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SUMMARY

Speed reduction or slamming must be restricted for a high-speed oceangoing vessel because of the requirement for
punctuality and the high value of the cargo. Speed reduction and slamming are caused by large amplitude motions
in waves. A promising ship form for such vessels is so-called “Resonance-Free SWATH (RFS)”, which has
negative pitch and roll restoring moments due to the extraordinary small water plane area. As a consequence, the
resonance peak is removed from the motion response. The attitude of the RFS with negative restoring moments is
adjusted by four pairs of control fins attached to the fore and aft ends of the lower hulls. In previous studies, the
steady value of the lift-curve slope is usually used in the motion equation of the frequency domain. However, when
working in waves, the controlling fins are not working in a steady state and the lift coefficient is no longer a
constant. In addition, there exists a phase lag between the change in the attack angle and the fin-generated lift. In
the present study, theoretical predictions using a frequency-domain 3D-Rankine Panel Method, as well as
experimental measurement, have been made to analyze the phenomena of the lift generation including the phase
lag and the interference between fins, the lower hulls and the struts. The theoretical results agree well with the
experimental results in spite of the potential theory being without viscosity. Next, the unsteady characteristics of
fin-generated lift are expressed as the function of the encountering wave frequency. Then the effects of the fore
fins, the lower hulls and struts on the lift curve-slope of the aft fins are discussed.

NOMENCLATURE fin-generated lift have not been considered in most of the
studies. When the control of ship motions by means of
A Plane area of fin (m?) the fins is considered, the unsteady characteristics such
A, Water plane area (m®) as the time lag and the interaction between fins and the
o Attack angle of fin control (rad) hulls are very important [7], [8], [9], [10], since they
B Breadth of ship (m) have a profound effect on the magnitude of the maximum
c Chord length (m) control gain, the lift force itself and the consequent
C,, Lift-curve slope for attack angle (rad™) motion responses.
d Draught (m) . . . .
F, Froude number (-) A promising ship form for a fast oceangoing vessel is the
g Acceleration of gravity (m s?) so-called ‘fRes.onance—Free SWATH (RF.S) [11], [12]7,
GM,  Longitudinal metacentric height (m) whose mqtlon is reC}uced completely even in rough seas. It
K Wave number (m™) has negative restoring momeqts due to its ext.raoerary
L Length of ship (m) small water plane area. The attitude of the RFS is adjusted
0 Moment lever of fin (m) by four pairs of control fins attached to Fhe fore and aft ends
of the lower hulls. As a result, the motion responses of the
Re Reynplds number (-) 3 RFS [12] are significantly reduced compared with those of
P Density of water (kg m™) the mono-hull and the trimaran.
U Ship speed (ms™) \
4 Displaced volume (lm ) In the present study, some calculated and experimental
@o Wave freq}lency ) . results for the hydrodynamic forces and moments
@e Encountering frequency (s™) acting on the fins attached to the RFS, especially the
g Displacement in j-th motion (m/rad) unsteady characteristics of fin-generated lift, are
Ca Amplitude of incident wave (m) presented and discussed.
1. INTRODUCTION 2. THEORETICAL CALCULATIONS
Research and development on the seaworthiness of 2.1 MATHEMATICAL FORMULATION

oceangoing ships has been pursued actively before [1],
[2], [3]. In some works, the effect of control fins on the
motion responses has been studied. However steady state

In the present study, a three dimensional frequency-
domain Rankine Panel Method (3D-RPM) based on the

values have been used as an approximation for the fin-
generated lift [4], [5], [6], and the unsteady effects on the
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potential theory [13], [14] has been applied to calculate
the hydrodynamic forces and moments. The calculations
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have been carried out for the RFS model shown in Figure
1. The RFS model consists of an upper deck, two struts
and twin lower hulls. The cross section of the lower hulls
is circular with a maximum diameter of 0.077 m. The
horizontal cross section of the strut is elliptical with a
length of 0.783 m and a maximum breadth of 0.0385 m.
The height of the strut is approximately 0.154 m. Four
pairs of horizontal control fins and two pairs of vertical
rudders are attached to the lower hulls. Each fin has the
following configuration: Plane area 4 = 0.001518 m?,
chord length ¢ = 0.0357 m (base) or 0.0278 m (tip), span
s =0.0478 m, aspect ratio s*/4=1.51 and the symmetrical
wing profile of NACA0012.
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(b) Plane and front view (unit: mm)
Figure 1: Plan of RFS model indicating condition for
calculations
a) Boundary conditions
The fluid is assumed to be ideal and the flow irrotational.
When the ship is advancing at a constant forward speed
U in oblique regular waves encountered at an angle of g,

the velocity potential ® , governed by Laplace’s equation,
can be expressed as

D(x, y,23t) = Ul-x + 4, (x, p,2)] + Re[g(x, p,2)e"'] (1)

A4-50

Where
gé/a | ;
=55 (g, +4)+i0,Y £ 4, @
(O j=1
¢0 — l.eKz—iK(xcos;(+ySinl) (3)
o, = w, - KU cos y 4)

¢, , ayand K indicate the amplitude, the angular frequency

and the wave number of the incident wave respectively. @,
denotes the encountering frequency and g the gravitational

acceleration. The potential @, represents the steady wave
field, and ¢j the unsteady wave field. For the steady
potential @, , the following boundary conditions at the free

surface S , the body surface S;, and the wake sheets S},
of the fins are satisfied.

2
T

o Py on z=0 %)
0
a;f =n on Sy (6)
AP=P"'-P =0 on Sy (7

Where 7 is the unit normal vector on the body surface
pointing into the fluid. The Kutta condition, that the
pressure difference AP = P" — P~ between the upside
and downside of the wake sheet leading out of the
trailing edge of the underwater fin is equal to zero, is
described in Equation (7). On the other hand, for the

unsteady potential ¢‘,~ , the following boundary

conditions are satisfied.

09, o', 0o,
2 . 2
-0 ¢ —i2Uw —L+U"—L+g—L=0
-4, ““ox o e
onz=0 (8)
09, U
=n.+—m. (j=1-6
on e, ( )
% B % on Sy )
on on
AP=P" —-P =0 onSy (10)
The normal vectors are defined as follows:
(n,n,,n,) =n, (n,ng,n) =rxn (11)
(my,my,my) = —(fi-V)I;, (my,mg,mg) = —(n-V)(r x 17)

(12)

with 7 = (x,,2), V = V(-x +¢,)
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Where, the so-called m-term, i.e. m; in Equation (9) or
Equation (12), is an influence term from the steady flow
to the unsteady flow on the body surface. That is, it
represents the effect of the forward speed on the unsteady
flow. Assuming that the influence of the steady
disturbance potential ¢, is small, the m-term is

simplified to:
(m17m27m3) = (07050)7 (m47m57m6) = (07n3,_n2) (13)

In addition, the infinite water depth condition and the
radiation condition at the infinitely far field are satisfied

by 4, and &, .

b) Hydrodynamic forces and lift forces

The pressure in the unsteady flow
P(x,y,z;t)=Re[p(x, y,z) e ] (14)

is obtained by the Bernoulli’s pressure equation as
follows.

, o
p(x,yz)=-p(io, -U EW (15)

By integrating the pressure over the hull surface, the
unsteady hydrodynamic forces and moments F, are

evaluated as follows.
F=—[[, p(x.y.z)n dS, (i=1-6) (16)

In the present study, the effect of the incident waves is
not taken into account. The ship hull is advancing at a
uniform speed in still water. Hence, the hull has no
oscillation and only the fin rotates around its axis back
and forth. Accordingly, the diffraction problem is not
solved and only the radiation problem is discussed now.
The boundary condition at the body surface of Equation
(9) is rewritten as follows.

a¢5 _ 0
_6;1 = on Sy except for fin surface a7
a¢5 ! ro_
=Ns+——ms =ns+——"N; on fin surface
on io, io,

(18)

Here n' represents the unit normal vector which is
transformed into the local coordinate system with its
origin at the rotating axis of the fin. Then, the
hydrodynamic forces and moments produced by the pitch

motion of the fin around its axis are calculated as follows.
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gz_pa,;”sH [¢5 —L%jni ds, (i=1,3,5)

io, Ox

e

(19)

Accordingly, the fin-generated lift force is calculated as
follows.

, ZL(F_FSMIUJ
3

) X,
20
LHZLEFS_I%MJ >
2 X,

Here L, or L, indicates the lift generated by the fore or aft
fin, centred at (x; ys z) or (¥, Va Z.) respectively

referring to the global system, and /, ~ ‘Z f‘ =1z,

¢) The Kutta condition

According to the method of approximation developed by
Morino and Kuo [15], the pressure difference between
the upperside and underside of the wake sheet Sy in the
unsteady problem is expressed by the following equation.

. 0
APz—p(la)e—UE)A@(X,)’,Z):O OrlSW (21)

Here, A@; denotes the potential difference between the

two sides of the wake sheet, which is assumed to take the
following form:

A (x,,2) = A(y,z)e™ (22)

Substituting Equation (22) into the Kutta condition given
in Equation (21), it is easy to obtain:

,
k=—5 23
> 23)

Equation (22) will hold at the trailing edge of the fins
located at (x7, yr, z7) as well, i.e.

A¢j(xT7yT’ZT):¢;T _¢j_ :A(yT’ZT)eihT (24)
Accordingly,
A(yT:ZT) = (¢/+T - ¢;T)e_ikXT (25)

Where the value of the velocity potential at the upperside

and underside of the trailing edge is written as ¢/+T and

¢;T respectively. It is assumed that the value of A(y, z)
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is unchanged in the wake after leaving the trailing edge
of the fins. Equation (22) is now simplified as:

AG (x,y;r,2,) = () — P) 7T (26)

In the case of the steady problem, £ in Equation (26) is
equal to zero apparently.

2.2 NUMERICAL METHODS

Boundary value problems given in Equations (5)—(7) and
(8)—(10) are solved by using the boundary element
method respectively. In the case of unsteady problem, the
integral equation is derived as follows:

> P
ILF[ o ) (Q)—} 6(P.0)ds

-ff, L9 aG(P D £ (0)ds

I, ¢ (Q) G(P,0)dS
(27)

Where

P=(x,,2),0=(x,),z2) (28)
G(P.0) =~ r=|P-0| 29

The following expression is obtained from Equation (26).

AP (O) = (¢, —¢;,) 7T (30)

The velocity potentials ¢j (Q) on the free surface, the hull

surface and the fin surface are unknowns in the integral
equation (27). In the present study, the spline finite
element method developed by Sclavounos and Nakos
[16] is adopted to evaluate the integral over the free-

surface. That is, the velocity potential #;, on the free-

surface z=0 is described as follows.

NF
$;(x,y)=24,B,(x,») 31)
m=1
Here B, (X,y) is the two-dimensional cubic B-spline

function, 4, the spline coefficients and N, the number

of panels on the free-surface. Then, the free-surface
condition is expressed as follows.
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09, 2
- = Z;i ch Bm(x ) (32
an Z m=1
Where
C,=-K,, C,=-i27, C L
) K, (33)
@’ Uao, g
K,=—, 1= , Ky=— (34)
g g U

Assuming that the surfaces S, , S, or g, consists of N, ,
N, or N, panels respectively and the value of the

velocity potential is constant in each panel, the integral
equation (26) is discretized as follows.

i

n=1

()G (kD +66 () 3G (ke m}

(35)

Where ¢, (k) indicates the value of the velocity potential
@, of k-th panel and

. G(F,,0)
G (kD)
- ds

{G,f(k,l)} 1 aG(an i co

Here P, denotes the representative position of the k-th
panel and AS(/) the area of the /-th panel. Also, & is
non-trivial only in the case that / lies on the panel next to
the trailing edge, and then / is equal to +1 on the top
surface panel, -1 on the under surface panel. Finally,
Equation (35) becomes a system of the simultaneous

algebraic equations, in which ¢, and A, are regarded

as unknowns.

For the purpose of reference, the computation grids
adopted in the present study are shown in Figure 2. The
panels on the bodies including the struts, lower hulls and
fins are in red, while the panels on the free surface are in
blue, as illustrated in Figure 2 (a). The panels on the
wake sheets are shown in Figure 2 (b). In the figure, the
panels on the wake sheets of fore fins are in blue, while
the panels on the wake sheets of aft fins are in green.
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(b) Grids on wake sheets of fore and aft fins
Figure 2: Computation grids applied in calculations
3. EXPERIMENTS
3.1 MODEL AND MODEL BASINS

In a previous study [12], experiments were carried out to
measure the lift forces acting on the fore and aft fins of
the RFS model. A photograph of the RFS model is
shown in Figure 3. The principal particulars of the model
are presented in Table 1. The scale size of the model is
equal to 1/115. Since the longitudinal metacentric height
GM_ is equal to —0.019 m, the model has negative pitch
restoring moment.

Figure 3: Overview of RFS model [12]

The experiments were carried out at the Ocean
Engineering Basin in The University of Tokyo and
Small Towing Tank of Akishima Laboratories (Mitsui
Zosen) Inc.

©2016: The Royal Institution of Naval Architects

Table 1: Principal particulars of RFS model

Scale size L, oder/Liecal 1/115
Length L (m) 2.0
Breadth B (m) 0.486
Draught d (m) 0.112

Water plane area A, (m?) 0.0473
Height of gravity center KG (m) 0.180
Longitudinal metacentric height | GM; (m) —0.019
Radius of gyration x,/L 0.207

Mass PV (kg) 15.49

Advancing speed U (m/s) 1.918
Froude number F, 0.433
Reynolds number (hull) R, it 4 %109
Reynolds number (fin) Re_ i 6% 10*

32 CONTROLLING THE FINS

Four sets of fin controlling equipment are installed in the
bow and stern of both lower hulls, where the diameter of
the lower hull is about 40 mm. The -controlling
equipment consists principally of a DC servomotor,
worm gear, fin axis and potentiometer. The attack angle
of the four pairs of movable fin equipment can be
controlled independently. The maximum amplitude of
attack angle of each fin is limited to 20 deg, and the
maximum frequency of fin oscillation is 3.0 Hz.

33 EXPERIMENTAL CONDITIONS

The tests for measuring the fin-generated lift were
carried out at an advancing speed of U=1.918 m/s (F,=
0.433) in still water. During the experiment, the motion
of the hull is fixed, and the fore and aft fins are forced to
rotate sinusoidally around their axes. The range of
oscillation frequency wis 0-19 rad/s and the rotating
amplitude of oscillation is 10 deg. Four oscillation modes
of fins have been tested as shown in Figure 4. When
controlling the heave motion, both fore and aft fins rotate
in the same phase, whilst when controlling the pitch
motion, they rotate in the opposite phase.

—
= 2 =

Heave control mode

1
= ="

Pitch control mode

Only fore fin rotates Only aft fin rotates

Figure 4: Four oscillation modes of fins tested to find out
unsteady characteristics of lift
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o (rad/s)
(b) Pitch control mode
Figure 5: Unsteady characteristics of lift acting on fore or aft fin (effect of oscillation frequency of fin on lift-curve slope

and phase lag)
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(b) Fore fin fixed and aft fin rotated

Figure 6. Unsteady characteristics of lift in the case that only fore or aft fin operates alone (effect of oscillation

frequency of fin on lift-curve slope and phase lag)

In the 3rd or 4th mode, only the fore or aft fin is rotated
and the angle of the aft or fore fin is fixed at zero degrees
relative to the longitudinal hull axis.

Also, visualization tests of the flow around the lower hull
has been carried out using a model in which small tufts
are attached to the lower hull of the model advancing at
F,=0.433 in still water as shown later in Figure 7.

4. RESULTS AND DISCUSSIONS

4.1 UNSTEADY CHARACTERISTICS OF FIN-
GENERATED LIFT

Calculated and experimental measurements of the fin-
generated lift for the RFS model are presented in
Figure 5 and Figure 6. In Figure 5 C;,; indicates the lift-
curve slope with respect to the attack angle operating in
the heave control mode, while C;,s denotes that in the
pitch control mode. In Figure 6, C;,, represents the lift-
curve slope of the fins in the case where the fore or aft
fin rotates alone. The unsteady characteristics of the fin-
generated lift such as the time lag of lift-generation (i.e.
the phase lag) and the interaction between the fore fins,

©2016: The Royal Institution of Naval Architects

the aft fins, the struts and the lower hulls are shown in
these figures.

Next, calculations have been carried out for the
condition where the wake sheet of the fore fin passes
above the aft fin with a height of 25 mm. These are
confirmed by the experimental visualization test of
the flow around the lower hull as shown in Figure 7.
The photographs shown in Figure 8 demonstrate the
average flow passing over the surface of the aft fin
during the oscillation of the fin for the case of the
heave control mode at @ =7.0 rad/s (Figure 8 (a)) and
the case of the pitch control mode at @w=11.1 rad/s
(Figure 8 (b)). The flow goes down from the fore fin
to the midship bottom, and then goes up and passes
above the aft fin for every oscillation frequency in
both modes.

It can be seen that:
Firstly, the theoretical results agree well with the
experimental results, especially in the case of the

amplitude of the lift-curve slope, in spite of the potential
theory being without the viscosity.
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Secondly, as a whole, the amplitude of the lift-curve slope
gets smaller slightly and the phase lag becomes larger
slightly as the frequency @ increases, according to the
experimental results. This is the feature, which is generally
as predicted. Accordingly, the maximum value of the
control gain is limited by the presence of the time lag, and
then the effect of the motion control using the fin-generated
lift consequently becomes restricted as shown in previous
studies [17], [18].

Thirdly, considering Figure 5 in detail, it is understood that
the amplitude of the lift-curve slope of the aft fin has a
periodic fluctuation i.e. hump and hollow in both the
heave and pitch control modes, while there exists no hump
and hollow for that of the fore fin. Also, as regarding the
phase lag, there seems to be the same feature. In other
words, the lift-generation of the aft fin is affected by the
wake sheet of the fore fin in general. Furthermore,
regarding the hump and hollow of the periodic fluctuation
with respect to the frequency @, there seems to be the
opposite feature in the amplitude and the phase lag of the
lift-curve slope when comparing the control modes of
heave and pitch. This phenomenon is confirmed from
Figure 6 (b), which shows that the lift generated by the aft
fin has no fluctuation with respect to the frequency when
only the aft fin rotates. It means that the fixed fore fin does
not affect the amplitude or the phase lag of the lift
generated by the aft fin. Also, Figure 6 (a) shows the
results in the case that only the fore fin is rotated and the
aft fin is fixed. The amplitude and the phase lag of the lift
generated by the fore fin indicate the same feature as those
in the heave or pitch control mode in Figure 5. On the
other hand, the amplitude or the phase lag of the fixed aft
fin shows the value which is more than zero. This is
caused by the effect of the wake sheet of the fore fin.
Namely, the aft fin fixed at zero angle has relative attack
angle due to the wake sheet of the fore fin.

Finally, calculations have also been carried out for the
condition that the single fin rotates around its axis
beneath the free surface. In this case, the interaction
between the fins, struts and lower hulls is not considered.
The results are presented in Figure 6 (b). The calculated
magnitude of the lift amplitude is smaller than that of the

experimental results using the model, while the phase
lags of both results agree roughly. The reason for the
difference in amplitude is the existence of the hull.

42 INTERFERENCE BETWEEN BODY AND FIN

Now considering the lift-curve slope with respect to the
attack angle in the steady state, it is expressed as

CLa = (kW(B) + kB(W))(CLa )W 37

based on the aerodynamic study of body-fin interference
by Pitts et al. [19], where

_ (CLa )W(B)

_ _ (CLa )B(W)
e (CLa )W

= (38)

>

Here the subscript W represents the case of the fin alone,
B(W) the case of the lift on the body induced by the fin,
and W(B) the case of the lift on the fin induced by the
body. For low aspect ratio fins, (C;,)w is evaluated using
a formula proposed by Whicker and Fahlner [20] such as

1874,

(C,,)y =———==-— perradian 39)
1844 4
and
7"2
A =-—)/c (40)
It

0

where A, is the effective aspect ratio, » indicates the
radius of the body, ry denotes the transverse distance
from the body axis to the tip of the fin and ¢ represents
the average chord length of the fin. In the present study,
it is obtained that 4, = 2.0 and then (C,,)y = 2.44 1/rad.

g T 5 T

Figure 7: Small tufts attached to model for flow visualization test
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Attack angle of aft fin a,.; =0

Attack angle of fin a5 <0

Attack angle of fin a5 =0

Attack angle of fin a,; <0

(a) Heave control mode, @ =7.0 rad/s

Attack angle of fin a5 >0
(b) Pitch control mode, @ =11.1 rad/s

Figure 8: Visualization experiments to search the flow around aft fin

As the result, it is obtained that k) or kg is equal to 0.93
or 0.35, and (Cro)ms) or (Cra)som 1s equal to 2.27 or 0.85
respectively. Accordingly, the lift-curve slope (Cro)wmw 1S
equal to 3.12 1/rad calculated from Equation (37). Next, the
calculated results by using 3D-RPM is discussed. As shown
in Figure 6 (b), the value of (C.,)w calculated in the case
that the single fin rotates independently under the free
surface is approximately equal to 2.73 1/rad. Also, the value
of kg, ke, (Cra)ws) o (Cra)sow is calculated as shown in
Table 2. Consequently, (Cry)wow 18 €qual to 3.21 in the heave
control mode or 3.14 in the pitch control mode. On the other
hand, the experimental value of (Cpy)i 1S approximately
equal to 3.25 1/rad when the frequency gets close to the

©2016: The Royal Institution of Naval Architects

steady state i.e. =0 rad/s, especially in the case of the fore
fins as shown in Figure 5 or Figure 6.

Table 2: Summary of body-fin interference on lift

Aerodynamics 3D-RPM Experiment
Pittsetal. | heave | pitch | heave | pitch
Crow 2.44 2.73

Fyymy 0.93 0.88 | 0.83
ko 0.35 030 | 0.27
(Crowas) 227 239 | 239
(Crodsm) 0.85 0.82 | 0.75

(Cr ot 3.12 321 | 3.14 | 325 | 324
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The estimated and experimental results of the lift-curve
slope C;, and the body-fin interference factors kyz, and
kg, are summarized in Table 2, where the numbers
indicate the values of the steady state. Also the numbers
calculated by means of 3-D RPM represent the values in
the case of the fore fin except for the (C;,)y. From the
table, it can be confirmed that estimation by means of
aerodynamics theory works well too in the hydrodynamic
problem. Also, the values of the ky ), kg and C,, based
on the aerodynamics, the 3-D RPM and the experimental
measurement agree well with each other.

5. CONCLUSIONS

One of the important problems in determining the
seaworthiness of the RFS in waves is the effect of the lift
generated by the small underwater control fins on the
ship motion responses, especially the negative influence
of the unsteady characteristics of the lift on the
magnitude of the control gains for ship motions.

In the present study, theoretical calculations using the
frequency-domain 3D-Rankine Panel Method have
been carried out to evaluate the unsteady lift
characteristics. The time lag and the interference
between the fore fin, the aft fin and the hull in the lift
generation is taken into account in the calculations.
Then, those results have been used in a comparative
review with the experimental results.

Firstly, the calculations have been carried out for the
condition that the wake sheet of the fore fin passes above
the aft fin with a height of 25 mm based on the result of
visualization experiments of the flow around the lower
hull. The calculated results for the amplitude of the lift
agree very well with the experimental results, while the
calculated results for the phase lag demonstrate only the
tendency of the experimental results.

Secondly, from the calculated and experimental results, it
is observed that:

e  The amplitude and the time lag i.e. the phase lag
of the lift-curve slope for the aft fin have
periodical humps and hollows with respect to
the angular frequency in both the cases of heave
and pitch control modes, while there exists no
hump and hollow for that of the fore fin.

e In the case where only the fore fin is rotated and
the aft fin is fixed at zero angle, the amplitude
of the lift generated by the aft fin shows a value
which is more than zero. This is principally
caused by the influence of the wake sheet of the
fore fin.

e Regarding the fin-hull interference factors
kwsy and kg, and lift-curve slope C;, in the
steady state, the values based on the
aerodynamics, the 3-D RPM calculation and
the experimental measurement agree well
with each other. For example, the calculated
result of the lift-curve slope is approximately

A4-58

equal to 3.2 1/rad. This is equivalent to the
value predicted by the aerodynamic theory or
to the value measured in the experiments in
the model basin.
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