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The concept of a surface effect ship (SES) is to lift the hull partly by the air cushion enclosed
within two side hulls, a bow skirt and a stern seal. Consequently, it results in lower draft,
resistance and motions than equivalent length catamarans in most sea states. In very low sea
states, however, there is a significant design problem, which is high vertical accelerations,
referred to as the cobblestone effect. The oscillations are based on resonance phenomena and
are caused by the change of the cushion volume due to the incident waves. The resonance
oscillations have an important damping mechanism which is derived from the air leakage flow
under the stern seal bag of a SES. Hence, the accurate prediction of the leakage flow is required
for the estimation of the cobblestone effect. In order to solve the unsteady flow field under the
stern seal bag, a viscous flow code for numerically simulating two-dimensional incompressible
flows has been developed. The governing equations to be solved are the time-dependent
Navier-Stokes equations, using the artificial compressibility approach. The spatial discretiz-
ation is based on a cell-centred finite volume formulation. The inviscid fluxes are evaluated by
Roe’s scheme with the third-order-accurate MUSCL approach. Time integration is conducted
by the second-order accurate backward Euler formula and the linear equation system is solved
by an approximate Newton relaxation scheme with the symmetric Gauss—Seidel iteration
approach. For the resulting time integration to be conservative on a moving grid system,
a geometric conservation law is introduced. A numerical procedure is presented and contribu-
tions of the viscous effects to the cobblestone effect problem are discussed.

© 2000 Academic Press

1. INTRODUCTION

A SURFACE EFFECT SHIP (SES) is an air-cushion-supported high-speed craft where the air-
cushion is enclosed with two side hulls, a bow skirt and a stern seal. Due to the support
system, one obtains lower draft, resistance and motions than equivalent length catamarans
in most sea states. In very low sea-states, however, resonant heave and pitch motions
induced by the compressibility of air in the pressurized cushion may produce high vertical
accelerations which are referred to as the cobblestone effect. The oscillations are caused by
the change of the cushion volume due to the incident waves. The two lowest cushion
resonance frequencies for a 30-35 m long SES are approximately 2 and 5-6 Hz, whose
pressure variations in the cushion are uniform and the first spatial resonance of a standing
wave, respectively.
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Ulstein (1995) investigated the nonlinear effects of the bag on the cobblestone effect
problem by conducting time-domain simulations coupled with bag motion, cushion
pressure and SES motions in the vertical plane. He found that the flexible stern bag reduces
the frequency of the first spatial pressure resonance of the air-cushion from 6 to 5 Hz for
a 30-35 m long SES, relative to the air-cushion supported with a rigid stern seal. Conse-
quently, prediction of the unsteady pressure distribution on the bag, which is required for
the calculation of the bag deformation, is very important in the estimation of the vertical
oscillations. Since, however, he assumed that the flow around the bag is inviscid, boundary
layers developed over the bag were neglected and the separation point on the bag had to be
chosen.

In the present work, the unsteady pressure distribution on the rigid stern seal bag is
numerically simulated with consideration of viscous effects. A viscous flow code for
a moving grid system has been developed to obtain the solution of the time-dependent
Navier-Stokes equations with the artificial compressibility approach. Results are compared
with data obtained by Ulstein’s method, and the contributions of the viscous effects to the
cobblestone effect are discussed.

2. FORMULATION
2.1. LoNGITUDINAL MoTION EQUATIONS FOR SES

A Cartesian coordinate system, whose origin is at the centre of gravity of the SES, is moving
with the forward speed U as defined in Figure 1. The equations of coupled heave 73 and
pitch s motions can be written as

d?p dn; d*y dy
(M+A§3) dT; +B33d—T +C 37]3+Ah dTZS +B'3',5d—7§
+ Chsns = FY(T) + F4(T) (1)
and
d*ns dns d’n; dns
(Is‘i‘A@s)WﬁLB@sW‘FC shs + Az 472 + Bi, ar
+ Clsns = FY(T) + FYT), )

where M and I5 are the mass and moment of inertia of the SES and T is time; A", B", C" are
the hydrodynamic derivatives of the two side hulls and F" are linear hydrodynamic
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Figure 1. Global coordinate system and cushion model.
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excitation forces on the side hulls, which are computed on the basis of the strip theory, as
shown by Ulstein (1995).
F* are nonlinear aerodynamic forces on the SES, defined as

F4 — Bc{ j PedX + j ﬁBdX}, (3)
cushion bag

ng_BC{J PCXdXJrj PBXdX}, )
cushion bag

where B is the breadth of the cushion. P, and Py are small perturbations of the cushion
pressure and the pressure acting on the bag due to the leakage flow, respectively. The
methods to predict these aerodynamic forces are described in Sections 2.2 and 2.3.

In the present scheme, the fourth-order accurate Runge-Kutta method with Gill con-
stants is used as the time integration.

2.2. AIrR-FLow IN A CUSHION
2.2.1. Governing equation

In order to obtain the aerodynamic forces due to the cushion pressure in equations (3) and
(4), the flow in the cushion is solved with use of a time-dependent compressible potential
solver. The cushion pressure is assumed to be constant in the lateral and vertical directions.
Thus, the linearized one-dimensional governing equation for the air-cushion velocity
potential @ is given by

Fiat 0’0 0 (0P
s Com = o ), (3)
oT 0X 0Z\0oZ
where ¢ is a sound speed and 09/0Z is given.
The Cushion pressure P¢ and air density pc are decomposed as follows:
Pc=Pco + Pe, pc = pPco + Pe- (6)

In equation (6), the suffix 0 and ~refer to the equilibrium value and perturbation, respective-
ly. Here P is written as

0P

ﬁc=—P60ﬁ~

(7)

2.2.2. Discretization

A finite-volume approach with a cell-centred layout is adopted for spatial discretization.
The velocity potential @; is placed at the centre of each grid cell. The second derivative with
respect to X is evaluated with the second-order accurate central differencing scheme. The
discretized governing equation is expressed as

P, Y { Dy — 20, + D,y (09;/02)p — (5¢i/5z)bm}

= 8
oT? (4X)? H, @®
where @; is the average of @ over Z and H¢ is the cushion height.

The time integration scheme used is also the fourth-order accurate Runge-Kutta method
with Gill constants, the same for the SES motion equations.
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2.2.3. Boundary conditions

With consideration of the fan effect, the vertical velocity at the rigid part of the wet
deck(top) is defined as
(5‘p> _dns X% . (0Qi/0P)oPc

— =— — X — X 9
0Z )y  dT dT A, ( - ®)
where (0Q;/0P), is a two-dimensional cushion fan slope at the equilibrium state and X, A,
are X coordinates of fan and fan area, respectively. The volume flux of air into the cushion
through the fan, Q;, is decomposed as

_ 00;\ A
Qi =00+ <6P>0PC. (10)

The vertical velocity at the free surface (bottom) is given by

0P N L
<5Z>bm =Y 0lum COS{k,, <2 — X> — e, T + en}, (11)

n=1

where N, is the number of regular wave components used. The incident wave amplitude
{, is computed from a modified Pierson-Moskowitz wave spectrum; k, w, and ¢ are the
wave number, wave encounter frequency and random-phase angle, respectively.

At both bow and stern ends, the longitudinal velocities are expressed as

0P Qo _ QoO
R, - 12
X Ho (12)
where the volume flux of air leakage, Q,, is
Qo = VAkHL~ (13)

In the equation above, V; is the leakage velocity, k is the jet contraction coefficient and
H; is the leakage height. V; can be computed from the steady Bernoulli’s equation for the
incompressible flow, since the leakage velocity is smaller than the sound speed, and the
length of the seal is much shorter than that of a standing pressure wave in the cushion, so
that

_ 2((PC)end - Pa)
= / pull — (KHHCP) 1

Here (P().nq and P, are the cushion pressure at bow or stern end and atmospheric pressure,
respectively. Equation (14) is derived under the assumption that the flow shifts to a jet flow
at the lowest point of the bag.

2.3. AIR-FLow UNDER A STERN SEAL BAG

In order to obtain the aerodynamic forces due to the pressure acting on the bag in equations
(3) and (4), the pressure distribution on the bag is required. However, predicting the pressure
distribution is very difficult, since the leakage flow phenomena around the lowest point of
the bag are very complicated. Upstream of the lowest point, the characteristics of the flow
are almost the same as those of nozzle flow. When the air passes under the lowest point, the
state of the flow changes to diffuser flow. Thus, the flow becomes unstable and the air soon
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Figure 2. Flow around a stern seal bag.

separates. After the separation, the flow shifts to jet flow. This is considered to characterize
the flow phenomena. In the present work, a two-dimensional time-dependent incompres-
sible Navier-Stokes solver is adopted for the investigation of the flow around the bag.
Details are described in Section 3.

For comparison, with the steady Bernoulli and continuity equations, the pressure
distribution on the bag is computed as follows:

1 kAE L 2
PB(X):Pa +§paVZ{1_<H(§(I)>}7 (15)

where H(X) is the ground height as defined in Figure 2.

3. NAVIER-STOKES SOLVER
3.1. GOVERNING EQUATIONS

The governing equations are the artificial compressibility form of the two-dimensional
time-dependent Navier-Stokes equations in conservative form. They can be given as

oqg de+e) Oof+f)
a T ax T ay

0, (16)

where x and y are the Cartesian coordinates. The dependent variables ¢, the inviscid fluxes
e, f and the viscous fluxes e,, f, are written as

pu po
q=\uj, [e,f]: u(u_ug)+p M(U—Ug) 5
v u—u) oo v)+p
(17)
0 0
Le..fol= — <Rie + v,) 2u,  uy+ v,

Uy + Uy 2v,,

In equation (17), u,v and u,,v, are the Cartesian components of fluid and grid velocities,
respectively. p is the pressure and f5 is a positive constant of artificial compressibility. All the
variables are made dimensionless using the atmospheric air density p,, the equilibrium
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leakage velocity V,,, and the bag length Lg. Re is the Reynolds number defined as V,yLp/v,
where v is the kinematic viscosity; v, is the nondimensional kinematic eddy viscosity
determined from a turbulence model.

3.2. SPATIAL DISCRETIZATION

A cell-centred finite-volume method is used for spatial discretization. The dependent
variables ¢ and the kinematic eddy viscosity v, are placed at the centre of each grid cell and
the grid cell is treated as a control volume. The integration of flux is conducted using the
Gauss integral theorem. Thus, the governing equations discretized in space are derived as
follows:

0 . .

and

E = Se + S;f, E, = Sie, + S5 f,,
(19)

F=Sle+S)f F,=Sle, + S f..
In these equations, indices i and j are the cell numbering in curvilinear coordinates & and #,
respectively, and + 3 in the subscripts and overscripts correspond to the cell faces. V is

a volume of the cell, and S,,S, are the area vector components of the cell boundaries.
The inviscid flux E is expressed as

pU
E=|uU—U,)+pss|, (20)
o(U — U,) + pSs

where U and U, are the fluid and grid contravariant velocity components in curvilinear
coordinate direction &, respectively,

U=Sw+Sw, U =Su,+ S5, (21)

The treatment of the grid velocity is described in Section 3.4.
The inviscid fluxes are discretized by the flux difference split scheme of Roe (1986). In the
scheme, the numerical inviscid flux E; 4, is given by

Eii 1, =3[E(G") + E(@®) — |Al(g" — ¢")];+ 125 (22)

where ¢F | 2 and q® 12 are the dependent variables extrapolated on the left and right sides
of a cell face, respectively. E(q") and E(g®) are evaluated from equation (20) with ¢~ or g% and
the area vectors. The Roe matrix A4 is the Jacobian of the inviscid flux E expressed as

OE

A=""
oq

(23)

In equation (23) the dependent variables at the cell face ¢;.,,, are evaluated by Roe’s
averaging, namely the simple average of the right- and the left-side values. The eigenvalues
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of the matrix A4 are U, U + ¢,., U — ¢, where ¢, is the pseudo-speed of sound given by

=/ U? + B(S3 + S5). (24)
With introduction of the right-cigenvector R, the matrix |4| is expressed as
4] =RIAIR™", (25)
where |A| is
4] = diag(|Ul, U + cacl, IU — ¢qcl). (26)

To attain third-order accuracy, the interface variables g~ and ¢® are extrapolated by the
MUSCL approach of Anderson et al. (1986) as

G =gt D00 Ve~ g )+ (g — ),
@)

qis 12 =4qi+1 — %[(1 —Y)Ngi+2 —qi+) (L +V)NGiv1 — q0)]

The above expression corresponds to the third-order accurate upwind-biased scheme
with ¢ = 1 and y = 3. When ¢ = 0 one obtains the first-order accurate upwind scheme. The
numerical inviscid flux F is evaluated in a similar manner.

Viscous fluxes are discretized by the second-order central differencing scheme based on
the Gauss integral theorem.

3.3. TIME INTEGRATION

The second-order accurate backward Euler formula is used for the time integration. To
simplify the description of the process, consider the one-dimensional case of equation (18)
which can be written as

(Vg —Ave) + (Vg !

N(qn+1) = 2At

+[EEE =0, (28)

where the numerical flux E is expressed as the sum of the numerical inviscid flux E and the
viscous flux e,. Equation (28) is solved by an approximate Newton relaxation method of
Whitfield & Taylor (1991) as

N/(qn+ l,m)Aqn+ 1.m — _N(qn-%-l,m)’ (29)
where
Aqn+1,m — qn+1,m+1 _qn+ l,m. (30)

In these equations, m denotes the iteration index, and N'(g) is the Jacobian of the numerical
flux vector with the first-order accurate upwind differencing. The resulting formulation of
equation (29) is

— 0 1Ez 1/2Aanr m+51+1E1+1/2Aq1+ "

3V;:1+1 m+1
+<12TI 5El 1/2+5El+1/2>Aqn+1m

3(Vgpttm—A(Ve) + (Ve)i !
2At

u+m”“mn@, G31)
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where

rnt+1,m
51 iBy iy = o E (32)
qi-1

In equation (31), 1, is the 3 x 3 identity matrix except the first diagonal element which is zero
in order to satisfy the incompressible continuity equation. Equation (31) is solved with the
initial value of ¢" " ! = ¢" at each time step, and the generated sequence ¢" '™ *! converges

to ¢""', hence equation (28) is satisfied.
At each step of the Newton iteration, a large sparse linear system of equations has to be

solved. In the present work, a symmetric Gauss—Seidel (sGS) relaxation approach is
adopted.

3.4. GEOMETRICAL CONSERVATION LAwW

For the resulting time integration to be conservative on a moving grid system, we must
consider conservation of volume, which means that equation (18) should be satisfied on
a moving grid in a uniform flow. When the grid moves and deforms in a uniform flow, the
fluxes corresponding to a non-moving grid cancel out and then equation (18) becomes

K] ) A A ; .
— —[US T - = (33)

where V, is the grid velocity component in curvilinear coordinate direction #.
Next, the change of the volume is expressed as the sum of contributions from the
movement of the each cell surfaces AV, AV" as illustrated in Figure 3,

Vil =y LAVEU TS 4[4V (34)

j—1/2-

i—1/2 i+1/2

-.-_O .~ - |

Figure 3. Geometrical conservation law (GCL).
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Then, equation (33) can be written as

3AVi€+1/2 - AVial/z

(]n-*-l _
Giv12 At (35)
and
34V — AV,
n+1 j+1/2 12
= . 36
9i+12 2At ( )

The equations above are called the integral form of the “geometric conservation law”
(GCL) by Thomas & Lombard (1978), since they deal with geometric properties and have
the same general form as the integral statement of mass conservation. The grid velocities
U, and V, in equation (20) are evaluated from equations (35) and (36).

3.5. TURBULENCE MODEL

The closure of the system of equations is achieved by introducing an algebraic two-layer
turbulence model proposed by Baldwin & Lomax (1978). The kinematic eddy viscosity is
given by

inners < (]
. {(vt) y=<y (37)

(vt)ouler: y > ycs

where y and y, are the normal distance to the wall and the y coordinate where (v,)inner
= (vt)outers respeCtiVely.
In the inner region, (v,)iyner is given by the Prantl-Van Driest formulation as

(Vt)inner = 12|w|’ (38)

where |w| is the vorticity magnitude and

I = Ky|:1 — exp(— Z—i)], (39)

y* is the distance to the wall in wall units.
In the outer region, the following expression is used:

(vt)outer = KCCpFwakeFkleba (40)
where K and C,, are constants. F,y. is defined as
. maxUZi
Fwake = min <ymameax7 ka yF,df> (41)

F .. 1s the maximum value of the following function F(y),

F(y) = Yo [1 - exp(— j—ﬂ @)

and yp,., 1s the y coordinate where F = F,,. Ug; is the difference of the maximum and the
minimum velocity magnitudes in the profile. Fy,, is the Klebanoff intermittency factor

given by
C 6711
Fues = [1 + 5~5<k‘e"y> } . (43)
ymax
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The model constants appearing in the foregoing relations are as follows:
A T = 26: Ccp = 165 Ckleb = 03: ka = 107
k =041, K =00168.

The value of C,,, is modified from the original value (0-25) as suggested by Renze et al.
(1992).

3.6. BouNDARY CONDITIONS AND COMPUTATIONAL GRID
At the inflow boundary, the velocity is specified as

V,Hy,
i =3 inflow — Oa 44
Uinflow VA()HC Vinf1 ( )

and the zero-extrapolation scheme is used for the pressure. At the outflow boundary,
zero-extrapolation for the velocities and p = 0 are given. At the bottom boundary and on
the wet-deck, the free slip condition with consideration of the movement of the free-surface
due to the incident waves or the motion of the SES, is imposed. On the bag surface, a solid
condition with grid velocities due to the SES motion is adopted. At the outer boundary, all
dependent variables are extrapolated by the zero-extrapolation scheme.

Figures 4 and 5 illustrate the computational grid around a bag at a gap height of 30 mm.
The air flows from the right side in these figures. The computational grid is body fitted
to facilitate the implementation of boundary conditions. The mesh contains 89 planes

7
LI
g
h
llIIII{IIIlI,l,',','l.

Figure 4. Initial computational grid at H;, = 30 mm.

/7

Figure 5. Enlarged view of initial computational grid.
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streamwise and 49 vertically. The minimum spacings are 0-005 (17 mm) and 2:1 x 10~°
(0-007 mm) in the streamwise and the vertical directions. The grid points are clustered near
the bag and the free-surface.

The solution domain extends two bag lengths upstream from the leading edge of the bag
and an equal distance downstream from the trailing edge of the bag.

4. RESULTS AND DISCUSSION

4.1. CoMPUTATIONAL CONDITIONS

Table 1 lists the principal particulars of a 30 m long class SES and data used in the present
numerical simulation. Almost 80% of the weight is supported with the pressurized air-
cushion and the leakage height at the stern, H;, is only 30 mm.

The incident wave elevation is implied by equation (11). A head sea condition is
considered and the peak period T, is set to 1-8 s. Consequently, the peak encounter period
T, becomes 0-2 s, which corresponds to the first spatial resonance frequency of the cushion.
The significant wave height is just 10 mm, since the present method does not allow the bag
of the SES to touch the free-surface.

The equation system of SES motions and cushion pressure is solved with a coupling of
the leakage flow solver for the four cases summarized in Table 2. In Case 1, leakage velocity

TasLE 1

Principal particulars of the SES

Weight (M) 140000 kg

Moment of inertia (Is) 6860000 kg m?>

Cushion length (L) 28 m

Cushion height (H¢) 1-368 m

Cushion beam (B¢) 8 m

Mean side-hull beam (b) 1'5m

Mean side-hull sectional area coef.(s) 05

Mean cushion pressure (Pco) 5000Pa

Mean fan flow rate (Q;o) 2-8 m?/s

Cushion fan slope (0Q/0P) — 0-00104 m?s/kg

X coordinate of fans (Xj) 12m

Height of bag (Hjp) 1-338 m

Length of bag (Lp) 3-489 m

Radius of curvature (R) 4.260 m

Radius of curvature (R,) 0387 m

Jet contraction at bow (kpg) 0611

Jet contraction at stern (k) 0963

Forward speed (U) 23-15m/s
TaBLE 2

Computed conditions

Leakage velocity Pressure on the bag
Case 1 Vi="Vio Pp = P¢
Case 2 Equation (14) Py = P¢
Case 3 Equation (14) Equation (15)

Case 4 Equation (14) N-S equations
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and height are constant. Case 2 involves a variable leakage velocity and height effect,
however the pressure distribution on the bag is not taken into account. Both Cases 3 and
4 consider the leakage effect and varying pressure distribution on the bag. The difference
between them is whether viscous effects are involved or not. In the viscous numerical
simulation (Case 4), the Reynolds number is set to 2:2 x 10”.

4.2. EqQuiLiBRIUM FLow UNDER A BAG

As described in Section 2, the equations of motion are calculated from the equilibrium
condition. Hence, all cases require information on the equilibrium flow around the bag as
an initial condition.

Figure 6 shows the computed velocity vectors for Case 4. The leakage flow comes from
the right-hand side in the figure. At the lowest point of the bag, the velocity becomes

100 m/s

Separation
Lowest point

Figure 6. Initial velocity vector maps.

Separation
Lowest point

N

3000

Figure 7. Contour maps of initial pressure distribution. Contour interval is 100 Pa. Dotted lines show negative
values.
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Figure 8. (a) Bag configuration (Z versus X) (b) Pressure distribution on a bag: ——, NS computation; ....,
equation (15).

a maximum, approximately 93 m/s. After the air flows under the lowest point, the flow
spreads, although a large separation occurs over the bag.

Figure 7 depicts the computed pressure distribution for Case 4. In order to set the
computational pressure to the cushion pressure at the leading edge of the bag, a constant
value is added to the computed one. In the region where the ground height is very small, the
flow is almost a one-dimensional flow similar to the flow in the ground-effect mode. Behind
the lowest point of the bag, the pressure recovers significantly.

Figure 8 shows the comparison of the viscous and inviscid pressure distributions on the
bag. The lowest point of the bag is located at X = — 14 m and the leading edge of the bag is
at X = — 10-83 m. Around the lowest point, the present method provides a smaller pressure
than that from the inviscid solution, because of the displacement effect due to the boundary
layers developed over the bag. Behind the lowest point, the pressure from the inviscid
solution is almost zero since the flow is assumed to shift to a jet at the lowest point. In
contrast, the viscous flow solver simulates the pressure recovery due to the diffuser flow,
approximately 1300 Pa, before the separation at X = — 14-09 m. Behind the separation,
the flow is considered to change to jet flow, although the computed results cannot simulate
the behaviour of the jet, owing to the lack of a turbulence model for the jet flow. The
pressure recovery before the separation is expected to contribute to more realistic
simulations of the bag deformation problem. However, detailed description of the flow
requires a turbulence model tuned with use of measured data.
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Figure 10. Spectra for vertical acceleration (a)-(d) as in Figure 9.
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4.3. ErFrecTSs ON CUSHION PRESSURE

Figures 9 and 10 show the unsteady cushion pressure and the vertical acceleration spectra
at FP, CG and AP for all cases. In the pressure spectra for Case 1, two peaks can be
observed around approximately 6 and 12 Hz which correspond to the first and second
spatial resonances of a rectangular box with the cushion length of 28 m. The pressure at CG
does not have the peak around 6 Hz because the frequency is a pitch motion mode. Spectra
of the vertical acceleration have similar trends to that of the pressure.

First, we compare Cases 1 and 2. The cushion supported with the leakage effect leads to
the large oscillations, relative to the cushion supported without this effect. This may be
explained by the interaction between cushion pressure and varying pressure due to the
leakage effect.

Next, three cases (Cases 2, 3 and 4) are compared. The difference between their conditions
is the treatment of the bag forces. The bag forces do not affect the vertical motion itself
directly, since the length of the bag is very small compared with that of the cushion.

4000

2000

F; (N)

a
3

—2000

-4000

30000

20000

sy,

10000

==
T
—

S (Nm)
(=}

F.

-
S
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-10000

—20000

-30000 ' L
2

Time (s)

Figure 11. Time histories of (a) vertical force on the SES, F4 and (b) pitching moment on the SES, F% : , Case

2;...., Case 3; ----, Case 4.
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Figure 12. Time histories of vertical force on the bag, F§ " : , Case 3; ----, Case 4.

Figure 11 depicts the comparison of the time histories of the aerodynamic forces acting
on the SES. Although Case 2 differs slightly from the others, Cases 3 and 4 are almost the
same in relation to the total aerodynamic forces.

Figure 12 shows the comparison of the time histories of the bag force. Some discrepancies
can be seen between Case 3 and 4 due to the pressure recovery.

5. CONCLUSION

In order to obtain the pressure distribution on a stern seal bag of an SES with consideration
of viscous effects, a two-dimensional time-dependent incompressible Navier-Stokes solver
was developed using the finite-volume method on a moving grid system. The method was
applied to the cobblestone effect problem for a 30 m long class SES with rigid stern seal bag.
Results were compared with the data using the inviscid method by Ulstein, and the pressure
recovery from the lowest point of the bag to the separation point could be seen in the
viscous flow investigation. For the cushion supported with a rigid stern seal, the viscous
effect was not so significant. However, for the cushion supported with a flexible stern seal,
the recovery due to the viscous effect is expected to contribute to more realistic estimation
of both the bag deformation and the global motion.

Future plans include the introduction of jet phenomena and consideration of the flexible
bag motion.
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