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Introduction

T HE � ow� eld in the tip region of a lifting wing is of great
interest to the aircraft designer. This region of � ow can have a

strong in� uence on the performance of a wing and the production
of induced drag. Efforts have been made over the years to reduce
the induced drag associated with a lifting wing and to improve the
overall lift-to-drag ratio by modifying the wing and the wingtip
con� guration.

One technique that has been the subject of several investigations
is the use of pneumatic blowing outward from the wing tip. The
active nature of such a technique offers the advantage that it can be
utilized during the phases of � ight at which it is best suited. Past
efforts in analyzing the effect of blowing in the wing tip region have
concentrated on � ow visualizationand � ow� eld measurements.1 ¡ 4

Some progress has been made toward identifying several aspects
of the complex � ow mechanisms, but more measurements of the
global effects on the lift and drag of the wing are required.

This study looks at the overall lift and drag characteristics as-
sociated with blowing from the wing tip with a discrete planar jet
exploitingthe Coanda effect. The jet geometry has been designed to
enhance the effect of blowing by vectoring the jet mass � ow against
the natural tip vortex. Comparisons involve variations in blowing
coef� cients and angles of attack at a constant Reynolds number.

Experiments
The test model shown in Fig. 1 is a rectangular wing of 300-mm

chord with a half-span aspect ratio of 1.9 and with an NACA 0015
aerofoil section. The wing tip was designed as a body of revolution,
and the jet outlet was faired into the shape to minimize the distur-
bances of the duct outlet geometry.The centerof the Coanda jet was
located at quarter chord and was 30 mm wide. Interchangeabletips
were speci� cally designed to allow the change between the solid tip
for the reference case and that of the Coanda jet.

The tests were performed in a closed circuit wind tunnel with a
1270 £ 914 mm test section at a freestream speed of 25 m/s. The
Reynolds number based on chord was 5.1 £ 105. Freestream tur-
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bulence intensity was measured at 0.3%. A six-componentbalance
was used to obtain the forces acting on the wing and a calibrated
mass � ow meter was used to determine the blowing coef� cient of
the Coanda jet. Standard wind-tunnelwall and blockagecorrections
were applied to the results.

Results and Discussion
Experiments were run for the reference case and the Coanda tip

with blowing coef� cients up to 0.01. The angle of attack ranged
between 0 and 14 deg. For this study the blowing coef� cient is
de� ned as

C l = ÇmV j / q 1 S

where Çm is the mass � ow rate of the blowing jet (kilograms per
second). V j (meters per second) is the velocity of the jet, and q 1
is the freestream dynamic pressure (pascal). S is the reference area
(meters squared) taken as the planformarea of the half-wing.Blow-
ing coef� cients tested fall in the range of those consideredby other
investigators.1 ¡ 4

Lift Enhancement due to Blowing

It has been reported in other investigations1 ¡ 4 that a lifting wing
experiences a lift enhancement due to spanwise blowing. In the
study by Tavella and Roberts2 simple scaling laws were derived to
predictthe effectof blowingon lift enhancement.This approachwas
based on perturbingthe span of the wing by treating the jet as a thin
momentum sheet subject to a pressure differential. The following
equation was derived as a result1:

D CL / CLo = k1 F( A)(C l / a )
2
3

where k1 is a constant dependent on jet geometry and F( A) is a
function of aspect ratio. A comparison was made to assess the lift
enhancement results obtained in this study to the most favorable
jet geometry reported by Lee et al.1 Figure 2 shows a comparison
of these results. As can be seen from Fig. 2, the proposed scheme
appears to be more effective than the jet con� gurations reported by
Lee et al.1

Effects of Blowing on Aerodynamic Ef� ciency (Lift-to-Drag Ratio)

Figure 3 shows the lift-to-dragratio for the wing without blowing
and with a blowing coef� cient of 0.01. Over the higher lift coef� -
cients there is a distinct increase in the lift-to-drag ratio. For a CL

value of 0.8, the wing experiences an increase of about 6% in the
lift-to-drag ratio for a C l of 0.01. In the lower CL range (below 0.3)
where induced drag is small compared to pro� le drag, the effects

Fig. 1 Wing model, show-
ing Coanda jet location.
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Fig. 2 Lift enhancement due to blowing.

Fig. 3 Aerodynamic ef� ciency due to blowing at C¹ = 0.01.

Fig. 4 Percentage increase in lift and drag due to blowing at ® = 8 deg.

of blowing have minimal effect on the overall lift-to-drag ratio. The
enhanced performance appears to be fairly constant above a CL

of 0.4.

Effects of Varying Blowing Coef� cient

The effect of blowing on the lift and drag of the wing was studied
for � ve blowing coef� cients at a constant angle of attack. Over the
values tested, the enhancement was observed to be approximately
linear except for the sharper increase in both lift and drag coef� -

cients with the initial introduction of blowing. Figure 4 shows the
percentage increase in the lift and drag over the range tested.

Conclusions
Pneumatic blowing through a Coanda tip jet was investigated as

a form of increasing the lift-to-drag ratio of a rectangular wing.
The scheme was compared to another investigation and shown to
have better lift enhancement characteristics.A signi� cant increase
in the lift-to-drag ratio in the higher CL range was produced but
little gain was experienced over the lower lift coef� cients. Such a
techniquehas the potential of improving a wing’s lifting ef� ciency,
particularly during the takeoff and landing phases of � ight.
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Introduction

AWING designwith in� ated tubularspars has unusualstructural
characteristicsthat will not accept the classical aeroelastic di-

vergence formulation. This wing construction is particularly well
suited for gun-launched observation vehicles and similar systems,
where both weight and packaged volume must be minimized while
maintainingaerodynamicef� ciencyof thedeployedwing.As shown
in Fig. 1, the wing is made up of several in� ated woven fabric spars
with circularcrosssectionand imperviousplasticlining.The wing is
coveredby a fabric skin. Flexible foam � lls the volume between the
spars and skin to provide the airfoil shape. The spars are connected
at the root to the fuselage and at the tip to a rigid cap. Although
the fabric skin does prevent chordwise distortion, the spars are not
structurally connected either to the skin or to each other. At a wing
section, then, resistance to twist must come from shear reactions
rather than torsional stress. At root and tip, however, both torsional
moment and shear are applied to each spar. Bending moments are,
of course, exerted on the spars at the root, but not at the tip, where
all external moments are zero.

The classical second-order differential equation for wing
divergence1,2 is not applicable here because, as will be seen later,
reaction to torque at a wing section is proportional to the third
derivative of the torsional de� ection, rather than the � rst deriva-
tive. In what follows, the effective section torsional stiffness is � rst
quanti� ed. The differential equation for divergence of a constant-
chord unswept wing is then derived, and divergenceboundaries are
calculated.Results indicate that the structure is very resistant to di-
vergence, even though the spars only react torsionally through the
end cap.
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