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Dual-Wing Systems with Decalage Angle Optimization

Kamran Rokhsaz* and Bruce P. Selbergt
University of Missouri—Rolla, Rolla, Missouri

Dual-wing general aviation designs are studied and compared with single-wing designs. It is demonstrated that
with proper selection of gap, stagger, decalage, and mission requirements, total drag can be significantly re-
duced. Proper spanwise distribution of decalage is shown to enhance efficiency while raising the critical Mach
number. Also, flight conditions have been chosen to result in operation at the proper Reynolds number, reduc-

ing the viscous drag even further.

Nomenclature
A = wing reference area, ft?
R = aspect ratio
c =chord length, ft
Cy =two-dimensional drag coefficient
C,  =three-dimensional drag coefficient
¢ =two-dimensional lift coefficient
¢y, =c, at zero angle of attack
<y =dc,/ 0
(o = three-dimensional lift coefficient
Cn =two-dimensional pitching moment coefficient
Cp,  =0c,/da
C, =pressure coefficient
D = decalage angle, deg
e =span efficiency factor
G =gap
H =altitude, ft
M =Mach number
R = Reynolds number/ft
R. = Reynolds number based on chord length
S =stagger
X =distance along chord from leading edge, ft
W =total weight, 1bf
«@ =angle of attack, deg
A =taper ratio
Subscripts
cr = critical
opt  =optimum
r =wing root
t =wing tip

Introduction

ECENT studies have shown that closely coupled dual-
wing systems possess aerodynamic advantages over the
single-wing configurations. These could lead to dual-wing air-
craft designs that are more fuel-efficient by virtue of their
lower drag.
Several investigators have studied dual-wing systems,!*
with Nenadovitch® the first to discover improved two-
dimensional characteristics. Olson and Selberg® and Rokhsaz’
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showed that a dual-wing design could achieve substantially
higher lift-to-drag ratios than its equivalent single-wing con-
figuration. All these studies found the improved char-
acteristics for S=1.0, G=0.3, and D= —6 deg. The defini-
tions of stagger S, gap G, and decalage D are presented in Fig.
1. Wolkovitch® investigated tandem-wing systems. His ex-
perimental results illustrated the lower induced drag predicted
by the Prandtl-Munk biplane theory.%1°

The studies carried out by the above investigators have all
been limited either to two-dimensional flow or to wind tunnel
tests at substantially lower than practical Mach and Reynolds
numbers. Rhodes and Selberg!! used a combination of the
methods of Ref. 7 and vortex-lattice methods to optimize two
general aviation designs. Although they substantiated the
carlier findings at the same stagger, gap, and decalage, their
results were limited to incompressible flow. However, they
demonstrated that higher aspect ratios could be achieved for
dual-wing designs without a weight penalty due to increased
structural rigidity. This could further increase the aero-
dynamic efficiency of these designs.

The purpose of this paper is to reexamine the results of Ref.
11 in the presence of compressibility effects and to demon-
strate the need for an optimized spanwise distribution of the
decalage angle. At the same time, it is intended to show that
Reynolds number can also be optimized to decrease the
viscous drag further.

Methods of Analysis

Two-Dimensional

The two-dimensional analysis utilized the multielement
vortex panel program of Ref. 7. The potential flow results of
this program were used with momentum integral techniques to
estimate the behavior of the boundary-layer flow over the air-
foils. The laminar portion of the boundary layers were modeled
with Thwaites” methods.!? The transition points were located
using Michel’s criterion.!® The method of Head and Cumpsty!*
was employed for turbulent boundary-layer calculations.
Finally, the Squire-Young formula'® was used to predict the
viscous drag of each airfoil. The pressure coefficient was cor-
rected for Mach number by the von Karman-Tsien method!®
while Kaplan’s method!'? was used for the lift coefficient.

This method allowed computation of complete two-
dimensional aerodynamic coupling including the effect of the
thickness of the airfoils, which can be significant at small
gaps, as shown in Ref. 18.

Three-Dimensional

Three-dimensional calculations were performed by using a
vortex-lattice method that utilized the two-dimensional ¢; and
Cp, of the airfoils as predicted in the previous section. This
method agreed well with Glauert’s method!® and the ex-
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perimental results of Paulson?® for single wings. Goethert’s?!
similarity rules were used in this part to account for com-
pressibility.

Optimization Method

The output from the above two- and three-dimensional pro-
grams was used in an optimization program that parametrically
varied the wing area while calculating aircraft performance and
searching for minimum cruise drag. The optimization program
had weight equations calibrated with NASTRAN-
SEMOBEAM results? for both single- and dual-wing designs.

Discussion and Results

Airfoil Results

The airfoil chosen for this study was the NASA MS
(1)-0313, which is of the newer medium-speed sections. Figure
2 shows a comparison of the experimental drag coefficient
with that predicted by the present method at the design
Reynolds number of 6 million. Similarly good results were ob-
tained at other Reynolds numbers. The same section was used
in a dual-airfoil configuration at R, =3 x 10 for comparison
with the single-airfoil results at R, =6x 10°. Three decalage
angles were used at the optimum stagger of 1.0 and gap of
0.26. The results are shown in Fig. 3. The decalage angles of
—4 and — 6 deg offered 20-25% lower drag than the single air-
foil, near the bottom of their drag buckets. The reason for this
behavior is shown in Figs. 4 and 5. Figure 4 shows the pressure
distribution over the airfoils at near-optimum lift coefficient.
In the dual-airfoil configuration, both sections had a lower
leading-edge suction than the single airfoil at the same lift
coefficient. This resulted in a more favorable pressure gra-
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Fig. 1 Definitions of gaps and positive stagger and decalage.
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Fig. 2 Comparison of two-dimensional numerical with experimental
results.
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dient over the chord, leading to a delay in the boundary-layer
transition. This delayed transition is demonstrated in Fig. 5 in
comparison with the single airfoil at twice the chord Reynolds
number. The results shown in Fig. 3 also demonstrate that the
point of minimum drag shifted toward higher lift coefficients
with increasing the magnitude of the decalage angle.

Figure 6 shows the estimates of the critical Mach number
for the two-dimensional configurations considered here. The
effect of decalage in all cases was to lower the absolute critical
Mach number while shifting the peak toward higher lift
coefficients.

Wing Results

Earlier studies®® demonstrated an optimum taper ratio of
0.6 for the dual wings and 0.8 for the single wings. In this
study, the effects of twist, decalage distribution, and Mach
number on the induced drag were also studied.

Considering the airfoil drag and critical Mach number
results presented in Figs. 3 and 6, respectively, it was con-
cluded that the highest decalage angles had to be used near the
wing root, where the lift coefficients were the highest. As the
lift coefficient decreased near the wing tip, the decalage had to
be decreased too in order to take advantage of the lower
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Fig. 3 MS(1)-0313 dual airfoil drag with decalage variation.
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Fig. 5 Upper surface transition location for MS(1)-0313 airfoils.
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Fig. 6 Critical Mach number variation for single and dual
MS (1)-0313 airfoils.

viscous drags. Futhermore, this would insure operations as far
as possible from the estimated critical Mach number.

Span efficiency factor is shown in Fig. 7 for the single-wing
case at different twist angles in comparison with a dual-wing
design. It is quite clear that the dual-wing configuration has a
much higher efficiency at all lift coefficients. Figure 8 shows
the effect of twist on a dual-wing combination. The spanwise
decalage distribution in this case has been tailored for
minimum viscous drag. Only linear variation of decalage and
twist were used. Figure 9 summarizes the same results for all
the configurations considered here. In all cases, even when the
dual and the single wings had the same aspect ratios, the dual-
wing designs demonstrated higher span efficiency factors.

Airplane Results

Two classes of aircraft were analyzed; a six-passenger tur-
boprop and a twelve-passenger twin turbofan. Since both air-
craft demonstrated the same behavior, only the results for the
six-place aircraft will be shown here.
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Fig. 8 Effect of washout on dual-wing span efficiency factor.

The details of the weight and fuselage are given in Ref. 24,
The design specifications were chosen to permit operation
close to the design Reynolds number of the MS(1)-0313 airfoil.
They corresponded to flight Mach number of 0.55 at an
altitude of 30,000 ft. Common fuselage, vertical and horizon-
tal tails, and component weights were used for the dual- and
single-wing designs. Also, the aerodynamic load of the
horizontal tail was fixed. All aircraft were trimmed for
positive lift on the tail for minimum induced drag as discussed
by Kendall.?* Since dual-wing airfoils have larger negative c,,*

and ¢,,_18 for positive staggers, fixing the tail load penalized
the dual-wing configurations. However, the drag penalty was
estimated to be only of the order of 1% in terms of the total
aircraft trim lift-to-drag ratio and was therefore ignored.
Aspect ratios of 8 and 12 were used for comparison. Since
structurally a dual wing with aspect ratio of 16 compares with
a single wing with aspect ratio of 12, these cases were also in-
cluded in the analysis. For the dual-wing designs, decalage
distribution of — 6 deg at the wing root to — 4 deg at the wing
tip were deemed optimum. Although this decalage distribution
did not offer the best efficiency, it allowed operation well
below the estimated critical Mach numbers. In all cases, 2-deg
washout produced the highest efficiency in the neighborhood
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factors.
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Fig. 10 Six-place aircraft cruise drag.

of the operational lift coefficient. Figure 10 shows the cruise
drag of the six-place design as a function of the wing loading.
In general, the optimum wing loading increased with aspect
ratio. However, the optimum dual-wing designs allowed
operation at a lower wing loading when compared with the
equivalent single-wing designs. This behavior pointed out one
of the advantages of the dual-wing configuration at higher
aspect ratios where the optimum wing loading of the single-
wing cases became rather excessive. As shown in this figure, it
was also noted that for wing loading of less than 45 psf, the
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Table 1 Aerodynamic characteristics of optimized configurations

Single wing Dual wing
R=8 R=12 AR=8 AR=12 R=16
Weight, Ibf 3926 3958 3954 3979 4012
W/A, psf 54.6 60.07 49.2 58.6 60.0°
o) 0.41 0.45 0.37 0.44 0.45
Drag, Ibf 344 310 321 296 281
R, x1076 4.7 3.7 2.5 1.9 1.6

Altitude = 30,000 ft, M =0.55, six-place design

2 Arbitrarily limited wing loading.

dual-wing design with aspect ratio of 8 is superior to the
single-wing designs of aspect ratio 12. Also, as the aspect ratio
increased, the total drag became less sensitive to wing loading.
This allowed the placement of an arbitrary upper limited of 60
psf on the wing loading of all designs without greatly increas-
ing the total drag

Quantitatively comparing these configurations at aspect
ratio of 8 with the optimum wing loading, a total drag reduc-
tion of 6.5% was achieved by the dual-wing system. Also,
comparison of the dual-wing design of aspect ratio 12 with the
single-wing case of aspect ratio 8 revealed 14% lower drag.
This comparison is justified due to the fact that the dual wings
of aspect ratio 12 had the same structural characteristics as the
single wings with aspect ratio of 8 .

Table 1 presents the characteristics of the final six-place
design. These results indicated drag savings substantially
higher than those presented in Ref. 11. These differences are
attributed to the proper choice of Reynolds number, spanwise
variation of the decalage angle, and twist. As mentioned
earlier, similar results were observed for the twelve-place
design. ’

These studies were limited to constant engine and fuel
weights. Lower power requirements of the dual-wing systems
can allow these weights to be decreased.

Conclusions

Aerodynamic efficiencies of two classes of dual-wing air-
craft were studied and compared with the performance of op-
timum equivalent single-wing designs. In all cases, using
numerical techniques, the dual-wing configurations were op-
timized for the best combinations of decalage and Reynolds
number with considerations for compressibility effects. In
every respect, the dual-wing systems proved to be more
efficient.
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