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Fig. 3 Surface oil flow patterns at fr = 0.75 and 0.6.
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Fig. 4 Crossflow patterns for different fr.

at the flap hinge lines (at low «, all fr). Second, in regime (B) the
leading-edge separation vortex is formed only over the flap surface
(at @ =10-16 deg, fr =0.6 only). Third, in regime (C) the large
separation vortex is formed, and its reattachment line is located
inboard of the flap hinge lines (at high «, all fr). Finally, there is
a fourth regime, a combination of regimes (B) and (C), in which
the reattachment of the vortex occurs on the flap surface near the
wing apex, but the reattachment occurs inboard the flap hinge line
near the trailing edge, as was seen in Fig. 3 (at about @ =10 deg,
fr=0.75and 0.9). Figure 4 shows that the formation of a leading-
edge separation vortex for the plain delta wing (fr =1) is seen at
o > 3 deg for the first time when « is increased from 0 deg. However,
once the flap is deflected, even though its spanwise length is only
10% (fr =0.9), the angle of attack when the vortex is formed for
the first time is « =7 deg. This indicates that a large change of
flow pattern occurs even when a vortex flap that has small spanwise
length is deflected ( fr =0.9). This may be related to the fact that
the maximum L/D was attained for the fr =0.9 wing when C; was
relatively small, as was shown in Fig. 2. The spanwise length of
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the vortex flap should be designed not only from the view point of
aerodynamics but also from the results of wing structural studies.

Conclusions

In this note the effect of flap hinge-line positions over the perfor-
mance of the leading-edge vortex flaps has been discussed. Differ-
ences of the vortex flap hinge-line position affect the performance
of the vortex flap. The best L/D ratio is attained when the delta wing
has vortex flaps with a relatively small spanwise length. The forma-
tion of leading-edge separation vortex over the wing is suppressed
atrelatively low angle of attack, even when the vortex flap with only
a small spanwise length is deflected.
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Performance Improvements
of a Biplane with Endplates
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Nomenclature
Cp = totaldrag coefficient of wing
C, = liftcoefficient of wing
e = spanefficiency factor

Re = Reynoldsnumber of flow based on wing chord,
wind-tunnel airstream velocity, density,
and dynamic viscosity

o = angle of attack or incidence

Introduction

UMANKIND’S dream of powered flight became a reality

when, in 1903, the Wright brothers demonstrated that high
lift and structuralrigidity of the biplane was essential to lifting man
and engine into the air. However, with improvements in structural
materials and technology, decreasing specific engine weights, and
higher flight speeds, designers began to opt for the monoplane con-
figuration.

In recent times, to meet the demands of an ever increasing air-
cargo and transportationmarket, integration of any new aircraftinto
existing airports is becoming a significant consideration. The need
for faster and more efficient aircraft with increased load carrying
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capacity is, therefore, growing. There is, consequently, a fresh im-
petus to revisit the biplane configuration concept to meet some of
these new demands.

A biplane has many advantages, such as good field performance,
goodload carryingcapability,good lift to drag ratiocombined with a
low wing loading, while retaining high structural strength, resulting
in high lift at low speeds. A biplane also offers potential for excel-
lent low-speed maneuverability,due to smaller span and lower iner-
tia about the longitudinal axis, requiring less aileron which makes
available more room for high lift devices.

A biplane, in general, produces higher drag than a monoplane of
the same span and wing area. In this study, the possibility of incor-
porating endplates to a biplane is explored. The concept of adding
endplatesto a monoplane to reduce induced drag is not new.! = The
addition of endplates, however, may pose structural and vibration
problems for a monoplane, but less to a biplane. The addition of
endplates to an already optimized biplane may further increase the
efficiency of the configuration. To date, however, this area has at-
tracted very little attention Investigation into the improvement of
the aerodynamic efficiency of a biplane with endplates, therefore,
forms the basis of this study.

Experiment
Wind Tunnel and Balance

A 76-mm-diam open-return,0.2% turbulence intensity open test
section low-speed wind tunnel of the Aerodynamics Laboratory of
the University of New South Wales was used in the experiments.
The wind tunnel was powered by a 11-kW compound wound dc
variable speed electric motor driving a fan that had eight blades.
The motor was trunion mounted external to and upstream of the
tunnel intake mouth. The motor speed could be varied from 200 to
1700 rpm to give a freestream velocity range of 0-30 m/s. A Betz
manometer connected to a pitot static tube was used to record the
wind speed.

The balance used was a simple two-axis force balance equipped
with two load cells of 250-N force transducers, one measuring the
side force or lift and the other the force in the direction of the flow
or drag. The outputs from the load cells were amplified and fed into
a TDS 360 two-channel digital oscilloscope to facilitate graphical
representation of load cell output and averaging of the data. The
errors calculated for the lift and drag coefficients using the balance
were 1%, and the repeatability of each test run was approximately
+0.25%.

Test Models and General Procedures

The design of the test model was influenced by Munk’s statement’
thatif two wingsof a biplaneare identical,parallel,and unstaggered,
the downwash produced by each wing is the same. Thus the biplane
wing model consisted of two wings of constant NACA0012 cross
sections. The endplate was created using a flat plate. The endplate
extended upward from the lower wing to join to the upper wing.
The endplate did not extend above the upper wing or below the
lower wing. The two wings were produced by cutting a single wing
milled from medium-density fiberboard. The resulting half span of
each wing was 308 mm chord length of 154 mm, giving an aspect
ratio of 2 for each half-span wing. After milling, the wings were
evenly sanded before application of spray putty and enamel. Each
endplate was produced from 3-mm flat steel sheet. All endplates
connected the tips of the two airfoils, resulting in a cant angle of
90 deg. The endplates were cut and ground to fit the outside contour
of the airfoils.

Four configurations, one without an endplate and the other three
with endplates (Fig. 1) covering 100, 50, and 30% of chord lengths
from the trailing edge at the tip were tested with zero decalage and
zero stagger with a wing gap of one chord length. The wings were
mounted to a 40-mm-diam disk plate, which in turn was connected
to the two-componentbalance via a 2-mm-diam steel rod. The disk
was rotated about its perpendicularaxis to vary the angle of attack
between 0 and +18 deg, and tests were conducted at a constant
Reynolds number of 2.5 x 10*.

ENGINEERING NOTES 399

100%

50% 30%

Fig. 1 Endplate configurations.

— e No Winglet \ \
02 — .o - 50% Winglet N

S -+wm++.30% Winglet !
045 — o Full Winglet /\' e
04 f)’j
6-05
.’.\.—M
0.2 0 02 04 06 08
C

Fig. 2 Drag polar diagram, Re =2.5 X 10%

06
05 =
L ~
R Y
V4 R o
04 ;é’ Sl
H e L

03 | 7—’——Novwr:ret\
oY ~

---0k-- 30% Winglet
-+ & --50% Winglet
02 f ¢
0.1 f
0

0 0.1 02 03 0.4
Co

—a— Full Winglet

Fig. 3 Determination of span efficiency, Re =2.5 X 10*.

Results and Discussion

Lift and drag force measurements were obtained for the four con-
figurations, namely, the nonendplate, 100% endplate, 50% endplate,
and 30% endplate configurations. To realize the comparative advan-
tages of the endplates, results are presented in terms of drag polar
and the rate of change of induced drag with lift in Figs. 2 and 3,
respectively.

Drag Polar

In Fig. 2, the drag polar diagram shows that, at low-lift-
coefficients, the total drag of the biplane configuration with end-
plates is higher than that with no endplates due to the additional
profile drag; however, at C, > 0.3, the reduction in the induced
drag caused by the endplates begins to take effect and reduces the
total Cp. For example, at C;, = 0.6, the full endplate configuration
also shows a reduction in total drag of 16% over the nonendplate
model. The maximum advantage, however, in this respect with full
endplate over the nonendplate condition can be achieved when the
maximum lift coefficients C;, =0.716 and 0.633 are obtained for
the two configurations, respectively.

However, note that the present investigation was conducted at a
low Reynolds number, Re =2.5 x 10*. Earlier work® suggests that
although the lift curve below the stall and, therefore, the lift curve
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slope and induced drag are essentially independent of Reynolds
number, the maximum C, is dependent on Reynolds number, with
higher values of maximum C at higher Reynolds number. The min-
imum Cj is also found to be a function of the Reynolds number,
decreasing as the Reynolds numberincreases. This would mean that
the maximum aerodynamic efficiency, that is, C; /Cp increases as
the Reynolds number increases. These results, which are regarded
as classic,” were conducted within 1.52 x 10° < Re < 3.05 x 10°.
Similar trends have also been observed® for 3.2 x 10* < Re <
9.28 x 10*.

Span Efficiency

Figure 3 shows C? vs Cp. The span efficiency factor’ e was
found from the slope, dC,/ dC?. The span efficiency factor for the
full endplate configuration was found to be 0.74, a 22% improve-
ment over the nonendplate configuration of 0.61. In this regard,
because the slope, dC,/ dC?2, below the stall can be considered to
be independentof Reynolds number, the benefit of endplate may be
expected to be realized at full scale.

Conclusions

The resultsof this study demonstrate that the additionof endplates
can be beneficial in decreasing induced drag and increasing span
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efficiency, which in turn can help increase the lift to drag ratio of a
biplane configuration lifting system.
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