory

In comparing the induced-drag characteristics of the
tandem and the averaged monoplane, allowance should be
made for the extra wing area of the tandem. The gross wing
area of the tandem is twice that of the monoplane, although
the reference area S (used to define C;, Cp, etc.) is identical.
This is significant because it is normal for e, to decrease as
C, increases above a certain value, due to loss of leading-edge
suction, and flow separation. To avoid introducing any bias
into the comparison due to such effects, we use as our figure
of merit a parameter Mpyp, defined below.

e, for tandem wing configuration
at any specified C;
Mexp = )
e, for averaged monoplane
at 0.5 x specified C,

Mixp, therefore, compares tandem-wing trimmed induced
drag vs monoplane induced drag at the same wing loading,
where wing loading is defined as total lift divided by total
gross wing area.

Mgyp may be compared with the theoretically derived
parameter M ygo, known as the Munk factor. This is a factor
originally employed for comparisons of biplane vs monoplane
induced-drag characteristics.’? It is obtained by successive
application of Eq. (1) to the biplane (or tandem) and
monoplane configurations that are to be compared, and
ratioing the induced drags. Thus, with equal b,, for both the
maximum spans of the biplane and the monoplane, and
optimal span loadings.

M (L, +L,)?
THEO™ 2 4 20b,L,L,/b,+ (b,L,/b,)?

&)

To compute My, We assume that for the trimmed tandem-
wing configuration the following condition is satisfied:

Lifton front wing _ /p

(6)

Lift on rear wing e
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where /5, I, are the distances from the c.g. to the 0.25 ¢ points
of the front and rear wings, respectively. This assumption is
equivalent to neglecting the fuselage moments and the pit-
ching moments of each wing about its own quarter-chord.

A further point to be noted in computing M ygg is that the
Trefftz-plane gap, z;, which determines o, varies with o,
according to the relation:

Zr =z cosa—I sina
where
z=geometric gap (measured at a=0)
/=geometric stagger (measured at a=0)

The computation of Mgy, and comparison with Myypo
are given in Table 1.

Table 1 shows that the Prandtl-Munk theory predicts in-
duced-drag levels which are approximately 14% too high in
the region of maximum L/D. It is to be expected that the
theory will be conservative at moderate and high lift coef-
ficients because it neglects the downward drift of the vortex
sheet shed by the front wing, and thus overestimates the
downwash that the front wing induces on the rear wing.

No theory has been published for predicting C, y of tan-
dem-wing configurations. The measured C;y values for the
major configurations of Fig. 2 are shown in Table 2. The 0.05
increase between C,, for the ‘‘body plus front wing’’ con-
figuration BVWF and the trimmed tandem agrees with un-
published analyses by J. Wolkovitch and R. T. Stancil of
Vought. A similar trend is shown by other tandem-wing tests
described later. This is important because the combined ef-
fects of an increase in C,, and Mgyxp/Mygo>1 yield a
substantial further advantage to the tandem-wing con-
figuration over that predicted by the Prandtl-Munk theory.

This summary of the Vought tandem-wing test is focused
mainly on the topic of induced drag. Space does not permit a
full discussion of other aspects, but the following points
should be noted.

Parasite Drag

Analysis of separate component test data® shows that the
measured Cp ., level for the tandem-wing configuration
agrees closely with the sum of Cp,,, for each component,
indicating that interference effects on parasite drag are small.

Pitching Moment

The static margin about the specified-moment center varies
with C, in a smooth but nonlinear manner, rising from 0.165
¢ at Cp gy =0.0 to 0.533 ¢ at C; gy = 1.35. The resulting
rear-wing incidence required to trim is shown in Fig. 5. Since
trimmed C; .. is approximately 1.4, 4-deg incidence
variation trims the configuration over the C; range of in-
terest. An all-moving rear wing would probably not be em-
ployed on a full-scale tandem-wing aircraft; if elevons of span
b/2 and chord ¢/4 were employed on all wings, the elevon
deflection range required to trim for 0<C, =1.4 would be
approximately 9.8 deg, which is not excessive.

Stall Characteristics

Excellent stall characteristics were observed. At the stall,
the tandem-wing configuration BVWFT exhibits a strong
pitch-down tendency with little loss of total lift, and buffeting
markedly less than that of the monoplane configuration
BVWEF.

Directional Stability

No adverse C,  effects were noted either at moderate or
high C,’s. The 'C,. levels attained are comparable with
conventional aircraft.

J. AIRCRAFT

Table 1 Calculation of Munk factors

C,, tandem 0.55 0.815 1.078 1.315
«, deg, tandem -2.5 0.0 2.5 5.0
Gap/span, Trefftz-plane 0.27 0.25 0.23 0.21
Miueo 1.365 1.350 1.330 1.315
ey, averaged 0.84 0.77 0.69 0.638
monoplane (at C; /2)

ey, tandem (at C;) 0959 1112 1.067  0.957
Mgyp 1.14 1.44 1.546 1.50
Mgxp/Myugo 0.835 1.067 1.162 1.14

Table2 Measured C; y values
for major tandem-wing configurations

Configuration Crx
BVWF 0.05
BVT 0.15
Averaged monoplane 0.10
Trimmed tandem (BVWFT) 0.10

+ + + + + + $ + I
+ + + t + 1 + +

CONFIG. BVWFT
4.0 ‘ 4+

DEG.
REAR WING
INCIDENCE

301 +

20

TRIMMED CL

+ 3

0701 02 03 04 05 06 07 08 09 10 11 12

Fig. 5 Rear-wing incidence required to trim; configuration of Fig. 2.
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Fig. 6 Induced-drag characteristics for NASA tandem-wing model
employing one sweptback and one sweptforward wing.

Other Tandem-Wing Tests

Reference 10 describes tests at a Mach number of 0.3 on a
tandem-wing configuration comprised of a sweptback front
wing and a sweptforward rear wing. Both wings were of equal
span and neither wing had dihedral. The diamond-shaped
planform of the wings was symmetric about the aircraft y-axis
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Fig. 8 Vought tandem gull wing.

and the wings were optimally twisted to minimize the induced
drag at a design C, of 0.35. The gross area of both wings
combined was used as the reference area, giving an aspect
ratio of 3.51 for all configurations. At «=0 the gap/span
ratio was 0.178. For some runs the wing tips were connected
via endplates, but the endplates were removed for the runs
discussed here. Tests were conducted with both wings at-
tached and with each wing removed in turn, so the ‘‘averaged
monoplane’’ concept discussed previously can be invoked.

Figure 6 compares the induced-drag characteristics of the
averaged monoplane vs the tandem configuration. For the
former, Fig. 6 yields ey, =0.448, for the latter, ey =0.616.
Both these values apply below the ‘“breaks’’ in the graphs of
(Cp—Cpnin)¥ vs C,. The ratio of the e, values is 1.37.
This is 1.10 times the theoretical Munk factor of 1.24. (The
Mpxp and Moy values of 1.37 and 1.24 are both mean
values over the C, range 0< C, <0.285.) A further saving of
induced drag results from the shift of C;, which increases
from 0.05 for the averaged monoplane to 0.112 for the
tandem-wing configuration.

The low break C, (=0.285) shown in Fig. 6 is apparently
caused by premature stall of the front wing. This is associated
with the twist distribution and relatively thin airfoil
thickness/chord ratio (6.0%).

In summary, experimental data”-®!? show that the induced-
drag advantage of certain tandem wings over monoplanes is
even greater than predicted by theory.

V. Full-Scale Applications

For subsonic VSTOL aircraft designed for missions in-
volving long range or endurance, the tandem-wing
arrangement offers advantages over the conventional aft-tail
layout with respect to: 1) induced drag; 2) convenient location
of the vertical lift/propulsion system away from the wings;
and 3) flexibility in the selection of aerodynamic center
location.

The last advantage is explained below by considering a
conventional aft-tail layout and showing the performance

SUBSONIC VSTOL CONFIGURATIONS 609

Table3 Comparison of tandem-wing and
conventional aircraft for ASW mission (STO)

Characteristic Tandem wing Conventional
Takeoff gross weight 42,738 43,725
Span, ft 45.0 58.8
Wing area, ft2 216.52 450.0
Tail area, ft2 271.1° 107.0
Wetted area, ft? 2,574.6 2,823.5

Cp, 0.00546 0.00536
Cruise L/D 13.2 12.3
Structure weight, 1b 10,869 10,917
Propulsion weight, 1b 9,003¢ 9,190
Fixed equipment weight, 1b 6,5984 6,783
Empty weight, Ib (26,470) (26,890)
Basic useful load, 1b 938¢ 944
Mission useful load, Ib 4,076 4,076
Fuel, b 11,254 11,815
Total, Ib 42,738 43,725

2Front wing. bRear wing projected area. “Smaller engine. dSmaller control
surfaces. ¢Six b less unusable fuel.

Fig. 9 Turboprop tandem gull wing.

penalties that it incurs through the additional tail areas
required to counter the forward shift of aerodynamic center
due to the large nacelles required for VSTOL lift or lift/cruise
fans.

Figure 7 compares two alternative concepts for full-scale
configurations. The wing and horizontal-tail geometric
characteristics are the same for both configurations. The
““short fuselage’’ configuration of Fig. 7 has horizontal and
vertical-tail volume ratios which would be adequate for a
CTOL aircraft with smaller nacelles. Wind-tunnel test data
indicate that the ‘‘short fuselage’ is marginally unstable
directionally, and also has a negative static margin = — 14.3%
¢. These stability characteristics can be improved by adopting
a larger vertical tail and by lengthening the fuselage as shown
in the lower part of Fig. 7. The resulting effects on per-
formance are of course mission-dependent, but for a
representative VSTOL ASW mission the following effects are
typical:

Increase of wetted area =8.9%
Increase of structure weight =8.2%
Increase of fuel weight =4.2%
TOGW increase due to added structure =2.05%
TOGW increase due to added drag =1.15%
Total TOGW increase =3.2%

These increases of TOGW include appropriate growth fac-
tors.
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The levels of static and directional stability noted in Fig. 7
are degraded by power effects. For example, at 150 knots
E.A.S. the'estimated a.c. shift due to power is 7% ¢. Hence
for the long fuselage configuration of Fig. 7 the power-on
static margin is estimated to be 1.6% ¢. Thus the tail-volume
ratios for the long fuselage version are not excessively con-
servative.

The low stability noted above can be ascribed to the large
size of the nacelles, their relatively high mass flows, and the
forward location of the inlets, which determine the effective
moment arm of the inlet-momentum flows. These features are
typical of lift/cruise fan VSTOL aircraft, and do not pertain
only to the particular configurations shown in Fig. 7.
Adequate stability may be obtained through the following
alternatives:

1) Larger tail surfaces, as discussed above.

2) Reconfiguring the airframe retaining an aft tail.

3) Control-configured vehicle (CCV) technology.

4) Reconfiguring the airframe to a canard or tandem-wing
arrangement.

Although the second and third alternatives must also be
given full consideration in any practical design synthesis, the
last alternative is the one which we shall discuss in this paper.

Let us now consider some unconventional configurations.
The conventional aft-tail layout, with a typical tail area of
25% of the wing area, tends to require the c.g. to be located
near the wing quarter-chord. The VTOL lifting units are
generally grouped around this ¢.g. position. This poses some
design problems. For example, if the lifting units are closely
clustered, they obstruct the wing structure, and pitch-trim
moment capability may be small. On the other hand, widely
dispersed lifting units (e.g., nose fan ptus aft-mounted fans)
require lengthy interconnecting shafting, and occupy the
fuselage at inconvenient locations, such as ahead of the
cockpit. These considerations suggest a canard or tandem-
wing layout in which the VTOL lifting units can be grouped
around a c.g. which is located between the aerodynamic
lifting surfaces. By varying the relative sizes and aspect ratios
of two lifting surfaces, the a.c. position required for cruise
stability can be set within wide limits, extending almost from
one quarter-chord to the other. This allows the nacelle effects
on stability to be accommodated. As will be shown, the
desired levels of stability can be attained without degrading
cruise performance, compared to the short fuselage con-
ventional airplane.

The tandem-wing wind-tunnel model configuration of Fig.

2 is not suitable for scaling up to a full-scale airplane because
of potential aeroelastic problems. These arise partly because
the rear wing plus vertical tail tends to act like a large T-tail,
yielding low antisymmetric stiffness. To avoid this problem
we have evolved the configuration shown in Fig. 8. This
employs tandem wings of equal spans, the front wing having
only slight dihedral, while the rear wing employs extreme
dihedral. The objective is to achieve a large gap at the tips,
where it is most beneficial for induced drag, while avoiding
the structural penalties and folding difficulties of the T-tail.
The rear wing tips have sharp negative dihedral and are
cambered to act as winglets, giving a further increase in span
efficiency. These winglets also provide directional stability.
Their effectiveness in this role is enhanced by their location
remote from the nacelles. The configuration is stable about all
axes, the combined anhedral and dihedral of the rear wing
being tailored to yield an overall stable dihedral effect.
A significant advantage of this rear-wing arrangement is
that because of its relatively high aspect ratio and its special
dihedral, it provides directional stability at the cost of less
wetted area than a centrally located vertical tail. The wetted-
area penalty of the winglets is offset by their beneficial effect
on induced drag.

A vortex-lattice program* was applied to this configuration
to compute the optimum twist and camber for minimum
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trimmed induced drag at the cruise C,. For this con-
figuration, after applying corrections for body effects, at a
Mach number of 0.70 the estimated ey, =1.66 at C, =0.6
(based on total projected area) with C, , =0.14. By contrast, a
conventional layout similar to the short fuselage con-
figuration of Fig. 7 (but with winglets) designed to the same
specification was estimated to have ey =0.92 with C, , =0.10
for the same cruise condition.

Vought’s ASAP aircraft-design and performance-analysis
program was used to optimize the configuration. This
program allows such parameters as span, lifting-surface
areas, and engine-scale factor to be varied independently to
find their optimum values. ASAP models the major struc-
tural, aerodynamic, and propulsive effects and all mission
constraints. Various missions were studied, comparing the
configuration of Fig. 8 vs a conventional aircraft similar to
the short fuselage configuration of Fig. 7, but incorporating
winglets. The tandem-wing aircraft was designed to have
somewhat higher stability than the conventional aircraft. For
example, at 115 knots E.A.S. the calculated dimensional-
stability derivative N, for the tandem configuration is 0.375
sec~2 greater than the corresponding derivative for the
conventional configuration. The tandem-wing airplane is also
calculated to have 5.8 in. more maneuver margin than the aft-
tail airplane for equal static margins at similar cruise-flight
conditions. (This is due to the high pitch damping of the
tandem wings.) Both aircraft have equal multimission
capabilities. The results presented in Table 3, for an ASW
STO mission are typical of all the high-altitude missions
studied.

The results shown in Table 3 represent configurations of
optimum span giving minimum takeoff gross weights. The
much shorter optimum span of the tandem-wing concept
indicates that minimum takeoff gross weight is attained by
trading off span in order to avoid the weight penalties of high-
aspect-ratio lifting surfaces.

The tandem-wing configuration has only 0.91 times the
wetted area of the conventional configuration, and has 1.80
times the latter’s span efficiency. It is therefore surprising that
the weight advantage is only 987 b, or 2.3%. The explanation
is that specific fuel-consumption (SFC) characteristics of the
lift/cruise fan powerplants were optimized for the con-
ventional airplane. It was found that the SFC characteristics
deteriorated markedly with reduction in cruise thrust. If equal
cruise SFC’s are maintained for both vehicles, the weight
saving is approximately 2500 lb. This highlights a key aspect
of the preliminary design process: the propulsion system must
be carefully tailored to take advantage of the aerodynamic
advantages offered by novel configurations.

The Vought tandem-wing concept shown in Fig. 8 is ap-
plicable to other types of propulsion systems. One concept
that has been studied is a tilt-propeller configuration shown in
Fig. 9. This employs differential collective and cyclic pitch for
roll, pitch, and yaw control in hover. Vought’s ASAP
program was applied to compare this configuration with a
similarly powered tilt-wing configuration. For the typical
ASW mission the takeoff gross weight of the tandem-wing
aircraft was computed to be 92% of the tilt-wing TOGW.

Canard Configurations

The line of demarcation between canard and tandem-wing
configurations is somewhat arbitrary and not important here.
For present purposes we merely define a canard configuration
as one in which the span of the front lifting surface is
distinctly less than that of the rear lifting surface. Vought
studies of canard configurations indicate that, relative to the
above-described tandem-wing configurations, the span-
efficiency factor was reduced. Hence the span of the rear wing
must be made larger than the span of the tandem wings. It was
also found that the combination of this larger span rear wing
with winglets was awkward to fold. Because of geometric
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folding constraints, the winglet size was limited and a sup-
plementary central fin was réquired for directional stability.
A major constraint on canard design is the C; ., of the front
surface. Stability can be attained with any ratio of
canard/main wing area, but the resulting c.g. position may
demand excessively high lift coefficient from the canard for
maneuvering flight, and for STOL.

Conclusions

1) The Prandtl-Munk theory predicts substantial savings in

induced drag for configurations with wings of approximately
equal spans having a large gap between the wings. Wind-
tunnel test data show that the measured induced drag of such
configurations is less than the theoretically predicted induced
drag.

2) Some configurations which exploit the above mentioned
induced-drag advantage have cruise performance superior to
conventional designs. One example, presented here, employs

tandem wings with the rear wing having guli-type dihedral to.

provide a large gap at the tips, plus winglets which also act as
vertical tails.
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