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(ABSTRACT)

A general aerodynamic model for two-dimensional inviscid flows is developed.
This model is used to simulate wakes and blade-vortex interaction. This model
is also coupled with dynamics and feedback controls to simulate flutter and

flutter suppression.

The flow is assumed to be attached and incompressible. The present
aerodynamic model is based on a vorticity-panel method coupled with vortex

dynamics.

The present aerodynamic model is used to simulate some actual experiments:
wakes generated by oscillating airfoils and blade-vortex interactions in which
one airfoil is placed in or near the wake generated by another oscillating airfoil
upstream. The present numerical model predicts wake structures, vorticity
strength, and velocity profiles across the wake that compare very favorably
with the experiments. The present numerical results of the blade-vortex
interaction show good agreement with the experiments when separation does
not occur. |If separation is involved, the present model fails to accurately
simulate blade-vortex interaction because separation is not considered in the

present model.



Flutter is studied by means of numerical simulations. In an incompressible
flow, an airfoil is mounted on an elastic support. The airfoil can pitch (rotate)
and plunge (translate vertically). The dynamic equations that describe this
two-degree-of-freedom motion are general and nonlinear. To calculate the
aerodynamic loads on the airfoil, the aerodynamic model is coupled with this
dynamic model. The motions of the airfoil and flowing air are calculated

interactively and simultaneously.

The coupled aerodynamic/dynamic model accurately predicts the critical
flutter speed of the freestream, the speed at which the motion of the airfoil
grows spontaneously. The contributions of the phase difference and energy
exchange to the flutter motion are discussed. The effect of the static angle of
attack on the critical flutter speed is investigated. Also the effect of the
nonlinearity of the elastic support (cubic term in the hardening spring) is
studied.

A feedback control is coupled with aerodynamics/dynamics to suppress the
flutter motion of the airfoil. A flap is added at the trailing edge of the airfoil
as a control surface, and its deflection (rotation) about the hinge point is
commanded by a feedback-control law. The flow, airfoil, elastic support, and
control device are considered as one system, and the flow, the motions of the

airfoil, and the flap deflections are calculated simultaneously.

With carefully designed control laws, oscillations that would be unstable (i.e.,
growing) without control are suppressed. The numerical results show different
control variables can be used. The model of aerodynamics/dynamics/control
is also used to successfully suppress the response to a wind gust with the

same control laws as used for the suppression of flutter.
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Chapter 1. Introduction

1.1 Problem Statement

The numerical simulation of wakes has been an important topic in the study
of vorticity-dominated flows. Here, by actually simulating some experiments
in which an airfoil oscillates and generates a wake, the emphasis is put on the
large-scale structure of the wake and strength of vorticity instead of on the
study of instability during the evolution of a vortex sheet. With accurately
computed wakes, some wind-tunnel experiments on blade-vortex interaction
(BVI) are simulated, in which an airfoil is placed in or near the wake generated

by another airfoil oscillating upstream.

Also in this dissertation some problems of unsteady aeroelasticity are
numerically studied. During flying, small disturbances can trigger wild
oscillations of the wings depending on the speed of the air flow; this is called
the flutter phenomenon. How to predict the flutter speed and how to suppress
the flutter by feedback control are investigated in this dissertation. The
aerodynamic loads on the airfoil are predicted by an aerodynamic model
instead of being approximated by some functions. The flowing air, the airfoil,
the elastic support, and the control device, which is a flap hinged at the trailing

edge of the airfoil, are considered parts of the same dynamic system and are
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obtained simultaneously and interactively. Feedback control is also applied

to the suppression of the response to a wind gust.

1.2 Motivation for Present Research

1.2.1 Vorticity-Dominated Flows

When the Reynolds number is high, the vorticity is often confined to some
small regions in the flowfield. For example, in the unsteady flow around an
airfoil at sufficiently small angles of attack, most of the vorticity lies in the
boundary layer and the wake, and outside these regions the flow can be
considered irrotational. Then the boundary layer can be treated as a bound
vortex sheet with zero thickness, and the wake can be considered the result
of the stretching and rolling-up of the vortex sheet shed from the trailing edge.
This analysis offers an alternative to solving the Navier-Stokes or Euler
equations. In the present analysis, velocity is obtained by using the
Biot-Savart law or the Green’s function once the vorticity is known. In other

words, the problem of fluid dynamics is turned into one of vortex dynamics.

Fully understanding and accurately simulating wakes are of paramount
importance in many aerodynamic problems. One of the methods of simulating
wakes is to discretized a continuous vortex sheet that simulates a wake into a
system of point vortices or vortex blobs. Some studies are focused on the
instability of the discrete model of a vortex sheet and the formation of a
singularity in it (Krasny, 1986). In such work, the convergence of the discrete
model of vortex sheets is studied theoretically and numerically by
investigating the effects of the round-off error of computers, size of the meshes
used for discretization and smoothing parameter used to diminish the

singularities. On the other hand, as an application of this discrete model of a
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continuous vortex sheet some work is concentrated on how to accurately
simulate wakes: their large-scale structures and vorticity strength. For
practical use, the emphasis of the wake study in this dissertation is put on the
implementation of the discrete vortex model and simulation of some available

experiments and comparison between the numerical and experimental wakes.

Blade-vortex interaction is of considerable interest to researchers and
designers because it is a primary source of unsteady loads. BVI is a
three-dimensional unsteady phenomenon, but many researchers have
simplified the problem by assuming that the axes of the vortices interacting
with the blade are parallel to the span of the blade and then treated the
flowfield as two-dimensional. In some of the earlier studies, the interaction
was simulated by using a single vortex or arranging a system of vortices in a
certain pattern (such as a round disk) and releasing it from upstream. With the
present method of simulating the wake in some detail, it is possible to get a
closer look at the BVI by actually simulating some wind-tunnel tests: an airfoil
is placed in or near the wake generated by another airfoil pitching upstream.

1.2.2 Flutter and Flutter Suppression by Feedback Control

One of the major problems in aeroelasticity is the flutter of elastic structures
(such as an airfoil) in wind. It is well known that the aerodynamic loads on the
structure increase as the wind speed increases. At some critical speed of
wind, small disturbances can cause severe damage because of the resulting

violent oscillations. This is a problem of dynamic aeroelastic instability.

Another interesting problem in aeroelasticity is the response of an airfoil to a

wind gust.

The early studies of the flutter of an airfoil considered incompressible attached

flows and linear springs. For the convenience of calculation, the equations of
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motion were linearized and the aerodynamic loads were approximated by
Wagner’s function. To improve the accuracy of the prediction on the
aerodynamic loads, the aerodynamic model developed in this dissertation is
used, which actually is used to calculate the pressure distribution on the
surface of the airfoil. Then it is expected that the present analysis of flutter will

be more realistic.

Naturally, the next problem is how to suppress the flutter or the response to a
wind gust. This job is done by the control surface added at the trailing edge
of the airfoil, which is commanded according to a control law, which has to be

chosen by designers.

1.3 Literature Review

1.3.1 Vorticity-Dominated Flows

Since Helmholtz (1858) first introduced the concept of vortex dynamics, many
researchers have studied this fiéld and developed numerous vortex methods
to compute vorticity-dominated flows. Sarpkaya (1989) gave a very extensive
and comprehensive review of the computational methods with vortices. He
discussed both the fundamental theories and the practical applications of
vortex methods. In the first section of his review, he covered topics such as
vorticity transportation, evolution of a vortex sheet and instabilities,
Biot-Savart law, techniques of smoothing singularities, representation of
bodies in the flow, and basic ideas of some numerical schemes. In the second
section he presented the varieties of practical methods of computing
two-dimensional and three-dimensional flows. The vortex-methods had been
previously reviewed as well by Leonard (1980), Aref (1983), Aref et al. (1988)

and Spalart (1988) with emphasis on some specific subjects.
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As mentioned at the beginning of this chapter, in the present study the vorticity
is constrained in a very thin boundary layer when the Reynolds number is
large and the flow is attached. Therefore, a natural way to represent the
existence of a solid body in the flow is to approximate the thin boundary layer
as a vortex sheet and then impose the no-penetration condition on the surface
of the body. Several different vorticity distributions have been used. Spalart
(1988) arranged point vortices spaced on the surface of the solid body to
represent the surface. Anderson (McGraw Hill, 1984) divided the surface of the
body into small segments (panels) and used a constant vorticity distribution
on each panel. The above two methods do not give a continuous surface
velocity on the solid body. Raj and Gray (1978) and Kim and Mook (1986) used
linear vorticity distributions on each panel so that the surface velocity is
continuous at each connected point (called a node). Maskew (1980), in his
calculation, divided panels into even smaller subpanels whenever and
wherever the gradient of the surface velocity was locally large intending to
improve the accuracy. Consequently, the number and location of subpanels

were changing from time to time, and the running time was increased.

For the present model, it is assumed that the flow is attached on the surface
of the solid body. Then raised is a question of how the flow leaves the sharp
edge, the trailing edge of an airfoil for instance. The condition at the trailing
edge is usually referred to as the Kutta condition. The studies by Poling and
Telionis (1986, 1987) and the thesis of Poling (1985) contain extensive reviews
of earlier work as well as their own results on the Kutta condition.
Mathematically this condition is needed for the unique solution. As discussed
by Poling and Telionis (1986), there are different ways to impose the Kutta
condition: the pressure across the trailing edge is continuous, or the velocity

is finite there.

For the steady flow, the stagnation streamline bisects the wedge angle of the

trailing edge, and no vorticity is shed there (Poling and Telionis, 1986).
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For the unsteady flows, the situation at the trailing edge is different: the
circulation around the airfoil changes with time; hence, vorticity is shed into
the wake according to the circulation-conservation law. To determine the
vorticity-shedding rate, the understanding of the flowfield in the immediate
neighborhood of the trailing edge is very important. Giesing (1969) analyzed
the kinematic characteristics around the trailing edge by the
conformal-mapping method. Based on the assumption that the mean velocity
at the trailing edge is finite and nonzero, he showed that the vortex sheet was
shed parallel to the upper or lower surface of the trailing edge depending on
the direction of the shed vorticity. Maskell (1971) made the same argument
later. Basu and Hancock (1978) pointed out that the Giesing/Maskell model
could not reach the steady case as the rate at which the circulation changes
goes to zero because the stagnation streamline bisects a wedged trailing
edge. They argued without proof that, as the circulation rate goes to zero, the

curvature of the streamline emanating from the trailing edge tends to infinity.

As discussed by Poling and Telionis (1986), the Giesing/Maskell model leads
to the conciusion that, at the trailing edge, either the velocity on the upper
surface or the velocity on the lower surface must be zero. This is supported
by some experiments as well. In their experiment, Poling and Telionis (1986)
released dyes of different colors into the upper-surface and lower-surface
boundary layers on a NACA 0012 airfoil oscillating in pitch. For reduced
frequencies in a certain range, they observed that during most of the
downstroke, the shear layer emanating from the trailing edge had the color of
the lower-surface boundary layer while a pool of the color of the upper-surface
boundary layer formed on the upper surface at the trailing edge. The
observations support the Giesing/Maskell model of trailing-edge flow. More
recently, Liu et al. (1990) studied the flow in the trailing-edge region. In their
experiment, they placed a rotating ellipse downstream from and below the

trailing edge of a fixed NACA 0012 airfoil. After examining the flow near the
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trailing edge by means of laser velocimetry, they also concluded that the

model described above is realistic.

Hsu and Wu (1986, 1988) developed an alternative to the above model of the
trailing-edge flowfield and argued that, generally in real unsteady flows, the
vortex sheet released at the trailing edge does not have to be tangent to one
of the surfaces. Their result was based on the argument that neither the
upper-surface velocity nor the lower-surface velocity is zero. By using the
momentum equation over a small control volume at the trailing edge, they
calculated the velocities just aft of the trailing edge, which were deflected at
finite angles. Then it seems that there is a velocity discontinuity at the trailing

edge according to their analysis.

For the unsteady flow, the vorticity shed at the trailing edge forms a
continuous vortex sheet. As it convects downstream, this vortex sheet
stretches and rolls up and is usually referred as the wake of the airfoil. The
evolution of vortex sheets is accompanied by the problem of instability. A
linear stability analysis (Krasny, 1986) of the partial differential equation
describing the motion of a vortex sheet showed that the shorter the wave of a
disturbance is, the faster the disturbance grows (known as Kelvin-Helmholtz
instability). Extensive work on this subject has been presented in the articles
by Meiron et al. (1982), Moore (1979, 1984), Pozrikidis and Higdon (1985),
Caflisch (1988), Aref et al. (1988), and many others. -

For the purpose of expediting the numerical calculations, the continuous
vortex sheet is modelled as a system of discrete point vortices. This model
came from the idea of Rosenhead (1931), who first used point vortices. As
Krasny (1988) pointed out the discrete model is not stable because of the
Kelvin-Helmholtz instability and computer round-off error, and that this can be
overcome by smoothing (removing) the singularity of point vortices. As
Sarpkaya’s reviewed (1989), many smoothing techniques have been

developed, such as a cutoff scheme, a sub-vortex method, amalgamation of
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vortices, re-discretization method, and so forth. Another smoothing method
not mentioned in Sarpkaya review is to split two adjacent vortices into three
whenever the two are convected apart farther than a critical length (Mook et
al., 1987, 1989). The newly created vortex is put between the two and the total
circulation is maintained. This method produces good simulations of the

stretching of the wake.

Another approach to study the vortex sheet is to focus on the wake structure
in large scale, the velocity field disturbed by the evolution of the wake, and
vorticity strength of the wake. Wilder et al. (1990) provided evidence that the
stability characteristics of a free vortex sheet do not influence the way a shear

layer rolls up into a large-scale vortical structures.

The unsteady aerodynamics of oscillating airfoils, such as those pitching
and/or plunging, have been of great interest to researchers. McCrosky (1982)
gave a review on the work in this area. In some certain ranges of the
amplitude and frequency of the oscillation, the flow on the surface of the airfoil
stays attached, so the vortex sheet leaves the airfoil at the trailing edge. Such
experiments have been conducted focussing on the flow near the trailing edge.
Ohashi and Ishikawa (1972) and Ho and Chen (1980, 1981) experimentally
studied the Kutta condition by means of a plunging airfoil. Poling and Telionis
(1986) did something similar using a pitching airfoil. Park et al. (1988) also
conducted an experiment on the near wake with a pitching airfoil. They
detected the trailing-edge stall and found out that its occurrence is related to

the reduced frequency of the pitching.

The far wake has also been investigated. The experimental and numerical
study of Mathioulakis et al. (1985) demonstrates that the flowfield is controlled
almost entirely by the inviscid self-interaction of vorticity. This claim is further
confirmed by the experimental and numerical work of Wilder et al. (1990).
Mook et al. (1987, 1989) numerically simulated the wake of a oscillating airfoil

by using discrete vortices, and the large-scale structure of the computed wake
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is very similar to the flow visualization obtained by Bratt (1950).
Koochesfahani’s experiment (1989) showed that the wake structure can be
controlled by the frequency, amplitude, and the shape of the oscillation
waveform. Booth (1987) measured, in a wind tunnel, the velocity behind a
pitching airfoil and numerically integrated the measurements to obtain the
circulations around the regions of concentrated vorticity. The numerical
results of Mook and Dong (1990) obtained by using discrete vortices agree

very well with Booth’s experimental results.

One of important problems in the area of vorticity-dominated flows is the
blade-vortex interaction (BVI), which happens in the flow about the helicopter
blades and is a primary source of unsteady loads and noise. When a rotor
advances, the blades encounter the vortex filaments generated by the
preceding blades. Generally, BVI| is a complicated three-dimensional
unsteady phenomenon, but it can be considered as the combination of the two
limit cases (Srinivasan, 1985), one in which the vortex filament is parallel to the
span of the blade, and one in which the vortex filament is perpendicular to the
span. The former is nearly a two-dimensional problem and is studied in this

dissertation.

The two-dimensional BVI has been experimentally investigated by Poling et
al. (1988), Booth and Yu (1986), Booth (1986,1987), and Straus et al. (1990). In
all those experiments, which were conducted either in the wind tunnel or in the
water tunnel, similar apparatus was used: a stationary airfoil was placed in
or near the wake generated by a pitching airfoil upstream. The flow field and

loads on the stationary airfoil were measured.

The early numerical models of BVI considered the case where a single point
vortex is released far upstream and passes through the neighborhood of an
airfoil. This case has been solved by employing the Euler equations for
compressible flows and the Navier-Stokes equations for incompressible flows
(Srinivasan, 1985; Srinivasan et al., 1984, 1986; Domodaran and Caughey,
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1988; Wu et al., 1985; Hsu and Wu, 1986). Conformal mapping and vortex
methods have been used as well to simulate BVI for incompressible inviscid
flows (Huang and Chow, 1982; Chow and Huang, 1983; Wu et al., 1985; Hsu and
Wu, 1986, 1988; Poling et al., 1987, 1988, Dong, 1987). The major shortcoming
of this single-vortex model is that in the actual situation the vorticity is not
confined to a point; instead it is distributed over a finite area. Consequently,
the single-vortex model appears to be reasonable only when the dimension
of the vorticity-bearing area is small compared to its distance from the airfoil.
Improved models have been developed by using more than just one vortex to
simulate the finite vorticity-bearing area (Panaras, 1987; Lee and Smith, 1987;
Poling et al., 1988).

Even further, Dong and Mook (1990), Mook and Dong (1990) developed a
numerical model that actually simulates Booth’s experiment (1986, 1987) by
the vortex method. Though their results do not agree with Booth’s, they are
close to the recent experiment of Straus et al. (1990). In Booth’s experiment
there was a very close interaction and the vorticity passing by was strong, so
separation most likely happened on the surface of the stationary airfoil. The
vorticity in the experiment of Straus et al. was weaker and the interaction was
not as close as Booth’s. This is why the model of Dong and Mook, which is
based on the assumption of attached flows, could not simulate Booth’s

experiment well.

1.3.2 Aeroelastic Behavior and Feedback Control

Flutter is an important subject in aeroelasticity. In his textbook “An
Introduction to the Theory of Aeroelasticity” (Dover Publications, 1963), Fung
gave a fully comprehensive description of the flutter phenomenon. Flutter is a
type of self-excited nondecaying oscillation which can be triggered by a small

disturbance and happens to a elastic structure at a certain critical speed of air
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flow. If the separation of flow is involved and the angle of attack is near the
stall angle, the flutter is called stall flutter.

Flutter has been analyzed as both two-dimensional and three-dimensional
problems. For the classic two-dimensional model, the airfoil is treated as a
rigid body mounted on an elastic support (Fung, 1969). Consequently, the
emphasis of this model is on the motions in plunge and pitch (sometimes
referred to as bending and torsion, respectively). Niblett (1988) pointed out
that it is the phase difference between the two motions that makes the airfoil
extract energy from the airflow. Furthermore, the airfoil with only one degree
of freedom in plunge does not flutter, and the airfoil with one degree of
freedom in pitch can flutter only when the angle of attack is near the stalling
angle or some special mass distribution and elastic-axis locations are involved
(Fung, 1969). In recent years, some two-dimensional models have been
developed which consider the elastic deformation of the airfoil and use the
free vibration mode shapes and generalized modal coordinates in the
equations of motion of the airfoil (Rausch et al., 1990). For three-dimensional
problems, similar to the two-dimensional problems, the models of both rigid
wing and elastic wing have been considered (Strganac and Mook, 1987, 1990;

Borland and Rizzetta, 1981; Cunningham et al., 1988; Guruswamy, 1990).

For classic two-dimensional flutter problems in incompressible flows, the
aerodynamic loads are calculated by the quasi-steady aerodynamic theory or
linearized aerodynamic theory which employes the Wagner function to
describe the change of the circulation around the airfoil (Fung, 1969). To
calculate the aerodynamic loads more accurately, many numerical modeis
have been developed, which directly compute the flow around the airfoil to get
the loads and integrate the equations of motion simultaneously. Dong and
Mook (1990, 1991) used a vortex method in their study of flutter. For the
two-dimensional problem in transonic flows with the restriction that the

disturbances are small, various computer codes based on finite difference
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schemes have been developed to capture the interaction of oscillating airfoil
with the flow around it (Rizzetta, 1977, 1979; Yang et al. 1979, 1980;
Guruswamy and Yang, 1981; Guruswamy, 1990; Huttse and Eastep, 1988). For
the three-dimensional problems, Strganac and Mook (1987, 1990) used a
vortex-lattice method to investigate, in incompressible flows, the flutter of a
rigid wing and the effect of the wake roll-up at the wing tips. Borland and
Rizzetta (1981), Cunningham et al. (1988), and Bennett et al. (1988) used

finite-different schemes in the transonic flutter analysis for an elastic wing.

The models to compute aerodynamic loads by means of computational fluid
dynamics as mentioned above are nonlinear, and so they are one of the
aspects of the nonlinear aeroelasticity. Recently Dowell (1990) wrote a review
article on nonlinear aeroelasticity, discussing the nonlinearities of

aerodynamic models and elastic structures.

In the classic flutter analysis, the elastic support is assumed to be linear for
the convenience of analysis and calculation (Fung, 1969). The linear analysis
is useful to predict the instability of the motion and the critical flutter speed.
However, in many engineering problems, the elastic structure is nonlinear and
the nonlinearity plays an important role, especially when the amplitude of the

oscillation is large after flutter begins.

Lee and LeBlanc (1986) studied the effects of a cubic term in the angular
spring (offering a restoring moment in the pitch direction). In the case of a soft
spring, the critical flutter speed depends on the initial value of the pitch angle.
In the case of a hard spring, divergent flutter does not happen, and a limit
cycle can be reached whose amplitude is independent of the initial condition
of the pitch angle. Furthermore, Zhao and Yang (1890) pointed out that chaotic
oscillations can occur in the case of cubic hard angular spring, depending on

the position of the elastic axis.
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Lee and Desrochers (1987) and Yang and Zhao (1988) analytically and
experimentally investigated the effects of the preload-and-freeplay angular
spring on flutter, and showed that the divergent flutter boundary is identical to
that of the linear case and that the limit cycle oscillations are possible when
the speed of flow is below the critical speed. For the same type of nonlinearity,
Hauenstein et al. (1990), experimentally and analytically, studied the chaotic
oscillations. They pointed out that, when the speed of flow is below the linear
critical speed, the bounded oscillation can be either a limit cycle or chaos

depending on the speed of flow.

How to suppress the aeroelastic response with a control surface at the trailing
edge is naturally of interest for designers and researchers. For the classic
two-dimensional problem, Niblett (1988) discussed a method using a
mass-balanced flap to influence the eigenvalues of the system. However,
feedback control (active control) is often used in the recent research. Ohta et
al. (1989) studied active flutter suppression for a two-dimensional airfoil in an
incompressible flow. For the three-dimensional wing, Nissim and Burken
(1988) developed a method for which no specific control law is required. This
method is based on the aerodynamic-energy concept whereby the activated
control surface is placed where most of the energy is extracted from the flow
to the unstable structure. Matsuzaki et al. (1989) did both analytical and

experimental work on the alleviation of flutter for a transport-type wing.

1.4 Outline and Contributions of Present Work

1.4.1 Outline

In Chapter 2, the aerodynamic model is described in detail. The thin boundary

layer on the surface of an airfoil is modeled as a vortex sheet which is
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approximated by a number of linearly piecewise continuous vorticity panels.
The wake is represented by a system of discrete vortices. To capture some
of the details of the structures of the wake, a splitting method is applied to the
vortices in the discretized vortex sheet, so that the vorticity distribution along
this vortex sheet can vary more smoothly. The method of calculating the
aerodynamic loads is discussed, which integrates the Euler equation on the
surface of the airfoil to evaluate the pressure relative to the trailing edge
instead of using Bernoulli’'s equation. Also the methods of calculating the
aerodynamic loads on a flat-plate airfoil, and the suction force acting at the

leading edge, are discussed.

In Chapter 3, the numerical simulation of the wake and blade-vortex
interaction are presented, and comparisons are made with some available
experimental results. The wakes predicted by the present inviscid model are
in good agreement with experiments. Specifically the spacing between the
regions of concentrated vorticity, the circulation around these regions, and the
velocity profiles across these regions all agree with experiments. The present
simulations show that the evolution of the wake within a certain distance
behind the airfoil is mainly controlled by an inviscid mechanism. Blade-vortex
interaction is investigated by actually simulating a wind tunnel test in which
an airfoil is placed in or near the wake of another instead of by using a single
vortex or pre-arranged vortex clouds. Whether the numerically calculated
loads on the stationary airfoil agree with the experimental results depends on
how closely the vortex passes the stationary airfoil because the present
numerical model does not consider the possible separation caused by very

close vortex interaction.

In Chapter 4 are contained the developments of the unsteady aeroelastic
model and the feedback control laws for the flutter analysis and flutter
suppression. Gravity is included in the equations of motion, the aerodynamic

loads are calculated by using the aerodynamic model discussed in Chapter 2,
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and the dynamics and aerodynamics are coupled and calculated
simultaneously. A control surface is added at the trailing edge to suppress the
flutter motion and the response to a wind gust. The control law and the servo
equation are ailso coupled with the dynamics and aerodynamics, i.e. the airfoil,
the wake, the elastic support and the control device are treated as one system,

and all governing equations are solved simultaneously and interactively.

In Chapter 5 are presented the results of examples of flutter and flutter
suppression by feedback control. The present numerical model accurately
predicts the critical speed for the flutter motion. The effect of the static angle
of attack on the critical flutter speed is investigated. The effect of a nonlinear
elastic support is also studied. Some control laws are established, which can
be used to suppress the flutter motion in certain ranges of static angle of attack

and speed of the flow.

Finally in Chapter 6 some conclusions on the work of this dissertation are

presented.

1.4.2 Contributions

1. The wakes of oscillating airfoils are accurately simulated by an inviscid
model. This simulation gives support to the argument of Mathioulakis et
al. (1985) and Wilder et al. (1990) that the evolution of the wake within a
certain distance behind the airfoil is mainly controlled by an inviscid

mechanism.

2. Blade-vortex interaction is investigated by actually simulating a wind
tunnel experiment. a stationary airfoil is placed in or near the wake
generated by another airfoil upstream. Some numerical results agree very

well with the experimental results.
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3. Gravity is included in the equations of motion for the study of flutter.

4. The effect of the static angle of attack on the critical flutter speed is

investigated.

5. A control law is established, which can be used to suppress the
oscillations of a flat-plate airfoil in certain ranges of static angle of attack

and speed of the freestream.

6. The flowing air, the airfoil, the elastic support and the control devices are

considered parts of a single dynamic system.
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Chapter 2. Aerodynamic Model

There are several good models for attached unsteady flows past airfoils. Here
the concentration is on a recent development based on panels of continuously
varying vorticity. Any model of unsteady flow past an airfoil must predict both
the rate at which vorticity is shed from the trailing edge into the wake and the
way in which the shed vorticity is transported downstream. These features of
the present model are described in this chapter. First the basié concepts and
the governing equations are discussed. Then some simplifications, a panel
method coupled with vortex dynamics, and the Kutta condition at the trailing
edge of an airfoil are introduced. The method of calculating the aerodynamic
loads on airfoils and the procedure for solving the problem are also presented.
Finally, a test of the present model is given. The flowfield is considered
two-dimensional in all that follows. Mracek and Mook (1988) developed a

three-dimensional version of the present method.

2.1 Basic Concepts of Vortex Dynamics

The continuity equation for incompressible flows is
VeV =0 (2.1.1)

Chapter 2. Aerodynamic Model 17












































































































































































































































































































