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CHAPTER I

INTRODUCTION

1.1 Statement of the Problem

In this thesis, two modern aerodynamic problems that are of equal
l

importance are carefully investigated.

1.1.1 Wing-Rock Phenomenon

Combat aircraft such as the F—4 (Phantom) and A—4 (Skyhawk)

(Schmidt, 1979), the Northrop F-5 (Hwang and Pi, 1978), the Grumman F-14

(Tomcat) (Nguyen et al, 1980), the HP-115 (Ross, 1972), and the F-15 and

the X—29A (Hsu, 1985) often operate at subsonic speeds and high angles

of attack in parts of their flight envelopes. Several maneuvers such as

take-off and landing are examples where such fighters undergo high

angles of attack while traveling at subsonic Mach numbers. At such high

angles of attack, these aircraft enter into an oscillatory, mainly

rolling motion, known as wing rock. This phenomenon can be a major

maneuver limitation and can pose a serious safety problem (AGARD,

1979). Here the problem of one- and two-degrees-of-freedom of subsonic

wing rock is simulated numerically.

1.1.2 Unsteady Aerodynamic Interference

Many modern configurations, especially those employing canards,

place new demands on the ability of aerodynamicists to predict

interference. The main difficulty comes from the fact that the
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vorticity being continuously convected from the trailing edges, wing

tips, and possibly the leading edges of the canards typically passes

close to the main wing. Consequently, the strength and location of the

vorticity in these wakes must be determined accurately if the loads on

the main wing are to be predicted accurately. The problem becomes even

more complicated if the flow is highly unsteady (Elzebda et al, 1985).

Here the problem of unsteady aerodynamic interference for lifting

surfaces is treated numerically.

1.2 Current State of Knowledge

Before exploring the literature covering the above two topics, we

shall review the history of the unsteady vortex-lattice method (UVLM),

which is the basic tool of the numerical techniques used in this thesis.

1.2.1 Unsteady Vortex-Lattice Method (UVLM)

Belotserkovskii (1966) was the first to contribute in the area of

the vortex-lattice method for steady and unsteady flows over any

planform and deformed wing. The method did not predict the shape of the

wake as part of the solution; therefore, it was limited to small angle

of attack. Three years later, Belotserkovskii (1969) developed the

first successful nonlinear numerical technique for steady flows over

arbitrary planforms, which calculated aerodynamic loads on wings with

tip separation.

Belotserkovskii and Nisht (1974) extended the above method to

predict the unsteady flow over swept-back and rectangular wings. They

2



determined the shape of the wakes emanating from the wing tips and

trailing edge, but they did not account for leading—edge separation when

they considered delta wings. Later, many investigators added

significant contributions to the development of this method.

The general unsteady vortex—lattice method used in this thesis is,

by far, the most complete method for reasons to be mentioned as the

discussion of literature unfolds. The method is similar to the one

presented by Belotserkovskii. Maddox (1973) and Mook and Maddox (1974)

were the first to add the concept of leading—edge separation to the

. vortex-lattice method. They added a system of discrete, nonintersecting

vortex lines to simulate the wake at the leading edge of a delta wing.

Each of these vortex lines consisted of a series of short straight

segments except the last one, which was a semi—infinite segment. Then

they iterated to adjust the leading-edge wake to the force-free

position. However, this method did not account for force-free wing-tip

and trailing—edge vortex sheets. Kandil (1974) and Kandil, Mook and

Nayfeh (1974) improved this method and applied it to different planforms

and got very good agreements with existing experimental data. Such

progress motivated Atta (1976) and Atta, Kandil, Mook and Nayfeh (1976;

1977) to extend the method in order to treat unsteady flows over wings

of arbitrary planforms with sharp—edge separation.

All applications introduced, so far, posed the problem in terms of

a ground-fixed inertial frame, but this formulation proved to be

inconvenient. Therefore, Thrasher, Mook, Kandil and Nayfeh (1977) and

Kandil, Atta and Nayfeh (1977) posed the problem in terms of a body-

3



fixed frame and enhanced the method to treat flows past wings executing

arbitrary maneuvers. This led to a completely general method as long as

separation takes place along the sharp edges of the wing, and vortex

bursting does not occur above the surface of the wing.

Thrasher (1979) combined the method at hand with a fourth—order

predictor-corrector method to simultaneously predict the flowfield and

motion of a rectangular wing with a hinged flap. Thrasher, Mook and

Nayfeh (1979) applied the steady version of this method to simulate the

flow over sails. Levin and Katz (1981) applied the unsteady vortex—

lattice method to solve flow over delta wings with leading—edge

separation. They compared this method to a steady-state iterative

method with the same panel configuration. Both methods gave the same

results. However, the unsteady method required less computer time.

Finally, Nayfeh, Mook and Yen (1979) and Konstadinopoulos (1981)

and Konstadinopoulos, Mook and Nayfeh (1981) and Konstadinopoulos,

Thrasher, Mook, Nayfeh and Watson (1985) developed the most general and

complete form of the unsteady vortex—lattice method. This method will

be discussed in detail in Chapter II.

1.2.2 Wing Rock 7

Many efforts have been made to investigate and understand this

phenomenon. Different researchers gave different arguments as to what

are the physical mechanisms that may cause wing rock.

Ross (1972) examined the Handley—Page 115 research aircraft which

has highly swept wings (with leading-edge sweep A = 750). He discovered

4



that wing rock started at a = 19¤ in the flight tests and at a = 14¤ in

his wind-tunnel experiment (where a is the angle of attack). Ross

indicated that limit cycles occur when either the rolling or yawing

moment is cubic with respect to the sideslip angle. Hwang and Pi (1978)

modeled the Northrop F—5A to simulate the wing rock oscillations at

transonic speeds. They suggested that wing rock was generated by a

limit-cycle mechanism due to the fluctuating pressure changes on the

wing top surfaces, particularly close to the wing-tip region. Using the

F-94A in his analysis, Schmidt (1979) applied control—theory concepts to

identify an aerodynamic hysteresis as the cause of limit-cycle

motions. This aerodynamic hysteresis corresponds to a roll moment relay

action that is dependent upon the sign of sideslip velocity. In

addition to his study (Ross, 1972) in which he concluded that

nonlinearities in moments due to sideslip can cause limit cycles, Ross

(1979) claimed that a rolling moment nonlinear in roll rate can also

cause limit-cycle motion when he examined the Gnat aircraft.

In an attempt to understand the basic mechanisms that cause wing

rock, Nguyen, Yip and Chambers (1981) conducted a number of wind-tunnel

experiments using a flat-plate delta wing with 80 degrees leading-edge

sweep. In the free—to-roll tests, their model exhibited large-

amplitude, limit-cycle wing rock at angles of attack greater than 25

degrees. From the analysis, they indicated that the dependence of

aerodynamic roll damping on sideslip is the cause of this phenomenon.

Levin and Katz (1982) conducted wind-tunnel experiments similar to

the ones of Nguyen et al but with different support conditions. The

5



model used by Nguyen et al was free to roll and to exhibit partial

coning motions, but the model used by Levin and Katz was only free to

roll. Levin and Kat2's model exhibited roll oscillation at an angle of

attack of 19-20 degrees. Nonlinearities in the rolling moment, vortex

asymmetry and vortex breakdown, as reported by Levin and Katz, caused

the wing rock. Ericsson (1983) studied the existing experimental

results given by Nguyen et al (1981) to describe the flow mechanisms

that led to wing rock. Ericsson concluded that wing rock is caused by

asymmetric leading—edge vortices and never by vortex breakdown. Vortex

breakdown has a damping effect on the rolling motion. He also added

that wing rock occurs only for delta wings with more than 74° leading

edge sweep for which asymmetric vortex shedding occurs before vortex

breakdown. I
Using the Standard Dynamics Model (SDM) as his model, Beyers (1983)

conducted comprehensive roll—oscillation experiments at a Mach number of

0.6 for angle—of—attack range 250<a<41° with nonzero sideslip angles.

Beyers found that at higher angle of attack (a > 300) the direct, cross

and cross-coupling moment derivatives are highly nonlinear with angle of

attack as well as highly sensitive to both angle of sideslip and

frequency of oscillation. Conventional aircraft wings and straight or

moderately swept leading edges can also undergo wing rock as described

by Ericsson (1984). This wing rock is caused by negative damping in

plunge of airfoil section experiencing leading-edge type stall with

accompanying big loss of lift.

6



Konstadinopoulos (1984) and Konstadinopoulos, Mook and Nayfeh

(1983;1985) and Mook and Nayfeh (1985) presented a numerical simulation

of wing rock. They were able to combine the general unsteady vortex-

lattice method with a predictor-corrector integration scheme to predict

the motion of the fluid and wing (flat delta wing with A = 80O)

simultaneously and interactively. Their numerical results showed a
I

limit cycle with amplitude of 34° and period of 1.01 seconds when

a = 27° which are in good agreement with the experimental results

produced by Nguyen et al (1981). Their results also showed good

comparison with the experimental results of Levin and Katz (1982).

Their simulation predicted that the symmetric configuration of the

leading-edge vortex system becomes unstable as the angle of attack

increases which causes a loss of roll damping at small angles of roll.

Consequently, any small disturbances introduced into the flowfield grow,

and wing rock develops.

Hsu and Lan (1985) developed a semi-empirical theory to describe

the mechanism of wing rock. Combining a mathematical model for the

rolling moment coeffient, which is based on existing experimental data

produced by Nguyen (1981), with some kinematic relationships, Hsu and

Lan derived a nonlinear second-order differential equation for a steady-

state limit-cycle wing rock. Then using an asymptotic method, they

solved for the limit-cycle amplitude and wing-rock frequency. In their

paper, the authors compared the results of their theory with the results

on which the theory was based. Furthermore, they used the rolling

moment model, which is based on experimental results for one degree—of—

7



freedom system, to write a similar expression for the yawing moment

coefficient, and then they went on to derive a system of equations for

the three—degree—of-freedom system. They concluded that wing rock is

caused by flow asymmetries, developed by negative or weakly positive

roll damping, and preserved by nonlinear aerodynamic roll damping.

Moreover, their unified theory (as claimed) is based on experimental

data for a certain configuration.

Katz and Levin (1985) conducted the same experiment they performed

in 1982, except this time a small canard was installed in front of the

delta wing. This experiment emphasized that subsonic wing rock of

slender delta wings is caused by dynamic vortex interaction with the

lifting surface. It was noticed that leading—edge vortices from the

canard enhanced roll oscillations at test conditions for which the basic

delta wing would otherwise have been stable. Consequently, the canard

increased the range of angle of attack at which wing rock occurred.

Brandon and Nguyen (1986) performed a series of subsonic wind tunnel

tests to examine the effects of forebody shapes on static and dynamic

lateral/directional stability. They found that the cross-sectional

shape of the forebody can strongly affect static stability and wing rock

behavior at high angles of attack. Forebody—vortex development,

behavior of vortices at sideslip conditions, and their interaction with

the wing were not very apparent during flow visualization. However,

when they considered different forebodies, a trend was noted whereby

nose shapes that provided the highest levels of static lateral/

8



directional stability also caused the highest amplitude of wing rock and

vise versa.

From the above survey and to the best of our knowledge, it appears

that there is no analytical, or experimental, or numerical study that

was undertaken to consider two—degrees-of—freedom wing rock. One of the

main goals of the present investigation is to study the influence of an

additional degree of freedom on subsonic wing rock of a slender delta

wing.

1.2.3 Aerodynamic Interference

Aerodynamic interference is a problem of long—standing interest and

therefore one about which much has been written. In their analysis, y

Giesing, Kalman and Rodden (1972) used the doublet—lattice method and

the method of images to predict steady and oscillatory loadings on

general configurations such as multiple wings and bodies. They stated

that the results could be inaccurate, especially for unsteady flow, if

the cross section is represented by only a few elements. This method

gave good results as far as the loads are concerned, however, it failed

to describe the strength and orientation of vorticity in the wake. An

analytical method was presented by Rowe, Winther and Redman (1974) to

predict the unsteady aerodynamic loadings on lifting surfaces that are

due to oscillatory motions of trailing edge control surfaces. This

method was an extension to the work done by Landahl (1968). Again, this

technique did not provide any information about the flow mechanisms.

9



Kandil, Mook and Nayfeh (1977) developed a nonlinear vortex—lattice

method to treat different models of canard-wing configurations

insteady,low-subsonic invisid flows. Beside predicting pressure

distributions and total—load coefficients, the method provided the first

attempt towards describing the flowfield and wakes for such

configurations. Consequently, by selecting the shape of the planforms,

the relative areas, the relative positions and orientations of the

canard and the main wing, the strong vortex interaction can be used to

obtain the maximum efficiency of the aerodynamic characteristics and

hence to achieve better longitudinal control of the aircraft.

Comparisons with experimental results were made and qualitative as well

as quantative agreements were found.

Normal-force and pitching-moment coefficients of wing-body

combinations, at angles of attack up to 40° in the subsonic Mach-number

range, were calculated analytically by Nikolitsch (1978). The analysis

was for steady—state cases and compared well with test measurements,

however; it did not report about vortex interactions. Uchiyama,

Mikkilineni and Nu (1978) developed a computational scheme to predict

the flow over wing-body combinations at moderate angles of attack. The

body was represented by a system of source/sink elements and the wing by

a system of discrete non—intersecting vortex lines. The method was only

applied for static cases. Very little details about the flowfield were

given. However, this iterative scheme seems to converge very well.

Atta (1978) and Atta and Nayfeh (1978) modified the vortex-lattice

method to solve for nonlinear steady flows over wing-body combinations.

10



The wing and body surfaces were represented by constant strength

quadrilateral vortex segments. Separation from the lifting—surface

(wing, canard, tail) edges and interference effects were considered in

this technique; however, separation from the body and vortex breakdown

were not accounted for. The results compared well with some

experimental data.

A series of low—speed and high—speed wind tunnel tests for a three

surface configuration was conducted by Agnew and Hess (1979) at the

McDonnell Aircraft Company. Most of the aerodynamic characteristic

measurements were made for the three—surface AFTI-15. The AFTI-15 was

derived by adding a close—coupled horizontal canard to the F-15. During

more than 500 hours of testing, the effects of canard planform, size,

location, and dihedral angle were investigated. Many performance

benefits resulting from the interaction of the canard with the wing and

with other aircraft control surfaces were reported. The most important

effect of the interaction of the canard and the wing, as observed, was a

significant increase in lift, especially at maneuvering angles of attack

(a > 100). Moreover, the addition of the canard enhanced the

effectiveness of the stabilator and the rudder. wind-tunnel tests were

conducted for steady-state motions and for both subsonic and supersonic

Mach numbers.

As an application of Forward Sweep wing (FSH), Spacht (1980) at

Grumman Aersopace Corporation tested the FSW Technology Demonstrator

aircraft Grumman Design 712; canard—FSw combination. All test

measurements confirmed that the configuration performs as designed

u
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across the Mach range and has excellent high—angle—of—attach

characteristics.

Croom, Grafton and Nguyen (1982) summarized the results of wind-

tunnel tests for two different three—surface configurations based on the

F—l8 and F-15 designs. They noted that there is strong coupling between

canard/wing/empennage flowfields which can result in highly nonlinear

aerodynamic characteristics at high angles of attack. It was also found

that the canard can strongly influence high—a static stability, damping,

and control characteristics.

Very extensive simulation studies of wind-tunnel tests that were

performed at NASA-Langley Reserach Center were done by Grafton, Gilbert,

Croom and Murri (1982). The main purpose of these tests was to define

the high angle—of-attack characteristics of a forward-swept—wing

fighter. The X—29A design, which has a close-coupled canard—wing

configuration, was used. This work was the first attempt where high

angle—of-attack considered with such configuration, i.e., results

represented covered the range from a = 00 to a = 500. It was found that

adding the canard to the X—29A produces substantial improvements in lift

at all angles of attack through maximum lift. Furthermore, the canard

enhanced the contributions of the fuselage forebody by increasing the

vertical tail effectiveness and hence improving both static and dynamic

directional stability. It was noted that above a = 250 the body—wing

interference becomes quite strong and stabilizing. Apparently, adding

the canard uniformly improved the lateral stability. It was also

concluded that the main contribution of the forward-swept wing to the

12



high angle-of-attack characteristics was the high level of roll control

provided by the full-spanflaperons.An

investigation similar to the one above was performed by Murri,

Croom and Nguyen (1983). They indicated that even though the fuselage

forebody contributed to static directional stability, it produced

unstable values of damping in roll. They added that the canard not only

caused the very high levels of static pitch instability shown by the X-

29A model, but it also impressively affected static directional

stability, yaw damping, and rudder effectiveness. The forward-swept

wing was primarly responsible for the static laterial stability

characteristics up to 25° angle of attack; however, at higher angles of

attack, these characteristics appear to be affected by the interaction

of the body and canard/wing flowfields.

Griffin and Jonas (1983) used the seven-hole pressure probe to

experimentaly examine the major pressure and velocity field effects of

the interaction between the wake from the canard and the flowfield of

the forward-swept wing of the X-29 aircraft. The model used was

designed to be tested with or without the canard, so that comparisons

could illustrate the canard/wing wake interactions. the investigation

discussed in detail the fluid mechanics behind the drastic changes in

the total pressure.

Miller and Hadley (1983) and Moore and Frei (1983) and Frei and

Moore (1985) applied the concept of forward swept wing in their wind-

tunnel experiments. The first group used the F-16A as their model and

the later used the X-29. Both investigations summarized how aerodynamic
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characteristics are enhanced when combining forward-swept wings and

close-coupled, variable-incidence canards in fighter aircraft.

Calarese (1984) in a recent experimental study considered a closely

coupled canard-wing configuration. Using hot—wire anemonetry, he

measured the Reynolds stresses to illustrate the vortex structure

(vortex interaction) at angles of attack of a = 10, 16 and 20 degrees.

Eriksson and Rizzi (1984) used a time—marching, finite—volume method to

obtain steady—state solutions of Euler's equations for canard-wing

interference. They noticed a substantial lift decrease on the main wing

when the canard was added. Keither and Selberg (1985) used the vortex-

panel and discrete—vortex methods to model canard-wing interference. In

their investigation they attempted to determine the aerodynamic effects

of gap, stagger, decalage, wing-to-canard area ratio, and aspect ratio

as applied to canard/wing configuration. Their model; however, did not

account for wing-tip vortex systems or deforming wakes. The recent

paper by Er-El and Seginer (1985) describing an experimental study,
V

contains references to earlier works. In this paper Er-El and Seginer

considered steady, low subsonic flows. They used a flat delta wing with

60—degree sweep and one of two canard models. 0ne was a delta—shaped

canard of 75-degree sweep and the other a moderately swept cropped-

arrow-shaped canard of 56-degree sweep. The first was mounted just

above the apex of the main wing and second was at two longitudinal

locations relative to the wing. Using the Schlieren flow-visualization

technique, the authors were able to locate the cores of the leading-edge
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vortex systems and determine when and where vortex breakdown occurred.

Force and moment measurements were also made during the tests.

The above extensive literature review shows that even though there

might be some experimental studies which slightly treated unsteady

interference, there were neither numerical nor theoretical methods that

fully•considered the unsteady aerodynamic interference problem, which is

the second part of the present investigation.

1.3 Scope of this Investigation

In this thesis, the problems stated in section 1.1 are treated in a

systematic manner.

In Chapter II, the general unsteady vortex—lattice method is

described in details. Parameters affecting the accuracy of the method

are discussed. The effects of such parameters were not clarified prior

to the present study. Numerical examples include flowfields and loads

for delta wings.

In Chapter III, equations of three degrees of freedom motion are

introduced. A step—by-step general procedure to integrate these

equations, based on the predictor—corrector technique, is developed.

In Chapter IV, one-degree and two—degree subsonic wing rock of

slender delta wing is considered. Numerical examples for both cases are

given for four different angles of attack. Conclusions are drawn.

Finally, in Chapter V, the unsteady vortex—lattice method is

extended to treat configurations of multiple close-coupled lifting

surfaces. A communication procedure between two or more lifting
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surfaces is developed. Numerical examples of steady and unsteady

aerodynamic interference are given.
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CHAPTER II

OESCRIPTIOH OF THE UNSTEADY VORTEX-LATTICE METHOD

2.1 Introduction

The numerical procedure models the flow around thin finite wings of
arbitrary planform, moving through an inviscid incompressible fluid.

when an actual wing moves, it sets the fluid in motion. As a result of
viscosity in the real fluid, vorticity is created in the boundary layers

on the upper and lower surfaces and vortices are formed along the sharp

edges. The latter are shed, convected away from the wing, and form the

wake. In the numerical model all the vorticity in the flow is

restricted to a thin region around the lifting surface and_its wake, and

the flow outside this region is considered irrotational.

The wing and its wake are represented by a sheet of vorticity which

consists of two parts: the bound vortex sheet that represents the wing

and the free vortex sheet that represents the wake. The position of the

first is specified; as a result, a finite pressure jump exists across it

in general. The position of the second is not specified a priori; it is

allowed to deform freely during the motion until it assumes a force—free

position. As a result, there is no pressure jump across it. The two

parts of the vortex sheet are joined along the sharp edges where

separation occurs, the same edges where the Kutta condition is imposed

in a steady flow. In the numerical model the vortex sheet is

represented by a lattice of discrete vortex lines.
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Two coordinate systems are used: one inertial frame of reference

(which is called ground-fixed and labelled G-F in this thesis) and one

moving frame of reference attached to the wing (which is called body-

fixed and labelled B-F in this thesis). If the wing deforms, then the

B-F frame is attached to a reference configuration of the wing, and the

deformations are described in terms of displacements from this reference

configuration. Here only rigid-body motions are considered.

The motion of the wing has, in general, six degrees of freedom:

these are the three components of the position vector of the origin of

the moving B-F frame (the point is labelled A, the position vector EA,

and the components XA, YA, ZA) and a set of three Euler angles (these

are labelled g, b, and 6 and are discussed further below). In

developing the vortex—lattice method these are considered to be six

independent, arbitrary functions of time.

In addition to the motion of the wing being arbitrary, the motion

of the ambient fluid may be considered an arbitrary irrotational flow.

Here this restriction is imposed in order to use Bernoulli's equation to

calculate the pressure and subsequently the loads.

The numerical problem is posed in the B-F frame. The principal

advantage of using this frame stems from the fact that the influence

coefficients (discussed later) are constant in this frame for rigid

wings. If the wings are deforming, the deformations can conveniently be

measured from a reference configuration of the wing.

A typical wing and the two coordinate systems are shown in Figure

2.1.
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Figure 2.1. Two coordinate systems: global (or ground-fixed denoted
XYZ) and local (or body—fixed denoted xyz).
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2.2 Euler Angles

Originally the wing is oriented with the coordinate axes in the B-F

frame parallel to the corresponding axes in the G—F frame. The

following sequence moves the wing to its actual orientation from this

reference:

(a) a yaw-like rotation around the original z-axis through the angle 6

followed by

(b) a pitch-like rotation around the new position of y-axis through the

angle 6 followed by

(c) a roll-like rotation around the final position of the x-axis

through the angle 5.
I

The base vectors in the G-F frame (I,J,K) are related to those in

the B-F frame (i,j,k) as follows:

1 {11Q
=[c] g and g -[c]T Q (2.1)

k I K K

kwhere

C9Cw C650 -56

S§S6Cw SESBSW 55C6
[c] - -c;s1„ +C5Cw (2.2)

C§S6CW C§S6$w C5C6
+5550 —S5Cw

and C and S denote the cosine and sine functions.

The angular velocity of the wing is

n = oxi + oyj + nzk (2.3)
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. where Qx, Qy, and QZ are the components along the B-F axes. These

components are related to the derivatives of the Euler angles as

follows:
QxBy

-[6] (2.4)
Q2 5

- where
-56 0 1

[B] = 55C6 C5 0 (2.5)
C5C6 -55 0

In the program, the subroutine that converts the derivatives of the

Euler angles into the components of the angular velocity along the body-

oriented axes is called OMEGAS. ‘

2.3 Velocity of a Point on the Wing

It follows from Figure 2.1 that the position of a point P can be

expressed as follows:

R = RA + r (2.6)

where R is the position of P in the G-F frame, RA is the position of the

origin of the B-F frame, and F is the position of point P in the B-F

frame.

Differentiation of Equation (2.6) yields

V = VA + Q x F + F (2.7)

where V is the velocity of point P in the G-F frame, VA is the velocity
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of the origin of the B—F frame in the G-F frame, n is the angular

velocity of the B—F frame and is related to the derivatives of the Euler

angles according to Equation (2.5), and V is the velocity of point P in

the B-F frame (i.e., v = xi + yi + zk). Equation (2.7) is used later

when the procedure for developing the wake (convection of vorticity) is

described.

when P is fixed in the surface representing the wing, its velocity

relative to the B—F frame is zero; therefore, for points fixed in the

surface

l.iA+;„8 (2.8)

2.4 Representation of the wing by a Lattice of Discrete Vortex Lines

The wing and its wake are approximated by a sheet of vorticity.

The position of the portion of the sheet that represents the wing is

specified; hence, this portion is said to be bound. Specifying the

position of the vortex sheet, in general, produces a difference in the

pressures on the two sides of the sheet. This difference is the basis

for predicting the aerodynamic loads on the wing. The position of the

portion of the sheet that represents the wake is obtained as part of the

solution. Because this position is not specified, it is called free.

The position of the wake is determined by the requirement that the

difference between the pressures on the two sides of the sheet

representing the wake be zero.

The velocity field induced by the wing and its wake is approximated

by the velocity field induced by lattices of discrete vortices. Each
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segment in the lattices is straight. Figure 2.2 shows the evolution of

the numerical model from wing to vortex sheet to vortex lattice.

The velocity field generated by a single, straight vortex segment

is given by the Biot-Savart law (Karamcheti, 1966)

v = Z%F (COSGA - cos6B)äv (2.9)

The terms in Equation (2.9) are identified in Figure 2.3: r is the

circulation around the vortex segment, which extends from point A to

point B. The positive sense for r is indicated in the figure; it

conforms to the right-hand rule. The parameter h is the distance from

point P, where the velocity is being calculated, to the line defined by

points A and B. The angles 6A and 6B are defined in the figure. And

the unit vector EV is perpendicular to the plane defined by the three

· points - A, B, and P - and in the direction of G x F1. Both G (the

vorticity) and Fl (the position of point P relative to point A) are

shown in the figure.'

Equation (2.9) is the fundamental building block of the vortex-

lattice method. In the computer code, the subroutine that

evaluates v for a circulation of 4¤ is called BS1. The parameter list

includes the coordinates of points A, B, and P and the three components

of G. The call statement provides the coordinates of the three points,

and the subroutine returns the three components of v.

when P approaches a point between points A and B, the magnitude of

B approaches infinity. (when P approaches a point on the line defined

by points A and B outside the segment between them, the magnitude G

approaches zero). To eliminate this singularity and to simulate a G
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Figure 2.2. The evolution of the numerical model. (a) The actual
boundary layers, scale in the normal direction
exaggerated. (b) Profile of a section with the boundary
layers on the upper and lower surfaces represented by
vortex sheets. (c) Upper and lower vortex sheets merged
on the camber surface to form a "lifting surface". (d)
The single vortex sheet on the camber surface represented
by a lattice of discrete vortex lines (sometimes called
cores, sometimes simply called vortices). Each segment
of the lattice is straight.

24



{J

r 1=>
{6

#<‘
VA 6°°’

4

Figure 2.3. A straight segment of a discrete vortex Tine. The
velocity induced by this segment at point P is given by
the Biot—Savart Taw, Equation (2.9).
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viscous core, the subroutine returns zero for each of the components of

when h is less than a so-called cutoff length. The cutoff length is

supplied by the user in the input data. The cutoff length is discussed

further later in this thesis.

2.5 Determination of the Governing Equations for the Circulations

Around the Discrete Vortex Segments

2.5.1 Spatial Conservation of Circulation

One of the results of the Kelvin-Helmholtz theory of vorticity is

that at any instant the circulation around a vortex line is constant

(Karamcheti, 1966). The implication of this result is that vortex lines

never end. In order to satisfy this requirement the vortex lattice is

made of closed loops of constant—circulation vortex lines. These loops

enclose the elements of area that make up the bound lattice and the free

lattice. Typical loops in the bound and free lattices of a rectangular

_ planform are shown in Figure 2.4. One such loop is A»C+D+B»A, having

the circulation G2 around each of its four vortex segments. The

segments A+B and B+O are common to two loops in the bound lattice;

consequently, the circulations around these segments are G1 —

G2 and Gk — G2, respectively.

2.5.2 Infinity Condition

The disturbance created by the wing and its wake must decay as the

distance from them increases. Because the disturbance velocity is
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Figure 2.4. A schematic representation of a bound and a free vortexlattice. G1, G2, G , and G„ are the values of the
circulations around the closed loops of vorticity thatform the bound lattice. The circulation is the same for
all the segments in a given loop. A+C—D~B+A is an example
of a closed loop. Because segment A»B is common to two
loops, the circulation around this segment is G1 - G2.
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computed according to the Biot—Savart law, Equation (2.9), this

requirement is satisfied.

2.5.3 No—penetration Condition

There is no flow through the surface of the wing (this is often

called the noépenetration condition):

(B - BLS) · n = 0 everywhere on SLS (2.10)

where G is the absolute velocity of the fluid particle in contact with

the lifting surface, GLS is the velocity of the contact point in the

lifting surface (BLS is computed from Equation (2.8)), SLS denotes the

lifting surface, and E is a vector normal to the surface. Because there

are only a finite number of loops, and hence only a finite number of

unknown circulations, Equation (2.10) can be satisfied at only a finite

number of points, not everywhere, on SLS. These points where Equation

(2.10) is imposed, called control points, are the centroids of the

corners of the rectangular elements and the mid-points of the

hypotenuses of the triangular elements along the leading edges of delta

wings. The vector n is the cross product of the diagonals for

rectangular elements and the normal to the plane defined by the three

corners for triangular elements.

The velocity of the fluid particle is the sum of two contributions:

v = GB + GF (2.11)

where GB is the velocity induced by the bound lattice (wing) and GF

is the velocity induced by the free lattice (wake). The velocity .
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induced by the wake can be computed from the information obtained at

previous time steps or from initial conditions; hence, when starting the

motion impulsively NF is zero. This is discussed further in this

thesis. Equation (2.10) is replaced with the following:

(HB - n)i = {(vLS — HF) · H], (2.12)

for i = 1, 2, ..., N. Here i denotes the number of the element and N is

the total number of elements in the lifting surface. One equation is

written for each element. The velocities are evaluated at the control

points.

The normal component of the velocity NB at the control point of

element number i is expressed as follows:

+ + N
(VB - n)i =

iii
AijGj (2.13)

where Aij is the normal component of the velocity induced at the control

point of element number i by the vortex loop of circulation 4¤ around

element number j. Substituting Equation (2.13) into Equation (2.12)

leads to N
jäl AijGj = [(vLS - NF) · H], (2.14)

for i = 1, 2, ..., N. Equation (2.14) is used to obtain the unknown

circulations Gj. In the program, the subroutine that computes the

elements of the influence coefficient matrix Aij is called BINCOF. The
subroutine that solves for the G's in Equation (2.14) is called SOLVE.

To start the numerical procedure, one must provide a complete set

of initial conditions. These include the positions of all the nodes
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(intersections) and the circulations around all the loops in the wake.

In addition, one must provide a description of the motion (i.e., EA and

the Euler angles as functions of time). Or, in the case where the

motion is being determined by numerical integration, one must provide

initial values for these quantities and their derivatives. This

information is sufficient to compute the right-hand side of Equation

(2.14).

2.5.4 The Unsteady Kutta Condition, the Temporal Conservation of

Circulation, and the Formation of the Wake

Spatial conservation of circulation dictates that there must be a

discrete vortex along the leading and trailing edges. In the case of an

impulsive start, this vorticity along the edges is the vortex—lattice

simulation of the starting vortex described by Prandtl and Tietjens

(1934). Two-dimensional considerations, based on the requirement that

the pressures on the upper and lower surfaces be equal along these

edges, suggest that these cores be shed into the flowfield (Kim and

Mook, 1986). Here the goal is to force the difference in the pressures

on the upper and lower surfaces to vanish along the leading and trailing

edges. The imposed condition that causes this is called the Kutta

condition; generally each numerical model requires its own special

statement. The following is the three-point statement of the unsteady

Kutta condition appropriate for the vortex-lattice method:

(a) In an unsteady flow, all the vorticity along the
edges where the Kutta condition is applied in a
steady flow is shed into the flowfield, and in the case of delta
wings:
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(b) The vortex segments extending from the leading edge
into the flowfield are in the plane of the leading—edge element,
and

(c) They are perpendicular to the leading edge.

The experiences of Kandil et al (1974) and Kelly (1977) have shown that

(b) and (c) lead to accurate results in the case of steady flow and to

robust convergence characteristics as the number of elements

increases. Hummel's (1979) experimental data seem to show that the

vorticity is perpendicular to the leading edge.

Another result from the Kelvin—Helmholtz theory of vorticity

(Karamcheti, 1966), is that, in a continuous pressure field where

viscous effects are negligible, the circulation around any given loop of

fluid particles does not change with time as these particles are

„ convected in the flow:

Dr _
Ü? - 0 (2.15)

where gä denotes the substantial (also called material or co—moving)

derivative. To satisfy this requirement, the present method computes

the velocity at each node and then displaces the nodes according to

F(r + At) = F(t) + v(t)At

= F(t) + [v(t) - VA(t) - ¤(t) x F(t)]Az (2.16)

where F(t + At) is the position of the node at the next time step, F(t)

is the current position and V(t) is the current velocity at the current

position relative to the moving frame (see Equation (2.7)). The problem
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is posed in the moving frame; hence, the change in the position of the

wake relative to the B-F frame is computed.

A more accurate formula for the displacement of the nodes is

F(t + A1;) = F(1;) +% [vu;) + v(t + at)]At (2.17)

where the common symbols are as defined for Equation (2.16) and

V(t + At) is the velocity of the node at the next time step when it is

in the position F(t + At). Clearly, the position at t + At must be known

before the velocity there can be calculated. As a result, iteration

must be used to solve Equation (2.17):

Fi+1(t + At) = F(t) + v(t) gi + vi(t + At) ää (2.18)

where Fi+1(t + At) denotes the predicted position at t + At after i + 1

iterations while vi denotes the velocity at Fi(t + At). Equation (2.18)

is solved repeatedly until there is convergence, Equation (2.16) being

used to provide the initial guess. It is noted that each iteration

requires a complete solution, the values of the ri at t + At. Conse~

quently, time steps small enough for Equation (2.16) to be accurate are

used. Several comparisons of solutions based on both Equations (2.16)

and (2.17) suggest that such time steps can be found and that

significantly less computing time is required by the use of Equation

(2.16). The results presented here were obtained from Equation (2.16).

In the program, the subroutine that convects the nodes of the

lattice in the wake is called CNVECT. The convection is effected by a

two—step process: First, the velocity is computed at each of the nodes,
7

including those along the edges where vorticity is being shed into the

32



wake. Separate do—loops cover the leading—edge and trailing-edge

portions of the wake. At the same time the velocity of a node is

computed, its new position is computed according to Equation (2.16).

The new position of each node is stored during this step so that the

velocity field in the entire wake is calculated at a given time.

Second, each node in the wake is moved to its new position. Again

separate do—loops are used for thevleading;edgegandwtrailingjedgewwakes,

just as earlier when the velocity field was computed.

. The subroutine that calculates the velocity v (see Equation (2.16))

induced at a point by the combined bound and free vortex systems is

called VLSEGM.

while the nodes in the free vortex sheet are being convected to

I their new positions, the circulations around the vortex segments in the

wake remain constant in accordance with Equation (2.15). Keeping the

circulations around the individual vortex segments in the wake constant

while these segments are being convected can be done quite simply: For

each of the elements along the edges in the bound lattice where

vorticity is being shed, the entire loop is moved, as a single unit, out

of the bound lattice and into the free lattice.

The subroutine that moves the vorticity back through the wake at

each time step is called RENGES.

2.6 Comments about Various Parameters

There are some parameters or safeguards that vortex—lattice codes

must incorporate in order to avoid singularities or other physically
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untenable predictions. One such parameter already mentioned in context

with the Biot-Savart law is the so-called cutoff length; this and two

others are discussed below. In addition, the choice of characteristic

length and time are also discussed.

2.6.1 Leading—Edge Extensions

Experience has shown that accurate results and robust convergence

as the number of elements increases can be obtained when the vortex

segments extending from the leading edge into the flow are perpendicular

to the edge, in the plane of the delta wing, and equal in length to the

spanwise dimension of one of the rectangular elements.

2.6.2 Cutoff Lengths

The choice of cutoff length can affect the results. Consequently,

one must seek a range of lengths in which the results are nearly

constant for a given mesh. In the present code the cutoff length is

specified in terms of the length of the vortex segment AB (see Figure

2.3).

2.6.3 Prevention of Penetration of the Lifting Surface by Leading—Edge

Vortex Lines

Finally, when several rows are used, there is a possibility that

one or more of the vortex lines representing the wake may curve sharply

and penetrate the surface of the wing. This is possible because the no-

penetration condition is satisfied at only the control points. (Indeed,
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the normal component of velocity approaches infinity near a discrete

vortex core). A statement has been added to the code that does not

permit any point in the wake to get closer to the lifting surface than

some prescribed value. This length is specified in terms of the

chord. For a given mesh, a numerical experiment shows that the distance

used here lies in a range for which loads are nearly constant.

2.6.4 Dimensionless variables

It is convenient to introduce dimensionless variables (denoted by

asterisks):

v* = g- , F* = ä- and t* = gg t
c c c

where UC and LC are the characteristic speed and length respectively.

Here, UC is the forward speed of the wing; or in the case when the

forward speed is variable, it is a speed characterizing the forward

motion; or in the case when the wing is viewed as stationary while the

air blows past, it is the speed of the air. And LC is the chordwise

dimension of the rectangular elements in the bound lattice;

specifically, it is the actual chord divided by the number of rows of

elements.

Dimenionless variables are introduced formally in Section 2.8.3,

where the pressure coefficient is developed.

2.6.5 Correspondence Between Time Steps and Mesh Size

Experience has shown that the vortex lattice method yields the best

results when the elements in the bound and free lattices are nearly
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uniform. This is accomplished by choosing the time step in

dimensionless variables to be unity. This can be seen by reconsidering

Equation (2.16), which is used to convect nodes in the wakes and which

determines the lengths of the elements in the wake:

F(t + At) = F(t) + v(t)At

In dimensionless variables this can be written as follows:
F*(t + At) - F*(t) = V*At*

where V* is near unity as a result of the definition of characteristic

speed; consequently, F*(t + At) - F*(t) is also near unity when At* is

unity.

As a final comment, we recall that
v=§-GA-§n

which becomes _
**

+* _,* _„*
+*v = V - VA - Q x r

where

*
Uc+*k‘Q=TSZ,c

c

and the rest of the variables are as introduced in Section 2.6.4.

2.7 A Numerical Example Illustrating the Procedure to Find the

Flowfield

As a further explanation of the procedure a numerical example is

considered: the flowfield created by a delta wing of unit aspect ratio
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when it undergoes an impulsive start at an angle of attack of 20° and

then proceeds at constant velocity.

In Figure 2.5, the bound lattice is shown schematically (not to

scale). The unknown circulations around the closed loops of vortex

segments are indicated; these are the G's. In Table 2.1 the coordinates

of the nodes in the mesh are given; in Table 2.2 the coordinates of the

control points, points where the no—penetration boundary condition is

imposed, are given; and in Table 2.3 the influence matrix (see Equation

(2.13)) is given. All tables give data for a flat, unit—aspect-ratio

delta wing. Because the wing is rigid in this example, none of these

tables changes.

The subroutine that provides the coordinates of the nodes in both

the bound and free lattices and the coordinates of the control points is

called COORD.
·

The results the instant after the impulsive start are given in

Figure 2.6. Because the flow is symmetric, only half the wing is

shown. The wing is moving at constant unit velocity at 20 degrees angle

of attack. The circulations around the vortical segments in the mesh

divided by 4¤ are indicated in the figure. These can be obtained from

the values of the G's. In Table 2.4 the values of G/4¤ are given (the

factor 4h is not taken into account until the loads are calculated).

Here there is no wake; GF is zero in Equation (2.14).

After the G's have been found, the segments along the leading and

trailing edges are shed into the wake and convected away at the local
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Figure 2.5. Schematic drawing of mesh for a delta wing having 3 rowsof elements in the bound lattice. The G's denote unknown
circulations around closed vortex loops.
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Table 2.1. Coordinates For the three—row mesh of a unit-aspect-ratio
delta wing.

Node Coordinates

X Y Z
Row #1
-0.06063 -0.24254 0.0“ 0.00000 0.00000 0.0
-0.06063 0.24254 0.0
Row #2
0.93937 -0.49254 0.0
1.00000 -0.25000 0.0

-· 1.00000 0.00000 0.0
1.00000 0.25000 0.0
0.93937 0.49254 0.0

Row # 3
1.93937 -0.74254 0.0
2.00000 -0.50000 0.0
2.00000 -0.25000 0.0
2.00000 0.00000 0.0
2.00000 0.25000 0.0
2.00000 0.50000 0.0
1.93937 0.74254 0.0‘ Row #4
3.00000 -1.00769 0.0
3.00000 -0.50000 0.0
3.00000 -0.25000 0.0
3.00000 0.00000 0.0
3.00000 0.25000 0.0
3.00000 0.50000 0.0
3.00000 1.00769 0.0
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Table 2.2. Coordinates of the control points for the delta wing of
Table 2.1.

Control-Point Coordinates

CONT. PT. # X Y Z
1 0.50 -0.125 0.0
2 0.50 0.125 0.0
3 1.50 -0.375 0.0
4 1.50 -0.125 0.0
5 1.50 0.125 0.0
6 1.50 0.375 0.0—% 7 ,-<2T6‘ -»=-gd-0_.g.36. 0.06 2 . 60 Sit » 0 . 0
9 2.50 -0.125 0.0
10 T 2.50 0.0
11 T 2.50 äitt =ÄQ;375g_Y‘ 0.0/6 12 ——a0.626‘ 0.0

• ’° fl br
{<1— PT ac °1·\“/

TiiiQ
^/”+

(Torf/c”{\
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Figure 2.6. Circulations around individual vortex segments at the
instant after an impulsive start. Unit—aspect—ratio
delta wing at 20° angle of attack.
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Table 2.4. The values of G/4¤ for the case described in Figure 2.6.

Gl= 0.0282837269 G7= 0.0338835404

G2= 0.0282837269 G8= 0.0380l37253

G3= 0.0356739174 G9= 0.0399843350

G4= 0.0390l80502 Gl0= 0.0399843350

G5= 0.0390180502 G1l= 0.0380l37253

G6= 0.0356739l74 Gl2= 0.0338835404
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particle velocity, according to Equation (2.16). Now there is one row

of elements around the wing, representing the wake, and VF is no longer

zero.

The solution at the next time step is shown in Figure 2.7. The

circulations around the individual vortex segments in the wing and its

wake are given.

The values of the G's in both the bound and the free lattice are

given in Table 2.5. The circulations around the vortex segments that

lay along the edges in Figure 2.6 are the same as those around the

segments at the edge of the wake (this vortex is marked “First Shed

Vortex") here. And the circulations around the loops in the wake here

are the same as the circulations around the loops along the leading and

trailing edges in Figure 2.6.

After the G's corresponding to Figure 2.7 are found, the segments

along the edges and those already in the wake are convected. Then a new

VF is calculated and subsequently new G's. The results are shown in

Figure 2.8 and given in Table 2.6.

The procedure can be repeated indefinitely. After a certain number

of time steps, the first shed vortex no longer significantly affects the

conditions on the wing and can be ignored, after the next time step the

second shed vortex can be ignored, etc.

The actual results showing the shape of the wake in the steady

state are presented in Figure 2.9. These results show a symmetric flow,

but the method is not restricted to symmetric flows. The steady—state
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Figure 2.7. Circulations around individual vortex segments one time
step after impulsive start.
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Table 2.5. The values of G/4n for the case described in Figure 2.7.

G2 = 0.0357958638 G14= 0.0282837269

G5 = 0.0505862689 G16: 0.0356739l74

G6 = 0.0519090977 G20= 0.0399843350

G10= 0.0529538379 G21= 0.0380137253

G1l= 0.0528088l95 G22= 0.0338835404

G12= 0.0542843042
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Tabie 2.6. The vaiues of G/4¤ for the case described in Figure 2.8.

G2= 0.0380939888 G14= 0.035798638 G24= 0.028283727
G5= 0.0643109862 Gl6= 0.051909098 G26= 0.035673917
G6= 0.0656640220 G20= 0.052953838 G30= 0.03998433S
G10= 0.06999812O G2l= 0.05280882O G31= 0.03801372S
G11= 0.071921176 G22= 0.054284304 G32= 0.033883504
Gl2= 0.073386672
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Figure 2.9. Steady-state results for a unit-aspecct—ratio delta wing
at 20° angle of attack. Here yaw angle = 0. (a) Actual
bound lattice used to make these calculations. (b) Top
view in global frame of free lattice. (c) Side view in
global frame. (d) End view in global frame.
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results for the same delta wing at an angle of yaw of 10° are shown in

Figure 2.10.

2.8 Calculation of Loads

The loads are obtained from Bernoulli's equation. The difference

in pressures on the upper and lower surfaces at the control points of

the elements is multiplied by the area of the element; the result is a

force normal to the element and acting through the control point. These

forces are then combined to produce force and moment coefficients.

Bernoulli's equation has the following familär form for unsteady

flows:
2

ä + % + E- = H(t) (2.19)

where ¢ is the velocity potential, V is the magnitude of the velocity in

the G-F coordinate system, P is the pressure, p is the density, H is

a spatially uniform function of time, and ,E is the partial

derivative holding the position in the G-F frame, P, constant. If E is

constant, then the position relative to the B-F frame, r, is changing as

a consequence of the rotation and translation of this frame. The

relationships among the various derivatives of ¢ are developed next.

2.8.1 Spatial Derivatives of ¢

The velocity potential function can be expressed in terms of either

P (position in the G-F frame) or r (position in the B—F frame); here

o(P,t) denotes the former and ¢(r,t) denotes the latter. when

E and r are positions of the same point, ¢ = ¢. The partial derivatives
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with respect to position when time is constant (i.e., grado and grad¢)

describe the same velocity:

grad ¢ = grad ¢ = V (2.20)

where V is the absolute velocity (the velocity in the G—F frame). when

time is fixed the change in position in the G—F frame equals the change

in the B—F frame.

2.8.2 Temporal Derivatives of 6

Here the relationship between S; and is determined; the former
denotes the derivative of the potential function when R is held constant

while the latter denotes the derivative when r is held constant.
If R is held constant when time changes, then it follows from Equation

(2.6) that r must change. In general

= Q x r + (xi + jj + ik) (2.21)

Hence, the change 6 in position relative to the B—F frame can be

obtained from Equation (2.6):

ÖTE (xi+jj+ik)At

= — (VA + Q x r)At (2.22)

Thus,

- 22 . *Aalä - at At + grad 6 ST
->

at at V (VA + Q x r) (2.23)
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2.8.3 Bernoulli's Equation for the Body—Fixed Frame in Dimensionless

Form

It follows from Equations (2.19) and (2.23) that Bernoulli‘s

equation takes the form: + +

gg-(vA+Äxr)-v +#+§=H(t) (2.24)

Far from the wing and its wake, the fluid is at rest (V = 0) and the

pressure is constant (PQ). Thus, Equation (2.24) can be re-written as

follows

P - P * * . . . ._._·=· -ä LL .D - at + 2 V (VA + Q x r) (2.25)

At this point it is convenient to introduce dimensionless variables

(denoted by asterisks):

’*
V °* r *

Uc
V =—, F =—, and t =—t (2.26)Uc Lc Lc

Uc
where UC, LC, and I- are the characteristic speed, length, and time (A

c
reference to Table 2.1 shows that LC is the chordwise length of the

rectangular elements in the bound lattice). Equation (2.25) becomes

P -P
*

.* .* .* .* .* .*
- ¤

- 84

2 2

+*

+*where¢* = UA-, VA = UA, and Q = UE- .
c c c c

The dimensionless difference between the pressures on the lower and

upper surfaces at a control point i is given by
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P _ P
* *

_,·A· _,* _,·k _;k
V.> + <V., · V., -V, · V,>

2 c

_,* _,·k _,* _,~k _,·A·
+ 2(V£ - Vu) - (VA + o x r) (2.28)

One can write

_,~A· _,* _,~k _„~k _,* _,~k _,~k _,·k

vu - VU - V! · V2 = (vu - V2) ~ (Vu + V2) (2.29)

and

vu = vm + % AV (2.30)
+·k _,~A·

1
_„~k

Vi = Vm - ä AV (2.31)
+1- _,~k

where Vm is the velocity generated by all the vortex segments and AV**is

the local discontinuity created by the vortex sheet. we note that AV

can be expressed in terms of the circulations around the element. Both

rectangular and triangular elements must be considered.

Rectangular elements are shown in Figure 2.11. Half the

circulation around a given segment is associated with the element on

either side, and this circulation is considered to be the vorticity

times the thickness times the dimension of the element. The y—component

of the vorticity times thickness, Yy, is given by

Yy E AV; = iéI§—ii (2.32)
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Figure 2.11. Typical rectangular eiement with nomenciature for
pressure calculations.
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while the x-component of vorticity times thickness, Xx, is given by

(r + r )·k 2 H
YX E AV), = -

T
(2.33)

These equations can be combined into a single equation:
<>* <> -> ->

_ AV = — n x [(r1 + r3)zy + (rz + r„)2X]/2A „ (2.34)

where

A = zxßy

and n is the unit, upward-pointing vector normal to the surface.

Triangular elements are shown in Figure 2.12. Now the

discontinuity is taken to be
·>* -> «> ->

AV = - n X [(Fr5 + + r„¤t]/2A (2.35)

where on the left-hand side

. an = DS(sin6i + cosßj)

mt = DP(cos6i - sinßj)

and on the right—hand side

an = DS(— sinsi + cosßj)

mt = 0P(cos6i + sinßj)

0n both sides

A = (DS)(DP)

where . DP = /1 + DS2 _

DS = spanwise dimension of the rectangular elements
= 0.25 x (ASPECT RATIO)
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Figure 2.12. Typical triangular elements with nomenclature for
pressure calculations.
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The factor F is two for elements in the first row and unity for all

others. As before n is the unit upward-pointing vector normal to the

surface.

These values of AV are substituted into Equations (2.30) and

(2.31) and that result is substituted into Equation (2.29). Finally

Equation (2.28) can be written in the form

* *
+1k _,* _„~k _,~A· _,~k

ACpi= 2 (au - az) + 2AV · (Vm — VA - 9 x r ) (2.36)

The term (ag — 6;) can be expressed in terms of the loop _

circulations, the G's. As an example, the value of (ag - ag) is

obtained at the control point of element 5 in Figure 2.5. The change in

the value of ¢* can be related to a line integral as follows

A¢* = f d¢* = f grad ¢* · dF* = f
V*

· dF*
c c c

The path of integration begins at a point just below the control point

of element 5 and runs parallel to the x—axis just below the surface

around the leading edge and back along a path just above the surface to

a point above the control point of element 5.

From Stokes' theorem it follows that this line integral is equal to

the sum of the circulations around the vortex segments encircled by the
‘

path. The circulation around the spanwise vortex segment between

elements 5 and 2 is G5 — G2, and for the segment at the leading edge it

is G2. Addition yields

¢u - ¢£ = G5

This result is general so that for any element, say element i,
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3(3u ‘ °1)1 361
T‘ T1? (2-37)

It follows from Equations (2.36) and (2.37) that

gg; .* .* .* .+ .*
ACpi= 2 ;{— + 2AV · (Vm - VA - n x r ) (2.38)

aGi
where EE- is evaluated from a two—point finite-difference formula:

aGi Gi(t) — Gi(t - At)
ä (Ü) = (2.39)

Equation (2.38) provides the pressure jump across the surface at the

control point i. Assuming cambered surface, one can use Equation (2.38)

to obtain the elemental force vector, i.e.,

Fi = Acpi · Aini (2.40)

where Ai is the elemental area and ni is the unit normal vector of
element i. Equation (2.40) can be rewritten as

Fi = Fxi i + Fyi j + Fzi k (2.41)

Summing the z-component of all forces, the normal-force coefficient can

be defined as N
iäl Fzi

CN = (2.42)

where N is the total number of surface elements and S is the plan area

of the surface. Then we introduce Equation (2.41) in G—F frame

T - T .

1 Fxi 1 FX1 1
Fi = Fyi = Fyi [cn]

E
Fzi k Fzi K
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OT T ->FG, 1FG- FG Äi - yi + (2.43)
FG. Kzi

where the superscript G implies forces are in the G-F frame. Again,

summing over all surface elements, the drag and the lift coefficients

are defined as G
N NZ FG 2 FG

1=1 Xi 1=1 Zi
CD = ——5—§—— and CL = ———§——— (2.44)

Finally, using Equation (41), the moment—coefficient vector can be

defined as follows N
’ _i;1 *1 "

Fi 7
*

CM-——-El (2.45)
where ri is the vector connecting the control point i and the point

about which the moment is taken (usually the origin of the wing), and C

is the dimensionless chord. Equation (2.45) can be written as

CM = CMR i + CMP j + CMY k (2.46)

where CMR, CMP, and CMY are the rolling—moment, pitching—moment, and

yawing-moment coefficients, respectively.

2.8.4 The Numerical Example Revisited

The wing represented by the lattice in Figure 2.5 is considered

again. After the first and second time steps the solution is

represented in Figures 2.7 and 2.8 (as discussed before). The

differences in pressure across the lifting surface at the control points

are given in Table 2.7.
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Table 2.7. Pressure discontinuities for the solutions represented in
Figures 2.7, (AC )7, and 2.8, (AC )8. (The dimensionless
area is 2.25). p p

Element
No. (ACp)7 (ACp)8

2 1.307986262l ‘*
1.4024005588

5 0.4928671347
V//5

0.7382642221 „/

6 O.6212959735 0.7864326l25

10 0.2020142104 0.3042593314
~/’

11 0.21969367l7 0.3597969262
““

12 0.3117787909 0.3878065361
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The steady—state values of CN and CMP, normal-force and pitch—

moment coefficients, are given in Table 2.8 for three angles of attack

and 4 numbers of rows in the lattice. The pairs of numbers in the

parentheses of the first column give the number of rows of elements in

the wake and the number of time steps used to approximate the steady

state. In all cases the wing started impulsively and then maintained a

constant angle of attack and velocity. These results show what one can

expect convergence as the number of elements increases and as the number

of time steps increases. The actual length of the time steps is

connected to the number of rows (Section 2.6.4 and 2.8.3); hence time

steps needed to reach the steady state increase with the number of rows.
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Table 2.8. Steady—state values of normal—force and pitch-moment
coefficients for different angles of attack and numbers of
rows of elements in the lattice. The pairs of numbers in
the parentheses in the first column give the number of
rows of elements in the wake and the number of time steps
used to establish the steady state. In all cases the
minimum distance above the plane of the wing for the
vortex line in the wake was 0.05 x chord and the cutoff
lengths in the bound and free lattices were 0.1 x (length
of the vortex segment). The aspect ratio was unity.

a = 10¤ a = 150 o = 200

Rows CN CMP CN CMP CN CMP
3

(8,11) 0.256 -0.139 0.455 -0.242 0.689 -0.355
(8,12) 0.255 -0.139 0.456 -0.242 0.686 -0.356
4

(10,14) 0.279 -0.157 0.495 -0.278 0.751 -0.417
(10,16) 0.279 -0.158 0.497 -0.279 0.756 -0.420

5
(13,18) 0.304 -0.175 0.518 -0.297 0.774 -0.439
(13,20) 0.304 -0.175 0.519 -0.298 0.778 -0.441
6

(15,21) 0.332 -0.194 0.542 -0.316 0.787 -0.452
(15,24) 0.333 -0.194 0.543 -0.317 0.790 -0.454
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CHAPTER III

DYNAMIC/AERODYNAMIC INTERACTION

3.1 Introduction

The numerical procedure described in this section predicts the

motion of the wing, which is caused by the aerodynamic loads acting on

it. These loads are obtained by the general unsteady vortex-lattice

method described in Chapter II. The problem is complicated by the fact

that in order to calculate the loads one must know the motion while to

calculate the motion one must know the loads. To avoid an impasse, the

present procedure uses iteration.

Because the unsteady vortex-lattice method is designed to use unit

steps in time, the present development is based on a Predictor—Corrector

Scheme instead of a Runge—Kutta Scheme. AThe details are provided in

Section 3.3 below.

3.2 Equations of Motion

we consider the motion of a thin, flat, uniform wing, supported on

a ball—and—socket sting at point c, as shown in Figure 3.1. For such a

rigid body, the general vector set of Eulerian Rotational Equations of

Motion are of the form

MC = IC; + n x(IC - S) (3.1)
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Figure 3.1. Schematic of the delta wing used in the numerical
simulation (not to scale).
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where Mc is the external moment vector around point c, Q is the angular

velocity vector, and IC is the inertia matrix about point c. For the

special choice of principal body—fixed axes,

IXX 0 0
= O I ,IC yy 0

- 0 0 IZZ
Equation (1) yields the following equations of motion

MX = Ixxnx + (Ilz
— Iyy)oZny (3.2a)

My = Iyyny + (IXX
—

IzZ)oX¤z (3.2b)

MZ = Izznz + (Iyy - IXx)nyQx (3.2c)

where MX, My, MZ are the components of the external moment around point

c, MC, directed along the body—fixed coordinate axes; ox, ny, nz are the

components of the angular velocity of the wing, n, also directed along

the body-fixed coordinate axes; and Ixx, Iyy, and IZZ are the components

of the inertia tensor with respect to body—fixed axes having their

origin at point c.

The components of Q can be written in terms of the Euler angles, as

given in Equations (2.4) and (2.5). Differentiating these equations,

then substituting the result into Equations (3.2), and noting that

Izz = Iyy + Ixx , (3.3)
we can obtain

MX = 1xX(£ - $66) + 1XX[c;s;(c2662 - 62)

- 2C6S2;é$] (3.4)
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=

•• ••

I
.2

— ·· •My Iyy(C§9 + SgC6w) + yy[S6(C6C;u 2S;6w)] (3 5)

Mz = 1ZZ(c;c6L - sgé) + IXx[S6C6Sg®2 - zsgceét

- 2Cgéé] + Iyy[- SGCOSEÜZ - 2C;S6®é] (3.6)

The moments involved here are generated by the aerodynamic forces,

whatever small damping there is in the ball and socket, and gravity.

The moment due to gravity can be computed as follows:

MG = DC i x (- mgK)

where DC is the distance between point c and the center of gravity and

K is the unit vector parallel to the vertical direction. From Equations

(2.1) and (2.2), we obtain

K = — Sai + S;C6j + C§C9k

Then it follows that

T MG = mg DC(C;C6j — SgC6k) (3.7)

The damping moment D is written as

Ü = —
uxüxl - uyüyj - uzüzk

which can be re-written in terms of the Euler angles as

D = — ¤x(é — S6®)i - ¤y(Caé + ScC@®)5

- uZ(C;Cou — S;é)k (3.8)

The aerodynamic moment is

A —
ä pUcSC(Cxi + Cyg + Czk) (3.9)
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where 0 is the density of the air, UC is a characteristic speed,

S is the plan area of the wing, C is the chord, and CX, CX, C2 are the

¤¤r¤dy¤¤mmi¢ m°m€0§W§P§fÜÄ§Ä¢Üt§$¤PPli@9.P¥.Fh?„S§Ü€fä72““St@¤d¥
vortex-lattjoe nethgglu CX, CX, and C2 are equivalent to CMR,

CMY, respectively (see Equation (2.46)).
'22

By sUhstit0ting Equations2(3.7)—(3.9) into Equations (3.3)-(3.6)

and introducing dimensionless variables, one can obtain

1 0 -s6 ä RX
0 C; S;C6 0 = Ry (3.10)

0 -s; CECG 0 RZ
where

RX - clcx - c2(g - $60) - C;S;(C2602 - 62) + ZCGSZEÖ0 (3.11)

Ry

S6(CaCg02 — 25500) (3.12)

RZ = CBCZ - C2(C;C60 - S50) - CBS;C6 + 2C9(SgC00 + C;é)é

(3.13)

and 2
pSCL u L

0, (2.146,0)
2 xx XXUC

2
0SCL p L

ca = -22-E-,
c_

= -¥-9- (3.14c,d)
yyz IXXU2

mgDCLc ¤SCLc
C5 = --7 , C6 = (3•l4€,f)

I U zz
Y! ¢

69



pZLC mg DCLE
C7 = ———-— , CS = ————;—— (3.14g,h)

Izzuc Izzuc

Ixx I
CS = -1-— , C10 = Tu (3.l4i,j)

zz zz

Finally, one can solve Equation (3.10) to obtain expressions for the

second derivatives of the Euler angles as

5 1 S§S9/C9 C5S6/C6 RX

6 = 0 CE -55 Ry (3.15)

L 0 S5/C6 C5/C6 Rz

Equation (3.15) is singular at 6 = 1 n/2; these values of 6 are beyond

the range considered here and hence this does not cause problems.

The scheme used to integrate Equation (3.15) numerically treats a

system of first—order equations; hence, we must re-write Equation

(3.15). To this end, we put
‘

Y1 = 5, YS = 6, YS = w

Y7 = 5, YS = Ö, YS = ß (3.16)

Then Equation (3.15) can be replaced by

Y1 = F1(Y1,Y7,Y1,YS,YS,YS) (3.17)

for i = 1,..., 6 where
Y1‘= Y7 = F1 (3.18a)

Y7 = RX + (SY1SYS/CYS)Ry + (CY1SYS/CYS)RZ = F7 (3.18b)

YS = YS = FS (3.18c)

70



YS = (CYi)Ry - (SYi)RZ = FS (3.18d)

YS = YS = FS (3.18e)

YS = (SYi/CYS)Ry + (CYS/CYS)Rz = FS (3.18f)

and RX, Ry, RZ, given by Equations (3.11)-(3.13), are also expressed in

terms of Yi,..., YS. In the above analysis, dots imply derivatives with

respect to the nondimensional time t* = (UC/Lc)t.

3.3 General Concepts of the Predictor—Corrector Technique

In this section we discuss the procedure (Garnahan, 1969) for

determining the numerical solutions of systems of first-order equations

having the following form:

dYS ·
Hi- E Yi = Fi(Yi,...,YN,t) (3.19)

for i = 1,..., N. The functions Fi can be nonlinear.

To start the general procedure, one must know all the Yi and Fi at

four sequential time steps. Typically, this much initial information is

not known, so that one must resort to a special starting procedure then

switch to the general procedure. First we discuss the general procedure

and then the starting procedure.

3.3.1 General Procedure

we suppose that the Yi and Fi are known at four previous time

steps, and denote these by Yi i; Yi’i_1; Yi’j_2; Yi’j_3; Fi_j; Fi_j_l§
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Fi’i_2; Fi,i_3. we want to compute the values of the Yi and Fi at the

next time step; these values of the Yi and Fi are denoted Yi i+1 and

Fi,j+1'
Step 1:

A first estimate of the values of the Yi i+i, called the "predicted

solutions", is computed according to

P
3 (2Fi j - Fi j_l (3.20)

Step 2: ·

The predicted solution is modified according to

M _ P 112Yi,j+1 ‘ Yi,j+1 * 9 21,5 (3*21)

where Ei’i is the vector of "truncation errors" at time step j. The

calculation of the Ei i is described below.

when j = 3, there are no values for the Ei’i, and this step is by-

passed; more precisely, the Ei 3 are set equal to zero.

Step 3:

Iteration is used to solve for the Yi’i+l according to Hamming's

"corrector equation"

k+l _1 k _vi j+i - 8 [9Yi’j - vi j_2 + 2At(Fi,j+i + 2Fi’j Fi’j_i)] (3.22)

where k denotes the number of the iteration and
k _ k k _

t + At) (3.23)

The Y? j+1 are used as initial values to start the iterative process.

Iteration is continued until a convergence criterion is satisfied.
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Step 4:
A

The vector of truncation errors is computed according to

-3. k+1 ¤Ei,j+1 “ 121 (Yi,j+1 ‘ Yi,j+1) (3·2“)

where the Y$+§+l are the last values computed in Step 3 and the
' Y? j+1 are the predicted solution computed in Step 1.

Step 5:

A final modification is made according to
_ k+1 (3.25)

Step 6:

The Fi’j+1 are evaluated using the latest values of the Yi j+1.

Step 7:

The number of the time step is checked against a final value (which

is an input) to determine whether the procedure stops or continues. If

the procedure continues, the second index on all quantities is shifted

and Steps 1-7 are repeated.

3.3.2 Starting Procedure

A complete set of the Yi and Fi are required to start the numerical

integration; these are denoted by Yi’O and Fi,o. Because the general

unsteady vortex lattice method works best with unit time steps, a Runge-

Kutta procedure is not used. Instead, we use the following procedure:

Step 1:

Using the known initial conditions (the Yi’o and we compute

the Yi’l and Fi 1 from
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Yi,1 = Yi,0 + At Fi’O (3.26)

Step 2:

Using the Yi 1 just computed, we compute the Fi’l.

Step 3:

Using the Yi’1, and Fi,l, we compute the Yi 2 according
to ‘

-L MYi,2 ° 2 (4Yi,1 ‘ Y1,¤) T 2 (2Fi,1 ’ Fi,¤) (3·27)

Step 4:

Using the Yi’2 just computed, we compute the Fi,2.

Step 5:

Using the previously computed Yi’i and Fi’i, we compute the Yi 3
from _

_ 1Yi,3 - IT (3.28)

Step 6:

Finally we compute the Fi’3.

At this point, we have developed enough information to begin the

general procedure. Equations (3.26)-(3.28) can be developed from Taylor

series in a very straightforward way.

Next we apply this numerical scheme to the integration of Equation

(3.17).

3.4 Numerical Integration of the Equations of Motion

The information needed to start the numerical procedure must

include the Euler angles, their derivatives, and the moments; these were
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denoted by Yi,o and Fi,O in the section above. In addition, the

aerodynamic model requires a complete description of the wakes adjoining

the leading and trailing edges, which must include positions of the

nodes in the lattice and the circulations in the bound lattice

representing the lifting surface. with this information available, the

numerical integration procedes as follows:

Step 1:

Subroutine OMEGAS is called to provide the components of the

angular velocity, n, along the body—oriented axes, see Equations (2.4)

and (2.5).

Step 2:

Subroutine CMATRX is called to obtain the components of the

transformation matrix, see Equations (2.1) and (2.2).

Step 3:

Subroutine VELOTR is called to provide the components of the

velocity of the origin of the moving frame (Point A in Figure 2.1) along

the body-oriented axes. Here we consider the origin of the body-fixed

coordinate system to be moving at constant velocity parallel to the

ground—fixed X—axis.

Step 4:

The circulation vector, GS is saved so that the derivatives with

respect to time can be computed, see Equation (2.39).

S
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Step 5:

Subroutine CNVECT is called to convect the wake to its new position

(see Equation (2.16)), the position it will occupy at the end of the

first time step.

Step 6:

Subroutine RENGES is called to convect the circulation in the

wake. Steps 5 and 6 are done to satisfy the requirements of temporal

conservation of circulation dictated by the Kelvin-Helmholtz theory of

vorticity.

Step 7:

Subroutine EULER is called to provide the Euler angles and their

derivatives at the end of the next time step according to Step 1 of

Starting Procedure above.

A D0—LOOP is started here, and this is only the first of four

steps. The index of the 00-LOOP is also a parameter in the call

statement and determines which step of Starting Procedure is used.

Step 8:

Subroutine OMEGAS is called again.

Step 9:

Subroutine CMATRX is called again.

Step 10:

Subroutine VELOTR is called again.

Step 11:

Subroutine OBBVEC is called to provide the normal component of the

velocity of the lifting surface at the control points (see Equation
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(2.14): OBBVEC provides GLS · n at each control point). These are

stored in the vector OBB(I).

Step 12:

Subroutine WINCOF is called to provide the normal component of the

velocity induced by the wake at the control points (see Equation

(2.14): WINCOF provides GF · n at each control point). These are

stored in the vector 0Bw(I).

Step 13:

The two vectors that make up the right-hand side of Equation (2.14)

are added.

Step 14:

Subroutine SOLVE is called to obtain the circulations in the bound

lattice at the new time. These are stored in the vector GS(I).

Step 15:

Subroutine DLOAD is called to provide the aerodynamic loads at the

new time step. Everything is known at the new time. Although this is

not the end of the D0—LOOP, the new time step begins.

Step 16:

Subroutine FTERM is called to provide the right—hand sides of the

governing equation from the loads, angles, derivatives, damping

coefficients etc., see Equation (3.17).

Step 17:

Subroutine CNVECT is called.
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Step 18:

Subroutine RENGES is called. This step is the end of the D0—LOOP

that performs the starting procedure. After four passes through this

D0—LOOP, enough information has been generated to begin the general

procedure.

Step 19:

Subroutine PRAM00 is called. This subroutine performs Steps 1 and

2 of General Procedure above; it predicts and modifies. This step

essentially begins a new D0—Loop.

Step 20:

Subroutine OMEGAS is called. This subroutine uses the values of

the Euler angles and their derivatives, just provided by PRAM00, to find

the components of the angular velocity in the body-fixed axes.

Step 21:

Subroutine VELOTR is called.

Step 22:

Subroutine OBBVEC is called.

Step 23:

Subroutine NINCOF is called.

Step 24:

Subroutine SOLVE is called.

Step 25:

Subroutine DLOAD is called. At this point the bound circulations

and loads corresponding to the modified predicted solution are known.
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The iterative procedure, Step 3 of General Procedure above, is about to

begin.

Step 26:

Subroutine FTERM is called.

Step 27:

Subroutine YFITER is called, which performs Step 3 in General

Procedure.

Step 28:

The maximum difference between the solutions for two successive

iterations is compared to an allowable tolerance, which is input. If

the difference is greater than the tolerance, the program shifts back to

Step 20. If the difference is less, then the program procedes to Step

29.

Step 29:

Subroutine ERAFM is called, which computes the vector of truncation

errors and the final modification. At this point the values of the

Euler angles and their derivatives are known, but as a result of the

final modification, the vector of circulations GS(I) and the loads must

be calculated.

Step 30:

Subroutine OMEGAS is called.

Step 31:

Subroutine CMATRX is called.

Step 32:

Subroutine VELOTR is called.

. 79



Step 33:

Subroutine OBBVEC is called.

Step 34:

Subroutine wINCOF is called.

Step 35:

Subroutine SOLVE is called.

Step 36:

Subroutine DLOAD is called.

Step 37:

Subroutine FTERM is called. These will be used in PRAMOD in the

next time step.

Step 38:

The vector GS(I) is saved so that the derivative can be calculated

by a finite-difference formula at the next time step.

Step 39:

Subroutine CNVECT is called. As before, this step begins the

calculation at the next time.

Step 40: «

Subroutine RENGES is called. This ends the 00—LOOP, and the

program shifts back to Step 19 above.
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CHAPTER IV

MUMERICAL EXAMPLES OF DYNAMIC/AERODYNAMIC INTERACTION: SUBSONIC

MING ROCK OF SLENDER DELTA HINGS

4.1 Introduction

The numerical procedure described in Chapter III is used to predict

the response of a slender delta wing to initial disturbances. The

properties of the wing are nearly the same as those of the wing used by

Levin and Katz (1982) in their wind-tunnel experiment. Their experiment

considered a wing that was free to roll. (RQ}; léwéßägééélwä wing that

is—treemto»roll_andxptttht The hinge for rotation in pitch is located

so that the wing is in equilibrium at 25 degrees angle of pitch (attack)

when the air speed is 16.1 m/s. This permits a direct comparison

between the numerical results for roll only and the experimental data of

Levin and Katz at this angle of attack.

4.2 Equations of Motion

The equations of motion for three degrees of freedom, Equation

(3.15), are reduced as follows: For two degrees of freedom,

lb E E E 0 (4.1)

Then it follows that

RySg + RZCg = O (4.2)

· Hence,

Li: RX (4.3)
and
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6 = RyC5 - RZS5 (4.4)

From Equation (4.2) it follows that

6 X/C5 (4 6)

The quantities RX, Ry, and RZ are defined in Equation (3.11)-

(3.13). For this case, RX reduces to

RX = CICX - C25 + C5S5é2 (4.6)

and Ry reduces to
Ry = C3Cy - CQC56 + CSCECB (4.7)

The coefficients are defined in Equations (3.14).

For one degree of freedom,

9;8;8;0 (4.8)

in addition to Equation (4.1) above. RX reduces to

RX = clcx - czä (4.9)

and 5 is still governed by Equation (4.3).

4.3 Physical Parameters

Chord = 0.429 m

Leading-edge—sweep angle = 80 degrees

Aspect ratio = 0.705

Area = 0.324x10°l mz
V

’
Mass = 0.284 kg
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DC = 0.737x10‘l m

xxx = 2.7x10°4 kg—m2

xxx = 0.44x10'2 kg-mz

xzz = 0.47x10'2 kg-mz

pair = 0.12xl0'2 kg/m3

Levin and Katz (1982) gave only the value of [XX. Here we have

estimated the corresponding values of mass, Iyy, and IZZ by assuming the

wing to be a thin, flat, uniform plate. (The actual wing had a hump in

the center that housed the bearing assembly of the free—to-roll sting).

4.4 Numerical Results

Here we consider four angles of attack: a = 15 degrees, a stable

angle; a = 20 degrees, a borderline unstable angle; a = 22.5 degrees, an

angle for which in essence only roll is excited; and a = 25 degrees, an

angle for which both roll and pitch are strongly excited.

4.4.1 a = 15 Degrees

Here we choose the freestream speed to be

Um = 22.1 m/s (4.10)

and the damping coefficients to be

px = 0.378x10'“, px = pz = 0 (4.11)

The coefficients become

C1 = 0.354 (4.12a)
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C2 = 0.678x10'3 (4.12b)

C3 = 0.0215 (4.12c)

C„ = 0. (4.12d)

C3 = 0.108x10'2 (4.12e)
For this choice of freestream speed, the wing is in equilibrium at 15

degrees angle of attack.

The results for one degree of freedom in roll are given in Figure

4.1. In part a, the roll angle is shown as a function of time, and in

part b, the phase plane is given. Clearly, the response to an initial

disturbance (here 5 = 5 degrees and 5 = 0 at time = 0) decays with

time. The roll-moment, pitch—moment, and normal-force coefficients are

given as functions of time in parts c, d, and e, respectively. These

results are typical. In fact, the motion decays for all the initial

conditions considered.

The results for one degree of freedom in pitch also show a decay.

Results for a = 25 degrees are discussed in Section 4.4.4. These are

typical of all angles of attack.

The results for two degrees of freedom (roll and pitch) are given

in Figure 4.2. In part a, the roll angle is shown as a function of

time. Again the disturbance decays. Decay is also indicated by the

results shown in part b giving the deviation of the pitch angle from its

equilibrium position as a function of time. The phase plane for roll,

roll-moment, pitch—moment, and normal-force coefficients are given in

parts c, d, e and f, respectively.
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Figure 4.1. Numerical results for one degree of freedom in roll,
¤ =15°. +:(0) = 5°. ~£(0) = 0=
(a) Roll angle as a function of time.
(b) Phase plane.
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Figure 4.1. (c) Roli-moment coefficient as a function of time.

(d) Pitch-moment coefficient as a function of time.
(e) Normal-force coefficient as a function of time.
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Figure 4.2. Numerical results for two degrees of freedom in roll andpitch, ¤ = 15°, ;(0) = 5°, ;(O) = 0:
(a) Roll angle as a function of time.
(b) Pitch angle as a function of time.
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It is interesting to note that the predicted roll moment and roll

angle have the same frequency, but are not in phase for both one and two

degrees of freedom. The phase changes with angle of attack and

eventually leads to negative damping and self-excited motions.

4.4.2 a = 20 Degrees

Here we choose the freestream speed to be

Um = 18.3 m/s (4.13)

and the damping coefficients to be
..4

ux = 0.378xlO , py = uz = 0 (4.14)

The coefficients become

C3 = 0.354 (4.15a)

C3 = 0.818xl0'3 (4.15b)

C3 = 0.0215 (4.15c)

C3 = 0. (4.15d)

C3 = 0.158x10'2 (4.15e)

The results for one degree of freedom in roll are shown in Figure

4.3. In part a, the roll angle is given as a function of time; the

phase plane is given in part b. These results show the initial

disturbance (5 = 5 degrees and 5 = 0 at t = 0) leads to a slowly

growing motion, indicating that this is an unstable angle of attack.
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(a) Roll angle as a function of time.
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Figure 4.3. (c) Roli-moment coefficient as a function of time.

(d) Pitch-moment coefficient as a function of time.
(e) Norma)-force coefficient as a function of time.
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The roll-moment, pitch—moment, and normal—force coefficients are given

as functions of time in parts c, d, and e, respectively.

The results for two degrees of freedom (roll and pitch) are given

in Figure 4.4 where the initial disturbance is 5 = 5 degrees and 5 = 0

at t = 0. In this case, the pitching motion is very small after a few

hundred time steps, while the rolling motions appear to be approaching

the same limit cycle as in the one—degree—of—freedom case.

As in the case of 15 degrees angle of attack, the additional degree

of freedom in pitch does not appear to have any significant effect on

the motion. Comparison of Figures 4.3 and 4.4 show the rolling motion,

moments, and forces have the same period, and presumably all will

eventually arrive at the same limit cycle.

4.4.3 ¤ = 22.5 Degrees

Here we choose the freestream speed to be

Um = 17.2 m/s (4.16)

and the damping coefficient to be

px = 0.378x10”“, Hy = pz = 0 (4.17)

The coefficient become

C3 = 0.354 (4.186)

C2 = 0.872x10°3 (4.18b)

C3 = 0.0215 (4.18c)
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Figure 4.4. Numerical results for two degrees of freedom in roll and
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(a) Roll angle as a function of time.
(b) Phase plane.
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C, = 0.0 (4.18d)

CS = 0.179x10”2 (4.18e)

The results for one degree of freedom in roll are given in Figure

4.5. Clearly, the motion rapidly approaches a limit cycle as indicated

in part a, where the roll angle is shown as a function of time, and in

part b, where the phase plane is shown. The roll—moment, pitch—moment,

and normal-force coefficients are given as functions of time in parts c,

d, and e, respectively. Again the roll angle and roll moment have the

same period, but are not in phase. The pitch—moment and normal-force

coefficients have half the period of the roll angle and roll—moment

coefficient. Moreover, the mean pitch—moment coefficient significantly

increases toward zero, while the mean normal-force coefficient

correspondingly decreases. These results suggest that for two degrees

of freedom the wing may pitch up while oscillating in roll.

The results for two degrees of freedom (roll and pitch) are shown

in Figure 4.6. The motion appears to be approaching a limit cycle, as ·

in the case of one degree of freedom. But here both the amplitude and _

period are less than in the case of one degree of freedom. In part c,

the deviation in the pitch angle from the equilibrium position is given

as a function of time. The mean pitch angle increases by approximately

one degree. The roll—moment, pitch—moment, and normal-force

coefficients are shown in parts d, e, and f, respectively.
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Figure 4.5. Numerical results for one degree of freedom in roll,
¤ = 22.5°, g(0) = 5°, g(0) = 0:
(a) Roll angle as a function of time.
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Figure 4.5. (b) Phase piane.
(c) ROII-moment coefficient as a function of time.
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Figure 4.5. (d) Pitch—moment coefficient as a function of time.
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4.4.4 a = 25 Degrees

Here we choose the freestream speed to be

Um = 16.1 m/s (4.19)

and the damping coefficients to be

ux =_0.378x10'“, py = bz = 0 (4.20)

The coefficients become

C1 = 0.354 (4.21a)

C2 = 0.933x10'3 (4.21b)

C3 = 0.0215 (4.21c)

C3 = 0. (4.21d)

C3 = 0.206x10'2 (4.21e)

The results for one degree of freedom in roll are given in Figure

4.7. Clearly, the motion reaches a limit cycle as shown in parts a and

b. A comparison of parts a and b of Figures 4.3, 4.5 and 4.7 shows that

the limit cycle is reached more quickly at high angles of attack. The

amplitude of the limit—cycle motion is about 33 degrees and the period

is approximately 0.4 seconds. Both agree closely with the observations

of Levin and Katz (1982). Table 4.1 shows how the variations in C2

values affect the amplitude and the period of the limit—cycle motion.

The roll—moment, pitch—moment, and normal—force coefficients are,

respectively, given as function of the time in parts c, d, and e of

Figure 4.7. The mean values of both the pitch moment and the normal
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Figure 4.7. Numerical results for one degree of freedom in roll,
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(a) Roll angle as a function of time.
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Table 4.1 The amplitude and the period of the limit-cycle motion as

functions of C2 (for a = 25 degrees; in roll only).

C2 Amplitude Period

·
u

(degrees) (sec)

0.008 23.7 0.350

0.004 28.4 0.370

0.002 31.2 0.385

0.001 32.9 0.393

Levin & Katz 33 0.40

(1982) ’
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force are less than those for the static case. This suggests that for

the two—degree-of—freedom the wing will pitch up.

The results for one degree of freedom in pitch are shown in Figure

4.8. These results are typical of all angles of attack. The motion

rapidly decays to the static equilibrium position. Part a gives the

deviation of the pitch angle from the equilibrium position as a function

of time, and part b gives the corresponding phase-plane portrait. The

roll-moment, pitch—moment, and normal-force coefficients are given as

functions of time in parts c, d, and e, respectively.

The results for two degrees of freedom (roll and pitch) are given

in Figure 4.9. In part a the roll angle is shown as a function of time,

and in part b the corresponding phase plane is shown. Part c gives the

pitch angle as function of time. The motion is growing slowly compared

with the motion in Figure 4.7. A limit cycle has not developed in

Figure 4.9, but after 600 time steps the amplitude of the roll motion

for two degrees of freedom is only about one third of the amplitude for

one degree of freedom. The period in roll is slightly less than that

for one degree of freedom. Moreover, the period in pitch is slightly

less than twice the period in roll. This suggests, as does the obvious

· change in amplitude, that transient solutions are still present in the

response. The deviation in pitch angle appears to oscillate around

zero. Here the amplitude of the pitching motion is much larger than

that shown in Figure 4.6c. The roll motion appears to loose energy to

the pitch motion. The roll-moment, pitch—moment, and normal-force

coefficients are given as functions of time in parts d, e and f,
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(b) Phase p1ane.
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respectively. The pitch—moment coefficient clearly appears to have

several harmonics; it is not clear yet whether these are numerical

problems or actually represent the response accurately.

4.4.5 Mathematical Modelling of Hing Rock

(One Degree of Freedom, a = 25 Degrees)

Since the problem at hand is nonlinear by nature, we assumed the

rolling—moment coefficient to be a nonlinear function of 5 and 5 with

the possibility of having a quintic nonlinearity, hence; we tried the

following form
. 3 2. .2 .3 5 4.CMR = ai; + a25 + ai; + a„5 5 + a55; + as; + ai; + aa; 5

+ agsaéz + aloazéa + a1lsé“ + alzés (4-22)

Then we fitted the roll-moment coefficient versus time curve of Figure

4.7c (with time scale enlarged) using a least-square fit to determine

the coefficients ai. By dropping one term at a time we were able to

identify some terms that have negligible contribution to the roll

moment. Consequently, a very helpful simpler model for a future

analytical investigation is introduced

CMR = — (0.05601); + (0.03791); + (0.05665);3 - (0.53231)525

+ (1.57346);;2 + (0.04961)55 + (0.69800)5“5 (4.23)

where the values of ai are for one degree of freedom in roll and angle

of attack 6 = 25 degrees. Figure 4.10 shows the predicted roll-moment

coefficient versus time as it is given in Figure 4.7c and the
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"analytical" one as it is computed by Equation (4.23). In part 4.10a we

found the roll—moment coefficient of Figure 4.7c using only al and in

part 4.10b, 4.10c, 4.10d, 4.10e, 4.10f, and 4.10g we added one term at a

time until in part 4.10g we obtained the best possible fit. From the

above analysis one can conclude that quintic nonlinearities are

important and must be considered when modeling wing rock mathematically.

Mathematical modelling of the two-degree—of—freedom wing rock is

being investigated.

4.4.6 Concluding Remarks

The present results lead to the following conclusions:

(1) Below the first critical angle of attack (approximately 18 or 19

degrees), all disturbances decay for both one and two degrees of

freedom.

(2) The first critical angle appears to be the same for one and two

degrees of freedom.

(3) For one degree of freedom in roll, when the angle of attack is above

the first critical angle, the motion develops a limit cycle. The higher

the angle of attack, the faster the limit cycle develops.

(4) For two degrees of freedom in roll and pitch, when the angle of

attack is above the first critical angle and below the second critical

angle (approximately 23 degrees), the motion is almost entirely in

roll. The deviation in the pitch angle from the static angle of attack

is small and has both a steady and an oscillatory component. The mean

angle of attack increases slightly.
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Figure 4.10. Numerical results for the "predicted" and the
"analytical" solutions of the roll-moment coefficient for
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(a) One term fit.
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(5) For two degrees of freedom, when the angle of attack is above the

second critical angle, the motion consists of significant roll and pitch

components.

(6) For two degrees of freedom, the time for a steady state to develop

increases rapidly with the amplitude of the pitch motion. As a result,

the amplitude of the roll motion for two degrees of freedom is

considerably less than it is for one degree of freedom at a given time

after the same initial disturbance.

(7) For one degree of freedom in pitch, the motion always decays to the

static equilibrium position.

(8) For one degree of freedom, quintic nonlinearities must be included

when modeling wing rock mathematically.
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CHAPTER V

APPLICATION OF THE GENERAL UNSTEADY VORTEX-LATTICE METHOD TO

MULTIPLE CLOSE-COUPLED LIFTING SURFACES

5.1 Introduction

The general unsteady vortex-lattice method described in Chapter II

lcan be extended to model flows past configurations of multiple lifting

surfaces. One such extension is discussed here.

The mutual interference of the lifting surfaces occurs through the

no-penetration condition. when the normal component of the velocity at

a control point on one of the lifting surfaces is considered, the

induced velocity from all the lifting surfaces and their wakes is taken

into account. This makes it necessary to establish a scheme of .

communication among the various components of the configuration.

First the present scheme of communication among the various

components is established. Then several numerical examples are

discussed.

5.2 Communication Among the Various Lifting Surfaces

There is a reference frame attached to each of the lifting surfaces

and one attached to the ground. These are called body-fixed (B-F) and

ground-fixed (G—F) reference frames, as in Chapter II. The position

vector of the origin of a B—F reference frame and a set of Euler angles

locate and orient the B-F frame, and hence the lifting surface. The

scheme for the Euler angles is the same as that given in Section 2.2.
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For each lifting surface, the three components of the position vector

and the three Euler angles are independnent functions of time. Thus,

each lifting surface has six degrees of freedom.

The position vector of B-F frame n is denoted Rn and it is
understood that the components of Rn are given in the G-F frame:

T ->

. "¤ E
Rn = Yn

E
(5.1)

Zn K

The difference between two position vectors is given by

T ->

. . . Xm ' X¤ Ä
Rnm = Rm — Rn = Ym - Yn

E (5.2)
Zm - Zn K

In other words Rnm is the position of the origin of B-F frame m relative

to the origin of B-F frame n.

The components of Rnm can be found in any of the B—F frames. For
example, in B—F frame n,

T ->

+
Xm ' xn in

- T ·Rnn - vn - vn [cn] in (5.3)
Zm — Zn kn

where the transformation matrix has precisely the form given by Equation

(2.2). The Euler angles are those of B-F frame n.
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In Figure 5.1, the B—F coordinate systems and one G-F system are

shown. In addition, the position vectors of the origins, Rl and R2,

and the relative position vector Rlz are shown. Point P denotes any

point in space; its position is given by R in the G-F system, by

Fl and gz in the B—F systems. In the implementation of the general

unsteady vortex lattice method, one must be able to obtain Fl when F2 is
given. A slight complication arises because F2 is given in terms of B-F

frame 2, Rl and R2 are given in terms of the G-F frame, and Fl is

desired in terms of B—F frame 1. The procedure is described in general

next.

One can write
T T T TXm lm xn ln

rm = ym im and Fn = yn En (5.4)
zm km zn kn

It follows from the discussion in Chapter II that for B—F frame m

im I
am =l¢,„l J (5-5)
km K

which can be written in B—F frame n

T Äm im
jm =[cm][cn]T jn (5.6)

km kn

From Equations (5.4) and (4.6), one can write rm as seen in B-F frame n

F
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T T TXm ln
5,, = 1,,, l¤,,,Hc,,lT in (5-7)

zm kn

Using Figure 5.1 as a reference, one can easily arrive at the following:

rn = Rnn + Tm (5.8)

which, from Equations (5.3) and (5.7), can be written as
T T T T

XII III XIII
TT XII ln

. _ T .°y|’I in - YIII
_

YII [CNT in
zn kn zn - zn kn

Xm T i„
+ 9,,, l¤,,,ll¤,,lT 1,, (5.9)

ZIII kn

OT

(9. (><„„-><„ ,(¤„„)
yn = [cn] vn - vn + [cn] n yn (5.10)(=„ (lm - Z„ [ Zmf

Using Equation (5.10) one can specify the coordinates of a point

relative to B-F frame m and then determine its coordinates in B-F n.

This is the procedure used when the velocity induced by lifting surface

m and its wake is desired at a given point in B-F frame n.

In addition to the need for specifiying position vectors in

different reference frames, there is the need to specify the velocity

vector in the various frames. The useful transformations are described
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next. The velocity of the origin of each frame is specified in terms of

the G—F frame:
vG T

1.1; „ . . "" .vn = växx + vfya + vfzx = {vi,}
}

(5.11)
väz •<

which can be written in B-F frame n

TVE. Ä.
vn = vgy [cn] T

En (5.12)

VE. ·<..
OT

Ä. VE.
vw = [cn] {vg), (5.13)

VE.
Note that superscript G is not used on lift-hand side of equation (5.13)

to indicate that the velocity is in the local B—F frame n.

Once the communication scheme is completed and ready to be used,

then the procedure of applying the unsteady vortex—lattice method to

multi—lifting surface configurations is very much the same as the one

used for the single lifting surface (see Chapter II). There is,

however; two miner but important differences. First, when satisfying

the no—penetration condition, Equation (2.14) takes the form

M . . .
jgl AijGj = [(vLS - vF) (5.14)
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for i = 1, 2, ..., M; where M is the sum over all the elements in all

the components of the complete configuration; MF is the velocity induced

by all the wakes of all components at the control point i, MLS is the

velocity of the lifting surface which contains point i, and the rest of

the terms in Equation (5.14) have the same meaning as before. Second,

when convecting the nodes of the lattice in the wake, Equation (2.16)

would still have the same form, i.e.,

F(t + At) = F(t) + [v(t) - vLS]At (5.15)

however, v(t) here is the velocity induced, at the node being convected,

by the combined bound vortex systems and the wakes of all the components

of the complete configuration. Furthermore, GLS is the velocity of the

lifting surface whose wake contains the node being convected,

5.3 Numerical Examples

Examples of steady and unsteady flows are considered. Here we

consider a planform that resembles the X—29 which consists of two flat

canards and slightly cambered main wing. Figure 5.2 shows the planform

and the mesh used to make all the calculations discussed in this

section.

The steady-flow results were obtained from the general unsteady

program. The configuration was given an impulsive start and then moved

at constant velocity until a steady state developed.
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5.3.1 Steady Flow _
A top view of the computed wakes for the configuration shown in

Figure 5.2 are shown in Figure 5.3. In part a, only the wake adjoining

the main wing is shown, while in part b only the wakes adjoining the

canards are shown. Part c shows the complete flowfield. In Figure 5.4

the top, side, and front views of the complete flowfield are shown in

parts (a), (b), and (c), respectively. The view in part a is a repeat

of part c in Figure 5.3. The angle of attack of both canards is 15

degrees and that of the main wing is 9 degrees.

The loads on the various components are given in Table 5.1. The

lift on the wing is descreased by the presence of the canards. For a

given angle of attack of the main wing, the lift on the main wing

decreases as the angle of attack of the canards increases. Of course,

the lift on the canards increases with angle of attack. Moreover, the

lift on the canards is increased by the presence of the main wing. This

leads to the result that the lift on the ensemble remains virtually

constant; however, the pitch moment changes markedly.

The reason for the loss of lift on the main wing can be found in

Figure 5.5, where the difference in pressure across the main lifting

surface is plotted as a function of position of the control point. In

part a the results are for the main wing alone and in part b the results

for the main wing in the presence of the canards. The drop in pressure

on the main wing occurs directly under the wakes of the canards and is

responsible for the loss in lift. For these results, the angle of

attack of the canards is 15 degrees. The results for angles of attack
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Table 5.1. Steady loads on canards and main wing.

Canard alone wing alone

(a=l5°) (¤=9°)

CL = 0.570 CL = 0.451

CD = 0.153 CD ¥ 0.061

a canard Canard Wing Ensemble

CL CD CL CD CL CD CMP

10 0.422 0.074 0.405 0.064 0.407 0.056 0.009

15 0.665 0.178 0.379 0.060 0.419 0.076 0.019

20 0.930 0.339 0.341 0.054 0.422 0.085 0.033

Gwing = 9 degrees
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of 10 and 20 degrees are shown in Figure 5.6. There is a larger loss in

lift at larger angles of attack.

It should be mentioned that here the force and moment coefficients

have the same definitions as in Section 2.7 except; however, for the

ensemble the definitions are based on the sum of the areas and the sum

of the chords of all components. These sums are called the effective

area and the effective chord, respectively.

Using a finer mesh and changing the size of the time step (see

Section 2.6.5.) created more uniformity between the elements in the

wakes. Part a of Figure 5.7 shows the new mesh. Parts b, c, and d show

rotational views of the flowfield of the main wing, the main canards,

and the combination, respectively. This steady-state solution was

obtained for acanard = awing = 8 degrees. Comparing Figure 5.7 with
Figure 5.3, one can see that the elements in the wakes in Figure 5.7 are

uniform whereas those in Figure 5.3 are not. Morever, just as in Figure

5.5 where the interactions between the wakes of the canards and the main

wing is clear, Figure 5.7, particularly part (c), shows how this

interaction forces the wakes of the canards to move towards the main

wing.

Using the new mesh, a static comparison with wind-tunnel data

(Mason, 1986) was made. The steady state solutions are obtained where

both of the canards and the main wing at equal angles of attack.

In Figure 5.8 the load coefficients of the complete configuration are

plotted as functions of the angle of attack of the main wing. Total

lift coefficient (CLT), total drag coefficient (CDT), and total pitch-
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moment coefficient are given in part a, b, and c, respectively. Each

part includes two different sets of experimental data and two different

curves that represent the computations. One of the computed curve is

based on a correction factor of the value 1.4966 which was provided with

the wind-tunnel data. This correction factor is based on the relation

between the area of the model and the area of the actual configuration.

The other computed curve is with no correction. It is based on the

effective area (the sum of the areas of all components) for the drag and

the lift and on both the effective area and the effective chord (the sum

of the chords of all components) for the moment coefficient. Consider-

ing the fact that, in the computations, part of the fuselage is not

considered and viscous effects are not accounted for, one can see a

quantitative and qualitative agreement with the experiments for the drag

and the lift coefficients (Figures 5.8a and 5.8b). However, for the

pitch-moment coefficient (Figure 5.8c) we see only a qualitative

agreement with the experiment. The reason is being that the location of

the axis, around which the computed moments were taken, is different

from that of the experiment.

5.3.2 Unsteady Flow

Three examples of different nature are considered.

First example, using the same configuration shown in Figure 5.3,

the angle of attack of the port canard undergoes a ramp increase from

15° to 18° while the angle of attack of the starboard canard undergoes a

ramp decrease from 15° to 12°. The angles of attack of the port and
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starboard canards remain at 18 and 12 degrees, respectively. This

period lasts as long as the period when the ramping motion occurred.

Finally, the angles of attack return to 15° with ramp changes at the

same rate as the original deflection. The main wing remains at 9

degrees during the whole ramping motion. The results are shown in

Figure 5.9. In part a the angles of attack are plotted as functions of

time. The normal-force coefficients on the individual components are

shown in part b, and the force coefficients on the ensemble are shown in

part c (CLT,CDT). As in the steady case lift remains virtually

constant. The roll—moment coefficient (CMRT) is given in part d.

During the ramping motion, the roll moment is not zero. But when the

canards are stationary, the roll rapidly becomes very small. Apparently

the increase in lift on one side and the accompanying decrease in lift

on the corresponding side of the main wing also result in virtually no

change in the roll moment. Roll must be accomplished with ailerons.

Second example, using the new mesh shown in Figure 5.7a, the

steady—state solution, which was obtained for acanard = Gbing = 10°, was

used as an initial condition for the following sinusoidal motion:

6(t) = 10 + 2.5 sin(ft) (5.16)

and

é(t) = 2.5 f cos(ft) (5.17)

with frequency f = 0.10048; where 6(t) is in degrees and t is the

nondimensional time.
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The results are shown in Figure 5.10. In part a the angles of

attack are plotted as functions of time for two complete cycles. The

normal force coefficients are shown in part b, where CNI and CN2

represent the normal force coefficients of the canards and CN3 represent

that of the main wing. In addition to the lift coefficients for the

canards (CL1, CL2) and the wing (CL3), the lift coefficient for the

ensemble (CLT) is shown in part c. Similarly, part d shows the drag

coefficients for the canards (CD1, CD2), for the main wing (CD3), and

for the complete configuration (CDT). Finally, the pitch moment

coefficients of the canards (CMP1, CMP2), of the main wing (CMP3), and

of the ensemble (CMPT) are shown in part e. The normal—force

coefficient of the main wing reaches a minimum just after that of the

canards becomes a maximum. Similar observation can be noticed for the

lift and the drag coefficient. However the pitch-moment coefficient of

the main wing becomes a minimum before that of the canards reaches a

maximum. A good reason for such observations is the time traveled by

the vortices in the wakes of the canards before interacting with

vortices of the main wing. This time interval often called lag time.

Third example, again here we used the mesh shown in Figure 5.7a,

the steady-state solution obtained for acanard = awing = 40 was used as
an initial condition for the following sinuoidal motion:

6(t) = 4cos(ft) (5.18)

and

é(t) = - 4 f sin(ft) (5.19)

'
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where f = 0.06830 (30 Hz) which is based on wind—tunnel informations

given by Buchanan and Cayse (1986). Again here 6(t) is in degrees and t

is the nondimensional time. The results for this case are shown in

Figure 5.11. Same observations noticed in part b, c, d, and e of Figure

5.10 can be noticed in the corresponding parts of Figure 5.11. However,

sharp spikes in the later are clearly showing. These spike did not show

pronouncely in Figure 5.10 because of the difference in the nature of

the motion. In Figure 5.11 the amplitude to angle of attack ratio is

one, whereas in Figure 5.10 the same ratio is 0.25. In other words, the

motion of the canards is felt by the main wing very readily when the

angle of attack of the main wing is in the order of the amplitude of the

motion or vise versa. we are not sure whether these spikes are caused

by an error in the code or are they characteristics of the real flow?

In Figure 5.10, force coefficients of the canards seem to have the same

period and in phase except the pitch—moment curve it is out of phase by

¤/2. Moreover, all curves are out of phase with the motion curve. On

the other hand, Figure 5.11d shows that the drag coefficient developed a

harmonic motion with a period equals to one half of that of the normal-

force coefficient and the lift-coefficient curves. The reason can be

seen from Equation (5.18), i.e., oscillating the canards about zero.

Again here the normal-force coefficient curve and the lift coefficent

curve are in phase where the pitch-moment coefficient is out of phase F

by n/2, and all curves are not in phase with the curve of motion.
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Finally, for the case in Figure 5.11, we note that the lift coefficient

of the main wing (CL3) reaches a maximum value just after the maximum

value of the canards (CL1, CL2) by a period of time of 0.0203 seconds.

The same observation can be made for the pitch-moment coefficients; the

time involved here is 0.1758 seconds. The experimental results of

Buchanan and Cayse (1986) indicate a time lag value of 0.0028 seconds

for the case shown in Figure 5.11. Their report did not indicate on

what kind of measurements this time lag was based. 0ur lift-coefficient

curve indicates a time lag of 0.0025 seconds.

5.4. Conclusions

The general unsteady vortex-lattice method is extended to treat

multiple lifting surfaces. The choice of the present communication

scheme eased the complications involved. Such a scheme played an

effective role in the bookkeeping process.

The present method predicts the aerodynamic loads and fully °

describes the flowfield. In the numerical examples considered, the

method shows good agreements with available wind-tunnel data for steady

flows. For the unsteady flows, the technique shows good comparison with

existing experimental data. Finally, the method emphasizes the strong

vorticity interaction between the wakes and the lifting surfaces. Even

though the numerical code of the present method uses so much computer

time, a finer mesh is suggsted. The results are very promising.
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TwO—DEGREE-OF—FREEDOM SUBSONIC HING ROCK AND NONLINEAR

AERODYNAMIC INTERFERENCE

by

Jamal M. Elzebda

ABSTRACT

In many situations the motion of the fluid and the motion of the

body must be determined simultaneously and interactively. One example

is the phenomenon of subsonic wing rock. A method has been developed

that accurately simulates the pitching and rolling motions and
‘

accompanying unsteady flowfield for a slender delta wing. The method

uses a predictor—corrector technique in conjunction with the general

unsteady vortex-lattice method to compute simultaneously the motion of

the wing and the flowfield, fully accounting for the dynamic/aerodynamic

interaction. For a single degree of freedom in roll, the method

predicts the angle of attack at which the symmetric configuration of the

leading—edge vortex system becomes unstable, the amplitude, and the

period of the resulting self-sustained limit cycle, in close agreement

with two wind~tunnel experiments.

with the development of modern aerodynamic configurations employing

close—coupled canards, such as the X-29, comes the need to simulate

unsteady aerodynamic interference. A versatile method based on the

general unsteady vortex-lattice technique has been developed. The

method yields the time histories of the pressure distribution on the



lifting surfaces, the distribution of vorticity in the wakes, and the

_ position of the wakes simultaneously. As an illustration of the method,

the unsteady flowfield for a configuration closely resembling the X-29

is presented. The results show the strong influence of the canards on

the main wing, including the time lag between the motions of the canards

and the subsequent changes in the vorticity and hence the pressure

distributions and loads on the main wing.


