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Steady Aerodynamic Characteristics of a Wing Flying Over
a Nonplanar Ground Surface Part I: Rail
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The aerodynamic interaction between a wing and a rail is investigated using a boundary-
element method. The source and doublet singularities are distributed on the wing and its guide-
way rail surface. The unknown strengths of the singularities are determined by inverting the
aerodynamic influence coefficient matrices. Present method is validated by comparing computed
results with the other numerical data. Rail width and rail height affect the aerodynamic
characteristics of the wing only if the rail is narrower than the wing span. Although the present
results are limited to the inviscid, irrotational flows, it is believed that the present method can
be applied to the conceptual design of the high speed ground transporters moving over the rail.
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Nomenclature

Roman Symbols

AR Aspect ratio

b : Wing span, m

¢ [ Chord length, m

C. ! Lift coefficient

Cp: . Induced drag coefficient

Cu ' Pitching-moment coefficient

Cp : Pressure coefficient

f ! Rail height, m

h . Distance between the wing’s trailing edge
and the top surface of the rail, m

¢ Rail half width, m

Greek Symbols
@  Angle of attack (A.O.A.), degree
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@ ' Velocity potential
1. Introduction

For many centuries man has tried to travel over
the world at ever increasing speeds. New concepts
have been introduced to make the speed increase
possible. Some of them became successful by de-
veloping new technologies to overcome obstacles.
Recently, there have been worldwide efforts to
develop new conceptual vehicles, focused on in-
creasing efficiency and economy of shipping op-
eration by using the ground effect.

For sea transporters, the viscous drag due to
water friction is the main cause of the excessive
power and the slower speed than the air trans-
porters. Thus, with the conventional marine crafts,
it is unlikable to operate at a high speed with
acceptable fuel efficiency. The hydrofoils, hover-
craft.and-surface effect ships-are those new con-
cepts to increase speed and fuel efficiency by
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reducing the water contact. However, sea state
hinders the speed maximization of the hover-
craft. The cavitation draws back the speed of a hy-
drofoil. The possible lowest drag marine vehicle
would be a flying ship without any water contact.
For ground transporters, the driving mechanism
using the friction between the wheel and the
ground or rail also hinders the speed increase.

Recently, there have been efforts to develop the
over-the-ground-surface tracked wing-in-ground
effect (WIG) vehicle such as Aero-Train (Kono
et al., 1994 ; Kohama et al., 2000) and Aero-levi-
tation Electric Vehicle (Han et al., 2005a). These
fast transit ground transporters are supposed to
move faster and to consume less energy than cur-
rent conventional vehicles using the wing-in-
ground-effect (Sankrithi, 1983). They are free
from surface conditions due to the ground rigidi-
ty. They can fly faster at a very low altitude com-
pared to the over-the-water-surface type WIG
vehicles.

To develop and design such vehicles, it is nec-
essary to understand the aerodynamic character-
istics of the wing flying over the flat or nonplanar
ground surface. Since the study on the WIG effect
was firstly initiated at the beginning of the 20th
century, relating to the take-off and landing of
aircraft, there has been a wide spectrum of nu-
merical approaches used to calculate the aero-
dynamic properties of wings in ground effect.
(1922) first investigated the
wing-in-ground effect using an image method.
Early studies on the WIG effect were analytic
(Tomotika et al., 1933. and Havelock, 1940).
They used conformal mapping to find exact solu-
tions. Rozhdestvensky (2000) presented mathe-
matical models for the non-linear aerodynamics
of lifting surfaces in extreme ground effect. The
rapid increase in computing power makes it pos-

Wieselsberger

sible to use numerical methods in solving the
aerodynamic problems of a wing in ground effect.
Nuhait and Mook (1989) used an unsteady vor-
tex lattice method to investigate the unsteady
ground effect. Goez et al.(1984) performed the
aerodynamic analysis of a low-aspect-ratio wing
using a PANAIR-panel method. Chun and Park
(1995) showed that water waves have an effect of
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reducing the lift increase due to the ground effect.
Hirata and Kodama (1995) used a CFD to study
the ground effect of a three-dimensional wing
with end plates. Zhang and Zerihan (2003) in-
vestigated a cambered, double-element, high-lift
wing operating in ground effect. They showed
that boundary-layer separation and the resultant
loss of circulation on the main element cause a
sharp reduction in the downforce on a wing with
a large flap angle. Han et al.(2005b) investigated
the wake shapes behind wings in formation flight.

Above approaches ranging from a simple lift-
ing line method to complicated computational-
fluid-dynamic analyses are reviewed extensively
by Ollia (1980), Hooker (1989), and Rozhdestvensky
(2000) . However, those published literatures to
date are focused mainly on the aerodynamic char-
acteristics of wings near the flat ground or the
water waves. To conceptually design the ground
transportation vehicles, it is necessary to under-
stand the aerodynamic characteristics of a wing
flying over the rail. However, there have not been
many papers in the published literature on the
aerodynamic characteristics of a wing flying over
the rail. Thus, a boundary-element method based
on potential flow theory is applied to the aero-
dynamic analysis of a wing flying over a rail. The
boundary element method has the advantage that
it can solve the three-dimensional flows over the
complex bodies with less computing time than
other numerical methods. Its use can be extended
to nonlinear problems by coupling with other
numerical methods (Oh and Yang, 2004). The
effect of the changes of parameters such as rail
width, rail height, and wing height are inves-
tigated.

2. Boundary-Element Method

Only the idealized case of incompressible flow
at infinite Reynolds number will be considered
in this paper. For the flows of infinite Reynolds
number, the influence of viscosity is confined to
infinitely thin layers of fluid adjacent to the solid
surface of the configuration or contained within
wake sheets issuing either from sharp edges (e.g.
classical trailing-edge wakes) or from smooth
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surfaces (e.g. forebody vortices). The wake sheets
correspond to physically-identifiable regions of
rotational fluid which carry away the vorticity
generated by viscous effects within the boundary
layer on the configuration surface.

For an incompressible, irrotational and invis-
cid flow, the pressure can be determined uniquely
and simply from the velocity field. The idealiz-
ed flow outside any wake surfaces is a potential
flow in which the velocity V is the gradient of
a scalar potential @ which is governed by La-
place’s equation :

V:o=0 (1

Laplace equation is a linear differential equation
and its general solution can be obtained by sup-
erposing basic solutions. Certain bodies in a flow
domain could be represented by a suitable com-
bination of point sources or point doublets. Thus,
it seems plausible that a large number of sin-
gularities of small strength could be used to rep-
resent more complicated body shapes. A continu-
ous volume distribution of singularities within
the body might be a general representation. It
amounts to the problem of specifying conditions
on the boundary S of the domain of interest, £
and then, the problem to be solved falls into the
general class of boundary value problems. The
flow region £2 and its boundaries will thus have
the general appearance shown in Fig. 1. For a
wing moving near the ground surface, it is com-
mon to use the image method in order to consider
the ground effect. However, for a moving body
inside nonplanar ground surfaces with a bump

Fig. 1 Nomenclature for the flow domain and the

boundary surfaces

on the ground, or the guide ways such as fence,
rail and channel, it is difficult to implement the
image method directly to the problems investi-
gated. Thus, it requires another method that can
model the nonplanar ground surfaces.

Consider a body with known boundaries Ss
(body surface), Sw (wake surface), S¢ (ground
surface) and S. (outer boundary) as shown in
Fig. 1. The general solution to Eq. (1) can be
constructed, based on Green’s identity, by a sum
of source ¢ and dipole g distributions on all the
boundaries.

O(x, v, 2) =L

i J v()es

i.+sw+sc . (2)
~ar ) o()as

Imposing the Dirichlet boundary condition on the

surface and using the boundary condition for an

enclosed body d®/dnz=0, then the potential in-

side the body will not change. Thus, Eq.(2)

results in

[ mv(L)ds— [ s(+)ds=0 )

So+SwtSe So+Se
A panel method solves a linear partial differential
equation numerically by approximating the con-
figuration surface by a set of panels on which
unknown singularity strengths are defined. The
body surface is approximated by a large number
of small plane quadrilateral elements (N body
surface panels, Ny additional wake panels and
N¢ ground surface panels), which are formed by
a set of points in three-dimensional space and are
given as input points. The boundary condition
will be specified at each of these elements at a
collocation point. Points should be distributed in
such a way that they are concentrated in regions
where the curvature of the body surface is large
and in regions where the flow velocities are ex-
pected to change rapidly. The density of singu-
larities is assumed constant over each of these
elements. This assumption reduced the problem of
determining the continuous distributions of the
singularity functions to the problem of deter-
mining a finite number of values of singularities
for each of the planar elements. Once the singu-
larity strengths are established, the properties of
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the flow are readily determined. Rewriting the
Dirichlet boundary condition for each of the N
collocation points, then (2) will have the follow-
ing form:

Za | mv(G)astfg [ mv(5)as
+:1417z / Hn V(i) émwfml"(%)‘isw

N, 1
~Rar / 0<7) as=0
bodypanel

The integration in (4) is limited now to each in-
dividual panel element representing the influence
of this panel on point P. For a unit singularity
element (¢ or y), this influence depends on the
panel’s geometry only. The integration can be per-
formed analytically or numerically. For a con-
stant-strength 4 element, the influence of panel £
(defined by the four corners 1, 2, 3, and 4) at
point P is

21;124 2 (L)asl=c (s)

and for a constant-strength ¢ element

1

ar
1,2,3,4

These integrals are a function of the points 1, 2, 3,

(%) dS|e=Bx (6)

4, and P. After computing the influence of each
panel on each other panel, (10) for each point P
inside the body becomes

N Ny Nc
121 Cattn+ EC{WH’MZ:]I Comtin

N N (7)
+§B;’kﬂk+”§13m0’m=0

Here, the source strength is defined as
o=7"Va (8)

where 7 is the unit normal and V. is the total
kinematic velocity (or onset flow) due to the
motion of the arbitrary bodies.

Since the coefficients, B, are known, the source
term can be moved to the right-hand side of the
equation. The Kutta condition makes it possible
to express the wake doublets in terms of the
unknown surface doublets (. This algebraic re-
lation can be substituted into the Cx coefficients
of the unknown surface doublet such that

Ar=C if panel is not at T.E.

9
Ar=CrEtC; if panel is at T.E. )

where the & sign depends on whether the panel is
at the upper or the lower side of the trailing edge.
Consequently, for each collocation point P, a
linear algebraic equation containing /N unknown
singularity variables g, can be derived :

N N, N Ne
KglAk'Uk + ElAmﬂm: - < I;:]lBka + mZﬂBmO‘m) ( 10)

Evaluating (8) at each of the NT (N+Ng) col-
location points results in NT equations with the
NT unknown g, in the following form :

bll b12 o
bu bz -

b (&
blNT 62 (

an iz
an an

awr || ta
T || M|

11)

anm anrz "' ANt \ i3 bur barz -+ bvnr) s

The unknown strengths of the potentials are de-
termined by inverting the aerodynamic influence
coefficient matrices. The surface velocities over
the wing surfaces are obtained using the potential
strengths, and the surface static pressures are cal-
culated from Bernouilli’s equation. The net aero-
dynamic forces on the wing are calculated by in-
tegrating the pressure values over the wing’s sur-
face.

3. Results and Discussion

Figure 2 shows the nomenclature for a wing
flying over a rail. The wing is assumed to cruise
at the wing height of % that is the distance be-
tween the wing’s trailing edge and the top surface
of the rail. The rail height from the flat ground
surface is represented as f. The rail half width is
defined as £. Both & and c¢ represents the wing
span and the chord length, respectively.

There are not many known published data on
the aerodynamic characteristics of a wing flying
over the rail. Thus, the present method is vali-
dated by comparing computed results with mea-
sured data. Figure 3 shows the comparison of the
present results with the measured pressure coeffi-
cient values on the centerline of a body flying
in a channel (William and William, 1976). As
shown in Fig. 3, the present results are in good
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agreement with the measured data. Thus, it can
be deduced that present method can be applied
to the simulation of the wing in ground effect
flying over nonplanar ground surfaces.

It has been known that Venturi effect decrease
the lift of a thick wing with a symmetric airfoil
section at small angles of attack near the planar
ground (Han and Cho, 2000). However, the non-
planar ground will affect the aerodynamic char-
acteristics of the wing. It is assumed that two
NACA wings (NACA 0006 and NACA 0015)
with an aspect ratio of 1.0 and at an angle of
attack of 2.0 degree are placed in close proximity

(b) Side view
Fig. 2 Nomenclature for a wing flying over a rail
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(a) Lift coefficient

to the rail. The non-dimensional rail height, //c,
is set to 1.0. In Fig. 4(a), the lift of the wings
decreases due to Venturi effect. As shown in Fig.
4(b), the induced drag decreases as the wing ap-
proaches the rail top surface. It is also shown that
the thick wing has the larger induced drag than
the thin wing. The aerodynamic characteristics
of the wings with wider wing span than the rail
width do not change more than the case of the
wing with narrower wingspan. It can be deduced
that the air between the lower surface of the wing
and the top surface of the rail can flow more
easily than the air in between the wing and the
flat ground.

For a wing flying at high altitude with the
small or moderate range of angles of attack, the
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Fig. 3 Pressure coefficients on the centerline of a
‘body flying in a channel
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(b) Induced drag coefficient

Fig. 4 Thickness effect on the aerodynamic characteristics of a wing near the rail (@=2°, AR=1.0, f/c=1.0)
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Fig. 5 Maximum camber effect on the aerodynamic characteristics of a wing for the change of the wing height
(@=2°, R=1.0, f/c=1.0. t=b/2)
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Ground effect on the aerodynamic characteristics of wings with three different aspect ratios
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Fig. 7 Rail height effect on the acrodynamic characteristics of a wing flying at h/c=0.1 over the rails with
different width
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cambered wing has larger lift and smaller drag
than the symmetric wing. Fig. 5 shows that when
h/c<0.5 the lift of the cambered wing increases.
The induced drag decreases slightly when h/c<
0.1.

Figure 6 shows the effect of the aspect ratio on
the aerodynamic characteristics of NACA wings
flying over the rail. As shown in Fig. 6, the aero-
dynamic characteristics of wings flying over the
rail are almost the same as those of wings moving
over the flat ground. The aspect ratio has an effect
of increasing the lift and decreasing the induced
drag. When the rail width is equal to or larger
than the wing span, the aerodynamic character-
istics of a wing flying over the rail are similar
to those of the wing flying over the flat ground
surface.

Figure 7 shows the effect of the rail height on
the aerodynamic characteristics of NACA wings
flying over the rail. As shown in the figure, the
rail height does not affect the aerodynamic char-
acteristics of the wing much for t >b/2. When the
rail is narrow (t<b/2), the changes in the aero-
dynamic characteristics of the wing due to the rail
height become larger near the rail.

4. Conclusions

A study of the aerodynamic characteristics of
a NACA wing flying over the rail is done using
a boundary element method. Present method is
validated by comparing the present result with the
other numerical data. The ground effect increases
the lift while decreasing the induced drag. The
thickness has the effect of decreasing the lift and
increasing the induced drag. The cambered wing
over the rail has larger lift and smaller drag than
the cambered wing over flat ground. The nar-
rower rail than the wing span affects on the aero-
dynamic characteristics of the wing. The rail
height does not affect the aerodynamic charac-
teristics of the wing for the wider rail than the
wing span. Although the present result is limited
to the inviscid irrotational assumption, it is be-
lieved that the present method will be useful for
the conceptual design of the high speed ground
transporters moving over the rail.
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