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Theoretical and Experimental Investigation
of Biplane Delta Wings

Lance W. Traub*
Texas A&M University, College Station, Texas, 77843-3141

Recent interest in micro aerial vehicles has resulted in the evaluation of innovative aerodynamic configurations
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 efficient configuration. Accordingly, a theoretical and experimental investigation to
determine the characteristics of delta wings in a biplane configuration 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 significant
effect on lift, the lift reducing with closer wing proximity. The biplane configuration 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 configuration. Similarly,
positive stagger increased the maximum recorded lift coefficient 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 configuration for moderate to large wing separation.

Nomenclature

= geometric parameter, m

wing span, m

drag coefficient

lift coefficient

lift curve slope

wing root chord, m

geometric parameter, m

potential constant

wing vortex lift constant

lift, N

dynamic pressure, Pa

geometric parameter, m

wing area, m?

freestream velocity, m/s

induced axial velocity increment, m/s
induced velocity, m/s

normal component of induced velocity, m/s
stagger, m

Cartesian coordinates, m

point of interest

gap, m

effective or average gap, m
geometric angle of attack, deg

angle of attack induced on wing 1 by wing 2, deg
geometric parameter, deg

bound circulation, m*/s

wing root circulation, m?/s
geometric parameter, deg

efficiency factor

wing apex angle, deg

= wing leading-edge sweep angle, deg
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A = geometric parameter, deg
¢ = geometric parameter, deg
Subscripts

at = attached

B = bound

bip = biplane

i = induced

[ = lower

min = minimum

mono = monoplane

T = trailing

tot = total

u = upper

1 = wingl

2 = wing2

2D = two dimensional

3D = three dimensional

12 = effecton wing 1 of wing 2
Superscript

= incorporates axial velocity increment

Introduction

ARLY flight endeavors led to the prominence of the multi-

plane configuration. The moderate lifting performance and
structural integrity of early flying machines found redemption in
the biplane configuration. Subsequent structural and aerodynamic
advances found the biplane falling into disfavorin the early 1930s.
For a constrained wing span, however, biplanes do possess aero-
dynamic efficiency advantages as compared to monoplanes. At a
given lift coefficient and assuming elliptic loading, the vortex drag
of a biplane tends to half that of a monoplane as the separation dis-
tance between the wings tends to infinity [vortex drag of the mono-
planeis givenby C? /7R and that of the biplane by (C;, /2)?/nR +
(CL./2)* /xR = C? /21AR]. The biplane distributes the trailing vor-
ticity over an appreciable area, thus, reducing the downwash at a
point and, consequently,reducing vortex 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 fluid.

Experimental studies' ™ 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 reflection
plane models, Knight and Noyes' 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 = 1.5 x 10°; they are subjectto scale
effects. Nonetheless, the trends should still be valid. In all instances,
the recorded normal force coefficient based on the total wing area
was lower than that of a monoplane consisting of an individual bi-
plane wing. For no stagger, variations of the decalage angle 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 cellule normal force coefficient; negative decalagehad
the oppositeeffect. Positive decalagereduced the normal force coef-
ficient 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 coefficient 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
coefficient, although the load distributions between the wings was
moderately affected. The effect of differing wing overhangs (spans)
was alsoinvestigatedfor b, /b, = 1.25,b,/b, =0.8,and b, /b, = 0.6.
The net effect on the normal force coefficient was small. The dis-
tribution of the wing loads was affected, with the individual wing’s
AR generally dictating its loading, for example, that with higher AR
showed higher loading. A similar study by the same researchers’ at
the same test conditions showed that positive stagger (upper wing
forward) increases the cellule normal force coefficient moderately,
whereasnegativestaggerhas the oppositeeffect. A similarresult was
found by Norton.> 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 stagger changes (negative
stagger was found to increase lower wing loading slightly). Increas-
ing the wing gap (Z/C, =0.5— 1.5) showed a marked increase
in the total normal force coefficient. Regarding the individual wing
loading, the effect of the wing gap was profound on the upper wing
and slight on the lower wing.

Subsequently,Prandtl’ extendedhis liftingline theory to 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 theory’ revealed interestinginterference characteristics: For an
unstaggered biplane the drag increments due to the mutual influ-
ence of the wings are equal and are always additive. For a staggered
biplane, both the bound and trailing vortices of each wing influence
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. Munk® showed that the total mu-
tual induced drag of a biplane for a fixed gap is independent of the
amount of stagger (Munk’s stagger wing theorem). This theorem is
only valid if the two wings’ lift distributions are unaltered (through
varying the wings’ «). For multiplanes, minimum drag of the sys-
tem is achieved when the induced downwash velocitieson 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 configurations” The inherent utility of micro aerial ve-
hicles has promulgated an intense research effort to supply the nec-
essary technology. Generally, research efforts have followed two
distinct paths. Microvehicles have been designed that use relatively
conventional planforms: canard-trapezoidal wings, circular wings,
or, perhaps,less conventionalring wings. Unfortunately,these wings
are inherently limited by design to be relatively inefficient at the ex-
tremely low Reynolds numbers (<5 x 10*) at which a microvehicle
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may operate. In the Reynolds number range of interest, the flow
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 nature of 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? Incorporation of biological kinematics into
microvehicledesign presents formidable challenges. First, the wing
kinematics and structures used by insects are not completely under-
stood. Consequently, any attempt at emulating insect flight mech-
anisms will be, at best, an approximation. Second, the wing kine-
matics used by insects present significant problems to simulate.

The Reynoldsnumberbehaviorof deltawingsisrelativelyunique.
Virtually every facet of delta wing flow physics is largely indepen-
dent of the Reynolds number. Through enforced leading-edge sep-
aration, the flow over a delta is dominated by the formation of large
leading-edgevorticesthat greatly enhancelift and allow delta wings
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. Experimental studies’ have verified that sharp-edged
delta wings are insensitive to Reynolds numbers, and have similar
lifting characteristicsata Re =2 x 10* or 1.14 x 10°. Additionally,
due to their low lift-curve slopes, delta wings are not particularly
sensitive to atmospheric gusts or disturbances.

Within the limited dimensional confines of a micro aerial vehicle,
the lifting performance of 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-
figuration. The dual wings may allow sufficient lift generation (lift
coefficients greater than 2.5 compared to a monoplane wing with
equivalentprojected area) for all envisaged operations. It would not
be necessary to employ any unsteady lift generating mechanisms
to augment lift, greatly simplifying the vehicle. The configuration
would still benefit from all of the favorable characteristics of delta
wings, that s, 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 efficient configuration and, when combined with the features
of delta wings, may comprise an excellentconfiguration 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’'® 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 flow reattachedinboardof the vortices on the upper wing 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 quantified as the
attached flow liftin the absence of 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-
figuration and to extend the database on delta wing configurations,
a low-speed wind-tunnelinvestigationand theoretical analysis have
been undertaken. The theoretical analysis merges Polhamus’ suc-
tion analogy'® and Prandtl’s biplane theory® to allow estimation of
the interference effects 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 explicitidentification
of the relationshipbetween design variables and aerodynamic char-
acteristics. Comparisons between the present experimental data and
the theoretical prediction method are presented.

Model Description and Experimental Procedure
Figure 1a shows geometric details of the models usedin the study.
All of the wings were fabricated from mild steel plate. Wentz and
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Fig. 1 Geometrical details of wind-tunnel mount and models.

Kohlman'! found for a series of wings (thickness/C, = 1.1%) that
a square-edged wing 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
manufacturedfrom 1.52-mm-thick steel plate. 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/C, =0.25,
0.33, and 0.42 were evaluated. For a wing gap of Z/C, =0.42,
the upper and lower wings were staggered at X/C, ==£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 flexing (see Fig. 1b). At no time during
the testing was any chordwise or spanwise flexing of the models
observed. The model dimensions were kept to a minimum to reduce
the effect of the wind-tunnel walls. Tests were undertakenin Texas
A&M University’s 3 x 4 ft continuous wind tunnel at U =38 m/s
and Re =0.77 x 10° based on C,. All of the presented experimen-
tal data for the biplane configurations 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 balanceis estimated at 0.5% of the maximum measuredlift and
drag. Balance resolution is better than 2 x 10™* of the measured
coefficient on all channels. Through repeated data runs, repeatabil-
ity of the balance for lift and drag is estimated at AC; =0.0008
and ACp =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
acquisition programused 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 flows, assuming enforced leading-edge
flow separation, are not particularly sensitive to Reynolds number
or scale effects, although the location of the secondary separationis
Reynolds number dependent. In an effort to be consistent with other
investigations,?!3 it was decided not to employ any type of forced
transitionas enforcedtransitiondoes not guaranteea flowfield repre-
sentative of realistic flight Reynolds numbers. Tare and interference
effects were determined using an image system'* as this method is
relatively simple to implement and yields the total interference and
tare effects and additionally may be used to determine the wind-
tunnel flow angularity. In this study, solid and wake blockage were
corrected for using the method of Shindo."” Upwash corrections
were applied using the method detailed by Rae and Pope.'*

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 defined by lift; Cp = Cp in + € tana. 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 (*3.8% at o = 60 deg), it was deemed
necessary to evaluate if significant blockage effects were present.
Figure 2 shows a comparison between the C, =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 o < 25 deg.

Figure 3 presents the effect of gap on lift coefficient for zero stag-
ger. Also included are data for a monoplane delta. It is apparent that
wing separation has a significant impact on both the potential and
vortex lift. Reduction in the potential or attached flow 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 flow 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 clarified later in the
theoretical development. Compared to the monoplane, the biplane
configurations possess a noticeably more docile stall. For a 75-deg
sweep delta, the onset of vortex breakdown at the wing trailing edge
is associated with abrupt wing stall. It is likely that the channel that
the leading-edge vortices of the lower wing are confined to affects
the burst characteristics of these vortices as they now are affected
by the pressure fields of both the upper and lower wings. Thus,
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Fig. 4 Effect of wing stagger on the measured lift coefficient.

bursting of the upper and lower vortices at dissimilar incidence
would lead to a moderation of the severity of stall. Compared to the
monoplane wing, the biplanes show a steadily increasing lift decre-
ment with decreasing Z /C, . Note that the physicallift (in Newtons)
that would by developed by the biplane wing is twice that indicated
in Fig. 3 (the biplane wings have twice the area of the monoplane
wing). For a confined planform lifting vehicle, the biplanes would
generate significant lift, although not as effectively as two infinitely
separated wings.

The effectof wing staggerforafixedgapof Z/C, =0.42is shown
in Fig. 4. At low «, the effects of the range of stagger explored on
the lift coefficients are marginal, which, as will be shown later, does
notimply that the individualloading on the wings is unaffected, but
that the total loading is invariant. At higher incidence (@ > 20 deg)
the impact of staggerbecomes marked. Positive stagger (upper wing
forward) increases lift, whereas negative stagger has the opposite
effect. A weaker but similar trend is seen in the data of Knight and
Noyes.? For the delta biplanes, the data suggest that stagger has the
mostsignificantimpact on the vortex lift. Geometrical consideration
indicates that the trajectories and imposed adverse pressure gradi-
ent experienced by the leading-edge vortices of the lower wing are
affected most by the biplane configuration. 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 closer proximity with the upper wing. Vortex break-
down is sensitive to the vortices’ swirl ratio (ratio of the maximum
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rotary velocity at the edge of the viscous core to the maximum, or
average, core axial velocity) and imposed adverse pressure gradi-
ent. Itis unlikely that the wing interferencewould increase the lower
vortices’ swirl ratio (this would generally encompass strengthening
the vortex). Thus, earlier breakdown of the lower wing vortices may
be precipitated by an increased adverse pressure gradient. Positive
stagger may, thus, beneficially 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 verified 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 flow in a crossflow plane at any chordwise loca-
tion. The flow patterns at a chordwise location are similar, and the
wing extendsto infinity downstream. Consequently,each chordwise
plane of the wing is essentially a Trefftz plane. The solution for the
crossflow plane is then integrated chordwise to yield the properties
of the wing (trailing-edgeinfluencesexcluded). In liftingline theory,
the wing is replaced by a bound vortex located at the wing’s quarter
chord. The no-penetrationconditionis 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 sheetis assumed to remain flat and extend downstream to infin-
ity. The solution of the flow can be determined from the crossflow
at infinity downstream (Trefftz plane). The downwash induced by
the trailing vortex system at the wing is then half that at the Trefttz
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 specific chord-
wise locationsof the lifting lines are notrequired, the relative chord-
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, &b, , /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 wings of the biplane cellule have elliptic loading. Jones
slender wing theory shows that the attached flow spanwise load
distribution on a slender delta wing is elliptic.

216

Wing 1

Wing 2

-dl=dy2
dy2

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 y; 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,® it is included in the analysis.

The velocity induced at wing 1 (point y,) due to a strip of the
trailing vortex of wing 2 can be determined using the Biot-Savart
law’:

/2
1 dr,
dVipr = —(-——24d )
1271 K 4m< 0, yz>cos

—1 {dI,

=4ﬂ—a<m dy2>(1 —sin)) 1)

The vertical component of this velocity is
—1 /dI
dWir = — (—2 dy2>(1 — sinA) sin B )
dma s

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

—1 "7 14r
Wipp = —/ ——=(1 —sinA) sin g dy2 3)

4 @ dy,

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

sink = X/r (4a)

sinB = (y2—y)/a (4b)
r=ya +x? (40)
a=(2-y»+2 (4d)

sing = h/r (4e)
siny = X/h (4f)
cosy =Z2/h (4g)

yielding

-1 ["? 14dr X
wmr=——/ Ss—={1-=)o2-wd2 )
A J 0 a° dys r

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.’ Noting that the circulation tends to zero
at the wing tips yields

_q [
Wiar = —/ [2(y2)

4 ba )2
a? —2(y2 — y)? X X (2 — )
o 02y X\ _XO2=y) a2 6)
a* r a’r3

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

I, sing dy, Ty(h/r)dy,
dVisg = Dr? = A2 ™

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

Iy dy, sin
dWia = = ®)

The total induced normal velocity at y, due to the wing 2 bound

vortex is
b2)2
X
mw=/ — dy2 ©)
a2 4mr-

The total vertical or normal velocity induced by wing 2 at location
y; of wing 1 is

Wisot = Wiar + Wigg (10)

The axial velocity componentinduced at y; due to an element of
the bound vortex of wing 2 is

—Tyhd
dU123=% (a1

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

by/2
-1z
mw=/ = dy2 (12)

The total axial velocity is

U =U+ U3 =U1+Uj/0) (13)

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

I =Toy/T — Q2y/b)? (14)

For elliptic loading, we may write the Kutta-Joukowski theorem
as (noting that the effective vortex span of the wing is 7 /4)

L = pUTob(r/4) = Cresp sinaspU*S (15)
which gives
Ty = 2/m)U(S/b)CpLy3p sina (16)
which, with §/b = C, /2 for a delta wing, yields
Ty = (C,/7)UC43p sina a7)

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

W 1 b2/2 5 2
ap(y) = o — —/ C2Clqsp, sina, 1 — 22

U 42 by )2 bz
2-2(y2—y)? X X(2—-y)?* X

| Ez202=y07 (0 XY XO2=y)7 X dy2
a, r a’r3 r3

(18)

and the axial velocity incrementis given by

2
Uas(y) -1 [ . Z 2y,
—_— e C,,Crq — (1= = 2

U e o 2&La3D, SN b, dy

(19)

For zero stagger, X = 0. Having determined the normal and axial
velocityinducedatany locationof wing 1’s bound vortex by wing 2’s
lifting elements, it is necessary to find 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
equivalenttwo-dimensional lift-curve slope for the wing. From lift-
ingline theory, the effectof the induceddownwashcan be interpreted
to cause rotation of the local freestream such that the wing operates
at an effective reduced angle of attack

Cp =Cprapa = Craop(a — o) (20)

For the assumed elliptic loading, «; = C; /7nAR. Manipulation

yields
CLothD

Crywp = | ———— 21

o = oz | e

With this expression, the effect of the normal wash can be evaluated.
For a delta wing, C,, 3p is closely approximated by'’

Cirosp =4tan’ ¢ (22)

The change in the attached flow lift of wing 1 due to wing 2 is then
(letting point of interest y; vary across the spanas y1)

| [hr
Cr, =+ Craop ap(y1)dyl (23)
b, —b1/2

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

A Uiop(y1) 21\’
C: — Cro 14— 1—(=1 dvi
La 3Dy = /b|/2 La3p, {1+ U b, y

(24)

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

Cria = Clysp, sina + Cpy, 25)

Effect of the Induced Normal Wash on the Vortex Lift

In Polhamus’'” expressionfor the vortexlift, Ky is affectedby the

lift-curve slope of the wing and the wing’s aerodynamic efficiency,
dCp/dC?. For a wing with elliptic loading, 3C,/3C? = 1/nR.
Deviation from elliptic loading may be incorporated through the
use of an efficiency factor §, which represents the increase in vor-
tex drag from the planar unswept minimum. Thus, we may write
dCp/3C? = (1+8)/nMR 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 incrementrelative to the monoplane wing, that
is, 8. This allows straightforward incorporation into Polhamus’!?
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-field expression for the vortex drag of a wing gives
the drag of wing 1 due to wing 2 (letting the point of interest y, vary
as yl):

Cp, =

b1/2
2 / ap(yDr(y1) dyl (26)

S J U

Substituting for I'y and using S| = C,, tane€, yields

2
291
1- <L> dyl (27)
b,

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

2
CLO(3D sina
Coine = % (28)

/b'/z —a1(y1)Crqe3p, 2sina
CDlz =

b2 7 C,, tane,
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The efficiency factor to account for the influence of wing 2 on
wing 1 is

812 = Cp12 [ Cpypons (29)

which, in the presentanalysis, is independentof «; this is not aresult
given by numerical lifting line theory.'®

The vortex lift constantfor wing 1, includingthe effectsof wing 2,
may now be written as

c?,
Ky, = [cml - ;Tf'?'(l +512)} (30)

cos Ay

Thus, the increase in drag caused by interference (imbedded in
812) canbe interpretedas a reductionin the wing’s leading-edgesuc-
tion and consequently vortex lift. To be consistent with Polhamus’'®
formulation, the effect of the net attached lift of wing 1 should be
recast as an effective three-dimensionallift-curve slope given by

Kp, =CL|m/sinoz (31
The final expression for the lift of wing 1 is
C., = Kp, cos’ asina + Ky, sin” a cosa (32)

The coefficients in the preceding formulation were nondimen-
sionalized by their respective areas (instead of the total cellule wing
area, S| + S»). For a biplane, calculationof C; and C, to give the
total lift (C, + C,,) would result in a lift coefficient value based
on the area of each respective wing only (effectively one 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 coefficients based
on the combined areas of both wings is desired, then the following
formulas are used. This type of presentationis useful for evaluating
the loading efficiency of the biplane as a whole and in determining
overall interference effects:

o _ 50, + 80, 33
t S+ S,
Similarly,
S Ky, + $Ky,
Ky = —————= 34
Y Si+ S, (34
S Kp + S,Kp,
Kp=—mm—mm—— 35
P S, TS, (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 determined using 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 influencing wing,
with consideration given to the axis convention. Computations con-
sist of solving for the induced normal and axial wash [Egs. (18) and
(19)] and then integrating the velocity fields across the span using
Egs. (23) and (24) for the potentiallift and lift-curve slope 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 Eqgs. (33-35). This can readily be accom-
plished using any commercial symbolic mathematics package. For a
particular geometric configuration, only one computation per wing
need be performedto find Kp and K (unless Z/C, < 0.25 and the
wing is at high «, then Ky = f (), as will be discussed later), al-
lowing prediction of the lift coefficient 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 exactlocationof the lifting linesrelative to the wing chord.
However, a complication arises in the definition of the gap between
the wings. For a conventional unswept, untapered biplane system,
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definition of the wing gap (usually Z/C, ) 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 conventionaldefinition 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'=Z®b/C,) =2Ztane (36)

Equation (31) should be used to define 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’'® 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 flow. For extremely slender deltas (AR < 0.5),
merging of the leading-edgeshear layers such that the flow no longer
reattaches on the upper wing surface also limits applicability.

210

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 Egs. (33-35), such that
the coefficients are based on the total wing area. Consequently, the
displayeddataindicatedirectly the attenuationin wing loading com-
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 effecton K p, |
and Ky, 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 Kp for the biplane wings is identical to that ignoring the axial

. ZICr = 0.42
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Fig. 6 Effect of the induced axial velocity increment/decrement on Kp
and Ky of the individual wings and that of the cellule.
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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’s® stagger theorem as the liftin the present
analysis is determined from the induced downwash). Ky, 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
Ky 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-curve slope increases, but
the wing slenderness (effected in AR and A) stays constant caus-
ing Ky to drop. Nonetheless, the axial velocity effect is seen to
be small for Z/C, > 0.25. Additionally, Z /C, < 0.25 representsan
extremely small and inefficient gap. The inclusion of the axial ve-
locity increment results in Ky being dependent on o as shown in
the top plot of Fig. 6. Kp, however, remains a constant, that is,
Kp # f(a). The dependence of Ky on angle of attack is generally
weak for Z/C, > 0.25. As may be seen, increasing « reduces Ky
and, thus, the vortex lift. The implication of Ky («) is that for small
wing gaps and high «, it is necessary to calculate K at regular
intervals for best accuracy. Figure 7 presents a comparison of the
experimental and predicted effect of the wing gap on C, for zero
stagger. Agreement between the theory and experimentis excellent,
with a slight overprediction of C, at high « for the smallest gap
(Z/C,=0.25), which would be expected as vortex breakdown and
wing-vortex proximity effects are not accounted for. The accurate
predictionof the experimentaldata throughoutthe presented« range
suggests that the present theory adequately predicts the biplane in-
terference effects on both the attached flow (dominant at low «)
and vortex lift (significant 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/C, =0.05 based on C, =0.3 m) and a gap of 0.42 (based
on C, =0.3 m). Agreement is seen to be encouraging. The close
accord demonstrated validates the simplifying assumptions applied
in the theoretical formulation.

The expliciteffect of gap on lift coefficient is examined in Fig. 9
for @ =10, 20, and 30 deg. Data representinga monoplane wing are
also included. The data show that the magnitude of the loss of lift
compared to the monoplaneincreases with incidence. A comparison
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of theory and experiment for the effects of stagger on lift coeffi-
cientare presentedin Fig. 10. Theoretically, for this wing geometry,
stagger has no effect on the total lift coefficient if the induced axial
velocity effect is ignored and has a weak dependence (from Ky ) if
the axial effectis includedforsmall Z/C, and high «. Atlow angles
of attack, o < 15 deg, this consequenceis 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 Kp and Ky is shown in
Fig. 11. The lower plot shows that K » and Ky increaserapidly until
Z/C, =0.5,which, as will be shown later, coincides with the behav-
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ior of the induced downwash on the wings. The upperplotin Fig. 11
presents K p and Ky for the biplane reduced by the equivalentquan-
tities for the monoplane wing. Note that for close wing proximity,
thatis, small Z/C,, the vortex lift (reflected in K ) is attenuated by
the mutual wing interference to a greater extent than the potential
lift (reflectedin K p). This characteristicdiminishes with increasing
Z/C, andis not evident for Z/C, > 0.63. The marked reductionin
Ky for small gaps is largely a result of the axial velocity increment,
as discussed earlier.

The theoretical reduction in lift coefficient compared to a mono-
plane as a result of interference is illustrated in Fig. 12. The lift
coefficient of the biplane as a function of monoplane lift coeffi-
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/C, > 0.5 such that the lift of the biplane asymptotes toward
that of the monoplane. For Z/C, =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
ofbiplanelift forsmall Z/C, and large incidenceresultsin part from
the dependenceof Ky 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 biplanecellule are presentedin Fig. 14 (Z/C, = 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 characteristicis also seen experimentally
(see Fig. 4), but is only evident for moderate wing angles of attack
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(less than 15 deg), above which vortex-wing interaction effects may
become pronounced. Including the effects of Eq. (19) causes C; to
be weakly dependenton stagger for small gapsandhigh . Although
K p is unaffected by stagger, Ky does show a moderate dependence.
For unequal strength vortex systems, for example, dissimilar wings,
stagger effects the total lift (both K and Ky ) whether Eq. (19) is
included or neglected. For zero stagger (X/C, =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 equal strength. The effectof theirbound
vortex induced normal wash on the netliftis zero (as will be detailed
later). For an unstaggered system the downwash experienced by 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 /C, — oo, the upwind wing experiences no interference (and
lift decrement), whereas the downwind wing is exposed to an infinite
vortex system and, thus, experiences twice the downwash (and lift
decrement) of the two wings with no stagger. Consequently, total lift
isinvariant. Mock* conducted an experimental study on an unswept
high aspect ratio biplane configuration to determine the configura-
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 disparate axial velocitiesinduced by the
two wings’ bound vortices; an incrementon the upper surface and a
decrement on the lower surface. Figure 14 shows that positive stag-
gerincreasesloading on the upperwing and decreasesit on the lower
wing (vice versa for negative stagger); this follows from the bound

vortexinduced upwash of the lower wing on the upper wing for posi-
tive stagger. The influence of the bound vortex induced axial velocity
increment/decrement for this configuration is weak and is reflected
in slightly higherloading on the upper wing for positive staggerthan
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/C, =0.1. This results from the
strong initial influence 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.>* Increas-
ing the stagger beyond X/C, =0.2 significantly redistributes the
load distribution between the wings. Expanding the wings’ stagger
further (X/C, > 0.4) sees stabilization of 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 finite 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 @« =20 deg. The data presented rep-
resentthatinducedon the designatedwing, thatis, the curves marked
lower wing indicate the normal wash experienced by the lower wing
due to the upper wing’s vortex system. The normal wash angle has
alinear dependenceon sin «, but is presented dimensionally to 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 /C, =0.2), the lower wing experi-
ences significant downwash induced by the upper wing’s bound and
trailing vortices, causing a significant reduction in lift (Figs. 14 and
15). The upper wing experiences an upwash from the lower wing’s
bound vortex and arelatively small downwash from the lower wing’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 responsible for the local loading peak
shown in Fig. 14. For the lower wing, greater stagger has a weak
effecton the downwashit experiencesfrom the upper wing’s trailing
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vortex. Conversely, the bound vortex induced downwash 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 deduced by
switching the labels for the upper and lower wing. Consequently a
figure 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/C, 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 influence of the wing’s bound vortex system is seen to increase
rapidly with initial wing displacement, which, as shown in Fig. 14,
has a profoundeffecton therelative wing loading. As seen, the upper
wing experiencessignificant bound vortex induced upwash for pos-
itive staggerless than 0.8 X/ C,. The interferenceof the lower wing
(on the upper wing) is essentially negligible for X/C, > 1.6. For
the lower wing, the downwash from the upper wing’s trailing vortex
system increases significantly initially and then asymptotes toward
aconstantvalue for X /C, > 1.2. Conversely, the bound vortex inter-
ference (from the upper wing) on the lower wing increases rapidly
until X /C, = 0.1 and then diminishes swiftly for X/C, < 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, Munk®
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 final value (that is, for
X/C,=o00)for X/C, > 1.2,in thatthe downwash is approximately
twice (indicating an effective infinite vortex system) that for no
stagger.

The effects of the wing gap on downwash for X /C, = 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/C, =0.1) the induced downwash is
relatively uniformalong the center of the wing (this follows from the
assumed elliptic loading: as Z/C, tends to zero the induced down-
wash would become constant along the span). As the gap between
the wings increases, the downwash reduces, becoming parabolicin
form and ultimately tending to zero as Z/C, tends to infinity. The
nature of the downwash explains the trends seen in Fig. 12; for
Z/C, > 0.5 the induced downwash is reduced considerably. The
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Fig. 18 Theoretically required monoplane delta wing AR and sweep to
match lift of various biplane configurations.

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 configuration with constrained
projecteddimensions, thatis, a micro aerial vehicle, this form of data
presentationmay be misleading. Itis more appropriateto present the
data for a given lift (C, 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 configurations. An expression that allows com-
putation of the required sweep is readily determined using Egs. (22)
and (32) and is given by

Croip(S1 + 82) = | 4tan®® €m0 sina cos® @

(4 tan®® €pon) ?

477 tan €mono

cosa sin® o

2
+ |4 tan®® €mono — Cr tan €pono

SiN €mono
(37)

In evaluation, the computed lift coefficient (at a given «) and wing
area for the biplane configuration is substituted into the left-hand
side of Eq. (37). The expressionis then solved for €nono. A typical re-
sult (assuminga constrainedroot chord, C, = 0.3 m, and no stagger)
is presented in Fig. 18. For any Z/C, greater than approximately
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0.1, amonoplanethat matches the lift of the biplanerequires a larger
span and, thus, lesser sweep. This is pronouncedfor initial increases
in the wing gap, and for Z/C, =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 efficiency with which this lift
is generated though, it is necessary to have wing gaps greater than
0.4C,.

Lift, drag, and the range parameter L /D for an unstaggered bi-
plane and that of a monoplanerepresentingone of the biplane wings
is exhibitedin Fig. 19. For a constrainedplanform vehicle, 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 coefficients less than 0.3, the
increased wetted 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 coefficients greater than 0.3,
drag of the biplanes is markedly lower than the monoplane due to
a significant 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 coefficients. The effects of

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

Conclusions

A theoretical and experimental investigation was undertaken to
determine the characteristics of delta wings in a biplane configura-
tion. Wind-tunnel tests were undertaken using 75-deg delta wings,
with variations in both wing gap and stagger. A theoretical method
was developed that combined Prandtl’s biplane theory® with Pol-
hamus’ leading-edgesuctionanalogy.'® From the experimentaldata
the following conclusions are drawn: The separation between the
wings has a significant effect on both the attached flow and vortex
lift, both reducing with closer proximity of the wings. The biplane
configuration 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
decreasedlift relative to an unstaggered configuration. This resultis
inagreementwith other studies. Similarly, positivestaggerincreased
the maximum recorded lift coefficient, with negative stagger hav-
ing the opposite effect. Positive stagger also improved poststall lift
generation.

The theoretical method 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 configuration for
moderate to large wing gaps.
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