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Prediction of Vortex Breakdown
Location on a Banked Delta Wing

Alain Pelletier¤ and Robert C. Nelson†

University of Notre Dame, Notre Dame, Indiana 46556

Introduction

A N experimental study of leading-edgevortex breakdown on a
family of deltawings was conductedat the Universityof Notre

Dame.1,2 Flow visualizationand image processing techniqueswere
used to measure the location of vortex breakdown as a function of
static angle of attack and roll angle.

Measurementof the locationof vortexbreakdownon slender � at-
plate delta wings has been obtained by numerous investigators.3 ¡ 5

These studies examined breakdown on simple delta wing models
for static conditions.Over the years, researchershave tried to deter-
mine what factors in� uencebreakdown.Elle6 showed that the sweep
angle of the wing signi� cantly affects breakdown.He found that in-
creasing the sweep angle moves vortex breakdown downstream for
a given angle of attack. Kegelman and Roos5 presented results that
showed that breakdown is in� uenced by the leading-edgegeometry
of the wing. The trailing-edgegeometry might also have some in� u-
ence on the locationof vortex breakdownbecause it might affect the
adverse pressuregradient at the trailing edge. O’Neil et al.7 showed
that the adverse pressure gradient is imposed by the trailing edge
and that it has an effect on breakdown location. The sideslip angle
is another parameter that in� uences breakdown.

In the present investigation,an attempt was made to approximate
the static vortex breakdown location of a rolling 65-deg delta wing
from vortexbreakdownresults in pitch for severalwings of different
sweep angles.
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Table 1 Delta wings

Sweep angle, Chord, Span, trailing edge,
deg in. (cm) in. (cm)

50 8 (20.32) 13.43 (34.11)
55 8 (20.32) 11.20 (20.45)
60 8 (20.32) 9.24 (23.47)
65 14 (35.56) 13.06 (33.16)
70 14 (35.56) 10.2(25.91)
75 14 (35.56) 7.5 (19.05)
80 14 (35.56) 4.9 (12.45)

Fig. 1 Test section arrangement for rolling tests.

Apparatus
A family of � at-plate deltawings with sweep angles varying from

50 to 80 deg were built for this research program. Table 1 shows
the dimensions of the wings as a function of sweep angle. All of the
wings had a thickness of 0.25 in. (6.4 mm), a 45-deg bevel on the
bottom surface and a blunt trailing edge. This Note will focus on
the results for a 65-degdelta wing at a root-chordReynoldsnumber,
Re =1 £ 105.

All experimentswere performed in a 2 £ 2 ft (0.609 £ 0.6096 m)
indraft subsonicwind tunnel at the Universityof Notre Dame. Each
wing was tested for different static angles of attack (no roll) and for
different roll angles (for a � xed sting angle of attack r ). Figure 1
shows a schematic of the delta wing arrangement in the wind tunnel
for the rollingexperiments.For the experimentsin pitch,a U-shaped
pitching yoke was used.1,8

All tests were directed toward measuring vortex breakdown lo-
cation as a function of the angle of attack and roll angle. For the
� ow visualization, titanium tetrachloride (TiCl4) was injected into
the � ow near the apex of the wings. The dense white smoke gen-
erated by the reaction between the TiCl4 and air moisture was en-
trained by the vortices over the wings, and breakdown could easily
be observed.9 A charge-coupleddevice video camera in supervideo
home system mode was used to record the � ow visualization data.
Image processingequipment and software were used to analyze the
� ow images and to obtain measurements of the vortex breakdown
location.

Results
Pitch Tests

Static pitching tests on the series of delta wings at Re =1 £ 105

gave the results presented in Fig. 2. As was expected, vortex
breakdown moved upstream (toward the apex at x /c =0) with
increasing angle of attack. Moreover, increasing the sweep angle
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Fig. 2 Chordwise location of vortex breakdown in static pitch for sev-
eral wings; uncertainty in ® = § 0.3 deg and uncertainty in x/c = 5%.

delayed vortex breakdown. The locations of vortex breakdown pre-
sented in Fig. 2 are the averageof the left and rightvortexbreakdown
locations for 10 video frames (a total of 20 readings). The break-
down locationvaried from one frame to another due to the unsteady
nature of vortex breakdown. Moreover, it was assumed that break-
down was perfectly symmetric, which was not always the case with
the oscillations. These small differences in breakdown location on
both sides of the wing from one frame to another introduced an
uncertainty in the exact breakdown location. It was determined that
this led to an uncertainty of approximately 5%.

Roll Tests

It is known that rolling a delta wing about its longitudinal axis
(mountedat incidenceangleof attack r ) createsan effectivesideslip
angleand an effectiveangleof attack.The effectivesideslipmodi� es
the effectivesweep angleof both sidesof the wing.For the sideof the
wing rolling upward (leeward side), the effective sweep increases.
It decreases on the side of the wing rolling downward (windward
side). Equations (1) and (2) show how the angle of attack a and the
sideslip angle b vary with roll:

a ( u ) = tan ¡ 1(tan r cos u ) (1)

b ( u ) = tan ¡ 1(tan r sin u ) (2)

For the effective sweep angle, we assume, as in Ref. 10

K eff( u ) = K 0 § b ( u ) (3)

with + : port side of the wing and ¡ : starboard side of the wing and
where K 0 is the sweep angle of the wing.

Vortex breakdown location results were obtained for the 65-deg
delta wing at a sting angle r =30 deg. The sting angle corresponds
to the angle of attack of the wing for u =0 deg. The experiments
were conductedat a Reynoldsnumberof 1 £ 105. Vortexbreakdown
locationat static roll angles for the 65-degdelta wing is presentedin
Fig. 3. As the wing rolls, breakdownon the leeward side of the wing
propagatesdownstream toward the trailing edge (x /c =1), whereas
breakdown on the windward side propagates upstream toward the
apex. The experimental breakdown locations in roll presented in
Fig. 3 were once again obtained by averaging 10 video frames. In
this case, however, the left and right breakdown locations were not
averaged together because breakdown is not symmetric in roll.

Interpolation of the data presented in Fig. 2 was performed to
approximate the experimental roll data of Fig. 3. For the interpola-
tions, one � rst interpolates for x /c at the effective angle of attack
on curves of constant K . Then, a linear interpolation between the
two curves of constant K for the effective sweep angle leads to the
interpolated x / c for a given roll angle. An example of the inter-
polation in K is shown in Fig. 2 for an effective sweep angle of
68.5 deg and an effective angle of attack of 30 deg. As is also pre-
sented in Fig. 3, the interpolateddata indicate the same trends as the

Fig. 3 Static roll vortex breakdown location for a 65-deg delta wing;
uncertainty in ® = § 0.3 deg and uncertainty in x/c = 5%.

experimental roll data. Moreover, there seems to be a good agree-
ment between the two sets of data, except around u = 0 deg (from
¡ 2 to 2 deg). The discrepancy is believed to be caused by sting
interference. At large roll angles, the windward vortex is closer to
the sting than the leeward vortex. The effect of an adverse pressure
gradient due to the sting would be to promote breakdown on the
windward side (farther upstream). As the roll angle is decreased,
the distance between the windward vortex and the sting increases.
At some point, close to j u j =2 deg, the adverse effect of the sting is
reduced, and the vortex breakdown is less affected by the sting and
moves downstream quickly. Ericsson and Beyers11 have reviewed
the issue of sting interference and their paper can be consulted for
further information.

Conclusions
Staticvortexbreakdownresultsseemto indicatethatvortexbreak-

down location data in static pitch can be used to approximate the
vortex breakdown location on a statically rolled 65-deg delta wing.
This tends to show that, within the rangeof parameters investigated,
vortex breakdown is a function of effective sweep angle and effec-
tive angle of attack.
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Introduction

C OMPOSITE materials have been widely used in aeronautical
industries to replace metals in the aircraft structures for the

purpose of weight saving. Currently, in high-performanceaircraft,
compositematerials are mostly used to make the skins of wings and
fuselage of an aircraft. During high-speed � ight, the external skin
panel of an airframe may exhibit � utter. This type of aeroelastic
instability has received much attention in the past 40 years.1,2 Be-
cause the � nite-element method (FEM) was � rst applied to panel
� utter by Olson3 in 1967, it has gained widespread attention by
aeroelasticians,and many panel � utter analyses were done by using
the FEM.4,5 Although the FEM is the most powerful and versatile
tool of solution in panel � utter analysis, it may be unnecessary for
structures that have regular geometric plans and simple boundary
conditions. Hence an alternative method that can reduce the com-
putational effort, but at the same time, retain to some extent, the
versatility of the � nite-element analysis, is desirable. In this Note,
the � nite-strip method (FSM) developed by Cheung6 in 1968 is
applied to the � utter analysis of composite panels.

Equation Formulation
Consider a symmetric composite laminated thin platewith length

a, width b, thickness h, and mass density per unit volume q , as
shown in Fig. 1. The plate is assumed to consist of N layers of ho-
mogeneous anisotropic sheets bonded together. Supersonic air� ow
with air density q a , � ow velocity Ua , Mach number M 1 , and aero-
dynamic pressure D p is assumed passing over the top surface of the
plate with an angle K measured counterclockwisefrom the x axis.

The governing differential equation of motion for the plate can
be obtained as

D11
@4w

@x4
+ 4D16

@4w

@x3 @y
+ 2(D12 + 2D66)

@4w

@x2 @y2
+ 4D26

@4w
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+ D22
@4w
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+ q h

@2w

@t 2
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where w is the normal displacement of the plate. The � exural and
torsional rigidities Di j of the plate take the form of

Di j =
1

3

N

k = 1

( Q̄i j )k z3
k ¡ z3

k ¡ 1 , (i, j = 1, 2, 6) (2)
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Fig. 1 a) Panel geometry and mesh divisions, and b) ply-stacking
sequence.

where (Q̄ i j )k is the transformed reduced stiffness of the kth layer
and zk is de� ned in Fig. 1. The aerodynamicpressure D p is approx-
imated by quasi-steadyaerodynamic theory as

D p(x , y, t ) =
¡ q aU 2
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1
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When the FSM is used for the analysis, the plate is divided into
several strips, as shown in Fig. 1. The displacementfunctionw (x , y)
for a strip is assumed as

w (x , y) =
r

m = 1

fm(x)Ym (y) (4)

where fm (x) is a polynomial function in the x direction and Ym is a
series that satis� es the end conditions in the y direction. For a strip
with two nodal lines and 2 degrees of freedom at each nodal line,
the polynomial function is identical to that for a beam element in
the FEM. The series term Ym (y) for a plate with simply supported
ends is taken as

Ym(y) = sin(m p y / a), m = 1, 2, 3, . . . , r (5)

Equation (4) can also be expressed in terms of the strip nodal line
displacement{qs} as

w(x , y) =
r

m = 1

Ym

4

i = 1

[Bi ]m{qi }m =
r

m = 1

[S]m{qs}m = [S]{qs} (6)

where Bi is the shape function associated with qi and {qs}T =
{w1 h 1 w2 h 2}.

On substitution of Eq. (6) into Eqs. (1) and (3), the bending stiff-
ness [ks], mass [ms], aerodynamicdamping [Asd], and aerodynamic
force [Asf] matrices of the strip can be obtained as

[ks] = [G]T [D][G]dx dy (7)

[ms] = q h[S]T [S] dx dy (8)

[Asd] = [S]T [S] dx dy (9)


