
J. AIRCRAFT, VOL. 38, NO. 5: ENGINEERING NOTES 963

Fig. 5 Lift coef� cient CL vs angle of attack, ¤: acoustic excitation
frequency = 2100 Hz.

c. Results at Re D 2:6 £ 105. At this Reynolds number, Re,
the excited value for lift coef� cient is found to have dropped when
compared against the two earlier Reynolds numbers Re (Fig. 4c).
The excited drag value also does not show much change. Improve-
ment in lift and drag values were evident only at the lower angle
of incidence of ® D 16 deg, where the lift and drag both improved
by around 10% in the frequency range 1600< f < 2500 Hz, or
10 < Sr < 15.

2. CL vs ®

To constructthe CL vs ® curve,valuesat CL at ® D 0, 15.5, 16, 17,
18, and 19 deg have been used (Fig. 5). For a NACA 0012 airfoil,9

� ow separation occurs at around ® D 16 deg, when the sectional or
two-dimensional lift coef� cient Cl drops rapidly. Noting that there
is no reliable method of predicting CL and CD values on a wing
once the � ow has separated,we have made an approximate attempt
to check the validity of our data just before � ow separation, that is,
for the case when ® D 15:5 deg using the following expression10:

CL D 2¼® 2Cl [.1 C ±/=AR]

where 0:05· ± · 0:25 (Ref. 11).
For ® D 15:5 deg, AR D 4, and Cl D 1:6, with ± D 0:05, the

predicted CL ¼ 0:86; with ± D 0:15, the predicted CL ¼ 0:78; and
with ± D 0:25, the predicted CL ¼ 0:71. At Re ¼ 0:7 £ 105, the
experimentally determined value for CL at ® D 15:5 deg was found
to be 0.74. Consequently, the value obtained in the experiment was
considered to be of the right order for this low aspect ratio wing.

Although the CL vs ® curve (Fig. 5) for 2100-Hz acoustic excita-
tion frequencyshowconsiderableimprovementin the lift coef� cient
over theircorrespondingunexcitedvalues,the linearrelationshipbe-
tween the CL and ® curve is lost. The poststalldrop in lift coef� cient
is less severe suggestingthe occurrenceof partial separationof � ow
on the wing.

IV. Conclusions
The main conclusion of this study is that acoustic excitation of

boundary layer under appropriate frequencies has the potential to
provide the extra energy required to modify the severe adversepres-
sure gradient at or near the stall. This would help the � ow to remain
attached to the wing and to increase the wing stall margin. In the
presentstudy,acousticexcitationona NACA 0012wing have shown
suppression of leading-edge separationand improvement in the lift
and drag coef� cients over their corresponding unexcited values at
® D 16, 17, and 18 deg, that is, 3 deg beyond stall angle of the unex-
citedwing.This studyalso showssomedependenceof the bene� cial
acoustic frequencies on Reynolds number, with higher frequencies
required for higher Reynolds number. Our study, however, did not

� nd signi� cant improvements at Re D 2:6 £ 105, possibly because
the maximum equivalent Strouhal number during the test was low.
To con� rm the presence of stall suppression at Re D 2:6 £ 105 at a
Sr of around 40 as displayed for the other two Reynolds numbers
would require an excitation frequency in excess of 6000 Hz, which
was not available during this study.

References
1Holmes, B. J., Obara, C. J., and Yip, L. P., “Natural Laminar Flow Ex-

periments on Modern Airplane Surfaces,” NASA TP-2256, 1984.
2Englar, R. J., and Huson, G. G., “Development of Advanced Circulation

Control for High Lift Airfoils,” Journal of Aircraft, Vol. 12, No. 7, 1987,
pp. 476–483.

3Schlichting, H., Boundary Layer Theory, 7th ed., McGraw–Hill, New
York, 1987, pp. 378–382.

4Spangler, J. G., and Wells, C. S., “Effects of Upstream Disturbances on
BoundaryLayer Transition,”AIAAJournal, Vol. 6, No. 3, 1968,pp.543–545.

5Ahuja, K. K., and Burrin, R. H., “Controlof Flow Separation by Sound,”
AIAA Paper No. 84-2298, Oct. 1984.

6Bar-Sever, A., “Separation Control on an Airfoil by Periodic Forcing,”
AIAA Journal, Vol. 27, No. 6, 1989, pp. 820–829.

7Zaman, K. B. M. Q., “Effect of Acoustic Excitation on Stalled Flows
Over an Airfoil,” AIAA Journal, Vol. 30, No. 6, 1992, pp. 1492–1499.

8Chang, R. C., Hsiao, F. B., and Shyu, R. N., “Forcing Level Effects of
Internal Acoustic Excitation on the Improvement of Airfoil Performance,”
Journal of Aircraft, Vol. 29, No. 5, 1992.

9Abbott, I. H., and von Doenhoff, A. E., Theory of Wing Sections, Dover,
New York, 1955, p. 462.

10Anderson, J. D., Jr., Fundamentalsof Aerodynamics, 2nd ed., McGraw–

Hill, New York, 1991, p. 342.
11Glauert, H., The Elements of Aerofoil Theory, Cambridge Univ. Press,

London, 1926, p. 154.

Lift and Drag Characteristics of a
Supersonic Biplane Con� guration
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Introduction

T HE requirements of man’s initial powered � ight endeavours
were ably met by the biplane con� guration. However, subse-

quentstructuraland aerodynamicadvancesfound the biplanefalling
into disfavor in the early 1930s. For a � xed wing span biplanes
do possess aerodynamic ef� ciency advantages as compared to a
monoplane. At a given lift coef� cient and assuming elliptic load-
ing, the vortex drag of a biplane tends to half that of a monoplane
as the separation distance between the wings tends to in� nity. The
biplane captures a larger volume of air that is accelerated down to
generate the lift impulse, so reducing the downwash velocity and
hence the kinetic energy imbued to the accelerated � uid.

Biplanes have several interesting characteristics that are sum-
marized below. Prandtl and Tietjens1 has shown for unstaggered
biplanes (i.e., neither wing extends in front of the other) the drag
increments caused by the mutual in� uence of the wings are equal
and are always additive. For positive stagger (the upper wing in
front of the lower wing) the upper wing increases the downwash
on the lower wing so increasing its drag; vice versa for the ef-
fect of the lower wing on the upper wing. Munk2 has shown that
the total mutual induced drag of a biplane for a � xed gap is inde-
pendent of the amount of stagger (Munk’s stagger wing theorem).
This theorem is only valid if the two wing’s lift distributions are
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unaltered (through varying the wing’s ®). For multiplanes mini-
mum drag of the system is achieved when the induced downwash
velocities on the wings are equal and constant along the span, as
is the case for a monoplane. Drag is also minimized by matching
the span of the biplane’s wings. The forthcoming discussion will
address the potential of coupling biplane aerodynamics with those
of deltawings to yield an advancedsupersonicplanform.Busemann
proposeda nonliftingsupersonicbiplane type con� guration that in-
curredno wavedrag from thickness.The biplanefunctionedthrough
internal wave cancellation eliminating wave-thickness drag; com-
plete cancellation occurring at only one Mach number and wave
angle.

Discussion
In supersonic � ight the drag of a con� guration is generally com-

posed of skin friction, wave drag due to thickness as well as wave
drag due to lift and vortex drag. Wave drag can be reduced signif-
icantly by selecting the wing sweep and cruise Mach number such
that the wing’s leading edge remains subsonic (the freestream ve-
locity component normal to the leading edge is subsonic). In this
case leading-edge suction is retained and reduces drag.

In supersonic � ight the vortex drag of a wing generally follows
the same principles as in subsonic � ight, i.e., for minimum drag the
downwash trace should be constant over the wing in the character-
istic envelope.To this end, Jones3 has shown that an oblique elliptic
planform wing has the theoreticalminimum lift-dependentdrag for
a planar supersoniccon� guration, althoughJones initiallyproposed
this con� guration as a concept to attenuate sonic boom overpres-
sures.Tests of this con� gurationhaveunfortunatelyrevealedserious
aeroelastic and control problems.

Munk2 and Cone4 have shown that in subsonic � ow numerous
nonplanar wing forms (e.g., biplanes, wings with winglets, etc.)
possess greater ef� ciency than the optimal planar wing for a � xed
wing span. However, for biplanes in a practical con� guration the
proximityof the wings to each other causes interferencethat reduces
the ef� ciency of the system. For a suitably con� gured vehicle in su-
personic � ight, it is feasible that the wings could effectivelyoperate
independently even though they may be in fairly close proximity.
This would be achievedby nonintersectingMach cones in the vicin-
ity of the wing as shown in Fig. 1. In subsonic � ow the interference
effects between the wings reduce as the wing gap or separation in-
creases.As an example, considera biplaneconsistingof two 75-deg
sweep delta wings.5 Interference effects are only reduced to appre-
ciable levels for wing gaps z over wing root chords (cr ), (z=cr > 1),
in subsonic � ow (see Fig. 2). In supersonic � ow, at a Mach number
of 3, for z=cr > 0:7 the individual wing’s Mach cones do not inter-
sect.Similarly,at M D 4; z=cr > 0:52. At theseconditionsthen,each
wing is unaware of the presence of the other wing, and they operate
independently without any mutual interference. It is instructive to
estimate the potential reductionsin drag that can be achieved by the
supersonicbiplanecon� guration.Geometric considerationssuggest
that for the following analysis to be valid it would be necessary for
the two delta wings to be joined at their centerlines.

Fig. 1 Proposed supersonic biplanecon� gurationat cruise conditions.

Fig. 2 Effect of biplane gap z on interference, subsonic � ight con-
ditions.5

Following Polhamus,6 the lift curve slope for a slenderdelta wing
in supersonic � ight can be estimated as

CL® D ¼ AR=2E.k/ (1)

where AR is the wing aspect ratio and the elliptic integral is given
by

E .k/ D
Z

¼=2

0

[1 k2 sin.z/2]
1
2 dz

with k D [1 ¯= tan.3/]1=2 and ¯ D .M2 1/1=2 , where M is Mach
number and 3 is the wing leading-edgesweep angle. Polhamus has
shown that the vortex lift for a supersonic delta with leading-edge
separation can be estimated using

kv D ¼f[16 .AR¯/2].AR2 C 16/g
1
2

16E.k/2
(2)

Assume that the biplane deltas are operating at cruise condition
such that their Mach cones are not intersecting (see Fig. 1), and
the � ow is attached at the wing’s leading edges. At low angles of
attack (typical of cruise operatingconditions), the lift coef� cientCL

is given by

CL D CL®® (3)

Attached Flow

The lift-dependentdrag coef� cient CDL (assuming attached � ow
at the wing leading edge) then follows from Polhamus’ suction
analogy as

CDL D [CL® kv cos.3/]®2 (4a)

or

CDL D
µ

1
CL®

kv cos.3/

C2
L®

¶
C2

L (4b)

Equations (4a) and (4b) are equivalent to the following expression
derived by Brown7 for the lift-dependentdrag corresponding to at-
tached � ow over a delta wing:

CDL D
¡
C2

L

¯
¼ AR

¢£
2.1 C ¸=¼/

p
1 ¯2 tan.90± 3/2

¤
(5)

where ¸ is a geometric parameter dependent on tan(90± 3/=
tan.¹/. For the limiting case as the wing becomes in� nitely slender,

CDL
3 ! 90±

D C2
L

¯
2CL® (6)

which is the result givenby Jones,3;8 indicatingthe resultant inviscid
forceon the wing is inclinedat ®=2 and the wing has elliptic loading.
Ultimately, as the Mach number increases, the wing leading edge
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becomes supersonic indicating the Mach cone coincides with lead-
ing edge. For a planar wing this implies that the resultant inviscid
force is perpendicularto the wing, such that the lift-dependentdrag
is given by

CDL D C2
L

¯
CL® (7)

Consider two geometrically similar delta wings such that their
Mach cones do not intersect in the vicinity of the wing. As each
wing is operating unaware of the presence of the other wing, each
wing will possess the same lift curve slope CL® of the equivalent
monoplane. Assuming that the biplane and monoplane are required
to generate the same lift and each possess the same lift curve slope,
each wing of the biplane cellule is then required to generate half of
the lift of the monoplane. It follows that

CLbip D CLmono D CL® ®mono D 2.CL® ®bip/ (8)

and ®bip D ®mono=2 for the same lift. Thus

CDLmono D [CL® kv cos.3/]®2
mono (9)

and

CDLbip D 2[CL® kv cos.3/]®2
bip (10)

where the2 precedingthe secondexpressionfollows from thecellule
consisting of two wings. Substituting for ®bip and dividing the two
equations yields

CDLbip D 1
2
CDLmono (11)

Thus, for equal size wings the lift-dependent drag of the biplane
cellule will be half that of the monoplane provided the Mach cones
from the two wings do not intersect and the � ow does not separate.
The drag reduction is caused by the biplane wings in� uencing or
entraining a larger volume of � uid, thereby requiring lower wake
velocities (and hencekineticenergy) to acceleratethe air to generate
the lift impulse. Alternatively, the biplanes are at half the angle of
attack of the monoplane, thus reducing the rearward component of
the lift and hence its contribution to drag. It is unlikely in operation
that the � ow would remainattachedat thewing’s leadingedge,as the
extreme sweep of a thin delta wing generallycauses � ow separation
at moderate angles of attack.

Separated Flow

If the � ow separates, then vortex formation can occur.6 In this
instance both lift and drag will increase. Of signi� cance though is
the effect of biplane aerodynamicson the associatedvortex drag. At
low angles of attack, the lift coef� cient, includingvortex lift effects,
is given by

CL D CL® ® C kv®2 (12)

The inviscid lift-dependent drag coef� cient is given by (assuming
zero leading-edge suction)

CD D CL ® (13)

Combining the preceding equations yields

CD D CL®®2 C kv®3 (14)

The � rst term on the right is the drag due to the attached � ow lift
coef� cient assuming zero leading-edge suction, which at low ® is
equivalent to the attached � ow lift with leading-edgesuction exam-
ined earlier. The second term is the drag associated with the vortex
lift. For a noninterferingbiplane where each wing has equal area to
the comparativemonoplane,CLbip=2 D CLmono=2 for each wing. Con-
sequently, to evaluate the biplane drag it is necessary to determine
the corresponding® at which each biplanewing developsCLmono=2.

It follows that

CLmono=2 D CL®®bip C kv ®2
bip

Fig. 3 Ef� ciency and required angle of attack of noninterfering bi-
plane and monoplane generating equivalent lift.

Solving for ®bip gives

®bip D
h

CL® C
q

C2
L® C 2kv

¡
CL®®mono C kv ®2

mono

¢i¯
2kv (15)

Typical results from Eq. (15) are presented in the upper plot of
Fig. 3. The incidence of the biplane for the same total lift (as a
monoplane of equal area to one of the biplane wings) is approxi-
mately 53% of the monoplane and increases with lift. The low CL®

associated with the very slender AR D 0:5 wings result in a corre-
sponding biplane requiring greater incidence relative to the mono-
plane then the less slender AR D 1 wings. To evaluate the effect of
the reduced incidence required by the biplane on the drag, a repre-
sentativevalue of ®bip=®mono D 0:53 can be substitutedinto Eq. (14).
This yieldsCDbip D 2.CL®0:28®2

mono C kv 0:15®3
mono/ for bothbiplane

wings. Thus for separated � ow with vortex lift, the biplane gener-
ates approximately56% of the attached� ow lift-dependentdrag and
only 30% of the drag associated with vortex lift. The skin-friction
drag would be approximately twice that of the monoplane (twice
the wetted area).

Figure 3 presents the wing ef� ciency e evaluated using ebip D
CL =¼AR®bip and emono D CL =¼AR®mono. Cases are presented for
noninterfering deltas with AR D 0:5 .3 D 82:9 deg) and AR D 1
.3 D 76 deg)at Mach 2 and 4. The data clearly show that the biplane
yields a signi� cant improvement in ef� ciency over the monoplane.
Ef� ciency e of the more slender wing AR D 0:5 shows greater sen-
sitivity to lift coef� cient than AR D 1. This effect is due to the larger
proportionof vortex lift (and its ®2 dependence) to total lift as slen-
dernessincreases.It can be seenfromFig. 3 that increasingtheMach
number reduces the wing’s ef� ciency, as a result of a reduction in
CL® and kv . kv tends to zero as the wing’s leading edge becomes
supersonic as a result of the elimination of upwash. Increasing CL

increasese due to increasedlift from thevortexsheets.For separated
� ow, if no vortex lift is developedthe wing ef� ciencyreduces to that
for attached � ow, e.g., ®bip D ®mono=2 and ebip D 2emono, although the
actual magnitude of ebip and emono reduces without vortex lift.

For a biplane cellule where each wing possesses half of the area
of the monoplanewing, the biplanewould generatethe same lift and
possess the same lift-dependentdrag as the monoplane at the same
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angleof attack(providedtheMachconesdonot intersect). However,
for delta wings the root chord of the biplanewings would now mea-
sure 0.71 of the monoplanes.Thus, for a supersonicbiplanecon� gu-
ration where the Mach cones do not intersect the drag of the biplane
will equal that of the monoplane; however, the biplane’s chord will
be 70% of the monoplanes. The second example is interesting in
that by reducing the wing chord this con� guration should naturally
bene� t viscous drag-reductionefforts by reducing the wing’s oper-
ational Reynolds number. Thus, increases in achievable extents of
laminar � ow (at high-altitudecruising conditions) on the wing may
not require any active control systems. The use of deltawings with a
root chord between 0.7 crmono < crbip < crmono will yield advantages
in terms of both lift-dependentand possibly skin-friction drag and
would present a useful compromise.

As already mentioned, Jones3 has shown that an oblique elliptic
wing is the most ef� cient supersonicaerodynamicplanform.He has
shown that the drag coef� cient of this type of wing is roughly half
that of a delta (with a subsonic leading edge) generating the same
lift. However, as just shown, noninterferingdelta planform biplanes
can possess half the drag of a monoplane delta. Consequently, un-
der optimal cruise conditions a biplane delta wing and an oblique
elliptic wing should have comparable aerodynamic performance.
Additionally, the delta wings would have the generally benign han-
dling characteristics (at low to moderate ®) associated with these
wings, whereas the oblique wing is plagued by various operational
drawbacks.

As the biplane con� guration accelerates up to its cruise condi-
tions, it would pass through a Mach-number range where the Mach
cones from the wings would interact. This could potentially cause
drag increases and may limit the ability of the aircraft to reach op-

erating conditions. The supersonic biplane con� guration requires
study to determine these interactions.

Conclusions
A theoretical analysis has been undertaken to determine the lift

and vortex drag of delta wings in a biplane con� guration. It is as-
sumed that noninterfering Mach cones in the vicinity of the wings
results in the wings effectively operating without mutual interfer-
ence. For biplane cellules meeting this criteria, it is shown that the
vortex drag of the biplane con� guration is half that of a monoplane
wing generating the same lift coef� cient for the attached � ow drag
component and is approximately 30% of that of the monoplane for
the drag associated with the presence of leading-edgevortices.
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