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Fig. 5 Effective sweep angle A,, of vortex formed from wing root as a
function of Reynolds number Re based on chord C of planform.

further increases in Reynolds number are likely to yield only small
decreases in x,/C.

In the foregoing, emphasis has been on the onset of pronounced
undulations/breakdown for the vortices emanating from the apex of
the planform. It is, however, possible to discern the onset of vortex
breakdown of the wing root vortex at higher values of Reynolds
number. For example, see @ =7 deg, Re =3 x 10*. This onset of
breakdown at o« =7 deg appears to move closer to the wing root for
an increase of Reynolds number Re to 4 x 10*.

VI. Angles of Inclination of Wing Root
and Apex Vortices

Another indicator of the effect of Reynolds number is the angle
of inclination of the vortex emanating from the wing root. It is pos-
sible to determine an effective sweep angle A, of this vortex core,
as defined in the schematic of Fig. 5. As indicated, it is the angle be-
tween a line drawn through the center of the vortex core (or, in cases
where the core exhibits a spiral, through the center of the spiral) and
a line that is perpendicular to the plane of symmetry of the wing.
In other words, this effective sweep angle is equivalent to the defi-
nition of sweep angle of the leading edge of a delta wing. The dye
images of Figs. 2a and 2b indicate that, at lower values of Reynolds
number extending up to Re=2 x 10, the value of the effective
sweep angle A, varies substantially, whereas at Re =3 x 10* and
4 x 10* little change is evident, indicating that an asymptotic value
has been attained. The plot of Fig. 5 clarifies this trend, and em-
phasizes that the angle A,, is a mild function of angle of attack .
This observation contrasts with the strong effect of & on the onset of
pronounced undulations/breakdown x,/C indicated in Fig. 4. Re-
garding the values of sweep angle of the vortices from the apex of
the wing, it is predominantly a function of Reynolds number. At a
given Reynolds number, over the values of @ =413 deg, the range
of values of sweep angle A, of the apex vortex are as follows. For
Re=10,000, 14° < A,, <17°; for Re=15,000, 15° < A,, <20°;
for Re =20,000, 17.5° < A,, <20°; for Re =30,000, 21° < A,, <
23°; and for Re =40,000, 27.5° < A, <32°.

VII. Conclusions

This Reynolds number dependence of the vortex patterns on a
representative UCAV planform, which is distinguished by small
sweep angles, can be defined in terms of the onset of pronounced
instability/abrupt breakdown of the vortices from the apex of the
main body, the effective sweep angle of the vortices from the wing
root, and the degree of interaction of the vortices from the apex
and the wing root. At relatively low angle of attack, the onset of
pronounced instability/breakdown is highly sensitive to Reynolds
number, whereas at relatively high angle of attack, it is much less
sensitive. The effective sweep angle of the wing root vortex is only
a mild function of angle of attack; it is predominantly a function
of Reynolds number and tends toward an asymptotic value at high
Reynolds number. The Reynolds number at which the vortices from
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the apex and the wing root cease to interact decreases substantially
with a decrease in angle of attack.
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Suppression of Wing Rock Using
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Introduction

HE dynamics of single delta free to roll model at high an-

gles of attack show a nonlinear phenomenon known as wing
rock. Wing rock is a complicated aerodynamic phenomenon, char-
acterized by self-induced limit-cycle roll oscillations. Aerodynamic
suppression, the suppression of wing rock by the direct control and
manipulation of leading-edge vortices, has demonstrated to be ef-
fective in controlling wing rock in slender delta wings.!=> A par-
ticular type of aerodynamic suppression known as recessed angle
spanwise blowing (RASB), has been implemented by Sreenatha
and Ong> via a simple rule-base controller. Experimental results
in the wind tunnel revealed the effectiveness of RASB at one an-
gle of attack and freestream velocity. Currently, the mathematical
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Fig. 2 Block diagram of experimental setup.

model for wing rock is only approximate.®’ Intelligent controllers
promise better performance and robustness, in the absence of an
accurate model. As such, intelligent systems such as artificial neu-
ral networks (ANN) and fuzzy controllers have become popular
design paradigms for wing rock control. Sreenatha and Lim® have
presented a fuzzy logic controller (FLC) for wing rock. Numeri-
cal results have been presented to demonstrate its robustness. Joshi
et al.’ presented a single-neuron controller for wing rock. Numer-
ical and experimental results demonstrated the robustness of the
controller at a few angles of attack and initial conditions. However,
the controller was non-aerodynamic in nature.

This Note presents the experimental implementation of RASB,
using FLC and ANN controllers on a slender delta wing in a low-
turbulence wind tunnel. Effectiveness of the controllers is demon-
strated by the suppression of wing rock in experimental simulations.
Assessment of the controller’s performance over a range of flight
conditions with different angles of attack and freestream veloci-
ties highlight the robust nature of the intelligent controllers and the
suitability of such techniques to be implemented in aircrafts.

Experimental Setup

An 80-deg swept angle delta wing with an aspect ratio of 0.705
constructed out of aluminium is employed for the present study. The
wing’s internal structure includes two symmetrical longitudinally
separated chambers providing two cavities for air passage through
the left and right portion of the wing. There are drilled, in each side of
the wing at the same bevelled angle of 45 deg to the wing surface, 12
blowing ports 1.0 mm in diameter, as shown in Fig. 1. This slender
delta wing is mounted on low-friction bearings to allow it to rotate
freely about its longitudinal axis. A dSpace Minibox™ provides
the I/0 interface, which is used for data acquisition and processing.
Online tuning and manipulation of design parameters are carried out
on the personal computer linked to the dSpace Minibox, which also
stores and displays the data. The block diagram of the experimental
setup is shown in Fig. 2. The electronic proportional directional
control valve has two output channels that are connected to each side
of the wing via rubber tubes. The valve-slide stroke of this control

Schematic plan and back view of the slender delta wing model; all dimensions in millimeters, not to scale.
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Fig. 3 Membership function of a) roll angle and b) roll rate.

valve can be controlled to a specified setpoint by an analog electrical
input signal. An electrical input signal generated from the controller
in the personal computer via dSpace commands the switching of the
valve-slide stroke between its two output channels to supply the air
into either side of the wing at the required pressure. The critical
angle at 18 m/s, where wing rock is experienced by the model, is
19 deg. For analysis of the controllers, an operating envelope of
21-23 deg between freestream velocities of 18-33 m/s is selected.

FLC Design

The Takagi—Sugeno implication system is used because it pro-
vides a more efficient defuzzification process where the required
output is constant or linear (see Ref. 10), which is the case for the
proportional directional valve. The membership functions of the
FLC are shown in Fig. 3. The domains used in the membership
function for ¢ and ¢ (roll angle and roll rate) are representative
of the maximum values of roll and roll rate characteristics of wing
rock experienced on the experimental model within the operating
envelop. The convention is such that roll angle is positive when the
wing is rolling to the right and vice versa. The domain of the control
input u relates to the proportional and directional properties of the
control valve. The magnitude of u determines the amount of valve
opening, where value of 5 indicates that the valve is fully opened.
The sign of u determines the direction, where negative indicates
the valve is opened on the left, effecting blowing on the left por-
tion of the wing. The output membership function consists of three
constants: blow left (BL), blow right (BR), and no blowing (ZO),
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with corresponding values of —5, 5, and 0. This is reflective of the
proportional and directional characteristics of the control valve de-
scribed earlier. The output is determined from the set of fuzzy rules
summarized in Fig. 4. For example, if ¢ is negative big (NB) and ¢
is NB then u is BL. Previous pressure transducer studies involving
the control system highlighted the significance of electromechanical
lag present in the servocontrol valve.® These rules are modified from
the simple rule base used in Ref. 5 to incorporate advance blowing
to account for the electromechanical lag present in the system. The
control logic is shown in Fig. 5. The FLC was initially unable to
achieve suppression of wing rock experienced by the experimental
model. There was no significant reduction of wing rock amplitude
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Fig. 4 Fuzzy control table.
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Fig. 5 Control logic of FLC.
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with the application of the designed FLC under all conditions within
the operating envelope. Further investigations revealed that the ad-
vance blowing is insufficient to overcome the electromechanical
lag in the system. A delay function is added to the control system,
which allows real-time alteration of the delay time imposed on the
control input. When the correct delay time is chosen, the onset of
physical blowing at the wing can be altered accordingly, to ensure
that blowing occurs at the specific points within the wing rock cycle.
Subsequent wind-tunnel experiments with varying values of delay
time revealed significant improvement in controller performance.
The effect of delay times on wing rock suppression is clearly shown
inFig. 6. Further experimentations with the FLC design revealed that
the required delay time is a function of freestream velocity. Further-
more, the delay time required remains unchanged at different angles
of attack (AOA). The variation of delay times with freestream veloc-
ity is entered into a time-lag database in the form of a lookup table.
The database outputs a delay time based on the input, which in this
case is the freestream velocity. The addition of this time-lag database
imparts automation to the FLC. This automated FLC is subjected
to real-time experimental simulations at all flight conditions of the
operating envelop specified in the design criteria. The experimental
results revealed suppression of wing rock throughout the operating
envelop. Examples of successful suppression are included in Fig. 7.

ANN Design

A feedforward ANN architecture is featured here, with different
processing neurons organized in layers. Increasing the number of
layers and neurons can enhance the capability of feedforward-type
ANN to learn and represent machine intelligence.!! The inputs to
the ANN in the present work are ¢ and ¢ and the output is u, the con-
trol input. Initially, the knowledge-base used to provide the training
information is the rule-base used in Ref. 5, a specification of the
required control input at a particular instance, based on the inputs
to the system. A backpropagation training algorithm is used to find
the weights associated with the inputs of the controller with the
training samples derived from the rule base. This training process
allowed the ANN to learn the examples taught by the rule base and
build its own continuous model of the control strategy. However, this
trained ANN was unable to achieve wing rock suppression on the
experimental model over the desired operating envelope because the
electromechanical lag was not accounted for by the rule base. At-
tempts to incorporate phase shift into the training rule base proved
unfruitful and time consuming. The implementation of lag times
into the training algorithm requires extensive online fine tuning of
the ANN controller and retraining with phase-shifted rule bases.
This approach was deemed too time consuming. Training was then
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Fig. 6 Wing rock motion at 22-deg AOA, 28 m/s with FLC applied: a) with no delay time and b) with 15-ms delay time.
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Fig. 9 Suppression of wing rock at a) 21-deg AOA, 18 m/s and b) 22.5-deg AOA, 32 m/s.

carried out with the I/O data from the FLC experiments, whereby
electromechanical lag is automatically accounted for. However, each
fine-tuned fuzzy controller is only able to suppress wing rock at the
condition it is tuned at. Figure 8 shows part of a training data set
for the ANN. Because of the nonlinearity of the I/O relationship,
additional neurons and layers have to be used in the architecture to
improve the learning ability of the ANN. Experimental data from
different flight conditions were used for training the ANN and test-
ing. ANN trained at different flight conditions has different ability
to suppress wing rock over a different range of freestream veloc-
ity. Extensive trials were conducted to investigate the performance
of the ANN trained. Table 1 shows the most significant results ob-
tained. The results suggest that it might be possible to produce an
ANN that is capable of effecting desired wing rock control over the
entire range of operating conditions by combining the training data
from the two flight conditions identified. To ensure a better learn-
ing ability for the additional training data, another input was used
in the training: the freestream velocity. This improves the mapping
of I/0 relationship by removing the ambiguity. The final design of
ANN trained with the combined data from the FLC study under
the modified training regime is implemented onto the experimental
model for testing. Experiments conducted at all flight conditions
within the range of the operating envelope demonstrated the ability
of the ANN controller to suppress wing rock at all flight conditions
within the operating envelop. Figure 9 shows the results at two flight
conditions.

Table 1 Performance of ANN trained at 23-deg AOA
with different freestream velocities

Velocities where suppression of wing rock achieved, m/s

21 AOA 21.5 AOA 22 AOA 22.5 AOA 23 AOA

18-32 16-30 16-28 18-26 16-25

18-32 16-32 16-18,24-32  16-18, 26-32 26-32
Conclusions

In this Note, we have developed a robust FLC to implement the
RASB technique of aerodynamic suppression to control wing rock
on single delta wing model. Because of the electro-mechanical lag
in the control system, it is not feasible to design an ANN controller
using a generalized rule base. The I/O data from FLC experiments
provided suitable training data for training the ANN. The effective-
ness and robustness of the FLC and ANN controller is demonstrated
by wind-tunnel experiments, which reveal successful suppression
of wing rock within the tested operating envelop. Results obtained
verify the experimental design methodology and also highlight the
potential of implementing intelligent controllers like FLC and ANN
in aircraft systems.
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Reference Frames
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Nomenclature

= surface normal vector

deformed surface normal vector
position vector

fluid velocity vector

boundary surface velocity vector
deformation vector

angular velocity matrix
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Introduction

T HE practicality of time-marched computational fluid dynamics
(CFD) solutions for the prediction of aeroelastic and aeroser-
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voelastic characteristics has progressed significantly due to contin-
ued advancement in computational capability. Such solutions in-
volve the use of Euler or Navier—Stokes fluid dynamic algorithms
coupled with a structural dynamics algorithm through boundary con-
ditions. Unfortunately, the solution computational time increases
dramatically if the computational domain must be rediscretized to
account for moving structural boundary surfaces. The added com-
putational time and the complexity associated with the meshing
process diminish the attractiveness of the approach for full aircraft
configurations or other applications where a more rapid ‘turnaround’
isrequired, such as flight-test support. Although moving meshes and
other methodologies such as grid rediscretization are excellent ap-
proaches to problems that are not amenable to small-disturbance
assumptions, many problems of practical interest are dominated by
mean-flow conditions, under which body motions may be repre-
sented by small surface perturbations.

Hence, a method of simulating the boundary deformations for the
CFD solver, without actually deforming the computational domain,
has proven to be an efficient tool for unsteady aeroelastic predic-
tions. A number of references have demonstrated the viability of
this approach, known as the transpiration method, for a wide vari-
ety of ploblems.! = The transpiration method was first developed by
Lighthill to simulate changes in airfoil thickness.! Lighthill modified
the normal velocity just outside the boundary layer of an airfoil using
the method of equivalent sources to simulate the effects of the bound-
ary layer. This technique has also been used for boundary-layer
patching with inviscid-flow techniques. More recently, the tech-
nique has been used to simulate surface deformation in full potential
solution techniques and in steady and unsteady Euler codes.?~°

This Note outlines an extension of the basic transpiration ap-
proach and applies the method to problems that are cast in a non-
inertial frame. This extension of the problem allows a significantly
larger set of practical problems to be modeled in this manner be-
cause unsteady structural and control deflections may be modeled
on geometries undergoing large-amplitude motions. Examples in-
clude aeroelasticity, aeroservoelasticity of aircraft undergoing large-
amplitude flight dynamics maneuvers, and vibration and aeroelastic
modeling of propellers, helicopter rotors, and fans.

Inertial Transpiration

For an aeroelastic CFD solution, the deformed state of the struc-
ture is typically defined by a set of structural mode shapes. The
mode shapes define a deformation vector for every surface node in
the computational domain. Consider the deformed state given by
Fig. 1, where the two nodes of an edge have been displaced from
their initial position by a deformation vector Ar.

In a CFD solution, this statically deformed shape can be simu-
lated, without actually deforming the surface grid, by using the de-
formed normal vector n’ when enforcing flow tangency. The original

Fig. 1 [Illustration of transpiration concept.



