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Highlights:

• Boundary Element Method (BEM) is applied to the lifting body problem, and nonlinear phenomena
with free-surface interaction effect and wake influence are made clear by numerical calculations.

• Aerodynamics of wings with and without end-plates and the aerodynamic interaction effect between
propulsor and whole airframe are investigated by the wind tunnel experiment. Results are compared
with computational results for the validation.

1 Introduction

When wings fly in the vicinity of the ground or the sea surface, their aerodynamic performance improves
remarkably. This phenomenon is called“Ground Effect”. WISES (Wing-In-Surface-Effect Ship) and/or
WIG (Wing-In-Ground effect) is an unconventional ship or aircraft expected to be a high-speed transportation
system utilizing the ground effect.

So far, many researches on WIG have been carried out. Most of them focus on the steady problem of WIG
flying over a flat ground [1] and simple rectangular wings are used in the studies. More practical studies can be
seen in Iwashita et al. [2][3]. They studied both the steady and unsteady problems of a canard-configuration
WIG [4] flying over the calm water and progressive waves, and made clear the aerodynamic interaction effect
between the front wing and the main wing with end-plates. However, the water surface is treated as a rigid
surface and the nonlinear effect of the roll-up of the wake sheet behind the wing is omitted in their theoretical
calculations.

In the present study, the free surface effect generated by WIG in the aerodynamics and the wake roll-up in
the ground effect are investigated. Numerical and experimental studies are performed not only for the main
wing with complicated profile but also for the whole airframe. The aerodynamic interaction effect between the
propulsor and the airframe is also discussed.

2 Formulation

We consider a wing flying at constant forward speed U in an incompressible, inviscid and irrotational air
domain, and take a body-fixed coordinate system as illustrated in figure 1. SH , SF and SW represent the
wing surface, the free surface and the wake surface respectively. The normal vector n is taken to point
inward the air domain. Free surface is treated as a rigid surface and wake sheet flows out along the uniform
flow. Then the velocity potential Φ of the air governed by the Laplace equation is expressed in the form,

Fig. 1: Coordinate system.

Φ(x, y, z) = U [−x + φ(x, y, z)] (1)

In the first step of the following iteration process,
the perturbation velocity potential φ(x, y, z) must
satisfy the following boundary conditions:

[H]
∂φ(x, y, z)

∂n
= nx on SH (2)

[F ]
∂φ(x, y, z)

∂n
= 0 on SF (z = 0) (3)

[K] p+ − p− = 0 on SW (4)

Equation (4) represents the Kutta condition where
p+ and p− indicate the pressures on upper and lower surface of the wake sheet. By applying Green’s second
identity, we obtain the following integral equation with respect to φ:

φ(P )
2

−
∫∫

SH+SF

∂G0(P,Q)
∂nQ

φ(Q) dS −
∫∫

SW

[
φ(Q+

T ) − φ(Q−
T )

]∂G0(P,Q)
∂nQ

dS

= −
∫∫

SH+SF

∂φ(Q)
∂nQ

G0(P,Q) dS , P ∈ SH + SF (z = 0) (5)



where G0(P,Q) = 1/4π|PQ|, P = (x, y, z) and Q = (x′, y′, z′). φ(Q+
T ) and φ(Q−

T ) show the velocity potentials
of upper and lower point at the trailing edge, Q+

T and Q−
T . Kutta condition including the nonlinear term,

p − p0

ρaU2/2
= 2

∂φ

∂x
−∇φ · ∇φ (6)

is numerically satisfied by applying the Newton-Raphson method. p0 is an atmospheric pressure and ρa is a
density of the air. The integral equation (5) is discretized into a finite number of elements and numerically
solved based on the constant panel method. The velocity field ∇φ on the wing surface and the free surface
(z = 0) is calculated by the numerical derivative method (2D Spline interpolation).

Once we obtain φ on SH and SF , we can evaluate the pressure distribution on SF (z = 0) by equation (6).
Assuming an incompressible, inviscid and irrotational fluid, we can introduce the velocity potential for the
fluid defined as Φw = U [−x + φw]. Linearization of the free surface boundary condition leads to the following
condition and the wave elevation on z = 0:

∂2φw

∂x2
+ K0

∂φw

∂z
=

1
2

( ρa

ρw

) ∂

∂x

( p − p0

ρaU2/2

)
, ζ =

1
K0

{∂φw

∂x
− 1

2

( ρa

ρw

)( p − p0

ρaU2/2

)}
on z = 0 (7)

where K0 = g/U2 and ρw is a density of the fluid. By solving the boundary value problem on φw by means
of the Rankine panel method, the wave elevation ζ is obtained. In the second step, the air domain is solved
again after replacing equation (3) with a new condition ∂φ/∂n = nx on SF (z = ζ). Aerodynamics acting on
the wing in the second step is compared with that obtained in the first step. Thus we can confirm the effect
of the free surface generated by the wing in aerodynamics of the wing.
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Fig. 2: Coordinate system for time domain BEM.

In this study, we also carry out the time domain
calculation in order to investigate the effect of the
wake roll-up in the aerodynamics. A space-fixed
coordinate system is taken as illustrated in figure
2. The free surface is assumed to be rigid and flat.
We solve the boundary value problem expressed in
equations (1) ∼ (4) in advance, and obtained solu-
tion is set to a solution of t = 0. When we solve this
problem, G0 in equation (5) is replaced by G(P,Q)
taking the mirror image into account, which is de-
fined in equation (12), and the wake sheet is as-
sumed to flow out along the uniform flow.

After t = 0, the wing advances at constant for-
ward speed U with adding wake-sheet element of
length U∆t. The velocity potential Φ(x, y, z; t) is
solved so that the following conditions are satisfied
at each time step:

[H]
∂Φ(x, y, z; t)

∂n
= Unx on SH (8)

[F ]
∂Φ(x, y, z; t)

∂n
= 0 on SF (z = 0) (9)

[K] p+(x, y, z; t) − p−(x, y, z; t) = 0 on SW (10)

The integral eqation with respect to Φ is expressed in the form,

Φ(P ; t)
2

−
∫∫

SH(t)

∂G(P,Q)
∂nQ

Φ(Q; t) dS = −
∫∫

SH(t)

∂Φ(Q; t)
∂nQ

G(P,Q) dS

+
∫ t

0

{∫∫
SW (t)

[
Φ(Q+

T ; τ) − Φ(Q−
T ; τ)

]∂G(P,Q)
∂nQ

dS

}
dτ , P ∈ SH (11)

where G(P,Q) =
1
4π

(
1
r

+
1
r′

)
,

r
r′

}
=

√
(x − x′)2 + (y − y′)2 + (z ∓ z′)2 (12)

Once we obtain Φ on SH at each time step, we can evaluate the velocity field over the wake sheet by

∇Φ(P ) =−
∫∫

SH(t)

{∂Φ(Q; t)
∂nQ

∇G(P,Q) −∇∂G(P,Q)
∂nQ

Φ(Q; t)
}

+
∫ t

0

{∫∫
SH(t)

[
Φ(Q+

T ; τ) − Φ(Q−
T ; τ)

]
∇∂G(P,Q)

∂nQ

}
dτ , P ∈ SW (13)



All the node points on the wake sheet are moved by using these velocities at each time step. Thus the
deformation of the wake sheet and its effect in aerodynamics can be analyzed by the time marching calculation.

3 Numerical and Experimental Results

3.1 Free-surface interaction effect

We carried out the calculation following the formulation explained in the former part of the previous section
in order to investigate the free-surface interaction effect in aerodynamics of WIG. The wing is a main wing of
the canard-configuration WIG shown in Fig. 6. The wing section is NACA3409, chord length c is 0.7 m, span
is 1.4 m and cathedral angle is 8 degrees. The end-plates are attached at both wing tips to improve the ground
effect. Calculation conditions are Fn = 7.6, angle of attack α = 3 degrees. and flight altitude h measured at
the trailing edge is h/c = 0.35. Figure 3 shows the perspective view of the steady wave generated by the wing.
Steep waves induced by the negative pressure due to the wing can be observed behind wing tips. However,
the wave amplitude is smaller than 2 mm and not remarkable. As a result, the steady wave does not affect
the aerodynamics of the wing as shown in the right figure. The frictional drag contained in CD is computed
by a commercial CFD software, ANSYS Fluent.

3.2 Wake roll-up effect

The time-domain calculation explained in a latter half of the previous section is performed in order to
investigate the wake roll-up effect in aerodynamics. The left figure in 4 shows the deformation of the wake
sheet behind the wing. Two roll-ups of the wake sheet can be confirmed at wing tip and end-plate tip, and
the former is dominant. The wake sheet spreads to the span direction due to the presence of the ground.
The pressure distributions on the wing sections are illustrated in the right figure comparing two calculations,
namely, the calculation with free wake sheet and the calculation with the fixed wake sheet which flows out
along the uniform flow. The deference is quite small and it can be concluded that wake roll-up effect in
aerodynamics is negligible.

3.3 Aerodynamic properties of the main wing

A typical aerodynamic property of the main wing is shown in figure 5. Experiments were carried out using
the wind tunnel in RIAM, Kyushu University. The lift-to-drag ratio increases as the altitude h/c becomes
smaller. End-plates improve the ratio about 10 % at h/c = 0.35.

3.4 Aerodynamics of the canard-configuration WIG

We have also carried out the numerical and experimental study for the whole airframe model shown in figure
6. The interaction effect of the propulsor and the airframe is discussed mainly. These are presented in the
workshop together with the details omitted in this abstract for lack of space.
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Fig. 3: Perspective view of the steady wave and aerodynamics of main wing with end-plates ( Fn = 7.6,
α = 3◦，h/c =0.35 ).
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Fig. 4: Perspective view of wake deformation and 2-D pressure distributions ( α = 3◦，h/c =0.35, U = 20
m/s, ∆t = 0.001, time step = 85 ).
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Fig. 5: Aerodynamic properties of the main wing
with and without end-plates ( Re = 7.5 × 105 ).

Fig. 6: Computational grid of whole airframe and
experimental setup of a scale model.


