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Recent interest in micro aerial vehicles has resulted in the evaluation of innovativeaerodynamic con� gurations
and propulsive mechanisms to meet the requirements of these machines. It is proposed that a biplane formed using
delta wings may prove to be an ef� cient con� guration. Accordingly, a theoretical and experimental investigation to
determine the characteristics of delta wings in a biplanecon� guration was undertaken. The wind-tunnel study was
performed using 75-deg delta wings. The biplane wing’s gap (separation) and stagger were varied. A theoretical
method was developed that coupled Prandtl’s biplane theory (Prandtl, L., and Tietjens, O. G., Applied Hydro and
Aeromechanics, Dover, New York, 1934, pp. 211–222) with Polhamus’ leading-edge suction analogy (Polhamus,
E. C., “Prediction of Vortex-Lift Characteristics by a Leading-Edge Suction Analogy,” Journal of Aircraft, Vol. 8,
No. 4, 1971, pp. 193–199). The experimental results showed that the separation between the wings has a signi� cant
effect on lift, the lift reducing with closer wing proximity. The biplane con� guration shows far less sensitivity
to stagger, with effects only manifesting for angles of attack greater than 15 deg. Positive stagger (upper wing
forward) increased lift whereas negative stagger decreased lift relative to an unstaggered con� guration. Similarly,
positive stagger increased the maximum recorded lift coef� cient with negative stagger having the opposite effect.
The theoretical method showed close accord with the experimental data and correctly predicted the effect of gap
and stagger on lift. Theoretical analysis showed that for a dimensionally constrained planform, the delta wing
biplane is an effective con� guration for moderate to large wing separation.

Nomenclature
a = geometric parameter, m
b = wing span, m
CD = drag coef� cient
CL = lift coef� cient
CL® = lift curve slope
Cr = wing root chord, m
h = geometric parameter, m
K P = potential constant
KV = wing vortex lift constant
L = lift, N
q = dynamic pressure, Pa
r = geometric parameter, m
S = wing area, m2

U = freestream velocity, m/s
U12 = induced axial velocity increment, m/s
V = induced velocity, m/s
W = normal component of induced velocity, m/s
X = stagger, m
x; y; z = Cartesian coordinates,m
y1 = point of interest
Z = gap, m
Z 0 = effective or average gap, m
® = geometric angle of attack, deg
®12 = angle of attack induced on wing 1 by wing 2, deg
¯ = geometric parameter, deg
0 = bound circulation, m2/s
00 = wing root circulation, m2/s
° = geometric parameter, deg
± = ef� ciency factor
² = wing apex angle, deg
3 = wing leading-edge sweep angle, deg
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¸ = geometric parameter, deg
Á = geometric parameter, deg

Subscripts

at = attached
B = bound
bip = biplane
i = induced
l = lower
min = minimum
mono = monoplane
T = trailing
tot = total
u = upper
1 = wing 1
2 = wing 2
2D = two dimensional
3D = three dimensional
12 = effect on wing 1 of wing 2

Superscript

¢ = incorporates axial velocity increment

Introduction

E ARLY � ight endeavors led to the prominence of the multi-
plane con� guration. The moderate lifting performance and

structural integrity of early � ying machines found redemption in
the biplane con� guration. Subsequent structural and aerodynamic
advances found the biplane falling into disfavor in the early 1930s.
For a constrained wing span, however, biplanes do possess aero-
dynamic ef� ciency advantages as compared to monoplanes. At a
given lift coef� cient and assuming elliptic loading, the vortex drag
of a biplane tends to half that of a monoplane as the separationdis-
tance between the wings tends to in� nity [vortex drag of the mono-
plane is given by C2

L =¼AR and that of the biplaneby .CL =2/2=¼AR C
.CL =2/2=¼AR D C2

L =2¼AR]. The biplane distributes the trailing vor-
ticity over an appreciable area, thus, reducing the downwash at a
point and, consequently,reducingvortex drag. Alternatively, the bi-
plane captures a larger volume of air that is accelerated down to
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generate the lift impulse, thus reducing the downwash velocity and,
hence, the kinetic energy imbued to the accelerated � uid.

Experimental studies1¡4 were conducted in the 1920s to deter-
mine characteristicsof biplanes, that is, the effects of stagger, wing
separation (gap), decalage (angle between the chord lines of the
wings), dihedral, relative wing spans, and sweep. Using re� ection
plane models, Knight and Noyes1 used surface pressure integration
to determine the effects of decalage,dihedral, sweepback,and wing
overhang (differing spans). The tests were uncorrected for wall ef-
fects and were conductedat Re D 1:5 £ 105; they are subject to scale
effects.Nonetheless,the trends should still be valid. In all instances,
the recorded normal force coef� cient based on the total wing area
was lower than that of a monoplane consisting of an individual bi-
plane wing. For no stagger,variationsof the decalageangle of 3 and
6 deg (by varying the lower wing’s incidence) showed that positive
decalage (lower wing at a higher geometric ® than the upper wing)
increasedthe cellulenormal force coef� cient; negativedecalagehad
the oppositeeffect.Positivedecalagereducedthe normal force coef-
� cient on the upper wing, but greatly increased it on the lower wing.
The opposite effect was noted for negative decalage. The dihedral
angle explored (3 deg) was found to have a weak effect on the total
normal force coef� cient recorded. The effects of two wing leading-
edge sweep angles were investigated (5 and 10 deg). Sweepback
was found to have a negligible effect on the cellule normal force
coef� cient, although the load distributions between the wings was
moderatelyaffected.The effect of differingwing overhangs (spans)
was also investigatedfor bu=bl D 1:25, bl=bu D 0:8, and bl=bu D 0:6.
The net effect on the normal force coef� cient was small. The dis-
tribution of the wing loads was affected, with the individualwing’s
AR generally dictating its loading, for example, that with higher AR
showed higher loading. A similar study by the same researchers2 at
the same test conditions showed that positive stagger (upper wing
forward) increases the cellule normal force coef� cient moderately,
whereasnegativestaggerhas theoppositeeffect.A similar resultwas
found by Norton.3 The loading on the upper wing was increased by
positive stagger (and decreased by negative stagger), whereas that
on the lower wing was far less receptiveto staggerchanges(negative
staggerwas found to increase lower wing loading slightly). Increas-
ing the wing gap (Z=Cr D 0:5 ! 1:5) showed a marked increase
in the total normal force coef� cient. Regarding the individual wing
loading, the effect of the wing gap was profound on the upper wing
and slight on the lower wing.

Subsequently,Prandtl5 extendedhis liftingline theoryto biplanes,
allowing theoretical estimation of the effect of the primary design
variables, stagger and gap, as well as the relative size of the wings.
The theory5 revealed interestinginterferencecharacteristics:For an
unstaggered biplane the drag increments due to the mutual in� u-
ence of the wings are equal and are always additive.For a staggered
biplane, both the bound and trailingvortices of each wing in� uence
the other. Thus, for positive stagger (the upper wing in front of the
lower wing) the upper wing increases the downwash on the lower
wing, thus increasing its drag, and vice versa for the effect of the
lower wing on the upper wing. Munk6 showed that the total mu-
tual induced drag of a biplane for a � xed gap is independent of the
amount of stagger (Munk’s stagger wing theorem). This theorem is
only valid if the two wings’ lift distributionsare unaltered (through
varying the wings’ ®). For multiplanes, minimum drag of the sys-
tem is achievedwhen the induceddownwashvelocitieson the wings
are equal and constant along the span, as is the case for a mono-
plane. Drag is also minimized by matching the span of the biplane’s
wings.

Recent interest in small-scale unpiloted aerial vehicles has pro-
mulgated investigation of numerous nonconventional wing and
propulsion con� gurations.7 The inherent utility of micro aerial ve-
hicles has promulgatedan intense research effort to supply the nec-
essary technology. Generally, research efforts have followed two
distinct paths. Microvehicleshave been designed that use relatively
conventional planforms: canard-trapezoidalwings, circular wings,
or, perhaps,lessconventionalringwings.Unfortunately,thesewings
are inherently limited by design to be relatively inef� cient at the ex-
tremely low Reynolds numbers (<5 £ 104 ) at which a microvehicle

may operate. In the Reynolds number range of interest, the � ow
is laminar, limiting the lift that may be generated and causing the
wings to be prone to laminar separation effects with concomitant
large losses of lift, high drag, and potential loss of control power.
Compoundingthe problemis the natureof the environmentin which
these wings operate, close to the surface such that the atmosphere
is intrinsically gusty. This places even greater requirements on the
wing form in that it should be relatively insensitive to atmospheric
turbulence. The second research area has been to design vehicles
that utilize propulsive-lift mechanisms evolved in nature, that is,
biologically inspired.8 Incorporation of biological kinematics into
microvehicledesign presents formidablechallenges.First, the wing
kinematics and structuresused by insects are not completely under-
stood. Consequently, any attempt at emulating insect � ight mech-
anisms will be, at best, an approximation. Second, the wing kine-
matics used by insects present signi� cant problems to simulate.

The Reynoldsnumberbehaviorof deltawings is relativelyunique.
Virtually every facet of delta wing � ow physics is largely indepen-
dent of the Reynolds number. Through enforced leading-edge sep-
aration, the � ow over a delta is dominated by the formation of large
leading-edgevortices that greatly enhancelift and allow deltawings
to operate at high angles of attack. This lift augmentation is neces-
sary because delta wings, due to their low AR, are inherently poor
lift generators.Experimentalstudies9 haveveri� ed that sharp-edged
delta wings are insensitive to Reynolds numbers, and have similar
lifting characteristicsat a Re D 2 £ 104 or 1:14 £ 106 . Additionally,
due to their low lift-curve slopes, delta wings are not particularly
sensitive to atmospheric gusts or disturbances.

Within the limiteddimensionalcon� nes of a micro aerial vehicle,
the lifting performanceof a delta wing is unlikely to be satisfactory,
perhaps requiring high cruise speeds. A means to circumvent this
problem would be to use nonplanar wings, that is, a biplane con-
� guration. The dual wings may allow suf� cient lift generation (lift
coef� cients greater than 2.5 compared to a monoplane wing with
equivalentprojected area) for all envisagedoperations.It would not
be necessary to employ any unsteady lift generating mechanisms
to augment lift, greatly simplifying the vehicle. The con� guration
would still bene� t from all of the favorable characteristicsof delta
wings, that is, stable lift generationto high angles of attack, insensi-
tivity to Reynolds number effects, and attenuated response to gusts.
For a micro aerial vehicle with a constrained span, biplanes are a
highly ef� cient con� gurationand, when combinedwith the features
of delta wings, may comprise an excellentcon� guration to meet the
requirements for this type of vehicle.

The lifting characteristics of slender planar sharp-edged delta
wings can be accurately estimated using Polhamus’10 leading-edge
suction analogy. Polhamus surmised that, for a sharp-edged delta
wing, the lost leading-edge suction was recovered as vortex lift if
the � ow reattachedinboardof thevorticeson theupperwing surface,
i.e. the leading-edge suction vector was effectively rotated through
90 deg to the plane of the normal force. The total lift on a delta
wing is then constituted of a potential component quanti� ed as the
attached� ow lift in the absenceof leading-edgesuctionand a vortex
lift component. A major strength of the suction analogy is its utility
and accuracy.

Consequently, to verify the practicality of the biplane delta con-
� guration and to extend the database on delta wing con� gurations,
a low-speed wind-tunnel investigationand theoreticalanalysishave
been undertaken. The theoretical analysis merges Polhamus’ suc-
tion analogy10 and Prandtl’s biplane theory5 to allow estimation of
the interferenceeffects on lift. Prandtl’s biplane theory does not ac-
count for the effect of the mutual wing interference on lift; in the
present analysis, the theory is extended to account for this interac-
tion. This type of theoretical approach allows explicit identi� cation
of the relationshipbetween design variablesand aerodynamicchar-
acteristics.Comparisonsbetween the present experimentaldata and
the theoretical prediction method are presented.

Model Description and Experimental Procedure
Figure 1a shows geometricdetailsof the models used in the study.

All of the wings were fabricated from mild steel plate. Wentz and
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a) Model details

b) Model mounting system

Fig. 1 Geometrical details of wind-tunnel mount and models.

Kohlman11 found for a series of wings (thickness/Cr D 1:1%) that
a square-edgedwing showed similar performance characteristicsto
a chamfered or bevelled-edged wing. Consequently, to eliminate
the necessity of bevelling the wing’s leading edges, the wings were
manufacturedfrom1.52-mm-thicksteelplate.The wing’s thickness,
combined with a root chord of 300 mm, yields a thickness to chord
ratio of 0.51%. A leading-edge sweep angle of 75 deg was investi-
gated. Larger wings of 375-mm root chord were also manufactured
to investigate potential blockage effects and disparate wing sizes.

In the tests, both wing separation (gap) and axial spacing (stag-
ger) were investigated.For zero stagger,wing gaps of Z=Cr D 0:25,
0.33, and 0.42 were evaluated. For a wing gap of Z=Cr D 0:42,
the upper and lower wings were staggered at X=Cr D §0:17 and
0.33 with positive stagger indicating a forward upper wing. The
wings were attached to a mount that consisted of a thin reinforc-
ing spine that extended for 203 mm along the root chord of the
wing, to minimize wing � exing (see Fig. 1b). At no time during
the testing was any chordwise or spanwise � exing of the models
observed.The model dimensionswere kept to a minimum to reduce
the effect of the wind-tunnel walls. Tests were undertaken in Texas
A&M University’s 3 £ 4 ft continuous wind tunnel at U D 38 m/s
and Re D 0:77 £ 106 based on Cr . All of the presented experimen-
tal data for the biplane con� gurations were reduced by the total
wing area, unless mentioned otherwise. A six-component Aerolab
sting balance was used for force determination. The accuracy of
this balance is estimated at 0.5% of the maximum measured lift and
drag. Balance resolution is better than 2 £ 10¡4 of the measured
coef� cient on all channels. Through repeated data runs, repeatabil-
ity of the balance for lift and drag is estimated at 1CL D 0:0008
and 1CD D 0:0005. Model pitch and yaw is adjusted using dc mo-

tors connected through a potentiometer to a digital readout display.
Model angle of attack can be set to within 0.05 deg. Force bal-
ance data as well as tunnel dynamic pressure were acquired using
a personal computer equipped with a 16-bit A/D board. The data
acquisitionprogramused to acquire the balance loads samples each
data channel 1000 times and averages it.

The force balance tests comprised pitching the model through a
set angle of attack range from ¡2 to 56 deg. Data were recorded at
2-deg intervals. Delta wing � ows, assuming enforced leading-edge
� ow separation, are not particularly sensitive to Reynolds number
or scale effects, although the locationof the secondary separation is
Reynolds number dependent. In an effort to be consistentwith other
investigations,12;13 it was decided not to employ any type of forced
transitionas enforcedtransitiondoesnotguaranteea � ow� eld repre-
sentativeof realistic � ight Reynolds numbers. Tare and interference
effects were determined using an image system14 as this method is
relatively simple to implement and yields the total interferenceand
tare effects and additionally may be used to determine the wind-
tunnel � ow angularity. In this study, solid and wake blockage were
corrected for using the method of Shindo.15 Upwash corrections
were applied using the method detailed by Rae and Pope.14

Experimental Results
As all of the models used in the investigation were thin (and es-

sentially sharp edged), uncambered, and planar, their drag behavior
is uniquely de� ned by lift; CD D CD min C CL tan ®. Consequently,
it is not necessary to present drag results to characterize relative
wing performance. Although the level of blockage in the majority
of the tests was generally low (¼3.8% at ® D 60 deg), it was deemed
necessary to evaluate if signi� cant blockage effects were present.
Figure 2 shows a comparison between the Cr D 0:3 and 0.375 m
wings. Blockage for the larger wings is 53% greater, that is, 5.8%.
The data show that blockage/wall effects were generally small and
negligible for ® < 25 deg.

Figure 3 presents the effect of gap on lift coef� cient for zero stag-
ger. Also included are data for a monoplane delta. It is apparent that
wing separation has a signi� cant impact on both the potential and
vortex lift. Reduction in the potentialor attached � ow lift is evident
by the marked reduction in lift at low ® (less than 10 deg), and the
attenuation of vortex lift is visible in the reduced nonlinearity of
the curves. The mutual induced interference of the wings results in
increased downwash that both attenuates the attached � ow lift by
reducing the wing’s effective angle of attack and reduces the vor-
tex lift by increasing the vortex drag, which, consequently,reduces
the leading-edge thrust. These effects will be clari� ed later in the
theoretical development. Compared to the monoplane, the biplane
con� gurations possess a noticeably more docile stall. For a 75-deg
sweep delta, the onset of vortex breakdownat the wing trailing edge
is associatedwith abrupt wing stall. It is likely that the channel that
the leading-edge vortices of the lower wing are con� ned to affects
the burst characteristics of these vortices as they now are affected
by the pressure � elds of both the upper and lower wings. Thus,

Fig. 2 Effect of dissimilar model size on the measured lift coef� cient.
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Fig. 3 Effect of wing gap on the measured lift coef� cient.

Fig. 4 Effect of wing stagger on the measured lift coef� cient.

bursting of the upper and lower vortices at dissimilar incidence
would lead to a moderationof the severity of stall. Compared to the
monoplane wing, the biplanes show a steadily increasing lift decre-
ment with decreasing Z=Cr . Note that the physical lift (in Newtons)
that would by developedby the biplane wing is twice that indicated
in Fig. 3 (the biplane wings have twice the area of the monoplane
wing). For a con� ned planform lifting vehicle, the biplanes would
generate signi� cant lift, althoughnot as effectivelyas two in� nitely
separated wings.

The effectofwing staggerfor a � xedgapof Z=Cr D 0:42 is shown
in Fig. 4. At low ®, the effects of the range of stagger explored on
the lift coef� cients are marginal, which, as will be shown later, does
not imply that the individual loading on the wings is unaffected,but
that the total loading is invariant. At higher incidence (® > 20 deg)
the impact of staggerbecomesmarked.Positive stagger (upperwing
forward) increases lift, whereas negative stagger has the opposite
effect. A weaker but similar trend is seen in the data of Knight and
Noyes.2 For the delta biplanes, the data suggest that stagger has the
most signi� cant impact on the vortex lift.Geometricalconsideration
indicates that the trajectories and imposed adverse pressure gradi-
ent experienced by the leading-edgevortices of the lower wing are
affected most by the biplane con� guration. Consequently, positive
stagger may reduce the extent of the channel that the lower wing’s
vortices must negotiate. Additionally, the positive pressures asso-
ciated with the windward surface of the upper wing increase the
adverse pressure gradient the vortices must negotiate as they pass
near the trailing edge of the wing, where the vortices trajectories
bring them into closerproximitywith the upper wing. Vortex break-
down is sensitive to the vortices’ swirl ratio (ratio of the maximum

rotary velocity at the edge of the viscous core to the maximum, or
average, core axial velocity) and imposed adverse pressure gradi-
ent. It is unlikelythat the wing interferencewould increasethe lower
vortices’ swirl ratio (this would generally encompass strengthening
the vortex). Thus, earlierbreakdownof the lower wing vorticesmay
be precipitated by an increased adverse pressure gradient. Positive
stagger may, thus, bene� cially alter the lower surface vortices tra-
jectory to mitigate/lessen the adverse impact of the upper wing’s
windward compression surface. Poststall lift generation is greatly
reduced by negative stagger. Although not veri� ed experimentally,
the lift loss is most likely associated with an accelerated forward
progression of vortex breakdown of the lower wing’s vortices.

Theoretical Prediction Method
Analysis of delta wings using slender wing theory consists of

evaluation of the � ow in a cross� ow plane at any chordwise loca-
tion. The � ow patterns at a chordwise location are similar, and the
wing extends to in� nity downstream.Consequently,each chordwise
plane of the wing is essentially a Trefftz plane. The solution for the
cross� ow plane is then integrated chordwise to yield the properties
of the wing (trailing-edgein� uencesexcluded). In liftingline theory,
the wing is replacedby a bound vortex located at the wing’s quarter
chord. The no-penetrationcondition is enforced at the three-quarter
chord location of the wing. The bound vortex sheds a continuous
sheet of trailing vorticity to avoid violating Helmholtz’s theorems.
This sheet is assumed to remain � at and extenddownstreamto in� n-
ity. The solution of the � ow can be determined from the cross� ow
at in� nity downstream (Trefftz plane). The downwash induced by
the trailing vortex system at the wing is then half that at the Trefftz
plane.

In the present analysis, perhaps somewhat unconventionally,the
wings are replaced by two lifting lines with each embodying the
three-dimensional wing’s properties. Although the speci� c chord-
wise locationsof the lifting lines are not required,the relativechord-
wise locationof the two lifting lines is germane.They are effectively
placed at the wing’s trailing edge to ensure that the spanwise inte-
gration variables are correct, that is, §b1;2=2. The methodology ac-
counts for effects of gap, stagger, dissimilar wing size, and sweep.
A schematic of the lifting line layout and describing variables is
shown in Fig. 5.

In order to allow realization of simple explicit relations, it is
necessary to outline some simplifying assumptions implemented in
the analysis:

1) Both wingsof the biplanecellulehave elliptic loading.Jones’16

slender wing theory shows that the attached � ow spanwise load
distribution on a slender delta wing is elliptic.

Fig. 5 Staggered biplane descriptive variables.
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2) The unperturbedelliptic load distribution(of each wing acting
as a monoplane) is used to determine the velocity induced on the
other wing and the wing’s own loading.

3) Effects of decalage are not accounted for.
At point y1 on wing 1, the vortex system of wing 2 induces a

velocity due to its bound and trailing vortex system. The bound
vortex system of wing 2 also induces an axial velocity component
at the lifting line of wing 1. Although this component is generally
considered to be small,5 it is included in the analysis.

The velocity induced at wing 1 (point y1) due to a strip of the
trailing vortex of wing 2 can be determined using the Biot–Savart
law5:

dV12T D
¼=2

¸

1

4¼a
¡d02

dy2
dy2 cos¸

D
¡1

4¼a

d02

dy2
dy2 .1 ¡ sin ¸/ (1)

The vertical component of this velocity is

dW12T D
¡1

4¼a

d02

dy2
dy2 .1 ¡ sin ¸/ sin ¯ (2)

The total normal velocity at y1 due to the trailing vortex sheet of
wing 2 is

W12T D
¡1

4¼

b2=2

¡b2=2

1
a

d02

dy2
.1 ¡ sin ¸/ sin ¯ dy2 (3)

To facilitate the analysis, use is made of the following relation-
ships (see Fig. 5):

sin ¸ D X=r (4a)

sin ¯ D .y2 ¡ y1/=a (4b)

r D a2 C X 2 (4c)

a D .y2 ¡ y1/2 C Z 2 (4d)

sin Á D h=r (4e)

sin ° D X=h (4f)

cos ° D Z=h (4g)

yielding

W12T D
¡1

4¼

b2=2

¡b2=2

1
a2

d02

dy2
1 ¡

X

r
.y2 ¡ y1/ dy2 (5)

This expression, for an assumed elliptic spanwise load distribu-
tion, is singular at the wing tips (§b=2). This can be circumvented
using integrationby parts.5 Noting that the circulation tends to zero
at the wing tips yields

W12T D
¡1
4¼

b2=2

¡b2=2

02.y2/

£
a2 ¡ 2.y2 ¡ y1/2

a4
1 ¡

X

r
¡

X .y2 ¡ y1/
2

a2r 3
dy2 (6)

The velocity at y1 due to a bound vortex element of wing 2 is

dV12B D
02 sin Á dy2

4¼r 2
D

02.h=r/ dy2

4¼r 2
(7)

Thus, the normal velocity component induced at y1 due to an
element of the bound vortex of wing 2 is

dW12B D 02h dy2 sin °

4¼r 3
(8)

The total induced normal velocity at y1 due to the wing 2 bound
vortex is

W12B D
b2=2

¡b2=2

02 X

4¼r 3
dy2 (9)

The total verticalor normal velocityinducedby wing 2 at location
y1 of wing 1 is

W12tot D W12T C W12B (10)

The axial velocity component induced at y1 due to an element of
the bound vortex of wing 2 is

dU12B D
¡02h dy2 cos °

4¼r 3
(11)

where the negative sign is required due to the sign convention.The
total induced axial velocity at point y1 is then

U12B D
b2=2

¡b2=2

¡02 Z

4¼r 3
dy2 (12)

The total axial velocity is

Utot D U C U12B D U .1 C U12B=U / (13)

For wing 1 or 2, the assumed spanwise load distribution is given
by

0 D 00 1 ¡ .2y=b/2 (14)

For elliptic loading, we may write the Kutta–Joukowski theorem
as (noting that the effective vortex span of the wing is ¼=4)

L D ½U 00b.¼=4/ D CL® 3D sin ® 1
2 ½U 2 S (15)

which gives

00 D .2=¼/U .S=b/CL® 3D sin ® (16)

which, with S=b D Cr =2 for a delta wing, yields

00 D .Cr =¼/UCL® 3D sin ® (17)

Thus, the change in the local ® of wing 1 at point y1 due to wing 2
may be expressed as

®12.y1/ D
W12tot

U
D

¡1

4¼ 2

b2=2

¡b2=2

Cr2CL® 3D2 sin ® 1 ¡ 2y2

b2

2

£
a2 ¡ 2.y2 ¡ y1/2

a4
1 ¡

X

r
¡

X .y2 ¡ y1/2

a2r 3
¡

X

r 3
dy2

(18)

and the axial velocity increment is given by

U12B .y1/

U
D

¡1

4¼ 2

b2=2

¡b2=2

Cr2CL® 3D2 sin ®
Z

r 3
1 ¡

2y2

b2

2

dy2

(19)

For zero stagger, X D 0. Having determined the normal and axial
velocityinducedatany locationofwing1’s boundvortexbywing2’s
lifting elements, it is necessary to � nd the effect of these velocities
on the lift.
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Effect of the Induced Normal Wash on the Attached Flow Lift

The effect of the downwash on lift will be estimated using an
equivalent two-dimensional lift-curveslope for the wing. From lift-
ing line theory,theeffectof the induceddownwashcanbe interpreted
to cause rotation of the local freestream such that the wing operates
at an effective reduced angle of attack

CL D CL® 3D® D CL® 2D.® ¡ ®i / (20)

For the assumed elliptic loading, ®i D CL=¼AR. Manipulation
yields

CL® 2D D
CL® 3D

1 ¡ CL® 3D=¼AR
(21)

With this expression,the effect of the normal wash can be evaluated.
For a delta wing, CL® 3D is closely approximated by17

CL® 3D D 4 tan0:8 ² (22)

The change in the attached � ow lift of wing 1 due to wing 2 is then
(letting point of interest y1 vary across the span as y1)

CL12 D 1
b1

b1=2

¡b1=2

CL® 2D1 ®12.y1/ dy1 (23)

The effect of the bound vortex induced axial velocity increment
on the attached � ow wing lift curve slope is given by

C ¢
L® 3D1

D 4
¼b1

b1=2

¡b1=2

CL® 3D1 1 C
U12B .y1/

U
1 ¡ 2y1

b1

2

dy1

(24)

The total attached lift of wing 1 is then (using sin ® to improve
accuracy at high angles of attack)

CL1at D C ¢
L® 3D1

sin ® C CL12 (25)

Effect of the Induced Normal Wash on the Vortex Lift

In Polhamus’10 expressionfor thevortex lift, KV is affectedby the
lift-curve slope of the wing and the wing’s aerodynamic ef� ciency,
@CD=@C2

L . For a wing with elliptic loading, @CD=@C2
L D 1=¼AR.

Deviation from elliptic loading may be incorporated through the
use of an ef� ciency factor ±, which represents the increase in vor-
tex drag from the planar unswept minimum. Thus, we may write
@CD=@C2

L D .1 C ±/=¼AR for a wing with non-elliptic loading. It
follows that it is necessary to determine the effect of the downwash
of wing 2 on the drag of wing 1. This drag variation will then be
recast in terms of an increment relative to the monoplanewing, that
is, ±. This allows straightforward incorporation into Polhamus’10

formulation.
The normal wash of wing 2 on wing 1 effectivelyrotates the local

freestream in the vicinity of wing 1, so tilting the resultant force
causing an extraneous thrust or drag depending on the arrangement
of the biplane cellule.

Using a far-� eld expression for the vortex drag of a wing gives
the drag of wing 1 due to wing 2 (letting the point of interest y1 vary
as y1):

CD12 D 2
S1

b1=2

¡b1=2

®12.y1/01.y1/

U
dy1 (26)

Substituting for 01 and using S1 D Cr 1 tan ²1 yields

CD12 D
b1=2

¡b1=2

¡®12.y1/CL® 3D1 2 sin ®

¼Cr 1 tan ²1
1 ¡ 2y1

b1

2

dy1 (27)

where the negative sign is required due to the sign convention
adopted; downwash results in positive drag. The monoplane vor-
tex drag for wing 1 may be written as

CD1mono
D

CL® 3D1 sin ®
2

¼AR1

(28)

The ef� ciency factor to account for the in� uence of wing 2 on
wing 1 is

±12 D CD12 CD1mono
(29)

which, in the presentanalysis, is independentof ®; this is not a result
given by numerical lifting line theory.18

The vortex lift constantfor wing 1, includingthe effectsof wing2,
may now be written as

KV1 D C ¢
L® 3D1

¡
C ¢2

L® 3D1

¼AR1
.1 C ±12/

1

cos 31

(30)

Thus, the increase in drag caused by interference (imbedded in
±12) can be interpretedas a reductionin the wing’s leading-edgesuc-
tion and consequentlyvortex lift. To be consistentwith Polhamus’10

formulation, the effect of the net attached lift of wing 1 should be
recast as an effective three-dimensionallift-curve slope given by

K P1 D CL1at sin ® (31)

The � nal expression for the lift of wing 1 is

CL1 D K P1 cos2 ® sin ® C KV1 sin2 ® cos ® (32)

The coef� cients in the preceding formulation were nondimen-
sionalizedby their respectiveareas (instead of the total cellule wing
area, S1 C S2). For a biplane, calculationof CL1 and CL2 to give the
total lift (CL1 C CL2 ) would result in a lift coef� cient value based
on the area of each respectivewing only (effectivelyone wing only
for equal area wings). This form of presentation is useful in com-
paring the actual load carried by each wing to that of a monoplane
and to ascertain relative and representative loading when the two
biplane wings have dissimilar areas. If the lift coef� cients based
on the combined areas of both wings is desired, then the following
formulas are used. This type of presentation is useful for evaluating
the loading ef� ciency of the biplane as a whole and in determining
overall interference effects:

CL D
S1CL1 C S2CL2

S1 C S2

(33)

Similarly,

KV D
S1 KV1 C S2 KV2

S1 C S2

(34)

K P D
S1 K P1 C S2K P2

S1 C S2

(35)

The preceding expressions were developed to determine the ef-
fect of wing 2 on wing 1. For computations, the effect of wing 1 on
wing 2 is easily determinedusing the same expressionsby reversing
the signs of Z (gap) and X (stagger). If the wings are not of equal
size, then the appropriate geometric values must also be changed.
The wing to be evaluated is placed at the coordinate systems origin,
and the other wing is positioned in accord with the desired gap and
stagger. X and Z then indicate the location of the in� uencing wing,
with considerationgiven to the axis convention.Computationscon-
sist of solving for the inducednormal and axial wash [Eqs. (18) and
(19)] and then integrating the velocity � elds across the span using
Eqs. (23) and (24) for the potential lift and lift-curveslope and using
Eq. (27) for the vortex lift for wing 1, then repeating for wing 2.
The total lift for each wing is determined using Eq. (32). The results
are then combined using Eqs. (33–35). This can readily be accom-
plishedusingany commercial symbolicmathematicspackage.For a
particular geometric con� guration, only one computation per wing
need be performed to � nd K P and KV (unless Z=Cr < 0:25 and the
wing is at high ®, then KV D f .®/, as will be discussed later), al-
lowing predictionof the lift coef� cient at any angle of attack within
the range of the method’s applicability.

As mentioned earlier, in the present method it is not necessary to
know the exact locationof the lifting linesrelative to the wing chord.
However, a complicationarises in the de� nition of the gap between
the wings. For a conventional unswept, untapered biplane system,
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de� nition of the wing gap (usually Z=Cr ) is unambiguous,and this
property is constantalong the span.For a delta wing, where physical
properties scale with the local wing span, for example, circulation,
a conventionalde� nition of gap becomes dubious because the local
semispan is variable. Consequently, it is more appropriate to use
an averaged gap for a delta wing, which takes into account the
slenderness of the wing. A natural formulation is

Z 0 D Z .b=Cr / D 2Z tan ² (36)

Equation (31) should be used to de� ne the gap in Eq. (4d). For
unequal size wings, the use of the dimensions of the smaller wing
is suitable.

It would be expected that the limitations of Polhamus’10 suction
analogy should extend to the present formulation.Accordingly, the
present method should be limited to wings with AR < 2 and vor-
tex breakdown free � ow. For extremely slender deltas (AR < 0.5),
mergingof the leading-edgeshear layers such that the � ow no longer
reattaches on the upper wing surface also limits applicability.

Comparison with Experiment and Theoretical Trends
In this section, comparisons will be presented of the prediction

method with the experimental data as well as theoretically deter-
mined biplane parameter dependencies. Unless mentioned other-
wise, the data have been presented using Eqs. (33–35), such that
the coef� cients are based on the total wing area. Consequently, the
displayeddata indicatedirectly the attenuationin wing loadingcom-
pared to a monoplane(where these data are included) resulting from
interference (not the actual lift that would be developed compared
to the monoplane). Figure 6 presents the theoretical effect on K Pu;1

and KV u;1 of the axial velocity increment induced by the wing’s
bound vortices, for zero stagger. The potential constant for the up-
per wing is increased and that for the lower wing is decreased, as
follows from the directions of the velocity increments experienced
at the wing’s center lines. For equal strength vortex systems, the
total K P for the biplane wings is identical to that ignoring the axial

Fig. 6 Effect of the induced axial velocity increment/decrement on KP
and KV of the individual wings and that of the cellule.

Fig. 7 Comparison of theory and experiment, effect of wing gap.

velocity increments; the increase and decrease in lift on the upper
and lower wings, respectively, sum to zero.

Although not presented, the same result is found for stagger (this
also follows from Munk’s6 stagger theorem as the lift in the present
analysis is determined from the induced downwash). KV , on the
other hand, is affected by the induced axial velocities [due to the
parabolic nature of the drag (second term on the right-hand side)
in the leading-edge suction equation, Eq. (30)]. Consequently, the
KV increment/decrement for the upper and lower wings does not
sum to zero. The effect is opposite to that expected, for example, a
velocity increment on the upper wing decreases the vortex lift. This
follows from Eq. (30) in that the wing lift-curveslope increases,but
the wing slenderness (effected in AR and 3) stays constant caus-
ing KV to drop. Nonetheless, the axial velocity effect is seen to
be small for Z=Cr > 0:25. Additionally, Z=Cr < 0:25 representsan
extremely small and inef� cient gap. The inclusion of the axial ve-
locity increment results in KV being dependent on ® as shown in
the top plot of Fig. 6. K P , however, remains a constant, that is,
K P 6D f .®/. The dependence of KV on angle of attack is generally
weak for Z=Cr > 0:25. As may be seen, increasing ® reduces KV

and, thus, the vortex lift. The implication of KV .®/ is that for small
wing gaps and high ®, it is necessary to calculate KV at regular
intervals for best accuracy. Figure 7 presents a comparison of the
experimental and predicted effect of the wing gap on CL for zero
stagger.Agreement between the theory and experimentis excellent,
with a slight overprediction of CL at high ® for the smallest gap
(Z=Cr D 0:25), which would be expected as vortex breakdown and
wing–vortex proximity effects are not accounted for. The accurate
predictionof theexperimentaldata throughoutthe presented® range
suggests that the present theory adequately predicts the biplane in-
terference effects on both the attached � ow (dominant at low ®)
and vortex lift (signi� cant at high ®). The ability of the method to
predict lift for dissimilar sized wings is shown in Fig. 8. For this
comparison, the cellule contains a small amount of positive stag-
ger (X=Cr D 0:05 based on Cr D 0:3 m) and a gap of 0.42 (based
on Cr D 0:3 m). Agreement is seen to be encouraging. The close
accord demonstratedvalidates the simplifying assumptions applied
in the theoretical formulation.

The explicit effect of gap on lift coef� cient is examined in Fig. 9
for ® D 10, 20, and 30 deg. Data representinga monoplane wing are
also included. The data show that the magnitude of the loss of lift
comparedto the monoplaneincreaseswith incidence.A comparison
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Fig. 8 Comparison of theory and experiment, dissimilar wing size.

Fig. 9 Comparison of theory and experiment in effect of gap and ®
on lift.

Fig. 10 Comparison of theory and experiment, effect of wing stagger.

of theory and experiment for the effects of stagger on lift coef� -
cient are presented in Fig. 10. Theoretically,for this wing geometry,
stagger has no effect on the total lift coef� cient if the induced axial
velocity effect is ignored and has a weak dependence (from KV ) if
the axial effect is includedfor small Z=Cr and high ®. At low angles
of attack, ® < 15 deg, this consequence is supported by the experi-
mental results. For ® > 15 deg, the experimental data display clear
effects of stagger, largely due to wing–vortex interaction effects.

The effect of the wing gap on both K P and KV is shown in
Fig. 11. The lower plot shows that K P and KV increase rapidly until
Z=Cr D 0:5, which,aswill be shown later,coincideswith the behav-

Fig. 11 Effect of wing gap
on KP and KV .

Fig. 12 Theoretical effect of wing gap and ® on biplane to monoplane
lift coef� cient ratio.

ior of the induceddownwash on the wings. The upperplot in Fig. 11
presents K P and KV for the biplane reducedby the equivalentquan-
tities for the monoplane wing. Note that for close wing proximity,
that is, small Z=Cr , the vortex lift (re� ected in KV ) is attenuatedby
the mutual wing interference to a greater extent than the potential
lift (re� ected in K P ). This characteristicdiminishes with increasing
Z=Cr and is not evident for Z=Cr > 0:63. The marked reduction in
KV for small gaps is largely a result of the axial velocity increment,
as discussed earlier.

The theoretical reduction in lift coef� cient compared to a mono-
plane as a result of interference is illustrated in Fig. 12. The lift
coef� cient of the biplane as a function of monoplane lift coef� -
cient for various gaps as well as that of ® is examined. Interference
effects are most pronounced for close proximity of the wings as
the mutually induced downwash is large. The interference reduces
for Z=Cr > 0:5 such that the lift of the biplane asymptotes toward
that of the monoplane. For Z=Cr D 1, the biplane lift loading is
approximately 92% of the monoplane. The lift ratio also demon-
strates a dependenceon ® for close wing proximity.The attenuation
of biplanelift for small Z=Cr and large incidenceresults in part from
the dependenceof KV on ® (see Fig. 6). The form of Fig. 12 appears
logarithmic; this functional dependence is examined in Fig. 13 us-
ing a logarithmic scale for gap. As shown, the lift ratio displays a
logarithmic dependence on gap.

Theoretical effects of stagger on the individual wing loading of
the biplanecelluleare presentedin Fig. 14 (Z=Cr D 0:42). For equal
strength vortex systems, the present theory predicts that stagger has
no effect on the total lift of the biplane if the axial velocity effect
[Eq. (19)] is neglected. It only affects the relative wing loading.
As mentioned earlier, this characteristic is also seen experimentally
(see Fig. 4), but is only evident for moderate wing angles of attack
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Fig. 13 Veri� cation of logarithmic dependence of biplane to mono-
plane lift coef� cient ratio on wing gap.

Fig. 14 Theoretical effect of wing stagger on individual wing loading,
Z/Cr = 0.42.

(less than 15 deg), above which vortex–wing interactioneffectsmay
become pronounced. Including the effects of Eq. (19) causes CL to
be weaklydependenton stagger for small gapsandhigh ®. Although
K P is unaffectedby stagger, KV does show a moderate dependence.
For unequal strength vortex systems, for example, dissimilarwings,
stagger effects the total lift (both K P and KV ) whether Eq. (19) is
included or neglected. For zero stagger (X=Cr D 0) the predicted
loading on the upper biplane wing is slightly higher than the lower
wing, due to the axial velocity increment/decrement (Fig. 14). If
this effect were neglected, the loading would be equal. The relative
invariance of the total lift is not too surprising if one considers two
staggeredliftingelementsof equalstrength.The effectof theirbound
vortex inducednormal wash on the net lift is zero (as will be detailed
later). For an unstaggeredsystem the downwash experiencedby the
two wings is equal.

Upon staggering, the upwind wing is affected to a lesser de-
gree by the other wing’s trailing vortex system, whereas the in-
duced downwash on the downwind wing increases proportionally.
As X=Cr ! 1, the upwind wing experiences no interference (and
lift decrement), whereasthe downwindwing is exposedto an in� nite
vortex system and, thus, experiences twice the downwash (and lift
decrement) of the two wings with no stagger.Consequently,total lift
is invariant.Mock4 conductedan experimentalstudy on an unswept
high aspect ratio biplane con� guration to determine the con� gura-
tion’s effect on the distribution of loading between the wings. His
data show that for zero stagger and decalage, a weak interference
effect is present such that the lower wing experiences a slightly
larger loss of lift than the upper wing, a trend predicted in Fig. 14.
This effect follows from the disparateaxial velocitiesinducedby the
two wings’ bound vortices; an increment on the upper surface and a
decrement on the lower surface. Figure 14 shows that positive stag-
ger increasesloadingon the upperwing and decreasesit on the lower
wing (vice versa for negative stagger); this follows from the bound

vortexinducedupwashof the lower wing on the upperwing for posi-
tive stagger.The in� uenceof the boundvortexinducedaxialvelocity
increment/decrement for this con� guration is weak and is re� ected
in slightlyhigher loadingon the upperwing for positivestagger than
on the lower wing for negative stagger. Initial displacement of the
wings is seen to dramatically shift their relative load distribution,
with this effect peaking around X=Cr D 0:1. This results from the
strong initial in� uence of the wings’ bound vortices. The behavior
could not be validated by existing experimental data because the
stagger increments used in the studies were too coarse.2;4 Increas-
ing the stagger beyond X=Cr D 0:2 signi� cantly redistributes the
load distribution between the wings. Expanding the wings’ stagger
further (X=Cr > 0:4) sees stabilizationof the relative wing loading
as the effect of both of the wing bound vortices diminishes. In ad-
dition, the interference from the trailing vortex induced downwash
on the upper wing becomes negligible and that on the lower wing
tends to a constant � nite value. At this point, for positive stagger,
the biplane interference effects manifest mainly on the lower wing
and are dominated by the upper wing’s trailing vortex system.

The effects of positive stagger on the induced angles of attack
(W=U ) are shown in Fig. 15 for ® D 20 deg. The data presentedrep-
resent that inducedon the designatedwing, that is, thecurvesmarked
lower wing indicate the normal wash experiencedby the lower wing
due to the upper wing’s vortex system. The normal wash angle has
a linear dependenceon sin ®, but is presenteddimensionallyto con-
vey the magnitude of the induced angles of attack. The nature of
the data in Fig. 14 is clearly explained by the trends in Fig. 15.
For moderate positive stagger (X=Cr D 0:2), the lower wing experi-
ences signi� cant downwash inducedby the upper wing’s bound and
trailing vortices, causing a signi� cant reduction in lift (Figs. 14 and
15). The upper wing experiences an upwash from the lower wing’s
boundvortexand a relativelysmall downwashfrom the lowerwing’s
trailing vortex system. As a result, the wing experiences a net up-
wash and, thus, increased lift. The behavior of the induced upwash
the upper wing experiencesis responsiblefor the local loadingpeak
shown in Fig. 14. For the lower wing, greater stagger has a weak
effect on the downwash it experiencesfrom the upperwing’s trailing

Fig. 15 Effects of wing stagger on the bound and trailing vortex con-
tributions to the induced angles of attack, ® = 20 deg: positive stagger,
Z/Cr = 0.42, ® = 20 deg; ——, trailing vortex contribution; - - - -, bound
vortex contribution.
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Fig. 16 Effects of wing stagger on the bound and trailing vortex con-
tributions to the wing centerline induced angles of attack, ® = 20 deg.

vortex.Conversely,the boundvortex induceddownwash diminishes
progressively as shown in Fig. 15, causing the reduction of the lift
decrement on the lower wing (see Fig. 14). For large stagger, the
induced velocities experienced by the upper wing tend to zero due
to increasing displacement from the lower wing’s vortex system,
both bound and trailing. The effects of negative stagger, under the
simplifying assumptions of the present analysis, are identical but
reversed. In Fig. 15 the result of negative stagger can be deducedby
switching the labels for the upper and lower wing. Consequently a
� gure showing this is not included. An analogous argument to that
presented explains the data in Fig. 14 for negative stagger.

It is instructive to gauge the chordwise variation of the induced
normal wash at the wing center line as a function of X=Cr for the
conditionspresentedin Fig. 15. As in Fig. 14, the wing designations
indicate the normal wash induced on the named curve (by the other
wing). This information is exhibited in Fig. 16 for positive stagger.
The in� uence of the wing’s bound vortex system is seen to increase
rapidly with initial wing displacement,which, as shown in Fig. 14,
hasa profoundeffecton the relativewing loading.As seen, theupper
wing experiencessigni� cant bound vortex inducedupwash for pos-
itive stagger less than 0.8 X=Cr . The interferenceof the lower wing
(on the upper wing) is essentially negligible for X=Cr > 1:6. For
the lower wing, the downwash from the upper wing’s trailingvortex
system increases signi� cantly initially and then asymptotes toward
a constantvalue for X=Cr > 1:2. Conversely,the boundvortex inter-
ference (from the upper wing) on the lower wing increases rapidly
until X=Cr D 0:1 and then diminishes swiftly for X=Cr < 0:8, tend-
ing to zero for larger stagger. Notice that the normal wash induced
by the bound vortices of the two lifting elements is equal and op-
posite (see Figs. 15 and 16). This indicates that for wings with
equal strength vortex systems the interference of the bound vor-
tices has no effect on the total lift of the cellule, that is, the lift
increment and respective decrement cancel out. Similarly, Munk6

found that the total drag of a multiplane system can be determined
ignoring any bound vortex contributions. The downwash on the
lower wing is seen to have almost reached its � nal value (that is, for
X=Cr D 1) for X=Cr > 1:2, in that the downwash is approximately
twice (indicating an effective in� nite vortex system) that for no
stagger.

The effectsof the wing gapon downwash for X=Cr D 0 are shown
in Fig. 17. For this case, the induced downwash is due only to the
wings’ trailing vortex systems and is equal for each wing. Data are
also included for the variation of the downwash at the wing center-
line with gap. For small gap (Z=Cr D 0:1) the induceddownwash is
relativelyuniformalong the centerof the wing (this follows from the
assumed elliptic loading: as Z=Cr tends to zero the induced down-
wash would become constant along the span). As the gap between
the wings increases, the downwash reduces, becoming parabolic in
form and ultimately tending to zero as Z=Cr tends to in� nity. The
nature of the downwash explains the trends seen in Fig. 12; for
Z=Cr > 0:5 the induced downwash is reduced considerably. The

Fig. 17 Effect of wing gap on the trailing vortex induced centerline
and spanwise downwash distribution.

Fig. 18 Theoretically required monoplanedelta wing AR and sweep to
match lift of various biplane con� gurations.

general nature of this behavior is more clearly observed by vari-
ation of the wing centerline downwash; the resemblance between
this plot and Fig. 12 is obvious.

The information presented prior was reduced by the total area of
the biplane cellule. However, for a con� guration with constrained
projecteddimensions,that is, a micro aerial vehicle,this formofdata
presentationmay be misleading.It is more appropriateto present the
data for a given lift (CL Sq). It is instructive to determine the sweep
of a delta wing that would be required to generate the same lift as
the present biplane con� gurations.An expression that allows com-
putationof the required sweep is readily determinedusing Eqs. (22)
and (32) and is given by

CL bip.S1 C S2/ D 4 tan0:8 ²mono sin ® cos2 ®

C 4 tan0:8 ²mono ¡
4 tan0:8 ²mono

2

4¼ tan ²mono

cos ® sin2 ®

sin ²mono
C2

r tan ²mono

(37)

In evaluation, the computed lift coef� cient (at a given ®) and wing
area for the biplane con� guration is substituted into the left-hand
side of Eq. (37). The expressionis then solvedfor ²mono. A typical re-
sult (assuminga constrainedroot chord,Cr D 0:3 m, and no stagger)
is presented in Fig. 18. For any Z=Cr greater than approximately
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Fig. 19 Effect of wing gap on measured coef� cients; presented data
are equivalent to dimensional lift and drag.

0.1, a monoplanethat matches the lift of the biplanerequiresa larger
span and, thus, lesser sweep. This is pronouncedfor initial increases
in the wing gap, and for Z=Cr D 1 a monoplane of approximately
68-deg sweep would be required. This wing represents a 51% in-
crease in span and aspect ratio over the biplane. The higher aspect
ratio of the monoplane also results in degraded high ® performance
following from the earlier onset of vortex breakdown. It may, thus,
be inferred that for a constrained projected planform, a biplane is
indeed a viable planform to generate the necessary lift to sustain a
micro aerial vehicle. To improve the ef� ciency with which this lift
is generated though, it is necessary to have wing gaps greater than
0.4Cr .

Lift, drag, and the range parameter L=D for an unstaggered bi-
planeand that of a monoplane representingone of the biplanewings
is exhibitedin Fig. 19. For a constrainedplanformvehicle, this com-
parison is representative.All of the presented data sets are reduced
by the same area (that of the monoplane); thus, the information is
equivalentto dimensionaldata. For lift coef� cients less than 0.3, the
increasedwetted area of the biplane increases the skin friction, such
that the monoplane has the lowest recorded drag and, as a result,
the highest lift to drag ratio. For lift coef� cients greater than 0.3,
drag of the biplanes is markedly lower than the monoplane due to
a signi� cant increase in lift. The L=D ratio of all of the biplanes
is notably improved over the monoplane, indicating a marked in-
crease in potential range at higher lift coef� cients. The effects of

gap are only seen to manifest for lift coef� cients greater than 0.4,
with increasing gap augmenting lift.

Conclusions
A theoretical and experimental investigation was undertaken to

determine the characteristicsof delta wings in a biplane con� gura-
tion. Wind-tunnel tests were undertaken using 75-deg delta wings,
with variations in both wing gap and stagger. A theoreticalmethod
was developed that combined Prandtl’s biplane theory5 with Pol-
hamus’ leading-edgesuctionanalogy.10 From the experimentaldata
the following conclusions are drawn: The separation between the
wings has a signi� cant effect on both the attached � ow and vortex
lift, both reducing with closer proximity of the wings. The biplane
con� guration shows far less sensitivity to stagger, with effects only
manifesting for angles of attack greater than 15 deg. Positive stag-
ger (upper wing forward) increased lift whereas negative stagger
decreased lift relative to an unstaggeredcon� guration.This result is
in agreementwith otherstudies.Similarly,positivestaggerincreased
the maximum recorded lift coef� cient, with negative stagger hav-
ing the opposite effect. Positive stagger also improved poststall lift
generation.

The theoreticalmethod showed close accord with the experimen-
tal data and correctly predicted the effect of gap and stagger on lift.
Theoretical analysis showed that for a dimensionally constrained
planform, the delta wing biplane is an effective con� guration for
moderate to large wing gaps.
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