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Fig. 4 Cp contours at 0.05 intervals on the aircraft con� guration
at M ` = 0.9 and angle of attack = 4 deg.

ment of this mesh. On the contrary, the upwind scheme can
capture the vortex accurately. The residual is reduced by 3.5
orders of magnitude in 800 iterations. Note that this condition
is also computed by using a total variation diminishing scheme
in a multiblock grid with 89,012 nodes.11 The computed results
are compared with wind-tunnel results in Fig. 3. The lambda
shock on the upper wing and the small leading-edge vortex
are well captured. The wingtip � ow is subject to strong viscous
effect and cannot be resolved by using the Euler equations.
Overall, the computed result is within what one would expect
from a good Euler simulation.

The wing– body con� guration is not complicated enough to
demonstrate the autostretching method. To show this mesh
generator does work, vertical and horizontal tails, pylon-
mounted � ow-through engine nacelles, and stores are added to
the wing– body con� guration without considering any aircraft
design rules. To generate the volume mesh, the stretching ratio
used is 1.15. A total of 119,797 tetrahedra and 23,139 nodes
are generated with 4208 nodes on the surface. The � ow con-
dition is Mach number 0.9 and an angle of attack of 4 deg.
The Cp contours are shown in Fig. 4. Because there is no
experimental data and the mesh is not � ne enough, discussion
on the � ow� eld is therefore not attempted.
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Effects of Asymmetric Leading-Edge
Flap De� ection on Delta Wings

in Roll
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Introduction

A STUDY has been conducted to explore the effects of
leading-edge vortex � aps on the rolling moment of delta

wings over a wide angle of attack range. Leading-edge � aps
with a conical planform were tested on � at plate delta wings
of 65- and 80-deg sweep angles. The effects of antisymmetric
de� ection was investigated to assess the effectiveness of the
� aps for this task over a wide operating envelope. Data are
collected over a wide range of angles of attack that includes
attached and separated � ow conditions.

Experimental Setup
Experiments were conducted in the indraft wind tunnel at

Oklahoma State University. The test section has a 0.93 3 0.93
m cross section and a length of 2.81 m. Throughout the study,
a tunnel dynamic pressure of 244 Pa was maintained. The con-
ditions were the same for all experiments.

The delta wing models used in the experiments had 65- and
80-deg sweep angles and are shown in Figs. 1a and 1b. Both
were made out of aluminum, and the planform area was equal
to 428 cm2 for both wings. Each leading edge was beveled 45
deg and the � aps were such that at each chord station the � ap
span was 20% of the local span, yielding a conical geometry.

The torque sensor was of cruciform type, and was used to
measure rolling moment Cl. The torque sensor was built to be
a temperature-compensated Wheatstone bridge. The wing and
the sensor were sting mounted in a base to minimize down-
stream interference effects, shown in Fig. 1c.

The rolling moment for the wings with � aps de� ected was
measured at angles of attack from a = 22 to 132 deg in 2-
deg increments. The � aps were set at d = 25 deg antisym-
metrically, relative to the wing, with the port � ap being down-
ward and the starboard � ap upward.
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Fig. 1 a) 80-deg sweep angle delta wing with 20% conical � ap;
b) 65-deg sweep angle delta wing, with 20% conical � ap; and c)
sting mount and sensor schematic (not in scale).

Fig. 2 Roll moment coef� cient vs roll angle f for different angles
of attack, for the 80-deg sweep angle delta wing.

Calibration was accomplished using known weights at a
given moment arm before and after each experiment. Normal
and lateral force coupling were assessed and found to be un-
measurable. The maximum uncertainty on the measurement of
the rolling moment was 4%. The experiments were made for
several roll angles and angles of attack for the plane wings.

Computer Code
The computational analysis for this study was performed

using a modi� ed model developed by Arena and Nelson.1 The
model assumes conical � ow over a slender wing, which im-
plies that all cross sections of the � ow are consistent, varying
only by a linear scaling factor. The use of the code for this
study was limited to providing additional insight into the ob-
served experimental data for angles of attack where vortices
are present.

The code was extensively used by Roberts and Arena.2 Static
and dynamic tests were conducted and compared with experi-
mental data. Further discussion of validation runs may be ob-
tained in Ref. 1.

The code was used previously by Ize and Arena3 to study
the quasisteady effects on a delta wing. The program was then
modi� ed, allowing the use of the leading edges of the wing to
model vortex � aps. The vortex � aps modify the characteristics
of the separation and, therefore, the primary vortex position
and strength. Flap de� ection angles are calculated during the
coupled solution, such that any practical de� ection strategy
may be assessed.

For the 80-deg wing with no � ap de� ection, the moment
coef� cient is shown in Fig. 2, comparing the experimental and
computational data. Good agreement is observed between the
experiment and computed results. The code uses potential � ow
to model the leading-edge vortices over the wing. Therefore,
for the 80-deg wing at small angles of attack, the vortices are
not formed, and the assumptions in the code are not valid. For
angles of attack higher than 32 deg, vortex breakdown starts
to appear on the wing, which is not modeled in the code.
Therefore, the use of the code was limited to angles of attack
between approximately 12 and 30 deg, for the 80-deg wing.

For a 25-deg asymmetric � ap de� ection, the comparison be-
tween experimental and computational models, shown in Fig.
3a, is also good. The code predicts the left vortex becomes
stronger than the right vortex, generating a rolling moment to
the right, as shown in Fig. 3b.

Results
Flap De� ection

The effect of a 25-deg antisymmetric � ap de� ection on the
80-deg wing and on the 65-deg wing is shown in Fig. 4. The
plot in Fig. 4a, shows that for the 80-deg delta wing, the rolling
moment coef� cient increases for angles of attack higher than
5 deg. If the angle of attack is approximately 5 deg, all control
effectiveness is lost, and for angles of attack smaller than 5
deg, an interesting phenomenon may be seen in which anti-
symmetric � ap de� ection produces a moment in the positive
direction. A similar behavior was observed for the 65-deg
wing; however, the reversal occurs at a larger angle of attack,
as shown in Fig. 4b. The � gure indicates that above an angle
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Fig. 3 a) Comparison between experiment and computer model
for 25-deg asymmetric � ap de� ection, on the 80-deg wing; and b)
delta wing without and with � ap de� ection.

Fig. 5 a) Effect of � ap de� ection at low angles of attack and b)
effect of � ap de� ection at high angles of attack.

Fig. 4 Effect of asymmetric � ap de� ection on Cl for different
angles of attack: a) 80- and b) 65-deg wing.

of attack of approximately 15 deg, an increase in angle of
attack increases control effectiveness up to a = 20 deg, where
effectiveness is constant, and above 25-deg angle of attack, the
effectiveness is reduced. At an angle of attack of approxi-
mately 32 deg, the control effectiveness is essentially zero. It
is speculated that this decrease in control effectiveness is be-
cause of the effects of vortex breakdown that appears on the
65-deg wing for angles of attack greater than 20 deg.4

Analysis of Results

There are several different phenomena observed for the delta
wings when leading-edge � aps are de� ected asymmetrically.
First, effectiveness of the � aps appear to be a strong function
of wing sweep angle and angle of attack. Flap effectiveness
for the 80-deg wing increases with a and is very good at large
angles of attack. Conversely, the effectiveness of the � aps on
the 65-deg wing is degraded beyond approximately 26 deg;
however, effectiveness is best at the lowest angles of attack,
although in the opposite direction.

Another signi� cant observation for both wings is the rever-
sal of roll moment with angle of attack. In each case there is
a positive angle of attack for which control effectiveness is
zero. Roll moment behavior caused by asymmetric � ap de-
� ection is in the opposite direction for angles of attack on
either side of this zero effectiveness point.

An explanation for this behavior may be understood by con-
sidering both longitudinal and lateral � ow effects. At low an-
gles of attack as the leading edge � ap is de� ected upward, the
local angle of attack is increased, as shown in Fig. 5a, and
vice versa on the opposite � ap. This will create a roll moment
toward the downward de� ected � ap. Conversely at larger an-
gles of attack, the cross� ow becomes dominant because of the
leading-edge vortex formation. A downward de� ected � ap re-
sults in a stronger vortex closer to the wing as observed in
Fig. 5b, and as predicted by the computer model shown in
Figs. 3a and 3b. The result is a roll moment in the direction
of the upward � ap. This behavior would then be further mod-
i� ed by the appearance of vortex breakdown, which is suspect
in creating the decrease in effectiveness beyond 26-deg angle
of attack, for the 65-deg wing.
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Conclusions
The goal of the present study was to assess the roles of

asymmetric leading-edge � ap de� ections on delta wings over
a wide range of angle of attack, including attached and sepa-
rated � ow regimes. Experimental and computational modeling
data were collected for both 80- and 65-deg delta wings with
20% conical � aps.

A signi� cant observation was that both wings exhibited a
reversal in control effectiveness at an angle of attack dependent
on sweep angle. The reversal behavior may result from the
relative strengths of the longitudinal and cross� ow effects.
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Introduction

T O increase the bombing accuracy of aerial bombs from
aircrafts, the use of the aerial bomb’s drag coef� cient

curve plays a crucial role. There are two ways to obtain such
a curve. The � rst is by wind-tunnel testing. The second is by
theoretical numerical prediction. As, when bombing, the mech-
anism of the interference air � ow� eld between the aircraft and
the aerial bomb is not yet clear at the present time, the drag
coef� cient curve obtained from either wind-tunnel measure-
ments or theoretical numerical prediction under the free air� ow
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condition cannot be applied directly. The curve reduced from
real � ight testing data is obviously advantageous in practical
applications. Many efforts have been made in identifying aero-
dynamic properties of real or full-scale � ying vehicles from
� ight-testing data.1– 5 Most existing literature only emphasizes
the aerodynamic coef� cient extraction by parameter identi� -
cation. Directly identifying aerial bomb’s aerodynamic coef-
� cient curve, especially the Mach history, has not yet been
discussed. Also, it has been argued that the time history of the
aerodynamic property is not preferred to be extracted directly.6

In fact, from the intrinsic characteristic of aerodynamics, the
aerodynamic property curves (Mach history) are generally in-
variant in different � ight tests if the angle of attack along the
trajectory is small, and can be regarded as deterministic control
pro� les from the control point of view. The aerodynamic prop-
erty curve identi� cation can then be considered as an optimal
tracking control problem (OTCP), where the aerodynamic
property curve is the control pro� le and the � ight testing data
are the desired trajectories to be optimally tracked. This iden-
ti� ed curve is called aerial bomb’s optimal � tting drag coef-
� cient curve Cdf(M ). This optimal control problem can be
solved by nonlinear programming via a parameterization of the
control function,§ but only the time history of the control can
be considered. In this Note, the control pro� le Cdf(M ), rather
than Cdf(t), is directly considered by an optimal dynamic � tting
scheme. In the scheme, Cdf(M ) is parameterized by cubic
splines with a de� ciency number of 2. Thus, the � rst-order
derivative of Cdf(M ) is guaranteed to be continuous. The stan-
dard Newton– Raphson iteration is applied. To reduce the com-
putational cost, an idea of quasi-Newton– Raphson iteration is
proposed. This can also achieve the second-order convergence
that cuts the computing cost by half, even if the � rst-order
gradient alone is used. In addition, the initial system states for
� ight testing, which may be uncertain or inaccurate, can be
easily identi� ed or corrected together with the optimal dy-
namic � tting procedure. As real � ight testing was conducted
to obtain the data for aerodynamic curve identi� cation, we
believe that the obtained results are rather convincing in ap-
plications including the veri� cation and improvement of de-
sign objectives, validation of computational aerodynamic prop-
erty prediction codes, etc.

Problem Formulation
To simplify our discussion, a three-degree-of-freedom point

mass ballistic model is used. Suppose at time t, the aerial
bomb’s position in the earth coordinate system (ECS) is [x(t),
y(t), z(t)]T, and its relative velocity vector u w.r.t. ECS is [ux(t),
uy(t), uz(t)]

T. We have

uÇ = f [X(t), C (M )] = 2rsV(u 2 w )C (M )/2mx 1 df x x df

uÇ = f [X(t), C (M )] = 2rsVu C (M )/2m 2 gy 2 df y df

uÇ = f [X(t), C (M )] = 2rsV (u 2 w )C (M )/2mz 3 df z z df
(1)

xÇ = f [X(t), C (M )] = u4 df x

yÇ = f [X(t), C (M )] = u5 df y

zÇ = f [X(t), C (M )] = u6 df z

where X(t) = [x, y, z, ux, uy, uz]
T, which is the state vector of

system (1); g is the gravitational acceleration; wx, wz are wind
components in ECS; V is the aerial bomb’s relative velocity
w.r.t. wind and given by

2 2 2V = (u 2 w ) 1 u 1 (u 2 w ) (2)Ï x x y z z

r is the air density; s = pd2/4, which is the reference area of
aerial bomb; d is the aerial bomb’s diameter; and m is the mass
of the aerial bomb. Cdf(M ) is the � tting drag coef� cient curve
w.r.t. the trajectory model (1), which is regarded as a control
pro� le to be solved. M denotes the Mach number and is given


