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Lift/Drag Prediction of 3-Dimensional WIG Moving Above
Free Surface

Seung-Hyun Kwag*
School of Mechanical Engineering. Halla University

The aerodynamic effects of a 3-dimensional Wing in Ground Effect (WIG) which moves
above the free surface has been numerically investigated via finite difference techniques. The air
flow field around a WIG is analyzed by a Marker & Cell (MAC) based method, and the
interactions between WIG and the free surface are studied by the pressure distributions on the
free surface. Waves are generated by the surface pressure distribution, and a Navier-Stokes
solver has been employed, to include the nonlinearities in the free surface conditions. The
pressure values Cp and lift/drag ratio are reviewed by changing the height/chord ratio. In the
present computations a NACAool2 airfoil with a span/chord ratio of 3.0 are treated. Through
computational results, it is confirmed that the free surface can be treated as a rigid wavy wall.

Key Words: Free Surface, WIG (Wing in Ground) Effect, Navier-Stokes, NACAooI2, Lift/
Drag Ratio, Hydrodynamic Effect, PAR (Power Augmented Ram)

1. Introduction

As a potential candidate for high speed trans
portation, the wing in ground effect (WIG) dem
onstrates features of both an airplane and a ship.
It gives us a new concept of a highly efficient
vessel operating at over 100knots. A wing operat
ing in close proximity to the ground exhibits a
reduction in induced drag, which increases the
lift/drag ratio. For several decades, this phenome
non has been investigated since it complicates the
-takeoff and the landing of an advancing wing
craft near the ground (Lippisch: 1964, Lockeed,
1962). During the 1970's, small experimental
WIG vehicles were designed and tested in a
coastal sea environment. However, it was noticed
that these vehicles had a high structural weight
fraction and an undesirably high takeoff/cruise
power ratio. In the mid to late 1970's, the power
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augmented ram (PAR) phenomena were dis
covered, and it significantly enhanced the perfor
mance of the WIG concept (Smithey, 1977). At
low speeds, a static pressure rise occurs under the
wings, which lifts the craft out of the water. The
development of WIG/PARWIG crafts have been
made mainly for military uses. The Russian tech
nology for these crafts are the most advanced in
the world. Recently, the interest in super-high
speed ships is rapidly growing worldwide.
Among several types of crafts along these lines,
the PARWIG craft is a potential candidate for
fast sea transport. These can be used as naval and
passenger ships, cargo/container vessels, and
marine leisure craft.

In previous investigations the free surface has
often been replaced by a rigid wall in the poten
tial flow model (e.g. Masuda, 1991). In the pres
ent study, the effect of the free surface is numeri
cally investigated by solving the Navier-Stokes
equation including the viscous terms. The pres
sure distributions and velocity vectors are
simulated around the upper and lower surfaces of
the wing. The variations in Cp and lift/drag ratio
due to changing values of height/chord ratio and
of angle of attack are analysed. Specifically, a
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(6)

NACA 0012 airfoil with a span/chord ratio of 3.

o is treated. The present results indicate that the
influence of the free surface is not significant in
generating waves.

2. Numerical Scheme

2.1 Governing equation
Numerical simulations of 3-D free-surface

flows are carried out by using the Marker and
Cell (MAC) method. The velocity components u,
v and w at time step (n+ I) are determined by

u n+l= (Fn- q>;)dt,
v n+1= (Cn- q>;)L1t, (I)

w n+!= tH" - q>ff) L1t

to satisfy the continuity condition. Equation (5)
can be solved by a relaxation method. The new
free-surface at the (n + I) th time-step is calcu
lated by moving the marker particles by

xn+1=xn+ u nL1t,

yn+l = yn + vnL1t,

zn+l=zn+ wnL1t

It is desirable to introduce coordinate transfor
mations in order to simplify the computational
domain.

~=~(x, y, z), Tj=Tj(x, y, z) and
~=~(x, y, z) (7)

Through transformations, Eq. (I) can be writ
ten,

where

Differentiating Eq. (I) with respect to x, yand
z results in the following equation.

~q>=Fx+Cy+Hz-(u;+1+vr1

+ wff+l) / L1t (5)

The last term in Eq. (5) is expected to be zero

and

q>n=p+ z
Fn 2

t"72 a+a+a
v = ax2 ay2 7f7

(3)

(4)

a.+ Uq.+ Vq q + Wq{=( ~e + u,)L12q

- K - REYSF(~, n- ~) (8)

where U, V and Ware the contravariant veloc
ities and K is the pressure gradient. The free
surface is updated by moving the marker particles
by

o~/ot+u • o~/ox+v • o~/oy-w=Olz={ (9)

The pressure is calculated by the following
Poisson equation,

q>rn+!=q>rn+ w • (q>rn+l_q>rn) (10)

where (m+ I) denotes the next time step and to

is a relaxation factor.

2.2 Computational procedure and boundary
conditions

Navier-Stokes (N -S) and Poisson equations
are solved after the transformation. The calcula
tion proceeds through a sequence of loops which
advance the entire flow configuration through
sufficiently small finite time increment. The com
putation is performed until the state becomes
steady. An Euler explicit scheme is used for the
time marching procedure. Pressure is obtained
throughout the fluid domain by solving the Pois
son equation. Iterations are automatically
stopped when the pressure difference between two
consecutive approximations is smaller than a
certain quantity e. chosen a priori. The new
pressure field generates a new velocity field. The
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Fig.2 Generation of 3-D computational grid
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chord length in the streamwise direction. All
parameters are non-dimensionalized based on the
chord length L and uniform velocity Va. The
minimum grid spacing in the z direction is 0.002.
The oncoming flow has been accelerated during
the first 500 steps. The time increment Llt is O.
0005. The relaxation factor is O.S for the Poisson
equation. The maximum number of iterations per
step is 10 to 50, depending the pressure ditTerence
between the present and the next calculation. The
grid is made of H-H topology to easily treat the
free surface between air and water. A large num
ber of iterations are needed near the leading edge.
Figure I shows the coordinate system. The uni
form flow direction, the lateral direction, and the
normal direction are denoted by x, y and z;
respectively. The PAR is located upstream to give
the thrust by artificial air flows. Figure 2 shows a
sectional view of the grid. Grid points are cluster
ed near the body surface, tip, and trailing edge.
The number of grids points are 101 X 32X 44 for

3.1 Computational conditions
A NACA 0012 airfoil with a span/chord ratio

of 3.0 is treated. The angles of attack are 4°, 6°
and 10°.The height/chord ratios from the ground
are 0.1, 0.3, O.S at the Froude number of 0.56, and
0.3 & 0.7 at the Froude number 2.29 or more. The
computing domain is 3.5 times as large as the

U· (of/OXhJ.k=U1•J.k• (F.-2.J.k-SF.-l.J.k+SF.+l.J.k
-F.+2.J.k) /12+ IUI.J.kl • (F.-2.J.k -4F.-l.J.k+6F..J.k
-4ft+l.J.k+r.+2.J.k) /4 (II)

The boundary conditions for off- PAR are as
follows. Upstream, the flow starts from zero and
is accelerated up to the predefined speed. Thus,
the horizontal component of velocity is constant
at all times. The vertical component is equal to
zero at the upstream boundary and remains the
same during the' pressure computation. Down
stream, the wavy motion influence is so gentle
that the zero gradient extrapolation is used for
both components of velocity and pressure. On the
body surface, the no-slip and Neumann condition
are used for velocity and pressure, respectively.
The details on the free-surface condition can be
found in (Lungu, 1994).

3. Results and Discussion

velocity component is updated by using the time
forward ditTerence form of the momentum equa
tions.

In the present computations, two regions air
above the free surface and water below it, are
numerically coupled to satisfy the kinematic and
dynamic free surface boundary conditions. The
upper and lower parts are calculated in turn by
using the boundary values of the other part. The
pressure and velocity on the free surface are
adopted as the boundary value for the calculation
of the other domain. The procedure is repeated
until a steady solution is obtained. The marker
particles are moved to their new positions by
using either Lagrange or Euler techniques. The
flow starts from rest and is accelerated up to a
given constant velocity for numerical stability. A
third order upstream difference is used for convec
tion terms. For example;
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the air region and 10I x 32 x 10 for the water

region. The Reynolds number values of loa 106
,

107
, lOS, 109 have been used for laminar and for

turbulent flow calculations.

3.2 Computational results and discussions
Two kinds of computations are carried out to

compare the effects of a free surface and those of
a rigid wavy wall. Figure 3 is shows the rigid wall

result for 4°, 6° and 10° angles of attack. The

pressure contours are obtained at 4° and 6° angles
of attack, and the velocity vectors are obtained at

\00 angle of attack. The separation within the
boundary layer is well captured. Since it is a
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deeper case, there is no difference of flows

between the two angles of attack. Table I com

pares predictions from the present method at 6° to
present results a (Riegels, 1961; Abbott, 1958;

Hirata, 1993). The lift prediction is reasonable.

The total drag consists of pressure and frictional
drag. For this laminar flow calculation, the fric

tional drag is greater.
Tables 2 and 3 lists the PAR effect at 10° angle

of attack. According to the results, when the body

approaches the ground, the velocity decreases
below the wing due to the PAR effect, and the lift

increases due to the pressure increase. In the
simulation, the thrust is applied in the form of
uniform flow for the PAR I and -45" inclined

flow for the PAR 2. The PAR is located one half
chord length upstream of the leading edge as

shown in Fig. I. To investigate the PAR effect,
the propulsor is artificially placed upstream of the

wing, and the flow is accelerated through the
wing at a 10° angle of attack. The thrust gives a
30% increase in the velocity by the momentum

theory. Table 4 contains the effect of angle of
attack, which shows a good trend in the lift. The

00.5 0.0 O.S 1.0 Table 1 Comparison of lift and drag coefficients

Fig.3 Pressure and velocity at Fn=0.567 (off PAR,
a=4°, 6°, 10° from above)

•• • • • • -O.OS .

CL Cf Cp CD CL/Co

off PAR 0.7875 0.0101 0.Q78 0.088 8.95

PAR I 1.2262 0.0104 0.079 0.089 13.8

PAR 2 1.4523 0.0106 0.079 0.090 16.1

CL Cf Cp CD CL/Co

off PAR 1.0743 0.0106 0.081 0.092 11.7

PAR 1 1.2918 0.0109 0.082 0.093 13.9

PAR 2 1.4778 0.Ql13 0.082 0.093 15.9

Present
Hirata BIEM Abbott

solver

CL 0.6136 0.65 0.71 0.64

Co 0.032 0.0117 - 0.0084

Table 3 Effect of PAR at h/c=0.30 and a= 10°

Table 2 Effect of PAR at h/c=O.1O and a=lO°
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Table 4 Effect of angle-of-attack (a) at h/c=0.8
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Fig. 4(a) Pressurecoeff. on ground surface Fig. 4(b) Pressure coeff on wing surface

Fig. 5 Spanwise pressure at Fn=2.29 (wavy-wall
condo y/c=O.O, 1.0)

frictional drag is almost the same, while the
pressure drag increases in proportion to the angle
of attack.

Figure 4 shows the pressure coefficients due to
ground effect. The PARWIG effect is large when
the wing approaches the ground. Figure 4(a)
indicates the pressure on the ground in which the
first figure shows that the effect of height is very
serious in the formation of pressure coefficients
on the ground. The PAR effect can be seen in the
two figures below. Figure 4(b) shows the pres
sure on the wing surface. The lift and drag can be
calculated by integrating the pressure distribu
tion. Figure 5 shows the results for the rigid wall
case with a height/chord of 0.3, a Froude number

o
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of 2.29, and a 10° angle of attack. Pressure distri
butions a at y/c=O.O and y/c= 1.0 are shown.
The results show that 3-D flows can be well
simulated in the spanwise direction. Figure 6
shows the results for the free surface case at the
same conditions. The wriggle of pressure is seen
under the leading edge and far behind the trailing
edge due to the existence of the free surface.

Figures 7 and 8 respectively show the rigid wall
case results and the free-surface case results with
a height/chord of 0.3, a Froude number of 4.58,
and a 10° angle of attack. As seen, the pressure
contour for these two cases are different. Thus, the
pressure distribution and gradient are influenced
by the free surface. The pressure gradient is stee-

• :: .'i" 'l.~ '0
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"'.. ~--.::::.-..J

o
''40
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Fig. 6 Spanwise pressure at Fn=2.29 (free-surface
condo y/c=O.O, 1.0)

Fig. 8 Spanwise pressure at Fn=4.58, h/c=0.3
(above: wlo F.S., below: with F.S.)
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Fig. 7 Pressure contour on wing surface Fn=4.58.
h/c=0.3 (above:wlo F.S., below: with F.S.)

Fig. 9 Pressure and velocity vectors at Fn=2.29, hi
c=0.7 without F.S.
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Fig. 12 Pressure distribution at Fn=2.29, a= 10°,
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Fig. 10 Pressure distribution at Fn=2.29, hjc=O.7
with F.S.

Fig.11 Pressure distribution at Fn=3.5. hjc=O.l
with F.S. (a=3.5, 6, gO)
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Fig. 13 Pressure distribution at Fn=3.5. Rn= 1()6,
lOS, 1010 from above, with F.S.

ment of the free surface. Figure 11 shows the
results when the body of the craft approaches the
free surface. As the incidence angle increases, the
wave behind the trailing-edge approaches the
wing. In the lowest figure, the wave under the
trailing-edge almost touches the wing. Even in
this case, the computation was successfully made
without any divergence. Figure 12 shows the
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free surface

per behind the tip for the rigid surface case, while
the ripple is visible in the free-surface case.
Figures 9 and 10 show the results of rigid wall
case and the free-surface case with a height/chord
of 0.7, Froude number of 2.29, and a 10· angle of
attack. It being a deeper case, the pressure gradi
ent is less affected by the free surface. Thus, the
height/chord ratio from the free surface is impor
tant to the pressure distribution and the develop-
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fP'.I).

NACA 0012 airfoil with a span/chord ratio of 3.
o is treated. The free surface effect is negligible in
generating waves. But the pressure patterns are
slightly different from the rigid wall case when the
body approaches the free surface.

(3) A wing operating in close proximity to the
ground exhibits a reduction in the induced drag
and an increase in the lift/drag ratio. The lift is
also influenced by a free surface, but the generat
ed wave is not so large. The PAR phenomenon
involves directing the effiux from forward
mounted propulsion system with that nearly
stagnated under the wing.
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Fig. 14 Pressure distribution at Fn=3.5, Rn= lOS,
a=6. S· from above, with F.S. References

results with Reynolds numbe 106 and a 10· angle
of attack. The pressure is retarded around the tip
due to three dimensional effects. The pressure is
well developed even at high Reynolds numbers.
For the high Reynolds number flows,the Baldwin
Lomax turbulence model is used. Figure 13shows
the results for Reynolds numbers of 106, lOS and
!OIO The Froude number is 3.5, and the angle of
attach is 3.5·. From three cases above, the effects
of Reynolds number can be confirmed. The pres
sure above the wing is practically the same. Below
the wing, pressure is different due to the free
surface. Figure 14 shows the effects of angle-of
attack at a Reynolds number of lOS with a free
surface.

Conclusions

(I) Numerical simulations have been perfor
med to clarify the 3-dimensional hydrodynamic
effects of a WIG moving above the free surface.
Waves are generated by the surface pressure
distribution. A N-S solver was employed to cap
ture the nonlinearities in the free surface condi
tions. For a detailed discussion of WIG and
PARWIG, pressure values and lift/drag ratio are
carefully reviewed by changing the height/chord.

(2) The flow field around a WIG is analyzed
by a MAC-based method, and the interaction
between the WIG and a free surface has been
investigated. In the present computation, a
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