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Fig. 1 Coordinate system.
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Introduction

DYNAMIC stability and control are of particular concern
in the design of high-speed ground vehicles, since propul-
sion and suspension requirements impose severe limita-
tions on vehicle response to wind gusts and guideway
roughness. At commonly considered operating speeds,
which are of the order of 300 fps, aerodynamic loading due
to vehicle response can be significant, so a reasonably ac-
curate and rapid method for estimating that loading
should be useful in vehicle design. A procedure was de-
rived for computing the derivatives of lift, side force and
moment coefficients, outlined below. Quasi-steady, small-
perturbation flow was assumed. The method accounts for
proximity of a ground plane, but does not include the ef-
fects of an air cushion suspension, and so is strictly appli-
cable only to magnetically suspended vehicles for estima-
tion of loading due to longitudinal motion. However, the
method should provide reasonable estimates of the lateral
loading for either type of suspension.

Several studies of related problems have been carried
out. Goodman1 analyzed a slender body of revolution os-
cillating in a tube. Barrows and Widnall2 considered a lifting
surface near a ground plane or in a tube. Also, Woolard3

used slender-body theory to determine the loading on the
upper surface of vehicles very close to a ground plane.

loads per unit of axial length in the y and z direction, re-
spectively, are given, according to the slender-body ap-
proximation, by the following integrals evaluated in the
crossflow plane:

where n is the unit normal to the surface, j and k are unit
vectors in the y and z direction, respectively, ds is differ-
ential length along the surface in the y-z plane, and

V.(x,t)<l>g(y,z;x)]

The functions 0y and 02 are velocity potentials for two-
dimensional flow about the vehicle cross section due to
translation at unit speed in the negative y and z direc-
tions, respectively. The crossflow components Vy and Vz
are given by (Fig. 1):

V = Vz =

The specific problem at hand, then, is to find functions 0y
and 02 which satisfy Laplace's equation in the crossflow
plane, the conditions

on the surface of the vehicle, and the requirement of flow
tangency at the ground plane. Once those functions are

Problem Formulation

The flow and vehicle motions are referred to coordinates
(x,y,z) fixed at the vehicle mass center, the x-axis being
coincident with the longitudinal axis. A freestream with
velocity of magnitude V and density p is directed as in-
dicated in Fig. 1. The mass center is located a distance H
above a ground plane, the effect of which can be obtained
by placing an image vehicle at z = -2H.

Assuming that the vehicle length is much greater than
any dimension in the y-z plane, the simplifications afford-
ed by slender-body theory4 can be employed. It should be
noted that the image system must be taken into account
in determining the applicability of this assumption. The
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Fig. 2 Rate derivatives of lateral and vertical force and mo-
ment coefficients.
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Fig. 3 Displacement derivatives of lateral and vertical force
and moment coefficients.

found, ay and az are readily integrated analytically, pro-
viding all cross sections are similar, to obtain the vehicle
force and moment coefficients.

Method of Solution

Since potential-flow solutions for bodies near a plane,
even for elementary geometries, are not readily obtainable
in closed form, a modification of the numerical method of
Hess and Smith5 was used to compute 4>y and 02. The so-
lution is cast in the form of a distribution over the surface
of source singularities of unknown strength, together with
an image distribution. Thus, 0y, for example, is given by

;x) = - f

where r is the distance from a point (r/,f) on the surface to
the field point (y,z) and f is the distance from the corre-
sponding point (17, f -2H) on the image surface to (y,z).
To approximate the effect of the continuous distribution,
the two surfaces are replaced by arrays of N rectilinear
elements. The source strength is taken to be constant on
each element. Imposition of the flow-tangency condition
at the midpoint of each element results in N linear alge-
braic equations which are solved to obtain the N source
strengths.

Results of Computations-Comparison with Experiment

Computations of the derivatives of both lateral and lon-
gitudinal force and moment coefficients were carried out
for the vehicle geometry sketched in Fig. 2. This configu-
ration was selected because results of measurements of
static lateral force and moment coefficients, for this vehi-
cle, near a ground plane, are available from Ref. 6. In the
calculations, the base area was assumed to be the maxi-
mum cross-sectional area of the vehicle, because it is indi-
cated in Ref. 6 that the flow was separated over the tail
during the tests.

The computed variation with gap height of the deriva-
tives of the force and moment coefficients with respect to
angular displacement are plotted in Fig. 3. Derivatives
with respect to dimensionless angular rates 6' = dD/V
and 0' = ftD/V are shown in Fig. 2. Reference area and
length are, respectively, maximum cross -sectional area
and width of the vehicle.

Ground effect is seen to greatly amplify the longitudinal
loading, as would be expected for this configuration. It has
a smaller but still significant effect on the lateral loading
as well. The aforementioned experimental results for the
lateral loading coefficients, obtained for a gap-to-vehicle-

width ratio of 0.05, are indicated by the two data points
on Fig. 3. The theoretical and experimental moment de-
rivatives are seen to differ by about 30% and the force de-
rivatives by only 3%. While the close agreement of the lat-
eral force coefficients is, perhaps, forfuitous, in light of
the uncertainty in the value of effective base area, it can
be concluded that the method provides reasonably accu-
rate and rapid estimates of the loading due to response,
including the effects of ground proximity.
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Introduction

The equations of motion of a damped linear dynamical
system that is idealized by discrete-elements can be ex-
pressed by either N second-order Lagrangian equations or
by an equivalent set of 2N first-order Hamiltonian equa-
tions. For small oscillations, the set of N Lagrangian
equations can be expressed in the matrix form

(1)

where [m], [c], and [k] are N X N symmetrical inertia,
damping and stiffness matrices and where [q(t)\ and
\F(t)} are 1 X AT column matrices of generalized nodal dis-
placements and equivalent forces, respectively. The
equivalent set of 27V Hamiltonian equations can be ex-
pressed in the partitioned matrix form1

where the generalized momenta [p] = [m]\q] are used as a
set of auxiliary variables and [0] is an AT X AT null matrix.
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