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Simulation of Hydrodynamic Effects of 2-Dimensional WIG Moving near the Free Surface

by Satoshi Masuda, Member

Kazuo Suzuki, Member

Summary

In this paper, hydrodynamic effects of 2-dimensional WIG (Wing In Ground effect) moving near the
free surface are simulated by means of boundary element techniques. The air flow field around WIG is
analyzed by the panel method, and interactions between WIG and the free surface are given as pressure
distributions acting on the free surface by this method. In order to analyze the wave making phenom-
ena of water by those pressure distributions, the boundary element method based on Cauchy’s integral
theorem is employed, in which nonlinearities of free surface conditions can be included. As results of
those computations, however, it is verified that wave making effects of WIG are very small because of
the difference of fluid density. In final examples of the present computations, simulations of lift changes
of WIG moving near the incident regular waves are shown by using the combined scheme of the panel
method and the discrete vortex method. In those examples, the wave surface can be treated as the rigid
wavy wall, because the wave making effect of WIG is small.
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Numerical Analysis of 3-D WIG Advancing over the Still Water Surface

by Naoki Mizutani, Member

Kazuo Suzuki, Member

Summary

The craft by Wing In Ground effect (WIG) is considered as one of the future high speed vessel on
seaway. As well known, the lift of the wing advancing over the rigid surface becomes larger than the
case of the wing in infinite air field by the ground effect. In the present investigation, the free surface
effect on aerodynamic characteristics of WIG is computed by means of boundary element techniques.
The air flow field around WIG is analyzed by the panel method, and interactions between WIG and the
free surface are represented as pressure distributions acting on the free surface by this method. In order
to analyze the wave making phenomena caused by the pressure distributions on the water surface,
Rankine source method is employed, in which the linearized free surface condition is imposed on the
still water surface. The interaction problem between WIG and the free surface can be solved by the
interative procedure based on the panel method for the air flow field and Rankine source method for
water flow field. From results of these computations, the free surface effect on aerodynamic characteris-

tics of WIG can be clarified.
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Fig.2 Outline of panel arrangement for WIG
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Fig. 12 Panel arrangement for WIG with side plate
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Fig. 18 Perspective view of wave pattern (F,=4.0,
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Fig.19 Perspective view of wave pattern (F,=4.0,
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Fig.21 Perspective view of wave pattern (F,=4.0,
h/C=0.05, with side plate)
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Bt A IcHK T < WIG okEROBET
saARIR (BMERENL KETEIMANGET ¥HE)
Study on the Free Surface Effect of WIG by Means of Numerical Simulation
Kazuo Suzuki, Yokohama National University
Key Words : Aerodynamic Characteristics, WIG, Free Surface Effect, Simulation

Abstract

The craft by Wing In Ground effect (WIG) is considered as one of the future high speed vessel on seaway.
As well known, the lift of the wing advancing over the rigid surface becomes larger than the case of the wing in
infinite air field. Same effect can be also expected for the case of WIG advancing over the still water surface,
however, wave making phenomena are observed below WIG by its pressure distribution acting on the free
surface. This interaction effect between WIG and the free surface has not been clarified so well. In the present
paper, 2-dimensional and 3-dimensional problems of WIG with the effect of free surface are discussed. For both
problems, the wave making phenomena are simulated and the lift and drag coefficients are computed to confirm
the free surface effect. From results of these computations, the free surface effect on aerodynamic characteristics
of WIG can be clarified.
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ABSTRACT

The craft by Wing In Ground effect (WIG)
is considered as one of the future high speed
vessel on seaway. As well known, the lift of
a wing advancing over the rigid surface be-
comes larger than the case of the wing in in-
finite air field. Same effect can be also ex-
pected for the case of WIG advancing over
the still water surface, however, wave making
phenomena are observed below WIG by its
pressure distribution acting on the free sur-
face. This interaction effect between WIG
and the free surface has not been clarified so
far. In the present paper, 2-dimensional (2-
D) and 3-dimensional (3-D) problems of WIG
with the effect of free surface are discussed.
For both problems, the wave making phe-
nomena are simulated and the lift and drag
coefficients are computed to confirm the {ree
surface effect. From results of these computa-
tions, the free surface effect on aerodynamic
characteristics of WIG can be clarified.

INTRODUCTION

Many studies on WIG have been carried
out by means of several approaches, for ex-
ample, fundamental mathematical model [1]
[2], CFD technique [3], proposal of concept
(4] [5]) and trial production of WIG craft [6].
In theoretical studies among them, it has
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been generally assumed that WIG crafts ad-
vance over the rigid surface, however, practi-
cal crafts are constructed as high speed ma-
rine vehicles advancing over the free surface.
From this point of view, the free surface ef-
fect on aerodynamic characteristics of WIG
was discussed in the first time in the refer-
ence [7].

In the present study, the wave making phe-
nomena are simulated and the lift and drag
coefficients are computed for 2-D and 3-D
problems of WIG to confirm the free surface
effect. In the case of 2-D problem, only trans-
verse wave component can be simulated. In
3-D problem, however, not only the trans-
verse wave component but also the diverging
wave component must be considered. In ad-
dition to the above, the free surface effect on
the induced drag must be also taken into ac-
count.

In these analyses, the free surface effect on
aerodynamic characteristics of WIG is com-
puted by means of boundary element tech-
niques. The air flow field around WIG is
analyzed by the surface panel method, and
interactions between WIG and the free sur-
face are represented as pressure distributions
acting on the free surface by this method. In
order to analyze the wave making phenom-
ena caused. by the pressure distributions on
the water surface, the different formulations
are used for 2-D and 3-D problems. In 2-D
problem, the wave elevation is treated as the
finite amplitude one in order to simulate the



free surface effect exactly. For this purpose,
the boundary element method based on La-
grange’s expressions of the free surface con-
dition is used. Since it is concluded from 2-D
analysis that the free surface effect for 2-D
WIG is not so significant, the linearized free
surface condition is imposed on the still water
surface for 3-D problem. In order to analyse
the free surface problem with this condition,
Rankine source method is employed. In this
linearized treatment, the upstream difference
is introduced like Dawson’s scheme in order
to satisfy the radiation condition on the free
surface. For both 2-D and 3-D cases, the in-
teraction problem between WIG and the free
surface can be solved by the iterative pro-
cedure of the analysis between the air flow
field and the water flow field. From results
of these computations, the free surface effect
on aerodynamic characteristics of WIG can
be clarified.

FREE SURFACE CONDITION

In this section, formulations of free surface
conditions are discussed briefly for the gen-
eral 3-D WIG problem. The coordinate sys-
tem is taken in such a way that the origin is
placed on the still water surface, z axis is in
the direction of uniform flow U, y axis is the
spanwise direction and z axis is vertically up-
ward. In both the air flow field and the water
flow field, inviscid, incompressible and irro-
tational fluid motions are assumed. In such
cases, velocity potentials ¢, = Uz + ¢, and
¢ = Uz+p,, can be introduced, in which ¢,
and ¢, are the perturbation velocity poten-
tial for the air flow field and the water flow
field respectively. As these expressions, sub-
scripts @ and w express the quantities for the
air flow field and the water flow field respec-
tively. Laplace’s equations V2¢, = 0 and
V24, = 0 must be satisfied in each region,
and the free surface conditions explained be-
low must be satisfied on the boundary of both
flow fields. As the other boundary condi-
tions, the body surface condition on WIG and
Kutta’s condition at the trailing edge of WIG
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must be satisfied by ¢,, and the radiation
condition must be satisfied by ¢,,.

At first, the dynamical condition and the
kinematical condition on the free surface of
the air flow region can be written as follows.

9¢a

+%{(V¢a)2—-Uz}+gz =L on =(

at Pa

(1)
0, 99200 2020C 2¢a _
ot 9r 9z dy dy Iz one=

(2)
In the same way, the free surface conditions
of the water flow region can be written as
follows.

¢y 1 2 2 _ P _
91 +2{(V¢w) U} +gz = ™ onz=¢
(3)
9, 90 0C_ 900C B _
ot 9z 0z = Oy dy Iz on z=¢

(4)
In these equations, ? is the time, p is the pres-
sure excluding atmospheric one, p is the fluid
density, g is the acceleration of gravity, and
z = ((z,y) is the wave profile generated by
the motion of WIG. Mutual flow fields in-
teract to each other through the influence of
the pressure acting on the free surface and
the free surface deformation. The basic ideas
to solve the problem are as follows; at the
first step, pressure distributions acting on the
free surface are computed from the numeri-
cal analysis of the air flow field, at the second
step, free surface deformations are obtained
from the numerical analysis of the water flow
field, and finally these procedures are iterated
to the convergence. Concerning this iterative
method, two treatments of the free surface
conditions of the water flow region are shown
in the subsequent sections, in which it is as-
sumed that the pressure distributions on the
free surface have been already known by the
analysis of the air flow field.

Lagrange’s Free Surface Condition
As shown above, the free surface condi-

tions (3) and (4) are imposed on the unknown
and finite amplitude wave profile z = {(z, y),



which is very unconvenient to carry out the
numerical analysis. In order to get the suit-
able expressions for the numerical treatment,
these equations can be transformed to La-
grange’s type free surface conditions as fol-
lows.

dd’w 1 2 2 p
— = e Vw —_ —_
o L p 0 -0- L)
fr_ b dy_98y 598
dt — 9z’ dt~ 9y’ dt 0z

The velocity potentials ¢,, on the free surface
and the finite elevation of the free surface can
be obtained by the numerical integration of
eq. (5) and (6) respectively. In this case, the
above mentioned iterative analyses for both
flow fields can be carried out in the process
of time marching.

Linearized Free Surface Condition

If nonlinearities of the free surface condi-
tions are assumed negligible and fluid mo-
tions are assumed steady, treatments of the
free surface conditions become easier. Lin-
earizing the respective dynamical and kine-
matical free surface conditions, following con-
ditions are obtained with respect to ¢4 0T @y;.

LI G
U_Z_f_:_%%“-zo on z=0 (8)
Ua—;f-*-gC:"f; onz=0 (9)

g_i__%pz'-‘izo on 2=0 (10)

All conditions are imposed on the still wa-
ter surface z = 0 by the principle of the lin-
earization. Eliminating ¢ from eq.(7) ~ (10),
finally the linearized free surface condition for
©w can be obtained as follows,

azﬂow 00w 1 dp

Ky— = ————
J0z? + o 0z puU 0z
pa 0%¢a
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where Ko = g/U?. In this linearization, the
wave profile ¢ can be evaluated by the equa-
tion such as

v 1

g Pw = Pa

0Py Jpa
= — =0
¢ (pwa paa$)0nz ,
(12)

which is obtained from eq.(7) and (9).

NUMERICAL TREATMENT

2-D Problem Based on Lagrange’s
Free Surface Condition

As introduced above, Lagrange’s expres-
sions of the free surface conditions are suit-
able to evaluate the free surface effect exactly.
In this section, however, 2-D problem based
on Lagrange’s expression is discussed for the
sake of simplicity. In such a case, z,y coor-
dinate system is taken with y axis vertically
upward. Time histories of hydrodynamical
forces acting on WIG and the wave profile
can be obtained by the iterative procedures
of the analyses of both flow fields, which are
carried out in the process of time marching.
Numerical treatments for respective analysis
are based on the following explanations.

For the numerical analysis of the air flow
field, the velocity potential ¢, can be ex-
pressed by source and circulation distribu-
tions on the surface of WIG, their mirror im-
ages and source distributions on the free sur-
face as follows,

¢a(z,y) =
Uz +/ o(z',y)(Inr +1nr')ds
s
+/ o(z',y")Inrds +/ v(z',y") x
F S
ot )
Y=Y | tan! ﬂy—)als,

z -1z z -z’
(13)

where S is the surface of WIG, F is the free
surface, o is the source density, v is the cir-
culation density, and

r=y\/z -2+ -y

(—tan™!




=@ -2+ )

In practical computations based on the dis-
cretization of the problem, S and F are di-
vided by many line elements, and the con-
trol point to satisfy the boundary condition
is located at the midpoint of each element.
In the discrete expression of eq.(13), o is as-
sumed constant on respective elements and v
is assumed constant on all elements [8].

In order to solve the problem of the water
flow field based on Larange’s free surface con-
ditions, the introduction of the complex ve-
locity potential w(z) = ¢u(z,y) + 1Yu(z,y),
where z = z + 1y, is available [9]. If the con-
tour C bounded by the free surface, the up-
stream and downstream fictitious boundaries
and the bottom is chosen clockwise, the fol-
lowing equations at the singular point 29 on
C can be obtained by Cauchy’s integral the-
orem,

— 0oYPw(20) + Re {f; %dz] =0 on Cy
(14)
coda(z0) + Im [fc ;1—0;(—%(12] =0 on Gy

(15)
where ¢, is known on Cy, 1, is known on
Cy, and oo = 7, if C is smooth at z9. These
formulae (14) and (15) are integral equations
of Fredholm type of the second kind with re-
spect to ¢, and %, on each boundary. To
solve these equations, nodal points are dis-
tributed along the contour C, however, nodal
points on the free surface must be movable.
On each boundary element divided by these
nodal points, it is assumed that the com-
plex velocity potential w varies linearly in z.
Using the well known procedures by means
of these linear elements, a set of simulta-
neous equations with unknown ¢, and ¥,
is obtained, which can be solved by Gauss-
Seidel iterative method. In order to follow
nodal point coordinates and velocity poten-
tial values on the free surface, 2-D Lagrange’s
free surface conditions like eq.(5) and (6)
should be integrated numerically with time
increment. In the present study, Hamming’s
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predictor-corrector scheme is used as the time
marching integration technique:

3-D Problem Based on Linearized
Free Surface Condition

As shown in numerical examples of 2-D
problem in the susequent section, it is con-
cluded that nonlinearities of the free surface
conditions are not remarkable. Therefore, in
this section, 3-D problem based on the lin-
earized free surface conditions is formulated
(10]. In 3-D problem, not only effects of
transverse wave component but also effects of
diverging wave component can be estimated.

Now applying Green’s theorem to the air
flow field, an expression of the perturbation
velocity potential ¢, at (z,y,2) on S can be
derived such as,

%(z, Y,z) =

//{%an T

a”“( + )}dS

+Zl7r// wa—( +—)dS

3 // 0% 1 2ds,
s Fo

0z r

where S is the surface of WIG, W is the wake
sheet, Fp is the still water surface (z = 0), nis
the outward normal on the boundaries, Ay,
in the 2nd term of eq.(16) is the difference
of the velocity potential on the upper surface
and lower surface at the trailing edge of WIG
like

(16)

Pa ]lower y

A = (palupper -

and

r=y@ =P+ -y) +(z - 2P,

M= -2 (- P+ (2 +2)
As shown in eq.(16), ¢, has parts of the mir-
ror image potential and the free surface ef-
fect term. If the boundary condition on S is
taken into consideration, eq.(16) can be re-
garded as the integral equation of Fredholm



type of the second kind for unknown values
©q- This integral equation can be solved by
using Morino’s panel method [11], in which
panel divisions of S, W and Fy are needed,
especially a large number of panels below
WIG must be distributed. Since the dis-
tance between a trailing edge of WIG and
the free surface is very small, the treatment
of Kutta’s condition imposed on the trailing
edge becomes more difficult than the case of
the wing in the unbounded domain. In the
present computation, according to Kerwin’s
paper [12], the pressure Kutta’s condition is
employed, namely, the pressure on the upper
surface must become equivalent to that on
the lower wing surface at the trailing edge.

On the other hand, in the same way as
Dawson’s Rankine source method [13] [14]
used for the analysis of wave making phenom-
ena around a ship, the perturbation velocity
potential ¢,, can be expressed by the source
distribution on the still water surface Fy as
follows.

cule,n,2) = = [[ oy, 2)2ds ()
Fo r

Substituting eq.(17) to the linearized {ree sur-
face condition (11), the integral equation of
Fredholm type of the second kind is obtained
with respect to the source density ¢ as fol-
lows.

ZW_KQO'—RO// 0—( )dS

- [ o7tes

_ Pa 0%, 0,
T pw” 0z2 +K0

) on Fy (18)
This integral equation can be solved by
means of Dawson’s scheme, in which the 3-
point upstream difference is introduced for
the evaluation of integral term including
8%(1/r)/9z? in order to satisfy the radia-
tion condition on the free surface numerically.
The wave profile ¢ is calculated from eq.(12),
thus the gradient of wave profile 8¢/dz can
be evaluated. Since 9¢,/dz in the 3rd term
of eq.(16) is determined from eq. (8), the
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analysis of the air flow field- with the free
surface effect becomes available. Such proce-
dures are iterated to the convergence of the
wave profile.

NUMERICAL EXAMPLES

Numerical Examples for 2-D WIG

y/C
002
1=1000=0.068sec
001 o
rrazl o
1=1200
001
NACAZ23015
az8" h/C=0.01
-0.02 Fo-1s
Fig. 1 Time history of wave profile.
Cu.Co
2.071
15
C,
Loy * NACA23015
a=8° h/C=0.01
Fo=15
051
CpX10
0.0 e + } t+ + + + + —y
0 500 1000 |
(1=1000=0.068sec)

Fig. 2 Time history of lift and drag
coeficient.

For 2-D WIG problem based on Lagrange’s
free surface conditions, numerical examples
are shown and discussed. In numerical ex-
amples of this section, the following condi-
tions are assumed : 2-D WIG in Froude num-
ber F,, = U//gC = 15, the angle of attack
a = 8° and h/C = 0.01, where C is the chord
length of WIG and A is the height of WIG



at the trailing edge. These conditions cor-
respond to WIG of 10m chord length, 0.1m
height at the trailing edge, and advancing in
about 300knot over the still water surface,
which are extreme conditions for WIG craft.

In Fig. 1 and 2, numerical results of time
histories of the wave profile normalized by C
and the lift and pressure drag coefficients are
shown respectively for WIG of NACA23015
wing section. As shown in Fig. 1, trans-
verse wave made by WIG propagate to the
far field because of its high speed, and it is
estimated that the maximum wave amplitude
is less than 1% of the chord length. Accord-
ing to the results in Fig. 2, the free surface
effect is negligibly small for the lift coefficient
and the drag is extremely small.

y/c
002
001
‘—."/\ x/c
-100 — \/"'zu.o
T M2 4 1900(0.082sec)
-0.01 e NACA000S
——  NACA9406
Fazl$§ a=8" A/C=0.01
-8.02

Fig. 3 Comparison of wave profile.

CuCp
201
G NACAG406
3] NACAOO12
NACAOO06
1.0}
05 a=8° h/C=0.01
CpX10 Foels
0.0 —W—H———+—t—t+—t—t—t+—
500 1000 I
(1=1000=0.068sec)

Fig. 4 Time history of lift and drag
coeflicient.
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Wave profiles at 1,200 time steps in nu-
merical computations are compared in Fig.
3 for WIG of NACA0012, NACAO0006 and
NACA9406 wing sections. In this figure, re-
markable differences of the wave profile are
not observed. Time histories of their lift and
drag coefficients are shown in Fig. 4. As
same as shown in Fig. 2, the free surface
effect is negligibly small. These results in-
dicate that nonlinearities of the free surface
conditions like the finite elevation effect of the
free surface can be ignored. In 2-D problem,
however, 3-D effect of the free surface con-
ditions including the effect of diverging wave
component car not be discussed. According
to these considerations, numerical examples
for 3-D WIG problem based on the linearized
free surface conditions are given in the follow-
ing section.

Numerical Examples for 3-D WIG

Fig. 5 Perspective view of wave pattern
( F =4,h/C = 0.05, with side plate ).

¢/c X
. —— vithout Side Plate
15 ~——  vith Side Plate
—= = -0.20
"M 10 a/®
== 29/8= 059
_WM 0 37
------ 2y/B= 0.
F e ——— 10 v/! 8
—
= /B= -1.64
0 . —— 1 &
''''''''' et /B= -298
0 10 2"
15 x/¢

Fig. 6 Comparison of wave profile
(F,=4,h/C =0.05).

As examples of 3-D WIG, NACA 4406 wing
sections of the aspect ratio 0.6 without and



with plates at both sides are supposed. The
thickness of the side plate is 2% of the chord
length, and the depth of the side plate at the
trailing edge is 3% of the chord length. An
example of the perspective view of 3-D wave
pattern generated by WIG with side plates
is given in Fig. 5, in which Froude number
F, = 4, the angle of attack o = 4° and the
height A/C = 0.05 are assumed. As shown in
Fig. 5, the diverging waves can be simulated
clearly. Comparisons of the wave profile are
shown in Fig. 6 for WIG without and with
side plates, where B expresses the breadth of
WIG. The amplitude of wave generated by
WIG with side plates becomes larger than
that by WIG without side plates, however,
the maximum wave amplitude is about 0.2%
of the chord length.

CL NACA4406 Aspect ratio = 06
Rigid vall a = 49 (deg)
o free surface
0.3

0.2

\k vith Side Plate

vithout Side Plate

0.1

h/C

0.0 0.1 0.2

Fig. 7 Free surface effect on lift coefficient
(F,=14).

Table 1 Comparison of lift, drag and

moment coeflicients
( F=4,h/C =005).

Cp

Condition of WIG | Surface Cr [
without Rigid || 0.17822 | 0.00481 | 0.03661

Side Plate Free 0.17820 | 0.00482 | 0.03666
with Rigid 0.30145 | 0.00866 | 0.04455

Side Plate Free 0.30096 | 0.00865 | 0.04451

The lift coefficients in various cases of WIG
are calculated as shown in Fig. 7. As com-
pared in this figure, the free surface effect for
3-D WIG is also negligibly small. The free
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surface effect on coefficients of lift, pressure
drag ( induced drag ) and moment about C/4
are compared in Table 1. Although small
numerical errors may be included in this ta-
ble, the free surface effect can be neglected in
practice.

CONLUDING REMARKS

In the present study, numerical analyses of
2-D WIG problem based on the Lagrange’s
free surface conditions and 3-D WIG prob-
lem based on the linearized free surface con-
ditions have been carried out to clarify the
free surface effect on the aerodynamic char-
acteristics of WIG. According to the numer-
ical results of both problems, the free sur-
face effect is negligibly small and it can be
neglected in practice. In future works, for
example, optimization problems of the wing
section of WIG craft, it can be assumed {rom
the present conclusions that the free surface
is practically regarded as the rigid surface.
This assumption plays a effective role for such
future works, because the numerical treat-
ment of the problems become very easy.

The authors wish to express their deep ap-
preciations to Mr. S. Masuda of NKK Co.
Ltd. and Mr. N. Mizutani of KHI Co.
Ltd. for their kind cooperations in numer-
ical works. The authors would also like to
say thanks to Mr. H. Yamasaki for his help-
ful suggestions.

REFERENCES

[1] Widnall, S.E. and Barrows, T.M. : An
Analytic Solution for Two- and Three-
Dimensional Wings in Ground Effect,
Journal of Fluid Mech., Vol. 41, Part 4
(1970).

[2) Tuck, E.O. : A Nonlinear Unsteady
One-Dimensional Theory for Wings in
Extreme Ground Effect, Journal of Fluid
Mech., Vol. 98, Part 1 (1980).

[3] Kawamura, T. and Kubo, S. : Numeri-
cal Simulation of Wing in Ground Effect,



[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

International Symposium on Computa-
tional Fluid Dynamics, Nagoya (1989).

Ando, S. : Ground Effect Vehicles from
the Aerodynamic Point of View, Journal
of Japan Society for Aeronautical and
Space Sciences, Vol. 29, No. 325 (1981)
(in Japanese).

Fischer, H. : RFB Research and De-
velopement in WIG Vehicle, Intersoci-
ety Advanced Marine Vehicles Confer-
ence (1989).

Kubo, S. Matsubara, T. Matsuoka, T
and Kawamura, T. : A Production
Model of WIG as a High Speed Marine
Craft : ”Marine Slider ; p sky-2”, 1st
International Symposium on Fast Sea
Transportation, Trondheim (1991).

Bessho, M. and Ishikawa, A. : On the
Water Surface Effect of an Air Wing (
1st Report), Journal of Kansai Society of
Naval Architects, Japan, Vol. 165 (1977)
(in Japanese).

Masuda, S. and Suzuki, K. Simu-
lation of Hydrodynamic Effects of 2-
Dimensional WIG Moving near the Free
Surface, Journal of Society of Naval Ar-
chitects of Japan, Vol. 170 (1991) (in
Japanese).

Suzuki, K. : Calculation of Nonlinear
Water Waves around a 2-Dimensional
Body in Uniform Flow by Means of
Boundary Element Method, 5th Inter-
national Conference on Numerical Ship
Hydrodynamics, Hiroshima (1989).

Mizutani, N. and Suzuki, K. : Numerical
Analysis of 3-D WIG Advancing over the
Still Water Surface, Journal of Society
of Naval Architects of Japan, Vol. 174
(1993) (in Japanese).

Morino, L., Chen, L.T. and Suciu, E.O.
;" Steady and Oscillatory Subsonic and
Supersonic Aerodynamics around Com-
plex Configurations, ATAA Journal, Vol.
13, No. 3 (1975).

38

(12]

[13]

[14]

Kerwin, J.E., Kinnas, S.A., Lee, J.T.
and Shin, W.Z. : A Surface Panel
Method for the Hydrodynamic Analy-
sis of Ducted Propellers, Transactions of
SNAME, Vol. 95 (1987).

Dawson, C.W. : A Practical Computer
Method for Solving Ship Wave Prob-
lems, 2nd International Conference on
Numerical Ship Hydrodynamics, Berke-
ley (1977).

Ogiwara, S. : A Method to Predict Free
Surface Flow around Ship by Means of
Rankine Sources, Journal of Kansai So-
ciety of Naval Architects, Japan, Vol.
190 (1983) (in Japanese).



B EMBEEE #2295 FR1043A

2 Rt WIG ORTFUIvILES

IE B @A Fik? K
'[T],‘_] *4, FAESEH T‘U/S%_L :Fj( *4

g #r4l

J. Kansai Soc. N. A, Japan, No. 229, March 1998

[CEIKERRHEL

»IE,H;J‘ *3

Shape Optimization of Two Dimensional WIG Based on Potential Theory
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The vehicle based on WIG ( Win In Ground effect ) is expected and investigated as one of the
future high speed vessels on seaway. In this paper, the shape optimization problem of 2 dimensional
WIG is discussed as a fundamental study with respect to WIG. For this purpose, the panel method
is used for the fluid flow analysis around WIG and the nonlinear programming is used as the opti-
mization method. Numerical examples are shown for several optimization problems. Experimental
verifications are also shown by using a devised test method of WIG for a small wind tunnel.
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Studies on Inverse and Optimization Problems of
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ABSTRACT: In the present study, two problems are discussed for shape designs of two di-
mensional ( 2-D ) wing section. The first one is an inverse problem to design a wing section
in infinite flow field. The second one is an optimization problem to design a wing section of
WIG (Wing In Ground effect) under prescribed design constraints. In both problems, the panel
method is used to analyze the flow field around the wing and the nonlinear programming is
used to minimize the objective function of respective problems. In this paper, SQP (Sequen-
tial Quadratic Programming) is employed as the nonlinear programming technique. In the first
problem, the inverse problem, the wing section is designed to satisfy the pressure distribution
given as the design condition. In the second problem, the shape optimization problem of WIG,
" the wing section is designed to maximize the lift coefficient under several design constraints.
Numerical examples are shown for both problems.

1. INTRODUCTION

Shape design problems of the wing section are classical ones in fields of applied fluid dynamics.
In the present study, two types of the shape design problem are discussed as the nonlinear
programming problem, in which the numerical analysis of flow field around the wing is carried
out as the potential problem.

As the first shape design problem of the wing section, the inverse problem is discussed.
In this problem, the wing is designed to satisfy the pressure distribution given as the design
condition, which is one of the conventional way to determine the wing section in infinite flow
field. The objective function is defined as the least square approximation of differences between
the calculated pressure distributions on the design wing and the given pressure distributions.

As the second problem, the optimization problem to design a wing section of WIG (Wing In
Ground effect) under prescribed design constraints is discussed. The vehicle based on WIG is
expected and investigated as one of the future high speed vessels on seaway. In this paper, the
shape optimization problem of 2-D WIG is discussed as a fundamental study with respect to
WIG. For this problem, however, the first method, namely, the inverse technique is not available,
because it is not so easy to find suitable pressure distributions for WIG in general. In addition,
the complicated design constraints like pitching and height stabilities can be included in this
problem. The objective function is defined as the negative lift coefficient.

For both problems, the respective objective functions are minimized under design constraints
by means of the nonlinear programming technique. In this paper, SQP ( Sequential Quadratic
Programming ) is selected as the nonlinear programming, because SQP is robust and stable for
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any types of the nonlinear programming problem. In the respective processes of the minimiza-
tion, the panel method is used as the numerical analysis of flow field around wings, which can
be used for arbitrary wing sections. "

2. PANEL METHOD APPLIED TO 2-D WING

In order to analyze the flow field around 2-D wing section, the panel method is employed
as the numerical analysis. First of all, the velocity potential should be formulated for the wing
section in infinite flow field. The coordinate system is taken in such a way that the origin is
placed on the still water surface, z axis is in the direction of uniform flow U, and y axis is
vertically upwards. For this coordinate system, the velocity potential is given as,

¢(x,y):U:v—~——j§7 ,y)a,rctan ds-l—jl{ z',y) In\/(:r—x) +(y—y)ds, (1)
where ¢ is the source density, v is the circulation density, and s is the wing surface taken in
clockwise direction.

For the purpose of the analysis of flow field around WIG, however, the effect of the water
surface must be taken into account. According to the studies on the free surface effect of WIG
advancing over the still water surface for 2-D or 3-D ( Masuda et al., 1991, Mizutani et al., 1993,
Suzuki et al. 1994 ), it is verified that the wave making effect by WIG can be ignored. For this
reason, the velocity potential can be expressed by introducing mirror image terms of eq. (1) as
follows.

/
$(z,y) = Ux——}{’)’x y)arctanz ds-{-—}{yw y)arctani/+z/ds
+}{a(x,y ln\/(x—z/) +(y —y')2ds
+}ga(:r', y') In \/(a: - /)2 4+ (y + y')2ds )

In eq. (2), 3rd and 5th terms are mirror image ones to eq. (1). In the case of WIG, its height

h is defined as a distance between the trailing edge of the wing and the still water surface.
The velocity potential eq. (1) or eq. (2) satisfy the following boundary conditions. Since the
normal velocity on the wing surface should be vanished, the body boundary condition is given
as follows. ‘
0¢

on
In the case of the wing problem, Kutta condition shoud also be satisfied at its trailing edge.
This condition can be written as

9¢
Js

=0 on s : (3)

_0¢

= t traili dge , 4
o ~ 3 at trailing edge (4)

lower

in which fluid velocities on the face and back sides of the wing should become equal.

In order to solve the above mentioned boundary value problem, the panel method is applied
to eq. (1) or eq. (2). As an example, discretization procedures of eq. (2) are explained here,
because the discretization of eq. (1) can be executed similarly and more easily.

The wing surface s is divided by N,, panels ( line elements ) along the clockwise direction, in
which their start and end points are located at the trailing edge. The control point to satisfy the
boundary condition is located at the midpoint of each panel. The source density o is assumed
a constant on respective panels and the circulation density v is also assumed a constant on all
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panels. According to these assumptions, the induced velocity V'; on tth panel can be expressed
as follows.

v RWJ ’WJ
VvV, = U+7rn¢0,~+ti———’y / /
' 2 Z Il?’YZJI2 I 'yz]

+§”’/ R Z”J/ " )

In eq. (5),

Rij=(zi-2",yi—y), Ri=(zi—-2 ui+y),
Ryj=wi—-vy,ei—2'), Rl;=(@y+y, z—1), (6)

(:v;, yi) is the control point on sth panel, I; is the line element of jth panel, and (z’,%’) is the field
point on jth panel. In same equation, three vectors U, n; and ¢; are also defined respectively
as the uniform velocity vector, the outward normal vector on ¢th panel, and the tangent vector
on ith panel along the direction from the leading edge to the trailing edge.

By substituting the discrete formula (5) into the boundary conditions (3) and (4), simultane-
ous algebraic equations which has unknowns ¢; and « are obtained. Taking components (u;, v;)
of the induced velocity V; on ith panel, the boundary conditions (3) and (4) can be rewritten
as

Ngithi + NyiV; = 0 i=1,-+-, Ny, (7)

and
tp1ur + tylvl + teNwUNw + tyNwUNw = 0, (8)

where (ngi, ny;) are components of m;, (tzi,ty) are components of t;. These egs. (7) and (8)
means simultaneous algebraic equations for unknowns o; on each panel and . After solving
these algebraic equations, the fluid velocity on each panel can be evaluated.

If obtaining the fluid velocity V; on the wing surface, the pressure coefficient Cp; on ithe
panel are easily calculated as follows.

V2
CP’ =1- U2 (9)

Aerodynamic coefficients, that is, a lift coefficient Cr, and a moment coefficient C,, can be
evaluated by pressure integrals of eq. (9) like

Ny
Cr =) Cpinyils, (10)
=1
and
- ZCPi{nm(yi — Ym) = Nyi(Ti — Tm) Hi, (11)

where (2, ym) means the moment center.

In order to discuss about the design of a vehicle with wings, its stabilities should be consid-
ered. However, in numerical examples of the present study employing stabilities as the design
constraints, the static stabilities are considered for the sake of brevity. In ordinary cases, it is
suitable to introduce a pitching stability ( P.S.) given as,

oC,,
PS_W_ ma < 0 (12)
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where « is an atack angle of the wing. In the case of WIG, however, the above mentioned
aerodynamic coeficients Cr, and C), are varied with the height of the wing by the ground effect,
and then a height stability ( H.S. ) should also be introduced. Finally, both static stability
criteria for WIG can be written as,

H.S.=Cp, - (g’”y) Cra <0, (13)
P.S. = Cpma (CL"‘> Crmy < 0, (14)
Cry

where the moment center is taken at the center of gravity.
3. FORMULATION OF INVERSE AND OPTIMIZATION PROBLEMS

As mentioned previouly, two types of shape design problem are discussed as the nonlinear
programming problems in the present study. In order to formulate both the inverse problem
and the optimization problem, objective functions to minimize, design variables, and design
constraints should be defined respectively.

3.1 OBJECTIVE FUNCTIONS

In the first problem, the inverse problem, the wing is designed to satisfy the pressure distri-
bution given as the design condition. According to this requirement, the objective function is
defined as,

Ny )
f= Z (Cpoi — C’;,,,‘)2 — min. (15)
=1

where Cpo; is the given distribution of the pressure coefficient.

For the second problem to optimize the wing section of WIG, the most practical candidate of
the objective function is the drag to lift ratio. For the present 2-D potential problem, however,
the drag of the wing can not be calculated. For this reason, the optimization is carried out to
maximize the lift coeflicient. In practical optimization process, the objective function is defined
as the negative lift coefficient as follows.

f=-Cr — min. (16)

In respective objective functions, Cp; or Cp is evaluated numerically by using the panel
method based on the previous explanations, and these are implicit functions of the design vari-
ables defined in subsequent section 3.2. In this paper, SQP ( Sequential Quadratic Programming
) (ASNOP, 1991) is selected to minimize the objective function under the design constraints in-
troduced in subsequent section 3.3. This SQP is a robust and stable scheme for any types of
the nonlinear programming problem, in which QP ( Quadratic Programming ) is sequentially
used to solve a local problem approximated around a set of design variables by means of Taylor
expansions.

3.2 DESIGN VARIABLES

Since the shape design problems are discussed for 2-D wing section in this paper, the design
variables should be taken as parameters to express the wing section, which can be expressed
by the superposition of the thickness distribution and the camber distribution. Expressing the
thickness distribution as 2y:(r) and the camber distribution as y.(r), the upper surface (ry, y)
and the lower surface (r;,y;) of the wing section are written as,

Ty =7 —Yesing, y, =y, + yscosd,
ri=r4+ysinf, 1y =y.— yicosh, (17)
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where § = tan~!(dy./dr). Since a coordinate system normalized by the cord lenghth ¢ of the
wing section is used in this expression, a range of r should be given as 0 <r < 1.

For the thickness distribution of eq. (17), the following expression based on NACA 4 digit se-
ries is introduced, in which coeflicients of the respective terms are defined as the design variables
in the present problems.

y(r) = 5t{t1/r + tar + tar? + tar® + tsr*} (18)

In this expression, t is the maximum thickness ratio. The cord length is 1 according to the
above mentioned normalization, and then y:(0) = y;(1) = 0. For this reason, the relation among
design variables are given as,

ts = —(t1 +t2 +t3 4+ tq), (19)

where the independent design variables are reduced to 4. If the normalized sectional area is
specified as Ag, the design variables have the relation expressed by

tg = — — —t; — 6ty — —t3, (20)

because the sectional area is calculated by using the following formula.

ty t3  tg  (t1+te+tz+ta) .
2+3+4 5 } (21)

2

In this case, the independent design variables can further be reduced to 3. :

In the next place, the design variables about the camber distribution is discussed. In the
present study, the following biquadratic equation is employed to give sufficient variation for the
wing section. These coefficients are also defined as the design variables in the present problems.

ye(r) = cr + cor? + car® + cqr? (22)
Since the condition y.(0) = y.(1) = 0 should be satisfied similarly, the following relation is valid.
ca=—(c1+ca+c3) (23)

According to this relation, the independent design variables are reduced to 3 too.

3.3 DESIGN CONSTRAINTS

In general shape design problems by means of the nonlinear programming techniques, a set
of suitable design constraints can be introduced to get the practical and available results. In
the present problems, the suitable constraints should be introduced in order to get reasonable
wing sections. For practical design problems, both equality and inequality constraints can be
considered.

The equality constraints are discussed at first, which is given as the equality relations among
the design variables. The ordinary nonlinear programming techniques like SQP have a function
to adopt the equality constraints numerically. In the present problems, however, the equality
constraints are expressed as the linear forms of the design variables like eqs. (19), (20) and (23).
For these linear equality constraints, no special numerical treatments are needed, because the
techniques to reduce the independent design variables can be used as mensioned above.

As the inequality constraints, the following ones can be considered, especially for the second
problem, namely, the optimization problem of the wing section of WIG. In numerical examples
shown in the susequent section 4, various sets of those constraints are tried respectively.
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. Range of design variable

Convergence of the iteration in the optimization process is improved by putting ¢; > 0 or
ty < 0, because eq. (18) has a same meaning for both signs of + and —. In the present
numerical examples, ¢; is kept the range in + as follows.

t,>0 (24)

. Minimum thickness distribution

The minimum thickness must be larger than a prescribed value such as,
minfy:(r)] > o, (25)

where min[y;(r)] means the minimum y(r) in 0 < r < 1. In the present paper, Y is
taken as 0.1 % of the cord length, namely 0.001.

. Maximum camber

For the practical purposes, the maximum camber should be limited as follows.

max([y.(r)] < yeo : (26)

In this constraint, max[y.(r)] means the maximum y.(r) in'0 < r < 1, and yeo is selected
as the practical value based on the conventional data of wings.
. Sectional area of wing
Unless the sectional area is specified, it should be designed in a practical range. This
constraint can be written by using eq. (21) as follows.

Amin < A < Amag (27)

Both limits Amin and Ap,g., are selected according to the conventional data.

. Minimum pressure ( Maximum fluid velocity )

Since the present shape design problem is based on the potential theory, flow separation
is not taken into consideration. In order to avoid this phenomena, the minimum pressure
( the maximum fluid velocity ) on the wing surface should be restricted, which is given as,

V2
%E;Z] > Cpo, (28)

where Cpo should be given as a reasonable pressure coefficient.

min[Cp] =1-

. Moment coefficient

The wing with an excessive moment coefficient is not available, even if optimizing its
sectional shape. In order to restrict excessive Cp,, the following constraint is introduced.

Ile S CmO (29)
In this constraint, Cmo is givén as the suitable constant.

. Static stabilities

The pitching and height stabilities should be introduced as the design constraints, espe-
cially for the case of WIG. As discussed previously, both stability constraints are given as
follows.

HS. <0, PS5.<0 - (30)
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Table 1: Results of inverse design problem

target wing | h/c| o | iteration f

NACA4412 | oo | 0° 15 0.0093

NACA24012 | > | Q° 37 0.0544
1.0
Cp F ——Target wing(NACA4412)

+ Optimum wing
0.5
——Target wing(NACA4412) 0.0

+ Optimum wing ’ M

S ——

Wing profile

1.0 ] 1 1 1 J
0.0 0.2 0.4 0.6 0.8 1.0
L.E. T.E.

Pressure distribution

Figure 1: Final wing section and pressure distribution (target wing NACA4412)

4. NUMERICAL EXAMPLES
4.1 INVERSE PROBLEM OF WING SECTION

As the first numerical example, the inverse problems are discussed. First of all in actual
design procedures of a wing section, the designer gives a suitable pressure distribution according
to the conventional data and his experience. In the present examples, however, the pressure
distribution is given as the numerical result for the target wing section by means of the panel
method. If the present inverse technique based on the panel method and the nonlinear program-
ming formulated in previous sections is effective, the target wing section should be obtained as
the final result from an arbitrary initial wing section. In this inverse problem, the objective
function is given as eq. (15). Calcualtion conditions in the present numerical examples are as
follows.

e Design variables :  ty,ty,t3,t4,¢1,cq,c3 ( 7 variables )

o Initial wing section : NACA0006 .

e Target wing section ( Pressure distributions are given. ) : NACA4412, NACA24012
e Flight condition :  h/c = oo( in infinite flow field ), «=0°

o Deéign constraints :  t; >0

Minimization results of the objective function are given in Table 1. The final results of the
wing profile and the pressure distribution are shown in Figure 1 for the target wing section
NACA4412 and in Figure 2 for the target wing section NACA24012. As shown in Table 1, the
latter case needs more iterations than the former case, and its minimization results are worse
than the former one. As shown in Figure 1, the final results agree well with the wing profile
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Figure 2: Final wing section and pressure distribution (target wing NACA24012)

and the pressure distribution of the target wing section NACA4412. As shown in Figure 2,
however, small differences are found between the final results and the target wing NACA24012
in comparison with the results of Figure 1, which can be explained from the minimization results
in Table 1 too. In the case of NACA 5 digit series like NACA24012, the camber distribution is
expressed by the cubic equation for the fore part and the linear equation for the aft part. In
the present problems, however, it is expressed by the biquadratic equation (22) in a whole cord
length. Small errors shown in Figure 2 are caused by these reasons, but the obtained results
are useful in practice. As shown in these numerical examples, the nonlinear programming can
effectively be applied to the conventional design approach of the wing section.

4.2 SHAPE OPTIMIZATION OF 2-D WIG

According to the above mentioned formulation, numerical examples of the optimization
problem to design a wing section of WIG are shown. In this section, the following 3 cases of the
optimization problem are discussed.

e Case 1 Optimum wing under constraint of minimum pressure
e Case 2 Optimum wing with a center of pressure behind usual position in OGE
o Case 3 Optimum wing under static stability constraints

In Case 2, the abbreviation OGE means Over Ground Effect. In these optimization problems,
the objective function is given as eq. (16) to get the maximum lift coefficient under the respective
sets of design constraints.

Table 2: Optimization results of Case 1

h/c| a |iteration | —f = Cp,
02 ]0° 32 2.202
0.2 |2° 11 2.197
0.2 | 4° 20 2.165
0.4 |2° 12 2.115
0.6 |2° 7 2.015
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Figure 3: Optimum wing sections (Case 1, o = 2°)
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Figure 4: Examples of pressure distributions of optimum wings

Case 1: Optimum wing under constraint of minimum pressure

In this first case, the constraint of the minimum pressure ( the maximum fluid velocity )
is introduced, because the flow separation is not taken into consideration in the case of the
potential theory as discussed previously. Calculation conditions in the optimization process are
as follows.

e Design variables :  ty,¢5,¢3,%4, 1, ¢, c3 ( 7 variables )

e Initial wing section : NACA0012

e Flight condition : h/c=0.2,0.4,0.6, «=0°72°4°

e Design constraints : t1 >0, Cp > —1.56, y:>0.001, 094, <A< 114,

In these design constraints, the minimum pressure —1.56 corresponds to 1.6 times of the uniform
flow velocity, and Ap means the sectional area of the initial wing.

The optimization results are shwown in Table 2. It is recognized as a tendency that more
iterations are needed in case of lower design height. In Figure 3, the optimized wing sections
to keep the attack angle ¢ = 2° are compared for various design heights. With the lower

- - -Optimum(2 deg.)
----Optimum(4 deg.)

Figure 5: Optimum wing sections (Case 1, h/c = 0.2)
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Optimum wing (moment center=0‘.4c)

Optimum wing (moment center=0.45c¢)
Figure 6: Optimum wing sections (Case 2)
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LE Optimum (moment center=0.4c) TE. Optimum (moment center=0.45c)

Figure 7: Pressure distributions (Case 2)

design height, the maximum camber is increased and positions of the maximum camber and the
maximum thickness move toward the leading edge. Examples of the pressure distributions for
the optimum wing sections are shown in Figure 4. In order to obtain the maximum lift, the
pressure distributions become similar ones for all examples of this case ( Case 1), that is, the
minimum pressure on the lower side due to the design constraint and the maximum pressure (
stagnation pressure ) on the upper side are almost kept from the leading edge to the trailing
edge. In opposition to Figure 3, the optimized wing sections to keep the design height h/c=0.2
are compared for various design attack angles in Figure 5. With the lower design attack angle,

similar tendencies as shown in Figure 3 for the design height are obtained about the camber and
the thickness.

Table 3: Optimization results of Case 2

h/c| a | moment center | iteration | — f = Cp,
0.6 | 4° 0.4c 26 1.776
0.6 | 4° 0.45¢ 30 2.072

Case 2 : Optimum wing with a center of pressure behind usual position in OGE

In ground effect, the center of pressure moves toward the trailing edge from the usual position.
However, this movement is not a suitable aerodynamic characteristic for the vehicle based on
WIG. In order to avoid the movement of the center of pressure, it can be considered as one of
the way to keep this center behind its usual position in OGE. For this optimization problem,
the following calculation conditions are employed.

o Design variables :  t1,¢9,t3,c1,¢2,c3 ( 6 variables : sectional area is fixed )
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Figure 8: Comparison of C, and Cp,y/4 (Case 2)

o Initial wing section : NACA0012
o Flight condition : h/c=06, a=4°
e Design constraints :
t1 >0, Cp,>-156, y >0.001, (Cp)*<0.05% ( moment center = 0.4c, 0.45¢ )

As shown in the above constraints, two cases are tried about the position of moment center to
keep the center of pressure behind its usual position in h/c=0.6.

The optimization results are shown in Table 3 and the optimized wing sections are illustrated
in Figure 6. Both optimum wing sections have larger cambers than conventional ones. As shown
in Figure 7 for the respective pressure distributions, the center of pressure is nearly located at
0.4c or 0.45¢ by the design constraint for C,. As shown in Figure 8, variations in aerodynamic
coefficients Cp, and Ci,y/4 for h/c of the optimum wing sections are less than the initial ones of
NACAQ012. The movement of the center of pressure is suppressed by keeping almost constant
CL and Ci,y/4 like these examples. As shown in both numerical examples, the optimum wing
sections with the different aerodynamic characteristics from initial ones can be obtained.

Table 4: Optimization results of Case 3

h/c| « |iteration | —f = Cp,
0.1 |4° 31 1.142
0.2 |4° 22 1.035
0.4 |4° 28 0.876

Case 3 : Optimum wing under static stability constraints

As far as the optimizations based on Case 1 or Case 2 are carried out, the optimum wing
sections satisfying both staic stabilities H.S. and P.S. in egs. (13) and (14) can not be obtained.
As the final numerical examples, wing sections are optimized to satisfy H.S. and P.S.. The
optimization problems are described as follows. v

o Design variables : ¢y, ¢3,¢3 (3 variables : thickness distribution is fixed )
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Figure 9: Optimum wing sections (Case 3)
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Figure 10: Pressure distributions (Case 3, optimum for h/c=0.2 & o = 4°)

e Initial wing section : NACA4412
e Flight condition : h/c=10.1,0.2,04, a=4°
e Design constraints : C, > —1.56, H.5.<0, P.S. <0

In evaluations of H.S. and P.S., the center of gravity is assumed at c¢/4 for the sake of brevity.

The optimization results are shown in Table 4 and the optimized wing sections are illustrated
in Figure 9. As shown in Figure 9, the maximum cambers are varied with the design heights, and
the camber distributions in every cases are reversed around the trailing edge. It is known that the
wing sections of S-type shapes like these optimized results have an aerodynamic characteristic
to keep the position of the center of pressure for changing the attack angle ( Staufenbiel et
al., 1980 ). Numerical examples of the pressure distributions are shown in Figure 10 for the
wing section optimized for h/c=0.2 & o = 4°. In respective calculation heights, the pressure
distributions are also reversed around the trailing edge. The movement of the center of pressure
can be suppressed by these remarkable pressure distributions. Both static stabilities H.S. and
P.S. are evaluated as shown in Figure 11. The static stabilities are satisfied in respective design
heights by means of the optimization, however, it is difficult to keep these constraints in very
low heights which are not the own design height.
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Figure 11: Comparison of static stabilities (Case 3)

5. CONCLUDING REMARKS

In the present study, two types of the shape design problem for 2-D wing section are discussed.
The first one is an inverse problem to design a wing section in infinite flow field. The second one
is an optimization problem to design a wing section of WIG under several design constraints.
In formulations of both problems, the panel method is used to analyze the flow field around the
wing and the nonlinear programming is used to minimize the respective objective functions.

In the inverse problem, the wing section is designed to satisfy the pressure distribution given
as the design condition. The obtained final results agree well with the wing profile and the
pressure distribution of the target wing section in practice. The nonlinear programming can
effectively be applied to the conventional design approach of the wing section like this inverse
problem.

In the optimization problem of WIG, the wing section is designed to maximize the lift coeffi-
cient. For this problem, numerical examples of 3 cases are discussed, namely, Case 1 : optimum
wing under constraint of minimum pressure, Case 2 : optimum wing with a center of pressure
behind usual position in OGE, and Case 3 : optimum wing under static stability constraints.
In respective cases, remarkable wing sections are obtained to satisfy the design constraints,
especially, in Case 3, S-type wing sections satisfying the static stabilities are obtained.

For the research field of ship hydrodynamics, a same type of the formulation can also be
extended to the hull form design problems, that is, a combined technique of CFD and the
nonlinear programming can be introduced.

The authors express their sincere thanks to Prof. M. Ikehata, Dr. H. Kai and Mr. I. Okada
of Yokohama National University for helpful discussions and cooperations. The present study
was partially supported by Grant-in Aid for Scientific Research of the Ministry of Education,
Science and Culture of Japan.
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Aerodynamic Characteristics and Shape Optimization of Ram-Wing Type WIG
Based on Panel Method

By Kazuo SUZUKI (Member), Yuichi TANAKA, and Hisashi KAI (Member)

A vehicle based on WIG ( Win In Ground effect ) is expected as one of the candidates of future high
speed vessels on seaway. In the former part of the present study, Morino’s panel method is applied to
aerodynamic analyses around a Ram-wing type 3D WIG with special reference to aerodynamic character-
istics of its side end plates. Under the consideration of these analyses, aerodynamic shape optimization
problems of WIG are discussed in the latter part of this paper. Numerical examples of optimized wing
section are shown, in which the optimizations are carried out by means of the aerodynamic analysis based
on the panel method and the nonlinear programmming technique based on SQP (Sequential Quadratic

Programming).

Keyword : WIG, Panel Method, Aerodynamic Characteristics, Shape Optimization, Wing Section, Non-~
linear Programming, SQP

1 #

WIG &1 “Wing In Ground effect” DB TH Y, WIG ZFFH L BRI A mEE L% AT
LADBERD 1o SNTEY, FETIIHETEILA WIG OEMAERICHB S T3, WIG 13K
(HiE) OB L ZMITTHI LTIV AEACLIHEZRE, SEAET 5 Z LIZL o> TE L 2RO
BE(ZLE)ZERTHREKEE OMICACAD DL Z LILL2BNCL - THEETD AT ATH S, WIG
I L Y L RMTCEEIE, $0E LY b EE TH 5 AT Gabrielli-von Karman OEiEZhERF v — MMIE
TAERO=AEREEDHIEE AT LALEZZ LN TS, BBEIZBV T WIG DER{LE 3 <IZH
BTEDREITITARND OO, NIERD O EOERNRHANER SN TE e, BESOHIE I/ NV—TT
H WIG OBREHRDR (1, 2, 3, 4] X 2D WIG BEOFRELE 5, 6] MBI T\ 5, WIG kit =
YETZRELT, FA50A4 7B WIG, Uy =28 WIG, PAR (Power Augmented Ramwing) WIG,
& 7 RNEIWIG 72 2 R EED WIG BREINTWAEN, RIFREFEEFTSICL 5 LR O EBRIIZEIC
Gl&EfeE 7 57 0 78 3D WIG OFFIC BRI E BB LI BFREORIE & BAIFEL x5 L U CEMR
L7ebDTH B,

KF LTI E T73%1E (Morino 1) (2E-3< WIG £ V) MG OEMEFTEEC DWW THEEICREMN Lz
#, ERICERRMN X T 50 4 78 WIG OWBRFEIZ OV TRTTT 5, WIG OBAICIIURTEROR
BEMENEBEILR LD, TAUA 7B WIG OREFRIZETEIZEST 25AEOM UiAH R E iR DR
PREFEIBERENBERLBEZONLOT, BWEBRIZHER LTENEEORT 2175, £i/%

i

UIRE A F T2
2R EATHRIRRT (04 B MR T K k2
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MARIZ X B IR ORRAT & FERTEETEITE D ZIR 2 IREHENE (SQP : Sequential Quadratic Programming)
& B REFEEELE DY BB I OV THRFT L, FRPEBROMAEGLE LY I HILE
FHERER ) £ D WIG DR E L UBFEIZ OV TR %,

2 WIG O#{EEF X

AREITIE SR VE (Morino 1) (ES5< WIG OREFHEFIEIZOWTHERNT 5, ER(LI L UEEEILTF
HRIIKEM [2] LIZIERETH DR, HEREREDTDICHTICh HEHEFEREOUBEZEML T
%, I THEP KT WIG OERLICOWTi<5, REEEESRE Fig 1 0L 512k 0, 3KILO
WRBERYV L ZOERAS 2E2 5, I UERE SIXMIEER Sp. #FLBHEFR (ME)Se, ®itiRE
Sw. TERV 2BV BT S 262500 L, n ZEREIZEIT AR V IZEWZIER, SH#E DFW
RHE Ny, ny,n, &5, BB Sy TEEBRVHDERET D, WIG X 2 5 m—BERAEE U MNIC
H IRV AOMNIIIEENE, FEkitE, FEREEL 5L, HILEERT VXL o DHEET D, D&%
WEEERT Vv ¢ RO LD REEFERBLOEREGZWE LT iE2 b0,

(1) XBFFER : Laplace D HFFER

V=0 in V (1)
(2) HIEREHEREE
0
8—z = —Uny, on Sg (2)
(3) BEIRE (Hif) FEREMH
0
a_f =0 on Sg (3)

(4) HBIT@BEERSEME  Sw OLETETORT V¥ /VE Ag TR > T—F
A¢ = ¢+ — ¢~ = const. on  Sw (4)
(5) Kutta D&M : 948 (T.E.) L TORNOEEIZHR
V<o at T.E. (5)
(6) HEMRE 7 BE Sl < BEIRIE H DBEREI BV THEIC L D HELEEIZ 0
Vé -0  as Se— 00 . (6)

7B WIGIZH T2 ABEEEEEIL. BEESORKOMIE [1,2,3,4 XLV EREREELERA LEEL
TELIXARBRNWIEBDNR->TWADT, LB ARELAIEEER & A2k LTCHEEREHFE LTS b
DET B,

Pl &) BERARABLIUEREMED S b Kutta DFEEZR ETOLME2EZET L L. WIKEE
Sp EOWEEERT vV g KT HRD L9 REHFEAREG LN D,

o) = [ ¢<Q>fn( )as
+ //Sww A¢% )ds
+ //gw% Unw—éd | (7)
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2L, P(',y,2),Qz,y,2) THY

R=V@=aP + =P+ (-7 ®)

F7 S5, Sl RENER Sp, Sw OHIE Se 1ot 2EBREET,

T OB HFERRABEMICEICHTY . RO X D IZHELT 5, £T. MIKRER S, %RE Sw &
R, Sp. Sw BENEN N, Ny BEOIBHERIZHEIT S, ZO/SFNVANT ¢ 1E—EFLIRET
b, ZNLVYERE Sp LOEILFEERT Uy ¢ (XBERSER N OBBEEICHBLIh, ROLD
RES—RFERNELND,

N Nw N

Z (65 — Cij — Ciy) ¢5 — Z (Wim +Wiy,) A = Z (Bij + Bj;) Ung; 9)

j=1 m=1 j=1

fori=1,2,---,N

ZZ T, & IX Kronecker DT /VEZTH Y,

BH::E%/%;%%3 (12)
Bl = %//Sj%dsj (13)
Won = %/LM%@)ds’m (14)
= ] (e

72120, Sju S IXENEN Sp. Sw BEUEBR EOERAXNVERT, TOREFELEM ZLITL
DIERE EOFEEEERT oy ARKD NG, TOMHEFEIHEICRT VYV EREBET LI L
SHBEZBE Z LN TEDOT, HElD/ A SRNVGEELHEIFIEEF LR, FIBEHEICLE R
HELBAEORBERERIZL LV IFRLH B,

EFED (10),(12),(14) RTEREND Cyy, Bij, Wi FITE BRI L FFITH, /RVED 2 BOFE RS Z
WEE L, DOBLNATHILETYIE 725, o THEREOHEII SF/MEIZB W TR EEIER & T
BEELZES 2 0EAD 1 2ThH5H, FERELHET HHEL L TI—MRIZ Gauss DFESARXBS AW
LRBHN, ZOHBIIRSRRHERMZET 5, ThIZk L Morino [7] XINRFESR % WihE CH L L
TEERBZE BT RO TEBY | T OFTHLELIEZ AV 5 2 &1 & 2B O E R %2 KIB I EHE
THEZENTED, LN L Morino {2 & BMENTIRIC IXAEEMENTFEEL, WO/ SR 4 THANR—FEH
FIZAWERICEREEEZAE LA EBREH SN CWD, RimSUTHEZ OBIHEO KR 2 ME T 572901
EEAl (8] BT oTeRD L D RFIEEAHRAL T2, HEEZITIBRICETRROIZ XY 7 &7, 7%
D2 OO BB DEREL IABROREIODERETRLE “gap”’ 22 TO/ARAMIODWTEET S, KIZ
“oap” N HIE & LLEIZ 2 5T/ SR A DTN % FITHIA IV E L, “gap’ B & LLEE 72 5/ SR BN 1
ELUTIZZ22ETHRIET, INOOFIERIZETDSR/MIOWTLEAZR—FHELIL 5 X ) ICBE)
S, AR SRV & SEE SRS Uz B CREMREN S Morino DMBITHRIZ X 0§45, AR TIX
EEMAT AL e B 1% L LTWD,
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Morino ¥ CIE Kutta D&M ZBIZHRRE /SR NVETO A BMYMEEBETORT Vv VOEIZE LW
ELTWD, TROLYEERIZET D RAVOETEORT VY VEZNEN ¢f g b7 p £THE

Ap= ¢t 5 — b7k, (16)

LEREND, LHLWIG DL D RIGIRD 3IRTRIZ 272456, BiROEEL T HRELEE IR
MRS EETe L DT b, BIZT AT MEWNIWEE, T72b5 JIRTEENR B BEEAN
KREWEEIZIE, Morino DFETIX Kutta DEBFEEZMRE LR2WIZ EMRH D L TFHRIND, T TREFET
X Kutta O E U TRBRITET D30V O ETEOEAEN 01225 8512, Ap 2R TRIE
FHEIC L V< Kerwin DFE (9] AL TV 5, BERICET /%103 fr—LRA v MIBW»
THEIMEE Cp NE L L7225 &\ Kutta D5 (Kerwin’s pressure Kutta condition) i

C+

Pr g.

—Cppp =0 (17)

ERTENTED,

UED LS REREFEILVZTOREAXMEHET 2EERE Sp LOWEEERT vV ¢ 215
HILBTED, WIG BE EOREIEESMITIZ O ¢ 0PI [10] IZL>TRDHILBTED, M
RETRBET 5 3 DD SXVORT v oy )L ¢ ZREFMICEALT2RRTELT, MHETI &
FERRASNTNBD, —F, WIG RESNOBBISICI T b RILEES X

[ @ (e (2) 19
[, 27 e ()

+ //93+S’ Un,V ( )dS (18)
ZRAVWTE#ERD D Z LR TED,

MIEEEH LOZRRVCBITI2BEFRELVERBLEORE V BIRE 5D T, Bernoulli DEENSES
Fﬁ& CP %{kwi 9 ‘—ﬂ‘l‘%ﬂ—é ~— J:ZHVC% 60

47 Vo (P)

+.

V2
Cr=1-13 (19)
EHIZ Cp ZAVWTERENEHAHETAZ ENTE S, Thbbh, BHRE O, EHRDEK Cp,
T— A MR Cyp 1RO L SIZEE EN D,

L = -+ / CpnadS (20)
5/,

CDp = —l CpnmdS (21)
5/,

Cy = i / (R-Ro) xiiCpds (22)
ST ) s,

T IT, S EEEEE, TREERS, THEESORESROBMN~NY ML, RIZEHOERSONEN
7 RV, Ro iXE—A Y FOEESDMESRS ML, ARG SRVOERSS M Th b, KFETIIHIE
Bk L LTI ATA L /RWIG 222 TW5H7w, §,T 2N Ehiklb B lERE (ME) ~0REERE
FUERa— FRIZE D, RBASRMERET Vv v VEETH A D (21) R & 3 EHRDGEITTHE
AR YT 5,
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3 SLYq TBWIGDRBHE
3.1 ¥EREWIGOES

RIS & T A0 4 v 7B WIG OWRBREEEZBFIT DRICETRIEROLRVWEROR, T2bbiERRE
WIG OSSRz OV THRET 5, RFERIL, (1) TBERAE, 2) BRkFvr o\~ 3) BAEE,
(4) BMKRF ¥ VAL, DEWVZLDZENHEOHE TH D, AMOBREFHE TIEETOS—RIZD\T
NACA 4 FHREA 7AT b 2, 1 o= 6° OEFE WIG 2548 L L THRFTT 5, NACA4FHR
BICRBEESMEX v NG AOAREZ LN TEY, cZa— FRE LU TRKRERLL t/e, &RF v
Nl fle, KXY U A—LE v /c EHRETNVERENEE S, ¥ ¥ o \—0H0RIT vp/c ZEIT 2
DORTEZOLNTWD, RBEFERE WIGIXEAMHTHLINORAORZSEIL TR LD E L, KE
DETDT—ATBNTHROER SRV HEEE 288 L U THEFHAEZIT> TV 5,

BNz, (1) TREGEE. OZENBE~DEEIZ OV THRTT 5, HEFIOMEEE NACA6409 & L
T, EEEESE L % h/c=0.05 7>5 0.50 ETHELLELALbD%E Fig. 2 1IRT, BHFEEMETT
BIZEWEG T LR L, EARARECES LCnWE, EyFrrE—2 v Mih/c=0.10 TGN L
B U T, h/e=0.05 ICBVTRORBA T2 L VI ERENBON TS, RICEEBEEN h/c=0.50 &
h/c = 0.05 DFEITBT D, BE LBIEFR L BHEICESIT 2 ENREOKEE Fig. 37T, RigH
RTOMBEITS &, HESRMIZE A LN TRV h/e =050 TIHE LB TOREDCERBIZLDH N
ETHY, HEDRDB BTN D h/c=0.05 CRETEATOEEDEENRETHDL I EBHN5, T
AT LRI TOREZ T 5L, h/c=050 TRELAEETROENMRENZDL L Z LR EKRET
BENTWABDIZK L, hf/ec=0.05 TliXz/c = 0.2 {18 TH L & BTEOEIMRENAZL-oTLEY, &
T EDBEE TRENMREBEAFE L WA ERDNS, ZHUTh/c=0.05 DHACETROEEREL
20, BTEOMEII~EFHL TCWEORERTHDL LEZOND, KEIZEZSEN h/c=0.50 &
h/c=0.05 DFEITONWT, BiLHE x/c = 0.0 DBTEPNEE XY M oM & [ENpfF D&% 35 & Fig.
4D LD, BENMELET S L, h/c=0.05 1BV CETH & #if & ORICEE N2 RESBim
SANEKIFTHL TV B DORERCE 5, EHBEMAICERT 5 &, hjc=0.50 TOBESH & HELT
h/c=0.05 TOEESMITET THIEIMEL 2o TEY, BRARLHL Lo TV E0ORHATES, £/
SRR TS L, BEETOEASAOREKLE UL, h/c=0.50 CRRELEIZBS T AECEEIZL
HZH/AMETHY, h/c=0.05 TRETHEHERBTIEEQCEENRETH L LRERRTE 5,

WITIEWR, (2) BERF v o 3— (3) BREE, (4) HAR* v o/ 3—frfB, OBEVICLBENR/MEDLE S
R, INLORFHIBN IR TEEGREZ h/c=0.15 L LTHELTWS,

F7 Fig. 5 REKBEENRELED 9% THRAF vV A~ EREKED 0% OMNBIZH HBEE DT T,
¥ % L= BN T2V NACA0009 235 3% 4w A—DEEEE D 6% TH 5 NACAG409 F TH v 23—
%1% TOBMM S B OERE WIG IZHT 25HEM R TH 5, Fig. 5 ICLUE, KT v /3=
M DN B TNTEARANTE, ENFE 2 RSN, Eey Frr/E— A B NHERLT
SEBRBUEME VI BERDB LN TS, D5 H NACAC09 & NACAG6409 DRIz 2 Eixd
Fz/c=0.0 DWEPEE RS bSO & EIMREOREET D L Fig. 6 DL 12745, EESSM & i+
BE, BIBHCE TE © NACA6409 DFNEENRT MANREL Lo TEY, HRF ¥ A —DHKIZHEN
BIRRNRL< 20, BTEORENMIEST D LEXONE, —FHESHHDLED 51X NACA0009
L NACAG409 D FMNEE, BELKICEL, Ty 3—0BEINC L 2AEDEN L HESRIC L HEE
DOEMEFIZHERT DI ENTE S,

CRREE, BRI Y UANLE, KEHEAFEOEETNEN Fig. 7. Fig. 8 (R, Fig. 71
RRKEENELED 6% TH 5D NACA006 b HERAEENELED 12% THSH NACAW012 T, RAE
B 1% 3o S B BEDERE WIG T 5HERKER TH D, BHERENLERED 9% Th 5
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NACA0009 DBz I b &< 720, ENFINERENELS 2DV, By F o 7E— A MIEER
JEL 22BN T 55 NACAQ009 DEFZ— M LU T 5 L VWO BEBHEIN TV AD, &K
KEE DB L B B8 OEVIIEE TR WI &35, Fig 8 3R KE ¥ U A—REZLED 6%
THYVRRKBENPBZED 9% THHREEOF T, FRF ¥ VA A—(LEBEIAIHZED» LRIKED 20% OALEIZ
&% NACA6209 235, 70% DALBIZH 5 NACABT09 £ THRAF v L A—(IE% 10% S >8 b S8 7= 8A
DHEFE WIG 12T 23 EMERTH D, ZOBRBIRE Yy F U IE—2AV MRFERF ¥ A~ (LEBDOHE
~DBEYNE & BIZDBNTEINT DM, B EESITAOBALEE EHEE TR,

PLED & D IZBIRO 2 NERE WIG OHENRD A 5 =X Wk 33 WEI L D EEFHEIC LV RFd
LT EMTED,

3.2 RimthD#hE

RIEROD & 5 REBEIZ L W BRERO LR VERDAD WIG BEMEZ BT ENTE S, 22 TIHEIRK
&S n7 40 7B WIG ORBEEERTTT 572010, (1) BEERORKRF v 3—, (2) RIIROFKRE
B, (3) BIBROEKF ¥ U A—(IE. DBEWICE D EHHEOBIZOWTRETTT 5, #BEICbif s
BORBRIIT L0 4 7EIWIG OBEERZEHERLEZ LD R, HEROWETIIEOHEOKTIN+
FIZREN TN EIEE VN, BIEROBREZEBIZANDZ 2LV, WIG £V ORGRFELE
LS HEHREZEODIE LRI bDEEZLND, REITRETOr — AW TEERA S
NACA6409, 7 A7 bk 2, A a=6°, FEEBEGEE h/c=0.15 & L, BIHRES hsp 2 FEET—
FED 10%, 472505 hgp/c=0.10, BREFEFIRE NACA 4 TREBTEZE L CHEZER T LD L
T B, NFDEEI TR B L OEBIRICOWVTHAI 544 5B LT3, 747 4 TRIWIG OFEHRE D
6% Fig. 9 1277,

BN, (1) BURIRORKF ¥ /83— (2L T L0 A 7RI WIG OZEARHENR ED & 5 IZES DD
WZDWTHRRTT 2, BIWROMERER L LT, EREENEZLRD 9% THRAF ¥ VA A—(BENEZXR D
40% DA BIZHHBRIEDOT T, X% 2 3—D 20Ty NACA0009 72 bR KF vV AA—REEE D 6%
T&H 5 NACAG409 = THRAF v L 3—% 1% SOB L SH B BMRIC T 25 EFE R % Fig. 10 IZ7
T, BIROBRKRT ¥ /3= 0L & HICBIIXEROICEN, EARADTEROCED, Ty F
VIE— AL MNEIEFOEME VI BERELN TS, EBICHREOKEEZ T 57HI2. NACA0009 &
NACA6409 OREGEHR & A1) 7= WIG 0EREIERF R & FRBMIBORE LICBIT 3 ESREOKEE Fig.
1142, SHICEEF R z/c = 0.0 DRTENIERE XY oML ENDMOLEZ Fig. 121273, 26D
R b B OB RF ¥ o/ 3—DEIMZ L D, R EREBERSTEOMESFEZZ T CHHIOBMIES
LTWBZ ERbhsd, RBWTNOHE bRIEORBIRO2WERE WIG 25 L HAREMN L TR
0. ERRIZHEOREE A DFHAMZ 5, ZTOMCADIHRIC LY ERBTHROEEDEML TWHAH I &
MIEFH TE 5,

WIZ, (2) BB OBRKEE, OFBIZOWTHRETT 5, BEFIRKE LTHF v =000 TV 22V
AV, BEREENEED 6% OETH S NACA0006 75, BEED 12% DETH 5 NACA012 £ T
BRAREZ 1% S5oB & - BABBHRIC T 5 EAER% Fig. 131277, BRABRENRKE 25 2H
WS ERAIEN ., EAORIZERMICHEY, By F o ST — AL MIETEL L VIO RBENELNT
W5, FROBERF ¥ A—DBE LREIZ, NACA0006 & NACA0012 DE A = WIG TRE®m Lo
JESMRE R L OB PR z/c = 0.0 DBTEPNEENS NS EENSAOEREEFNF Fig. 14 B LW
Fig. 151ZR7T, HRFv o AA—DEBOES L RAFICERRBMT TEORSENEELZ T TWHN, T8
FTEOEEOHEMIE FTEESSEIIDE> TV SO LHERTE D, RIRICOV TIEAT ¥ 5— L0 %
BARBEOEEDITZ) PNOCHEERL I THD, THRBBRBECEINCIL - T, LVEL OFiEZET
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EICH LAY 2 Z LR 57Dz, RTEICEVTEERES 227 bD L bEZLND,
%%ﬁ®%“K@Té%%®ﬁﬂ%kbﬁ(m%%ﬁw%ﬁ%?yﬂ—&ﬁ\@%@%Fgl6K%To
THUTRRF % L A—RRIEED 6% Th Y RARESEZRD 9% THHREOT T, FRF v /3L
BT D BERD 20% DA EIZH D NACAG6209 725 70% OALEIZH 5 NACAG709 £ T, KKRXF v
YN—(IfEE 10% SOBRLS e R RRIR S LB THD, BHCHEL TRERF v —LE
PREIERD 60% THD xp/c= 0.6 ETIEREREMTES 2p/c = 0.7 TRICED . EAAATEN L
WiZap/c=0.6 £ TEETORBMER Tayp/c =07 TRIEM, v FrrEe—rr MNIEH & RFERMRA
BEVIHBER-RI R0 TND, 1 LERF ¥ VA —RERREDOEEI L ~AIUIE AR OEIT TR
EEBRE TR,

UEDESICHERROENER L L TORBIEETED00TIEARL, 727 4 7B WIG DZENF
REREEZEZD2HAITTRBRORBELICOVTOEET ILERDH DL LEXLND,

4 SLv4TRWIGOERRHEL

4.1 HEILLBEDERTE

CZETOKRFNILY, ESHED CIIHESEMIBI AR IEOCAFEICLAEAHTIERL, BTED

WL DBIIOMEPEETH Y, BIIRKOWREIZ L Y TR ORBRENE(L L, FORREIRFME
MET B EPHRINT, o CWIG IZEAT 2700BENT, BHRED A H =X LWINEE OE
OB L ZELD LW BRICE SO TIREE 2 Sh i dhide 52, KR THEKREIZENTT A
V4 7R WIG OFEES LOBEHERICOW TEMEBLEARFTT 523, 22 TlEEh b oRMEDERIIC
DNTIERS, BR<HMLNTWD & I ITMAENENERE#ERE [11) 28PN RRT 57010,
RERET HRHFEH, BHEGITHYT DHESE, S5 XENLOHBES T CR/IMET & BRI
B, 2EAxEETLHLEND D, ERMLRERLIZ 2D WIG 253 2841 (5, 6] DFELRFETH DD
TZZ CIIMEICBNT 5.

FETREHELHIZOWTIERS, §ARM 5, 6] OFFZE T 2 RMEZH > TV BEDO TERBEA O L K
WO BETH o 2A, AR TIHERB L OBIBROBASE(LIC OV TRITT 5, 7272 LARIZE Tk
FEDOREBRRBEIZOWTIZEZEER LR, > T NACA 4 FRBEDEHEREZBEIIROD L 9 BERHETHIC
LIVERPADVEEBEBROBRBEEZZ LD L35, BRERBESME T Y U N\—SHADOEREOY TE
RENDDOT, REBFZROLIICL D, ETEESMIBERTCEZREZ 1L LTUTOLIIZEZ
Y S

ye(z) = 5t {aov/T + a1@ + aza® + agz® + asz*} (23)
IITERENLTHEDTy0) =y:(l) =0 T TR LRV
ag = —(ag + a1 + ag +a3) (24)

LI VBREAERE 1OBOT Z N TED, SHICRNER —ELVIFFEEZDHEITIL. a3 & ag, a1, 02
@%Ewﬁ&bf??’kﬁﬁ%éwf SHICHHEREBMOT LN TED [5, 6], E-> CREIZHET

BT AR RTERZEE LBEI0E 3, BELRZVWERINIT4EE 25, RITF v A=l
F;EJ'Q‘E;.:XD BEIZOWTEZD, NACA 4 FRDOF v = HORERKRF v VA —iB v /c T2
DORTHY) SL>TWHA, AR TIERDOL I RARKNTRET LI LICT 5, TRbOLERELZ 1 &
LIeBaE, Fr o= mORIUTOL 312425,

Ye(x) = bia + bax? + baa® + byt (25)
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RESHOHE L FRICELER L ThBMD 1.(0) = go(1) = 0 L RHDT
by = —(by + by + b3) | (26)

TRYMMSIZAREAELEIL3MEE 2 5,

k THIRSDBREIZ OV TS, %ﬁm%ﬁ’;oﬁﬁﬁﬁﬁbtkbf%\%nﬁ%ﬁim@%%
ThHholt VRAZDERIIKTE LD ThH BRI ETORAERATH I LIZTER, EoThobh
D@Tﬁé&%mméb&wio ﬁﬁ%%¢z¥ﬁ%50:hiF%ﬁ%%&x#T%otU%ﬁm&

2 L BB RREESTh 2720 T2, WPRLRHEROEK L LTERENRTIERS
&w BRSSO L RESHRNEE L N D 5, SEHIKMEIEE 2« DRHEHTEEINDH
ﬁﬁ@%%%”“fﬁmb;o&?é%@f@@ BIZIT ECRA LEBFERE - EOL&MFER ER NI
YT EH0, ZOL) REHIRTHED L 5 IZ—RICRHEHOBIBE VI LBETHEATLE S ZENZN,
o TZ Z T WIG 12X L TE X LN A REEHINEFIZ OV TN TDIZED B, %*#wﬁmﬁiﬁ
TSR [5, 6] LIRS B E LR, TR b2 TOLEERLERDT TIE foe <BREHENLEIC
TBRTNIZ L, '

(1) R EHOERIET 56K

(2) B/NEEB L ORXEEICET 54119

(3) B/ EEHERRS L R AREEREICET 565

(4) BeRKF v o3 — 2B B H#I#

(5) B/NES (FeRIEE) 1B 5 HIK

(6) By FrrE—2r MREIZEET

(7) WIG DOHtsr B 5K

IO LREEROEHICETOEMT a0 >0 THY, Tt (23) XD + & — BANEDL- THLEET
HBEED, ag % + b LI - CEELEERNERENILS TH D, F1z WIG ORELZEMEIZ OV TIE,
MBI AT 518 u 4 (Pitching Stability : P.S.) & RRICmEL{LIZkF 58 ot (Height Stability :
HS) ZOWTHEBELRZTNIER OV, THIE—ROELITEL Y WIG IZBWTIEEEID L - THE
TMERENET BTDIC, BEILLANRTA—FEEZILERSHLNLTHY, PS., HS. & L& 0HEM
BRRBUT/LD [5, 6], 7272 LAFROEELHES TIIBERE I TV,

B HIBEEUI I i~ T & 9 IWEE(L (F/Mb) OXR L2 288, REEHOBEE L LTREINT
WHMERS D, BEORFIZEODTIROLCBREEZELS TEIMREETH DN, AFETRELE R
FUVRAFEE L TR TWATD, A0 ) bR S 25HET 2 Z LR TERVDO T, AR T
BAREEERT A L REME 2B, 5T

f=-Cp (27)

DE/METREZBMBEETHY, RHEHC Lo TERINRENIR LS/ WERIL X 2 BE#Fr o 7 o &
AR THMBEEMATHMEIND Z &1 5, (6o T/ SRMEIZ K 25BN = — N3, X585 L B B
EOBEFBEREREL TWAH I &I D,

TOED B bR E A L&, BB, BINEHFEDS B 1 o THHRE TRVEEE SREE
FEMIEETEIRIBE E W\, FERRIESTENEE AW TS LER D 5, IEREFTEIEORIEIITE X L FIERE L
NTHEY, BETHEEHNTAITY AL EFENDRERO TERWFEOCFAGRA TS B, KR

TIHBEHELFINSGE THLESICNEN TE, HORE LB CRRVEIF TE 5% K 2 IREHEE (SQP -
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LB ENLND, RE(LENZEREBEREELE DY WIG OFBREL BT 52012, £R
DHEFOEA LT WIG &b sn e TE L BEREZEAEDE T WIG 2O\ T, BRFRz/c = 0.0
DOUTEMNEE N7 MoF & EASFOLEE Fig. 221077, BESMAZ KT 2 EBETRTIHIEE A
EEAENENDY | BWHCHREREL L TV 2 EIERTE 5, ELENOAEZHET S LETEHICE,
TREHEZFLE LEEEORVEBROIERSERTE, kI nzxR L RBHEREMELEDEL L
2L, BT HIEEZ OMEZMYVIAATENZED BN TV D, ‘

LLED &5 724 WIG IZ oW TEREFZITH T 2BRAMOLE AT > TAH D, BRIZEEZIZIT DK
Ty VDEICHEE L, ROXTEZLND,

r= /S dp = Aprs (28)

ZORIZ LV RDIFERERSAE ., BRRKOBRWVERE WIG, Bk & T 50 0 7B WIG, ZEDL
BEElbanizo sy 0 o 7ERWIG, BaE{bk 3N ERBB L OBEREBELEGDOETZT A7 4 > 7B WIG,
IZOWTHE LIZb D% Fig. 231077, EESMIZOIEICELS 2-oTEY, BWMKODIESLERSH LW
HRIRORBELA B FICHFES L TO0D I & MERSMOLEN L bR TE 5,

AHFFEOH]HTIE Morino JEIZE S NRNVEEZFWET AU A 2 TR WIG O & RBHEEICET 5
BT RZ T L, BT SRVE & BIR 2 REHETE SQP I L 2 ERB L URIBRORKE(LFHEREE
IZOWTHE LT,

RAEWEE AW TEEHTZ TR, WIG OB&ICEETEOEENEMT 2 Z L1280 B34
G52 E0FEND LN, RFREZBEBL RO LI BREADPRELNI Loz, EREWIG CREEL2 TF5
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Fig.1 Coordinate system for WIG
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Fig.2 Effect of trailing edge height for aerodynamic coefficients
(NACA6409, aspect ratio 2, attack angle 6 deg.)
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Fig.3 Effect of trailing edge height for pressure distributions on wing plane
(NACAB409, aspect ratio 2, attack angle 6 deg.)
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Fig.4 Effect of trailing edge height for velocity and pressure distributions on
midchord plane (NACA6409, aspect ratio 2, attack angle 6 deg.)
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Fig.5 Effect of maximum camber for aerodynamic coefficients
(aspect ratio 2, attack angle 6 deg., A/c=0.15)
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Fig.6 Effect of maximum camber for velocity and pressure distributions on
midchord plane (aspect ratio 2, attack angle 6 deg., A/¢=0.15)
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Fig.7 Effect of maximum thickness for aerodynamic coefficients
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Fig.8 Effect of maximum camber position for aerodynamic coefficients
(aspect ratio 2, attack angle 6 deg., A/c=0.15)
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Field Grid

Mirror Image Wing

Fig.9 Example of panel arrangement for Ram-wing type WIG
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Fig.10 Effect of maximum camber of end plate for aerodynamic coefficients

0
(main wing NACA6409, aspect ratio 2, attack angle 6 deg., #/c=0.15, & sp/c=0.10)

0.01 0.02

0.00

tie

i)



®——@ Upper Side (NACAOD09)
c——0 Lower Side (NACA0009) o

+—=o Upper Side (NACAB409) 1/
Mid Span

o——0 Lower Side (NACAG409)

1.0~

0.8

1.0

Fig.11 Effect of maximum camber of end plate for pressure distributions

on main wing plane

(main wing NACA6409, aspect ratio 2, attack angle 6 deg., #/¢=0.15, A sp/c=0.10)
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Fig.12 Effect of maximum camber of end plate for velocity and pressure

distributions on midchord plane

(main wing NACA6409, aspect ratio 2, attack angle 6 deg., A/¢=0.15, A sp/¢=0.10)
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Fig.13 Effect of maximum thickness of end plate for aerodynamic coefficients
(main wing NACA6409, aspect ratio 2, attack angle 6 deg., 4/¢=0.15, A sp/c=0.10)
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Fig.14 Effect of maximum thickness of end plate for pressure distributions

on main wing plane
(main wing NACA6409, aspect ratio 2, attack angle 6 deg., #/¢=0.15, A sp/c=0.10)
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Fig.15 Effect of maximum thickness of end plate for velocity and pressure
distributions on midchord plane
(main wing NACA6409, aspect ratio 2, attack angle 6 deg., A/c¢=0.15, A sp/c=0.10)
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Fig.16 Effect of maximum camber position of end plate
for aerodynamic coefficients
(main wing NACA6409, aspect ratio 2, attack angle 6 deg., #/¢=0.15, A sp/c=0.10)
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Fig.17 Initial and optimum wing sections of main wing
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Fig.18 Comparison of pressure distributions on main wing plane
(aspect ratio 2, attack angle 6 deg., A/¢=0.15, end plate NACA6409, A sp/c=0.10)
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Fig.19 Comparison of velocity and pressure distributions on midchord plane
(aspect ratio 2, attack angle 6 deg., A/¢=0.15, end plate NACA6409, A sp/c=0.10)
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Fig.20 Initial and optimum wing sections of end plate
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Fig.21 Comparison of velocity and pressure distributions on midchord plane
(main wing NACA6409, aspect ratio 2, attack angle 6 deg., A/¢=0.15, Asp/c=0.10)
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Fig.22 Comparison of velocity and pressure distributions on midchord plane
(aspect ratio 2, attack angle 6 deg., A/¢=0.15, 4 sp/¢=0.10)
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Fig.23 Comparison of circulation distributions at trailing edge of main wing
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