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Slender-Body Aerodynamics for High-Speed Ground Vehicles

Henry W. WooLARD*
Beta Technology Company, Palos Verdes Peninsula, Calif.

Classical slender-body theory for the prediction of the steady-state aerodynamic characteris-
tics of high-speed ground vehicles of arbitrary cross section is presented. Special considera-
tion is given to the effect of a side wind. The effectiveness of side fences in providing aero-
dynamic shielding from a side wind is treated in an approximate manner. Specific analytical
relations and normalized parametric curves are presented for vehicles having similar semi-
elliptic cross sections. The theory indicates that, for an unshielded vehicle, a side wind in-
troduces a significant lift force which is proportional to the square of the yaw angle and the
projected side area of the vehicle. For unshielded vehicles with a truncated aft end, the side
force and rolling moment vary linearly with yaw angle, and to the first and three-halves powers
of the aft-end area, respectively. The side force decreases and the rolling moment increases
with decreasing vehicle height-to-width ratio. For smoothly closing aft ends, there is no side
force or rolling moment. In general, small-to-moderate shielding is ineffective in reducing
the lift due to side wind, small shielding is slightly effective and moderate shielding quite
effective in reducing the rolling moment, and small-to-moderate shielding very effective in

reducing the side force. Comparisons with some preliminary wind-tunnel tests on unshielded
ground vehicles of semicircular cross section show fairly good agreement.

Nomenclature
A = local cross-sectional area of a ground-vehicle body»
A = 8/2
Asg = projected side area of ground vehicle
b = Jocal half-width of ground-vehicle body, b = b(z)
c = local height of ground-vehicle body, ¢ = ¢(zx)
¢ = c/ex
oF = rolling-moment coefficient, 1/¢uA ndn
Cn = pitching-moment coefficient, m/quA .\
C. = yawing-moment coefficient, n/qwAndn
Cp = pressure coefficient (p — Pw)/¢w
Cy = side-force coefficient, Y /q,An
Cz = lift coefficient, Z/quAn
A = diameter of a circle of area 4,
k = (1 — 72)
K,© = pressure coefficient (p — p,)/qc
lmmn = rolling, pitching, and yawing moments, respectively
(see Fig. 1)
n = outwardly directed normal to a body surface
P = static pressure
GoyC = dynamic pressure, pU,2/2, pV¢2/2
= local cross-sectional area of composite body, S =
S(z), 24
S’ = dS/dz
u,0,W = total velocity components parallel to =z, re-
spectively
w' ', w' = perturbation velocity components
Uy, = freestream velocity (see Fig. 1)
Ve = cross-flow velocity, U8
x,Y,2 = rectangular coordinates in body axes system
y*z* = nondimensional coordinates, y/b, z/b
7,2 = nondimensional coordinates, y/c, z/c
Yyw = ordinate of projection of shield on body surface
(see Fig. 3)
Y,Z = side and normal (lift) forces; parallel to the y and 2
axes
2w = height of aerodynamic shield
B = yaw angle (see Fig. 1)
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complex variable, { ==y + 2

body length

outwardly directed normal to a contour in yz plane
nondimensional shield height, zw/ex

c/b

og — Vey

perturbation velocity potential

see Eq. (7)

denotes the body surface

due to side wind

body maximum cross-sectional area station
due to body thickness

associated with the potential, g (except As)
denotes the aft end of the body

due to side wind

denotes freestream conditions
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Introduction

TUDIES of ground vehicles designed to travel at speeds
in the vicinity of 300 mph stem from an urgent need for a
high-speed ground transportation system. Aerodynamic
forces and moments can be sizable at these speeds and it is
important to be able to predict these quantities accurately.
This paper is concerned with the application of slender-body
theory?.2 to the prediction of the aforementioned aerodynamic
characteristics, with particular emphasis on the effects of side
winds. Slender-body theory is considered to be especially
appropriate for this problem because of its capability for
handling bodies of arbitrary cross section.

For tracked ground vehicles, some investigators have sug-
gested guideways incorporating side walls or side fences to
provide aerodynamic shielding and diminish the effects of side
winds. In order to obtain an estimate of the effectiveness of
aerodynamic shielding, the forces and moments for shielded
vehicles are calculated herein on the assumption that the
shielded portions of the vehicle are at freestream static pres-
sure relative to side-wind flows. This admittedly does not
conform to the actual low. However, it is believed to provide
a reasonably good approximation pending the availability of
more definitive results.

The general theory for slender bodies of arbitrary cross
section is outlined in the paper. Application, however, 1s
limited to vehicles having similar semielliptic cross sections.
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Fig.1 Illustration of notation.

To the best of this writer’s knowledge, there are no pre-
vious publications dealing with this subject.

Analysis

Slender-Body Boundary-Value Problem
and Its Solutions

Analysis of the flow around a ground vehicle is accom-
plished by considering 4 of the flow of an unbounded stream
about the composite body formed by joining the ground-
vehicle body to its ground-plane mirror image. The ground-
plane boundary condition is thus automatically satisfied, the
complication of determining a ground-plane potential is
eliminated, and the analysis is transformed to the more con-
ventional aerodynamics of bodies in free air.

The yawed flow about a composite body is shown in Fig. 1.
The ground-vehicle bodyt of interest is the half-body lying
above the zy plane. The body cross-sectional shape is ar-
bitrary except that it must be symmetric about the y axis in
order to satisfy the image requirement. Cross sections are
assumed symmetrical about the z axis also, since it is likely
that most practical shapes will have this property.

The governing partial differential equation for a weakly
disturbed subsonic or supersonic flow about a three-dimen-
sional body is

A =MDlee + 0py + 0. =0 1

where M., is the freestream Mach number, z, y, and z are
body oriented coordinates (Fig. 1), and ¢ is the perturbation
velocity potential. The perturbation velocity components
are given by v’ = ¢,, v = ¢,, and w' = ¢,. The total
velocity components are

u=u+ U, v=0 =~V¢ w=uw @)

With appropriate assumptions regarding body slenderness
and smoothness (see Ref. 1, p. 196), the first term in Eq. (1)
may be neglected, and the governing equation becomes

Oy + @2 =0 3)

It may be concluded, then, that the perturbation potential
has the form, ¢ = @.n(y,2;2) + ©s(x), where pon(y,2;7) is a
velocity potential for two-dimensional flow in a yz-plane, in
which 2 appears only as a parameter introduced by the
geometry of the body cross section at #. Since the boundary
conditions and governing equation are linear, it is convenient

T Hereinafter, the composite body will be referred to as the
“body” and the ground-vehicle body as the “half-body,” “ve-
hicle body,” or “ground-vehicle body.”

J. AIRCRAFT

to separate ¢2p into two components, so that the potential ¢
becomes

v = os(x) + ¢o(y,2;2) + 0p(y,2;x) 4)

The potentials o and ¢g are due to body thickness and yaw
angle, respectively, and respectively satisfy the boundary con-
ditions

— U, cos(n,z) = d¢,/Or (5)
Vo cos(vy) = dpp/0v (6)

The flow problem specified by Eqgs. (3) and (6) has been
extensively treated in the classical literature of hydro- and
aerodynamics. Solutions are available for arbitrary cross-
sectional shapes and a variety of particular shapes having
possible applicability to high-speed ground vehicles. The
problem specified by Eqgs. (3) and (5) is more difficult and has
received little attention in the literature. Tt is likely that a
formalized solution for bodies of arbitrary cross section can be
achieved by conformal mapping methods. The only solutions
currently known to the writer are for bodies of elliptic cross
section® and a special shape derived by Graham.*

For a given body shape, it is apparent, from Egs. (3, 5, and
6) that the solutions for ¢, and ¢ are independent of whether
the flow is subsonic or supersonic. This permits the inter-
change of solutions previously obtained for either flow regime.

The potential ¢s(z) accounts for the upstream and down-
stream propagation of pressure disturbances and therefore
has different forms for subsonic and supersonic flow. For
subsonic flow!:?

U8’ (x) 1= M2 | U, r8(x) — 8%
4 log e\ — ) | 4r fO lz — g

es(x) = 3

@)

The potentials ¢s and ¢, are responsible for the forward-
speed body lift. The slender-body solutions for these po-
tentials are inapplicable at the ends of bodies having rounded
fore and aft ends or to bodies having a truncated aft end, all
likely possibilities for high-speed ground vehicles. Although
the problem of handling these geometries has not been in-
vestigated in depth in this study, an approximate method for
treating rounded ends is advanced. Since, for highly elon-
gated bodies, the lift contribution of regions at rounded ends
is likely to be relatively small, a suggested tentative proce-
dure is to formally apply the slender-body method, but omit a
small region at the ends in integrating the surface pressures
for the vehicle lift. This procedure requires a method for
uniquely determining the extent of the region to be omitted.
The following result suggests a eriterion. From exact rela-
tions for axial flow about an ellipsoid of revolution, it can be
shown in the limiting case of a highly elongated ellipsoid that
the associated source distribution lies only between the el-
lipsoid foel. Since slender-body theory relates a source dis-
tribution to the local body slope, this result suggests that the
regions between the foci and the ends are the appropriate
ones to omit in the aforementioned integration. For rounded
ends on nonelliptic bodies of revolution and bodies of ar-
bitrary cross section, the focus of the osculating ellipsoid is
used.

In order to estimate the error incurred in neglecting the end
lift, these contributions were determined for the exact axial
flow about an ellipsoid of revolution (prolate spheroid).
The resulting relative error for the half-body lift for several
half-body thickness ratios is given in Table 1. It can be seen
from the table that neglect of the end lift is an acceptable en-

Table 1 Lift error due to end lift

Cm/N\ 0.10 0.20 0.25 0.30
ACz/Cz 0 —-0.03 —0.06 —-0.11
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gineering approximation for half-body thickness ratios below
0.25.

The exact and slender-body lift coefficients for axial flow
about a prolate spheroid half body are shown in Fig. 2 as
functions of half-body thickness ratio. It is seen that the
slender-body value begins to diverge rapidly from the exact
result, for values of the thickness ratio, ¢../\, in excess of 0.10.
From this comparison, it would appear that application of
slender-body theory to the calculation of the axial flow lift
should be restricted to vehicle body thickness ratios below
0.10.

Pressure Coefficient

The pressure coeflicient in a body coordinate system is
given by

! o o' \2 w' \2
Cp_~2m+2BU_m_(f]:) ‘"(U—w> ®

u' = us" + u' + ug’ 9)
’

v = + v’ w = wy' + ws' (10)

where

and vs’ and ws’ are nonexistent, and the subsecripts denote
contributions due to the corresponding potentials.

In the process of calculating section foreces and moments
(dCz/dx, dC:i/dz, etc.) by integration of surface-pressure co-
efficients, the following pressure-coefficient combinations
oceur

(Cp)L =+ (Cp)R (11)

where (C,)r and (Cp)r represent C,(—y,2) and C,(y,2), re-
spectively.

In constructing the pressure coefficient combinations given
by (11), it is eonvenient to make use of the symmetric and
antisymmetric properties of the velocity potentials and their
velocity components. From inspection, it may be deduced
that us’, wy’, wy', and v’ are symmetric with respect to the
z axis, and v, ug’, wg', ®'vg’), and (wy'wg’) are antisym-
metric with respect to the z axis.

Making use of Eqgs. (2, 8-10) and the symmetric and anti-
symmetric properties of the velocity components, we obtain

Cr = K,® + K,® + 8K, + B, @ + Gk, (12)

where

’
K;mzs—z(%i> (13)
uol 7)0’ 2 wol 2
0) =—= — — ) — [ = — [ ==
K0 = -2 (Uw) (Um) (Uw> (14)

V 8 2 wg 2
0 =1 -1 = _— ] £
Kp =1 (VC) (VC) (15)

1.2 T
0.8 EXACT THEOR
Cz /‘\(SLENDER
Fig. 2 Exact and slen- WIFD \ ?SEDJRY )
der-body axial-flow lift
coefficient for a pro- 0.4 A
late spheroid half body.
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In the foregoing relations, the upper case and lower case co-
efficients are symmetric and antisymmetric, respectively, with
respect to 2. The superseripts, S, 0, and 8, denote contribu-
tions from the velocity potentials, ¢s, ¢, and ¢g, respec-
tively. The coefficient, K,, is also due to ¢g, and has the
form (p — p.j/qe. The superscript x denotes a cross-coupling
contribution.

The expression from (11) ean now be written in equation
form as :

(C)r = (Cr)r = 2B(,)r + 268(ks)r (18)
(Co)r + (Cp)r = 2(K5)r + 2(K,)r + 284K, (19)

Section Force and Moment Coefficients

Allowing for the symmetric and antisymmetric properties
of the pressure coefficient, and integrating over the un-
shielded portions of the vehicle body, the section force and
moment coefficients are

(% = 2 s+ ©alay 20)
Lr o L 1€ — ©elee @)

a0, _ -1 yw _
- ﬁ) [(Co)r — (Co)rlydy +

ﬁ j;c [(Cp)L - (C’,,)R]zdz (22)

where, 5., and z, are defined in Fig. (3). All the total coeffi-
cients, including the pitching and yawing moment coeffi-
cients, are obtainable from these quantities.

Section force and moment coefficients can also be written
as

dCz/dx = (dC2/dx)® + (dC2/dz)©@ + (AC5/dx)© (23)
dCv/dx = (dCy/dx)® + (dCy/dzx)® (24)
dCy/dx = (dCy/dx)® + (dC,/dx)® (25)

where each component of a section coefficient is related to the
corresponding integral resulting from the substitution of Eq.
(18) or (19) in Eqgs. (20-22). It should be noted that shield-
ing is not allowed to influence the first two terms on the right
hand side of Eq. (23). The upper limit on the integrals is
taken as b for these contributions.

Application
Ground Vehicles with Semielliptic Cross Sections

Ground vehicles having semielliptic cross sections will be
considered now. The semielliptic section allows for con-
venient delineation of the effects of height-to-width ratio.
In addition, it is believed to represent a practical geometry
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Fig. 4 Normalized rolling-moment coefficient due to side
wind for unshielded bodies with similar semielliptic cross
sections.

for high-speed ground vehicles, even though its selection was
based on the availability of the appropriate flow solutions.

The potential ¢, for bodies having a longitudinal distribu-
tion of similar elliptic cross sections is available several places
in the technical literature. Kahane and Solarski,® however,
have obtained a more general solution valid also for a dis-
tribution of nonsimilar elliptic sections. Considerations here
are restricted to similar cross sections, since the nonsimilar re-
lations are cumbersome, and because, as far as aerodynamic
shielding effects are concerned, the results are qualitatively
alike for the two situations.

Adapting the potential ¢, of Kahane and Solarski® to the
present problem, there is obtained

@0 = [U8'(x)/4m cosh™1] {=[(2 + 22)/v%] = (J)1/2} +
[UxS'(z)/47] log(|v2]/4)  (26)

where
J = {2+ /v + 1} - 4y%/y° (27)

The upper signs are taken for b > ¢ and the lower ones for
b<e.

The potential ¢g is available many places in the technical
literature (e.g., see Ref. 5, p. 156). It is most conveniently
presented in terms of the classical complex potential Wpg
(Wg == &g -+ 1¥g). This potential is

Wg = —Ve/2)[§ + € — v)'"?] =
Ve/[A + 7)/Q = DIF — ¢ — ¥H2] (28)

In considering the contribution of a side wind to the section
coefficients defined in Eqs. (18-25), inspection of Eqs. (19)
and (20) indicates that there is no side-wind contribution to
(dCz/dx)® and (dCz/dx)®. Therefore, the pertinent
veloeity components required for the determination of the
affected section coefficients are

@'/Us)s = [8'(@)/2wb] Ty*/(1 — ky*?) (29)
(wo'/Us)p = [8'(x)/2wb](1 — y*)1/(1 — ky*?) (30)
(us’/Ve)s = —(1 + n)r*(db/dxyy*/(1 — ky*?)  (31)
Ws/Ve)s = —(1 + 1) —y*)/0 — ky*)  (32)
(s’ /Ve)s = (vs/Ve) + 1 (33)

(wg'/Ve)p = 7(1 + ny*A — y*)' /(1 — ky*)  (34)

The preceding relations may be written in terms of the
variable z by utilizing the equation for an ellipse.

If Egs. (29-34) are substituted in the appropriate relations,
the integrations in Egs. (20-22) may be performed (with
change of variable where required) and the corresponding
section coefficients obtained.

J. ATIRCRAFT

The cross-coupling section coefficients were found to be
zero. Of the three remaining section coefficients, the side
force and rolling moment are integratable with respect to z
for a constant shield height. These total coefficients are there-
fore independent of the body longitudinal area distribution.
The total lift coefficient, on the other hand, depends on the
specific area distribution of the body.

The following relations are obtained for the section lift
coefficient and the total side force and rolling moment co-
efficients, respectively.

An (dC\N© _ (147 e\
bﬁz(dx) = 2’(1—r>(1 eﬂ) X

<T tanh—1{k[1 — (£/¢)2]} Ve 2 ) 35)

{1 — (&/e)]2} 12 1+7

Am Cy . 1 + T 9
46 (1 + T) [Tf(l — 52)1/2 -+ 52 cot™1 (W)] +
T §
41. = T(l - 52)1/2 _ = (1 —_— 52)1/2
(2 [ (577) - v (57)]

(36)
AN C | 4@n)"2[ tanh k(1 — £)]12
(5w
(L‘;‘;ﬁ £ tan—! (1‘(1——552)”2> -

/- gy = - gye] 3

for ¢(0) = 0. The parameter § is taken as § = 1.0 for (¢
< 1.0) and as 6 = 0 for (¢ > 1.0).

The foregoing results are valid for 7 2 1.0, where for posi-
tive B, use is made of the relation, (—B) /2 fanh=1(—B)!/2 =
(B)~1/2 tan—1(B)1/2.

The indeterminate forms encountered in Eqgs. (35) and (36)
for a semicircular vehicle cross section (r = 1.0) may be
evaluated by L’Hospital’s rule.

Before considering the effect of aerodynamic shielding as
given by'Eqs. (35-37) it is of interest to examine the aero-
dynamiec characteristics of the unshielded vehicle.

Inspection of Eq. (35) for zero shield height reveals that,
to a very good approximation, the section lift coefficient due
to a side wind is given by

(dC2/dx) 20 22 (10/3) (b/An)(c/b)B?
(0 <c/b<20) (38)

The greatest deviation of the above relation from the exact

1.0 f e~
0.8 + C/ b=04 .
1.0
20
© 06 + 4
]
dx
o
(&) 0.4
dx /7,20
02
o i L | A
0] 0.2 04 0.6 0.8 10
2w/ C

(RELATIVE SHIELD HE[GH_T)

Fig.5 Effectof shield height on the section-lift coefficient
due to side wind for semielliptic cross section bodies.
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result, given by Eq. (35) occurs at (¢/b) = 0.3, at which point
the relative error is 69,. For all other values of ¢/b, the error
is considerably smaller.

Integrating Eq. (38) with the condition ¢(0) = 0, and
letting £ = 0 in Eqs. (36) and (37) gives the following respec-
tive relations for the coefficients of lift, side force, and rolling
moment due to a side wind

(C2) w0 = (10/3)(As/An)B* (39)
(CY)ZW:O = —2(AX/A"1)TB ‘ (40)
16 £ Ay \32 [/r\32 ’
?; <Am> (é) (1 + T) X

tank (1 = e
e L

(Ol) Zy=0 =

where 7 = ¢/b.

Equations (39-41) indicate that, for a given vehicle, the
lift varies as the square of the yaw angle whereas the side
force and rolling moment vary linearly with yaw angle.
For unshielded vehicles, the lift due to a side wind may be
reduced by decreasing the projected side area, As. For
a fixed vehicle height-to-half-width ratio, 7, the side force and
rolling moment may be reduced by decreasing the vehicle
aft-end area, Ax. For a closed aft end (Ax = 0), there is no
side force or rolling moment. For a fixed aft-end area, it is
apparent from I8q. (40) that the side force can be lowered by
reducing the vehicle height-to-half-width ratio. A normal-
ized plot of the rolling moment calculated from Eq. (41) is
given in Fig. 4. This plot shows that for a fixed value of
Ay the rolling moment is zero for a semicireular cross section
(¢/b = 1.0), increases positively with decreasing height-to-
half-width ratio, and increases negatively for an increasing
height-to-half-width ratio. Therefore, although reduction
of the vehicle height-to-half-width ratio to wvalues below
unity favorably influences the side foree, it adversely af-
fects the rolling moment.

The effect of shield height on the section-lift coefficient due
to side wind is shown in Fig. 5. Although the degree of in-
fluence varies with vehicle height-to-half-width ratio, shield-
ing is generally rather ineffective in reducing this lift con-
tribution. Shield height-to-body height ratios in excess of 0.8
are required in order to achieve any substantial lift reduction.
Small relative shield heights actually increase the lift slightly
due to the fact that the area shielded includes a cross-flow
stagnation region.

The shielding effect on side force is shown in Fig. 6. Al-
though there is a secondary influence of body height-to-half-
width ratio, small-to-moderate relative shield heights gener-
ally are very effective in reducing the side force. This ef-
fectiveness (i.e., the rate of reduction with height) is con-

10 T T T v
08 t h
Cy .
(C ) 06 r 20=¢/b 1
Y Zy=0 1.0
o4 L 04 i
02 + b
O Il 1 1

o] 0.2 c4 06 0.8 1.0

2w/ )
(RELATIVE SHIELD HEIGHT)

Fig. 6 Effect of shield height on the side force due to side
wind for bodies with similar semielliptic cross sections.
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Fig. 7 Effect of shield height on the rolling moment due
to side wind for bodies with similar semielliptic cross
sections.

siderably lessened at greater shield heights where the side
foree is small.

The effect of shield height on rolling moment is shown in
Fig. 7. Although once again there is a secondary influence
of body height-to-half-width ratio, it ean be concluded from
the figure that small relative shield heights (zir/cx < 0.15) are
slightly effective and moderate heights are quite effective in
reducing the rolling moment due to side wind.

Comparison with Experiment

Kalman J. Grunwald of the NASA Langley Research Cen-
ter has conducted preliminary wind-tunnel tests on several
unshielded ground-vehicle body shapes. A comparison of the
theoretical prediction of side-wind effects with experimental
resultst for one of the models tested by Grunwald is made in
this section.

Model tests were conducted in a moving-ground-plane
wind tunnel at an air speed of approximately 100 fps, both
with ground plane stopped and moving. The principal dif-
ferences in aerodynamic characteristics due to the mode of
ground-plane operation occurred in the pitching moment and
drag coefficients at low heights. The other aerodynamic co-
eflicients were affected only slightly by a change in ground-
plane conditions.

The model selected for comparison is 72 in. long having a
semicircular cross section with 6.4 in. radius, an elliptic nose
with a 28 in. semimajor axis, and a truncated aft end.
Test results are presented for a height of 0.1 in. above the
ground. All experimental coeflicients presented here, ex-
cept the pitching-moment coefficient, are an average of the
ground-plane-moving and the ground-plane-stopped results.

The moment coefficients are presented in Figs. 8 as a func-
tion of the experimentally measured yaw angle. (There are
indications here and in subsequent data of approximately
—1.5-2.5° yaw instrument misalignment. The experimental
vaw angle presented is therefore designated as an uncor-
rected angle.)

Although simple geometric considerations for a semi-
circular eross section indicate that there should be no rolling
moment due to the external flow, the data plotted in Fig. 8
shows that a relling moment was experienced. This moment
is attributed to a lateral pressure distribution across the bot~
tom of the model. A theoretical estimate of its magnitude
was made by assuming the aforementioned lateral pressure
distribution to be linear at a given longitudinal station with
the pressure at the edges calculated from slender-body theory.
On this basis, the rolling-moment contribution was found to

i The te;g data used are documented in a NASA Working Paper
of limited distribution.
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Fig. 8 Comparison of experimental and theorelmal
moment coefficients.

be given by €, = —8(2)1/28/97. When adjusted for the
experimental yaw misalignment, this relation gives excellent
agreement with the experimental curve shown in Fig. 8.

The theoretical zero-yaw pitching moment and lift co-
efficients were not calculated for this model. The pitching
moment involves a knowledge of the bottom flow as well as
the external flow, and the truncated aft end presents a dif-
ficulty in the lift caleulation. In any case, side-wind effects
are the main consideration here. In comparing theory and
experiment, therefore, the theoretical curves for pitching
moment and lift are matched to the experimental values at
zero yaw angle (with experiment corrected for ahgnment
_error).
 Theoretical predictions of the ineremental pitching mo-
ment due to yaw shown in Fig. 8 are considered fair. The
‘yawing-moment agreement with experiment is of marginal
acceptability at low yaw angles and diverges unacceptably at
the higher angles. Comparisons of force coefficients caleu-
lated from slender-body theory and measured experimentally
‘are shown in Fig. 9. Agreement is considered good for both
the side-force coefficient and the incremental lift coefficient
even at rather large yaw angles.

Concluding Remarks

In the application of slender-body theory to the aero-
dynamies of high-speed ground vehicles having similar semi-
elliptic cross sections, it has been determined that for an un-
shielded vehicle a side wind introduces a significant lift
force which is proportional to the square of the yaw-angle
and the projected side area of the vehicle. For unshielded
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Fig. 9 Comparison of experimeéntal and theoretical force
coefficients.

vehicles with a truncated aft end, the side force and rolling
moment vary linearly with yaw angle, and to the first and
three-halves powers of the aft-end area, Iespectwel} The
side force decreases and the rolling mornent increases with de-
creasing vehicle height-to-width ratio. For smoothly closing
aft ends, there is no side force or rolling moment. In general,
small-to-moderate shielding is ineffective in reducing the lift
due to side wind, small shielding is slightly effective and
moderate shielding quite effective in reducing the rolling
moment, and small-to-moderate shielding very effective in
reducing the side force.

On the basis of limited comparisons between theory and
experiment for unshielded ground wvehicles of semicircular
cross section, it appears that slender-body theory is capable
of yielding fanly good- engineering estimates of the aero-
dynamic forces due to side wind for high-speed ground
vehicles. It is likely that better agreement could be achieved
by ‘incorporating refinements which include viscous effects,
vortex shedding, and other phenomena. Additional com-
parisons with experiment are required in order to assess the
capabilities of the theory more confidently. -
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