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On the Motions of High Speed
Surface-Effect-Ship in Waves

G.J. Lee!

Abstract

The motion response of a high speed SES in waves is important because the ride
quality of passengers is mainly affected by it. The pitch motion has a large influence
on the vertical motion at the bow. But the pitch motion of SES does not have been
analyzed properly. The reason for that is the absence of proper mathematical model
for the stern bag, the bow seal, and the inherent non-linearity.

In this paper, the heave and pitch motion of high speed SES in waves have been
treated. For doing it, the mathematical model for the stern bag was set up, and
the hydrodynamic forces on the side hulls were obtained by using the principle of
momentum change. The motion responses in waves were calculated, and the analysis
of the motions was done.

1 Introduction

The SES(Surface Effect Ship) has been proved to be adequate for a high-speed passenger
ship because of its speed and relatively good seakeeping quality[1]. An SES has some
advantages compared with an ACV such as the directional stability, less power of lift fan,
water-born propulsion device etc. because of its side hulls. Compared with the other types
of the high speed passenger ships in service such as the hydro-foil ship and the catamaran,
the seakeeping quality of SES especially in the acceleration level for high encounter fre-
quency, is relatively good because of its air cushion effect. The vertical motions and their
associated accelerations are known to have important influence on the human habitability
in a seaway. So, many studies relating the RCS(ride control system) were done[1.2.3.4.5]
to reduce these motions. As the speed of craft becomes high, the acceleration grows very
high although the displacement does not grow, because the encountering frequency of waves
becomes high.

Especially at the bow and the stern, the vertical motion is aftected by not only the heave
motion but also the pitch motion to a large extent. But the previous studies are mainly
concentrated on the heave motion, not on the pitch motion. The reason for that is the
absence of proper mathematical model for the stern bag. the bow seal, and the inherent
non-linearity. In order to analyze the pitch motion, we must know the deformation and
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dynamic model of the stern bag and also the hydrodynamics of the side hulls. Usually the
shape of the side hull is similar to that of a planning boat, so the hydrodynamics can be
analyzed by using the principle of the momentum change, which has been used successfully
and extensively in the problem of the high speed planning boats[6,7,8]. The deformation
model and hydrodynamics of the bag has been studied recently[9,10,11,12], however there
are many problems in applying the results to the dynamics of the high speed SES, especially
in the dynamic matching between the bag and the craft.

In this paper, the heave and pitch motions of a high speed SES in waves are treated.
A mathematical model on the deformation of the stern bag is set up, and the effect of the
sterb bag on the pitch motion is analyzed. On the side hulls, the hydrodynamic forces are
obtained by using the principle of the momentum change that is used extensively on the
hydrodynamic problems of planning boats. The equations of motion consist of 6 modes:
heave, pitch and 4 pressure variations. The motion responses are obtained in the time
domain, because the dynamics of SES has the inherent non-linearity. The motion responses
of SES in regular and in irregular waves are computed. The analyses of the effect of the
stern bag on the pitch motion, the bow and stern acceleration, force components during the
motion, and the degree of the non-linearity have been done.

2 [Equations of Motion of SES

Consider a SES(Surface Effect Ship) advancing forward with a constant speed U. The
shape of SES is shown in Fig.1, and the coordinate systems in Fig.2. The right handed
coordinate systems are adopted, and the x-axis lies in the forward direction and the z-axis
upward.

air feeding hole

— b
/N/

Figure 1: Surface Effect Ship

bow seal

The forces acting on SES in waves mainly consist of the pressure force in the cushion
chamber, bow seal, stern bag, and the hydrodynamic forces on the side hulls. For a low
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Figure 2: Coordinate Systems

forward speed, the free surface deformation due to pressure have to be considered and
incorporated with the motion of the craft. But if the forward speed is very high, the free
surface deformation generated by the cushion pressure is developed mainly in the down
stream, Near the craft the free surface deforms small enough, so that the free surface
elevation due to the cushion pressure is negligible.

Discussions are made for the forces acting on the cushion, on the side hull and on
the seals. Then the mathematical model of the stern bag, and the equations of motion are
considered.

2.1 Forces acting on the Side Hulls

The frequency dependent hydrodynamic forces take place when there exist free surface and
the memory effect, which is induced by pressure variations in water due to the waves made
by previous motions of a craft. So only when a body is in the wave field that is made
by itself, the frequency dependent terms arise. Suppose that a craft is running forward
at very high speed, then the craft displaces the water with its volume and the displaced
water is running down aftward very quickly. In this case, the waves due to the craft are
developed mainly in the down stream, and the frequency dependency for the hydrodynamics
of the oscillating craft becomes smaller as the speed of a craft becomes larger. For the
analysis of the motions of a relatively low speed craft in a regular wave, the frequency
dependent hydrodynamic phenomena must be considered. Even in a regular wave, the non-
linear motion creates different frequency components, so the analysis will be made using a
harmonics analysis. In irregular waves, the number of harmonics to be calculated becomes
so large that the harmonic analysis is no more practical. Therefore, it is practical that the
motions of a high speed craft in irregular waves are calculated by using only the frequency
independent forces.

Many researchers used the principle of the momentum change to calculate the hydro-
dynamic forces acting on a planing boat, and the results agreed well with experimental
ones.[6,7.8] In this paper, the method of momentum change will be used to calculate the
forces acting on the side hulls.

First, consider the relative velocity between the fluid and the body. At a position whose
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x coordinate is r, the displacement can be written as

X = Upt+ o+ rcosas,
Z = (i3 — TSI (. (1)

The velocity normal to the base line can be obtained as follows.

Ve = Xsinas+ Zcosas

= dgcosas + (& + Up)sinas — mds (2)
The normal velocity due to the waves is
Vw = uw sin as + ww cos as, 3)

where uy, ww are the fluid velocities of the waves in the direction of x and z respectively.
The relative velocity viewed from the moving craft is as follows.

V, = Vw—Vp
= (ww — d&3)cosas + (uy — &) sin s — Ug sin as + ras. @

Let’s consider the forces due to the momentum change. The normal force component
acting on the hull at a certain section can be represented as

dF = i(mavr) = m,V, —%—mal - U i(maV) (5)
dt ox

The force can be calculated by integrating the above force component.

[maVilh (6)

_ /dF - /(maVranaV;)d’r*

COS (s

And the moment is

0
M, = ——/’I‘dF / (M V, + mav Yyrdr + Uy '/Ta—(mavr)dT
i

= —/mv + moV,)rdr + {[rmar /der} (7)

COS (g

The added mass m, is a function of the water surface height from the base line. The time
rate of height and added mass are

h = hg+(yw — (a3 — rsinas)
h = Cw‘ - ((/'l,; — " COS (156.1;5). (8)
om, . Mg = 0,

e h ifh<0 el 9)

h
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Let’s divide the relative acceleration dV; /dt into the craft’s acceleration and the others.

V. = a, — ds3C0sas + i — (¢ SIL (g
a. = Ww COSQs+ Uw Sin as (10)

—(ww — &3)sinasds + (uy — Gq) cos asds — Up cos asas

Then the force and moment can be rewritten as

F, = —(dzcosas+ i 51na5)/m dr+as/ma7‘dr
a; T g V,TF
+/<8h a) ' cosa;, 4

M, = +(ascosas+ Gy smas)/mardr — as/m r2dr (11)

om Uy
— i v
/ ( oh hV, +maaT> rdr + cos { Mg V /ma dr}

Similarly, the damping force independent to frequency will be considered. Zarnick &
Long-Wen[7] used the cross flow drag for the damping force.[8]

dF, = CppbV,|Vi
F, = CDp/bL;.w;gdr (12)
M, = —Cpp / BV, Vi |rdr

The restoring force can be calculated as follows,

Fr = pg / Sdr, My = —pg / Srdr. (13)

where S is the submerged area at a certain section. The integral appeared in this section
must carry on only along the portion of side hull in which the water surface height is
positive.

2.2 Air Flows and the Pressure Forces

The air flows and the variables used for this formulation are shown in Fig.3.
The expansion process of the air is assumed to follow the adiabatic process. The state
equation of the air in the adiabatic process is represented by the following equation.

1/~
P
p=pa <[—> - (14)
Va

where p, is the atmospheric pressure, p, is the density of air at 1 atm, and v is the specific
heat. Hereafter the pressure will be recognized as the absolute pressure. The governing
equations of air flow can be set up by applying the mass conservation law at the four



18 On the Motions of High Speed Surface-Effect-Ship in Waves

gft
\\ qrest \

¢ Pd,Vd

e

Pa

Figure 3: The Air Flows

locations, those are the cushion chamber, duct, stern bag and the duct for bag. The volume
of the cushion chamber and the stern bag may be changed when the craft oscillates and the
incoming waves are present.

The mass conservation law of air in the cushion chamber can be written as

d D .
EZ(PCVC) = pcVe + pVe = i + qres2 — ge — qresi (15)
where the variable ¢ is the mass flux. Using the state equation of air Eq.(14), the above

equation can be rewritten as follows.

peVe
YPe

Pe = G + qresa — Ge — qresy — PeVe (16)

Similarly, the mass conservation laws in the duct, stern bag, duct for the stern bag are

paVa .
— Dd = —q¢+ g5,
YPd
opVe . -
—— Db = Gt — qrCS2 — PbVes (17)
YPb
PoaVod

"Dod = qf2 — Qbi-
YPbd

If there is no duct, the above equations are reduced as the following two equations.

pc‘/; . ‘r
Pe = qf1+qres: — @e — Grest — PVe
YPc
PuVy . .
—Dy = (2~ Gresr — Ve (18)
TP

To solve the above equations. varying volume 1.1} must he known, The deformation
model and the volume of the stern bag are given in section 2.3. The volume of the cushion
chamber may be calculated when the wave elevation and the motion of SES are given.

I = / /;ddmy - (19)
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where V} is the volume between the plane drawn vertically from the bow to the free surface
and the bow seal. The distance between the free surface and the upper plate of the cushion
chamber z, is

2¢g =2+ a3 — Tas5 — (w (20)

The mass flux ¢ can be calculated by using the following orifice equations.

¢ = kAipay/2(pa — pc)/pa
Qi = kAbind\/2(pbd — D)/ Poa

qres1 = kArcsipey/2(pe — Pa)/pe (21)

qres2 = kArcsa06\/2(Ds — De)/Ps

e = kAe,Oc V 2(pc - pa)/pc

where the contraction coefficient k£ is chosen as 0.65, the data A’s are the inlet and outlet
areas. The outlet area A, depends on the motions of craft and waves. It consists of the
gap between the lower part of the craft and water surface, and seal system itself. The air
tightness of cushion chamber is not perfect, so the leakage will take place even when no
motion occurs. This leakage area is to be considered as the outlet area A.,.

A=A, + gsdl + gpdl + grdl, (22)
Side Hull Stern Bag Bow Seal
where gs, g, gr are the gaps between the free surface and the lowest point of side hull,
stern bag, bow seal respectively. The air feedings g1, g52 are governed by the characteristics
of the feeding fan. The relationship between the pressure difference and air flux is assumed
to obey the following equation.

C'i—i—Cii if Apg; > Cy;
Apfi:{ 0 145 Py 2

Coit Coilays — 3s) i Apyy < Oy =12 (23)

where Apy; is the pressure difference across the fan and gy; is the mass flux. And ¢}, is
the mass flux when Apy; = Cy;.

The forces acting on the craft due to the pressure is the same in magnitude and opposite
in direction to the pressure forces acting on the free surface. Therefore the area of pressure
patch exposed to free surface and the center of area must be known. The force and moment
acting on the craft are

F, = Acpe+ Appe,
M, = —z.Ape — TpArps, 24)

where A., A, are the area of cushion and stern bag exposed to the free surface respectively,
and r., 1, the centers. These are not fixed but varying at each time. The area A. is the
cushion area enclosed from the point at which the bag starts to meet the free surface or
the lowest point of the bag, to the point at which the bow seal meets the free surface. So
the force of the bow seal is automatically included in the above Eq.(24) in the form of the
cushion area.
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2.3 - Mathematical Model of the Stern Bag

The stern bag of SES prevents the air leakage from the cushion chamber, usually it is made
of fiber so that it can be deformed easily by the free surface. The free surface deformation
due to the cushion pressure is small near the stern bag if the speed of SES is high. Therefore
the free surface is assumed to be rigid. The shape of a bag is given in Fig.4 and Fig.5.

In calculations of the shape of a bag, the slope of the free surface 6y is included in 0,

B A XY

Figure 4: Shape of a Stern Bag and Parameters

Figure 5: Normal and Overlapped Shape at Point C

so that § = a5 + Ay where o5 is the pitch angle of SES. The sign convention of 8y is
positive when the surface goes up as x increases. Then the free surface can be considered
as the horizontal surface. Assume that the pressures. the lengths of each segment of a bag.
and the free surface are given. To obtain the shape and area of the bag, the following
assumptions are made.

1. The length of each segment is constant.
2. OE, OD, OC are straight and the same in length.
3. At the point A,B, the bag meets the free surface tangentially.
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4. In all the arcs of the bag, the Laplace formula ( relationship of pressure,
tension, and radius of curvature) must hold. '

5. All segments transmit the tension, not moment.

6. All segments are assumed to be massless.

The shape of the bag can be totally obtained, provided that the four unknowns z 4, x5, 0c, [
(l; may be interchanged with [y if necessary.) have been solved. The parameter used to
find the shape of the bag can be calculated as below using four unknowns.

Op =0c/2 , Y =Ya=Yu
zg = —L.cos(—0) , yg = —L.sin(—6)
zp = —L.cos(8p —0) , yp = —L.sin(f0p — ) (25)
e =—L.cos(0c —0) , yc=—L.sin(0c — 6)

10

Bcr = tan"'(yc — y@,Tc — TB) — Oc — S
T1
11
fer = m—tan”(yp — ye,zp —2c) + b0~ 5= (26)
lo=L~1,— 4B 27)
ch . I, BC I, O4 . I
D T A T D T (28)

where Eq.(28) are for the radii provided that the length and distance between two points
are given. However, these are not the closed forms, so the radii should be obtained by
iteration method.

The four unknowns are governed by the following four conditions: first two conditions
are that the bag meets the free surface tangentially at the points A and B, the third condition
represented the tension relation in the segment OABC, and the last condition the force
equilibrium at the point C.

KN

fi = tan Y(yo — ya, 0 — T4) — 5 =0
To
~1 ll
fo = tan"ye —yp.xc —r)+ - =71 =0
1
Py — Dc p P—
fz = ro—r — =———C;U*AB =0 (29)
Py — Da 0 2(pb—pa) d ’
f4 = 7r9s8indoy — risingde; = 0.

where C is the friction drag coefficient and [ is the speed of SES. The four unknowns
can be obtained from the above equations by Newton-Raphson method with a number
of parameters given in Eq.(25), (26), (27), (28). This iteration does not converge when
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Dc > Db, but as the pressure in the cushion chamber increases and approaches the pressure
in the bag, AB tends to be zero and the bag flies above the free surface. Therefore the
solution when the bag flies is needed, and at this time the decreasing pressure in the cushion
chamber makes no problem in solving the above equations.

When the bag totally flies above the free surface, the special treatment is needed. If the
bag flies above the free surface, we assume that the pressure on the portion of the bag before
the lowest point is p., and behind the lowest point p,. At this time the unknowns must
be changed with z 4,34, 60c,![;, and the point B coincides with the point A. The solution
method is the same as mentioned previously. During the iteration, the bag is assumed fly
if the point A is located behind the point B. And for the case that the bag goes down from
the flying position, the bag is assumed to meet the free surface if y,4 is lower than the free
surface.

When the bag overlaps with itself, the special treatment is needed also. If the bag
overlaps at the point C, the condition f; should be changed as follows.

fa==lL+11=0 (30)

where [, [, are the overlapped lengths in the segments BC and CD respectively. In this
case, the angles (¢, B¢2 vanish. When overlapping happens, the shape near the overlapped
point is changed, the equations to represent the shape and the criteria for overlapping is
somewhat lengthy for explanation, so these explanations are omitted.

The area of the bag can be divide into the areas of inner hexapolygon and four arcs.
The sum of areas of four arcs is

3

Age = I (0; — sinb; cosb;)r?, (31)
=0
L1 .
0; = 2“2 fori=0,1,
l; - 2l .
h; = t for1=2,3.
27'1'

The area of the hexapolygon is

4

Yo+ U Yi + Yi
Apoly = 5 > (xo — x5) + Z Tﬂ(ﬁﬂ — ), (32)
1=0

where z;,y; are the positions of the points O,A,B,C,D.E according to i=0,1,2,3,4,5. The
volume of the bag is the breadth of SES times the sum of Eq.(31) and (32). The area that
the meet the free surface is AB times the breadth of SES, and the center position is the
mid point of AB.

Lrb = b- (‘;iarc + f‘poly)
A, = b-AB (33)
T, = (T4+xp)/2,
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where b is the cushion breadth of SES. These are used in the equations of motion of SES.
As seen before, the shape of the bag can be obtained totally in the static manner. In order
to apply this deformation model into the dynamics of SES, we must know the time rate
of change of the volume. But the volume is determined in static manner, so we have no
choice but differentiating the volume in numerical sense to obtain the time rate of change.
Because the numerical differentiation amplify any numerical or truncation error to a large
extent, the following filtered numerical scheme is adopted.

Vi

fi=

fio= e F  + (11—t (34)
: d fi—Tiro 5

V. = —(f- —Jr J-l V., |

b dt(f Ve) At ‘/e+fz‘/

where 1 is the index of the time step, and V, is the volume enclosed by the plane which is
drawn vertically from the point O to the free surface and by the plane drawn from the point
E to the free surface vertically. V, and V, can be obtained if the free surface elevation and
the motion of craft are given. f is the filtered value of the volume fraction f using the 1st
order filter, which is characterized by the time constant 7.

2.4 Equations of motions

The equations of motion consist of the mass conservation laws in cushion chamber, duct,
bag, duct for bag and the 6-degree of freedom equations of SES. In this paper, only heave
and pitch equations are studied among 6 modes. The equations of motion for heave and
pitch are represented as follows,

mos — mreghs = —mg+F,+Fq+F +F,,
Isas —magds = maxgg+ My + Mg+ M, + M, | (35)

where m is the mass of SES, z the X coordinate of the center of gravity, /5 the mass moment
of inertia. There are forces proportional to the accelerations of the craft in F,, M,,, we
may rewrite the above equations using Eq.(11),

(m + agg)dg + (—mIG + 035)5(5 = —mg-+ Fh + Fd + FT + Fp N

(—mxg + as3)ds + (Is + ass)ds = mrgg+ M+ Mg+ M, + M, . (36)

where a’s are the added masses of the craft and the subscripts mean the force direction and
the motion mode. The added masses are
— / mardr,

(53 = — COS ag/mardr e / mgridr (37

I

33 = cosu;,/madr . Uss
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on the main dynamic behavior should not be significant. The original ship has been in her
service since 1990. The specifications of the model is listed in the Table 1. The shape of
side hull is also modified to a simple form as in Fig.6. And the dimensions are listed in
the Table 2.

All calculations were made in double precision using a 386 based PC. The solution of
the equations of motion was obtained in the time domain. The time interval At was set to
0.002 second. Because of the presence of the bag, the time interval is set relatively short.
If there is no bag the time interval can be set to more large value, say 0.01-0.02 second.

Table 1. Specifications of the model used in calculation

Principal Dimensions

m 154,000 kg Is 9,856,000 kg-m2

[ 32 m b 8§ m

TG 24 m 26 I m
hseal 3m lseal 3m

Z0 2m

Fan Characteristics
Fan No. 1 Fan No. 2
Co1 7500 Co2 10500
Cn -50 Cio -100
Cyy 5000 Cyy 7500
Cs1 -100 (32 -250
(J}l 50 4F2 30
Bag Dimensions

Thag -11.5m L=Ily+11+AB 7.5 m
L. 45 m Io 1.5m

13 1.5m

Data for Air Flows

Vy 30 m3 Vi 10 m3
De 105000 Pa Db 107500 Pa
A; 0.98248 m2 Ap 0.76100 m2

Arcsi 0.70000 m2 Arcs2 0.58944 m2
Aeo 0.41150 m2
Miscellaneous

T 0.02 v 1.4

Cp 1.0 Cy 0.04

Before the calculation of the motion in waves. the initial state should be computed when
the craft is running on the calm sea. This state can be computed by calculating the motion
with no wave until the steady values are obtained. The results are : heave = 0.1025 m,
pitch = -1.06 degree(bow down positive). p. = 104948 Pa, p, = 107393 Pa.

In all the cases, the direction of wave is set to be opposite to that of the craft, that is
to say, head sea. Motions in a regular wave are plotted vs. the encountering frequency, i.e.
frequency responses in many cases. Because all calculations are made by using non-linear
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Figure 6: The Shape of Hulls

equations, the results are not sinusoidal. So the frequency responses were represented by
the peak-to-peak value of the time domain solution after the steady solution seems to be
obtained at each frequency. In addition, the 1st, 2nd, 3rd harmonic amplitudes is also
computed. Let f(¢) be a time domain solution, the n-th harmonic amplitudes are computed
as in the following equations.

A, = Ao+ Al (42)

2m

We [ e

Ape = — f(t) cos nw.tdt
7T Jo
We % .

Aps = — f(t) sin nw,tdt
m Jo

It is convenient to define the ’distortion ratio’ that represents the degree of the non-linearity.

B A3 + Al 43)

Tp =
Ay

Of course the numerator can be summed to higher order harmonics, but the above seems to
be enough. If the time domain solution is purely sinusoidal as in the linear case, the half
of peak-to-peak value is the same as A;, and A,, A; vanish, so rp equals to zero.

In the case of irregular wave, the surface elevation is generated by summing up 10 wave
components which have random phases at initial state. The amplitude of the motions is
represented as RMS(Root Mean Square) value.

3.1 Motions in Regular Wave

For a regular wave, 4 wave systems are selected, whose £ A, the maximum wave slope, is
0.01, 0.05, 0.1, and 0.15.
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Table 2. Data for the Side Hulls (in [m])

Station z ho hl bma.xl h2 bma.x2
-16 1.0 1.0 10 30 30
-14 1.0 1.0 1.0 3.0 3.0
-12 1.0 1.0 1.0 30 29
-10 1.0 1.0 1.0 3.0 28
-8 1.0 1.0 1.0 30 26

-6 1.0 1.0 1.0 3.0 25
-4 10 1.0 10 3.0 23
-2 1.0 1.0 10 30 21
0 1.0 1.0 10 30 20
2 10 10 1.0 30 19
4 10 10 10 30 138
6 1.0 1.0 1.0 30 16
8 10 1.0 1.0 30 14

10 10 1.0 08 3.0 1.2
12 10 1.0 06 3.0 1.0
13 075 1.0 05 3.0 1.0
14 05 10 04 30 1.0
16 00 10 02 30 10

In Fig.7, the heave and pitch responses are drawn. The heave responses are non-
dimensional values obtained by dividing the half of peak-to-peak values by the correspond-
ing wave amplitude, and the pitch responses are the half of peak-to-peak values divided by
the corresponding maximum wave slope. The heave responses do not have the resonance
and in higher frequency from 6 to 10 rad/sec there are humps which are not visible in
the pitch responses. And the distortion ratios, represented as dashed lines in figure, have
somewhat large values in the range from 5 to 6 rad/sec, at which the responses are small.
This means that the shape of motion is far from the sinusoidal shape, and the non-linearity
dominates. Of course, for small wave amplitudes such as £A=0.01, 0.05, the behaviors
of motion are nearly sinusoidal and the linearity dominates. The pitch responses become
smaller as the wave amplitude goes large, and there is one resonance. The response near
the resonance frequency is much affected by the wave amplitude. As shown in tigure, the
distortion ratios are small enough, so the behaviors of motion are nearly sinusoidal.

The mean sinkage and trim are shown in Fig.8. The mean values are non-dimensio-
nalized by the wave amplitude for sinkage and by the wave slope for trim. Sign conventions
are that the sinkage is positive when the craft goes up, and the trim is positive when the
bow goes down. The sinkages are always negative, that is, the craft goes down when it
meets the waves. The trend is that the sinkage goes down as the frequency goes high, while
its behavior is different for the each wave system. Over nearly all the frequency range, the
trim is positive, that is, the bow goes down. But in higher frequency over about 7 rad/sec.
the trim becomes small.
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In Fig.9, the vertical displacements at the bow and stern are drawn. The non-dimensio-
nalizations are the same as in Fig.7. Seen in the figure, the vertical displacement at the bow
have a quite large value near the resonance frequency, and this value is about three times
greater than that of heave for a small wave. For a large amplitude wave, that is kA=0.15,
the vertical displacement at the resonance goes down to about value 2. The distortion ratios
are small for all frequency, this said that the vertical displacement at bow mainly affected
by the pitch motion. At the stern, the vertical displacement is similar to that of heave
except the fact that there is no hollow and hump, while the heave response has a hollow
and hump at high frequency. And the responses for large amplitude waves such as k4=0.1,
0.15, are nearly constant over the range from 3 rad/sec to 8 rad/sec. These behaviors of
the vertical displacement at the bow and stern are made intentionally in the design stage
of the side hulls in order to lessen the motion at the stern so to provide the good condition
for the propulsion device. So these behaviors may be different a little from one craft to
another craft.

The vertical accelerations at the bow, stern, and midship are given in Fig.10. The
vertical accelerations behave like the vertical displacements. At the bow and midship,
there are two peaks at 3 rad/sec and 8 rad/sec, however at the stern, there is no peak
and the acceleration level remains constant over large range of frequency. But remember
that one wave system has a constant wave slope, in other words, the amplitude of one
wave system decreases as the frequency increases. Similar to the case of displacement,
the acceleration is greater at the bow and it is small at the stern. The distortion ratios are
large over the frequency range from 2 rad/sec to 6 rad/sec, so in this range the shape of
acceleration in time is far from the sinusoidal shape.

Let’s consider the forces acting on the craft, the maximum wave slope is setting as
kA=0.1. Fig.11(a) shows the hull forces, the static force is small compared with the other
components. The forces due to the added mass and due to the change of added mass are
comparable in the low and medium frequency region, but in high frequency region the
forces due to the change of added mass are small compared with those of added mass. It
seems that this fact can be applicable to a high speed planning craft. In Fig.11(b), the forces
due to the pressures are drawn, the total pressure force mainly consists of the force due to
the pressure in the cushion chamber, and that due to the pressure in the bag is negligible.
Fig.11(c) shows the comparisons between the hull force and the pressure force. The mean
force of the side hulls and the mean force due to the pressures behave opposite to each
other, so the sum of mean forces remains constant, and the mean pressure force is larger
than that of hulls. The mean pressure force is smaller than that of the steady state value,
that is, the value with no wave. And the mean hull force which is the mean static force
is larger than that of steady state value, this means that the sinkage takes place and the
resistance of the craft will increase.

The moments acting on the craft are shown in Fig.12. Fig.12(a) shows the moments of
the hulls. Opposite to the forces, the moment due to the statics is the largest. The moments
due to the added mass and the change of the added mass are similar in magnitude, and the
behavior is similar to the corresponding forces. In the Fig.12(b), the pressure moments are
drawn. The moment due to the pressure in the bag is the main component. This is the
phenomenon different from the case of forces in which the force due to the bag pressure is
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the smallest. This is because that the bag is located at the stern, so the moment arm of the
bag pressure force is large. Fig.12(c) shows the comparisons between the hull moment and
the pressure moment. The mean values behave opposite to each other so the sum of two
moments remains constant as in Fig.11(c). The magnitudes of the oscillating moments are
comparable with each other, and near the resonance frequency the hull moment is larger,
and in high frequency the pressure moment is larger. Considering that the moment due
to the bag pressure is the main part of the pressure moment, the bag seems to plays an
important role in the pitch response of SES as expected.

3.2 Motions in Irregular Wave

All motions in irregular waves are calculated up to 110 second. Fig.13 — Fig.16 show the
irregular motion characteristics varying the significant wave height H, 3, and the calcula-
tions were made three times at each case. The solid lines in the figure are the fitting lines
of the calculating points.

Fig.13 shows the ratio of the time of bow seal emergency to total time, and that of the
bag fly. When the significant wave height is less than 1m, the bow seal always meets the
free surface, and above this value the lowest point of the bow seal starts to move up and
down the free surface. The time ratio is shown in figure. The fly of the stern bag takes
place even on small significant wave height, this phenomenon is easy to happen because
the bag flies if the pressure in the cushion chamber is high enough compared to the pressure
in the bag. This time ratio can be made small if the pressure in the bag is increased by
any means such as adopting the large fan to the stern bag and designing the feeding holes.

The mean sinkage and the mean trim are shown in Fig.14. As the significant wave
height grows large, the mean sinkage and trim grows along with the wave height. For high
wave height above 3m, the sinkage and the trim remain almost constant.

Fig.15 shows the change of the hull displacement. The mean displacement increases
linearly when the significant wave height is less than 3m. For the wave height above 3m,
the mean displacement is two times of the initia! displacement, so the resistance increases
according the increase of hull displacement.

The RMS values of acceleration at the bow, midship, and stern were drawn in Fig.16.
The acceleration levels of midship and stern are about the same, and that of the bow is
about two times larger than that of midship. The RMS accelerations increase rapidly in the
range where the significant wave height is smaller than 1.5m. And in the range over about
2m, the accelerations increase slowly.

The power spectral density function of acceleration is shown in Fig.17. The significant
wave height is 3m. The first peak is located at 0.4 Hz, and the second peak is at 1.2 Hz.
The first peak occurs at the peak frequency of the wave spectrum, and the second peak
occurs at the second resonance of the heave response shown in Fig.7. Comparing with
Fig.10, the characteristics of the accelerations are somewhat alike that of regular waves.
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4 Conclusions

In this paper, the heave and pitch motion in waves are studied. For doing this, the math-
ematical model for the deformation of the stern bag is investigated, and the hydrodynamic
forces on the side hulls and the air flows are also investigated. The non-linear equations
of motion including the heave, pitch, and 4 pressure variations are obtained. Solving the
result equations of motion, the motion responses of SES in waves are studied. As a result,
the following conclusions are drawn.

The mathematical model of the stern bag was derived, and the dynamical match-
ing to the dynamics of the craft was done.

The non-linearity strongly appears in the pitch response rather than in the
heave response. The resonance appears in pitch response, but there is no
first resonance in heave motion.

The force due to the stern bag plays an important role in the pitch response,
but in the heave response the effect is very small.

The force due to the added mass of the hulls has similar value in magnitude to
the force due to the change of added mass.

In irregular waves, the motion characteristics change little when the significant
wave height is larger than 3m.

The vertical acceleration of the bow is about two times larger than those of the
midship and stern.

Further studies are required on the comparisons with the experimental studies and on the
ride control systems.
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Figure 7: Heave and pitch respenses for var-
jous wave systems. Solid lines are for the Figure 8: Mean sinkage and trim for various

responses, and the dashed lines are for the wave systems.
distortion ratios.



G.J Lee

Vertical Displacement at Midship(ndd)
1.5

0.5

Encounter Freq.(rad/sec)

Vertical Displacement at Bow(ndd)
3.0

Encounter Freq.(rad/sec)

Vertical Displacement at Stern(ndd)
1.5

0.5

A

S R e e S
0 2 4 6 8 10
Encounter Freq.(rad/sec)

0.0

Figure 9: Vertical displacement at the bow
and stern for various wave systems. Solid
lines are for the displacements, and dashed
lines are for the distortion ratios.
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Figure 13: Ratio of the emergency time of
the bow seal and stern bag to the total time.
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Figure 14: Mean sinkage and mean trim.
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Figure 16: Root mean square value of the
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Figure 17: Power spectral density function
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stern. The significant wave height is 3m.



