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1. INTRODUCTION numerous advantages clarmed for SWATH ships

such as good rough weather motion characteris-

A considerable interest in SWATH ships has tics, good speed performance in waves and large
emerged in the past one and half decades with deck area, etc. Today this growing interest is ref-
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lected by the many reports on SWATH design
which appear in worldwide technical journals.

A SWATH ship has several components be-
low the free surface which cause complicated hy-
drodynamic interferences between them and ac-
cordingly, its hydrodynamic performance, in par-
ticular resistance, is very sensitive to changes in
the composition or geometries of the components.
With regard to this, compared to monohull ships,
it is rather difficult to find an optimum SWATH
ship configuration experimentally by varying the
many parameters involved in the SWATH design
because of time and cost. Therefore, at an early
stage of the design process, the use of a reliable
analytical tool to evaluate the performance of ca-
ndidate SWATH ship forms is extremely impor-
tant.

A number of papers have been published re-
garding the SWATH ship resistance problem.
Chapman [1] initiated the utilization of the line
source distribution along the longitudinal centre-
line of the submerged body and the plane source
distribution over the centreplane of the surface
piercing strut in order to calculate the wave-ma-
king resistance of semi-submerged ships. Howe-
ver, he confined the problem only to simple geo-
metries of SWATH ship which can be expressed
by mathematical formulae. Based on the same
theory as Chapman and using Chebyshev coeffi-
cients and the cubic spline(piecewise continuous
polynomial) curve fitting method, Lin and Day
developed a computer program to predict the to-
tal resistance of SWATH geometries defined by
offsets[2].

Salveson et al developed a new computatio-
nal method for the design of SWATH ships[3J.
In dealing with the wave-making resistance they
introduced a correction term that accounts for the
outlow between the strut and lower hull, but the
general theory is the same as Chapman's. Howe-

ver, it is not clear that the line source distribu-

tion for the body can be used for the optimization
example of non-circular hulled SWATH ships.
Instead of using two sets of Chebyshev coef-
ficients as employed by Lin and Day, but employ-
ing the first kind of Chebyshev polynomial (one
set of Chebyshev coefficients) and recurrence fo-
rmulae for Bessel functions of integrals involved
in the wave resistance formulae, Huang[4] conc-
luded that he had simplied the computational
work involved in wave resistance formulae and
saved computer time. As far as computer time is
concerned, however, it seems that this is not al-
ways the case. The time for calculating the wave
resistance formulae is entirely dependent upon
the DO-looping times which are decided by the
order of Chehyshev polynomial and this is related

to the accuracy of prediction.

In order to estimate the total resistance ex-
perienced by a near-surface or surface running
ship, it is usual to break down the total resistance
into components with the assumption that each of
them is caused by a different effect and that all
components are additive to give the total resista-
nce. Although, in some cases, this is not strictly
justifiable, it represents the only feasible approach
to the problem in most cases. For the present
study, the total calm water resistance of a
SWATH ship is divided into four components :
wave-making, frictional, additional resistances
(form effect, eddy, viscous pressure, wavebrea-

king and spray) and appendage resistance.

2. WAVE-MAKING RESISTANCE

Assuming that there is no flow across the
centreplane between two demihulls of a SWATH
ship, a Green’s function induced by a point sou-
rce moving along the deep vertical wall can be

used to derive the wave resistance formula of the



SWATH ship. The result is taken from the Ref.
[5] without any derivation. The resisting force of
two demihulls(2b distance between the centerpla-
nes of two demihulls) which travel with a speed

/2
R, = 327Cpk%j

0

I+ i] :f[mexp(ikox secd + zkysec?d )dx dz

where ko=g/U* and m is the source strength
which can be determined by the boundary condi-
tion at the surface of the body and strut as well.
The co-ordinate system(x, y, z) has the x-axis
positive in the direction of motion of the ship, y-
axis positive to port and the z-axis positive up-

wards. The 0-xy plane coincides with the undis-

I+ i) = >

dx
where {(x, z) is the geometry and for a wall si-
ded strut, equals the half thickness, t(x).

Based on the above equation, Chapman[1]

dA
I+i]J= - 4E_ exp (koh seczﬁ)f—d—; exp ( ikox secf )dx
T

Where h is the submerged depth of the body ce-
ntreline from the undisturbed free surface(mean

submerged depth).

According to the above equation, the wave
resistance of the body depends only on the mean
submerged depth of the body and on the longitu-
dinal distribution of displacement regardless of its
shape in the cross section. Therefore, the line
source distribution is valid only for a circular
cross sectional body since a point source genera-

tes the exact circle. As mentioned in the introdu-

df (1% + J2) sec®d [ 1+cos(2kyb sec?@sind)

Uerdf
——S — exp (ikgx secfd + zkgsec?f) dx dz
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of U in the vicinity of the free surface of deep,
inviscid and incompressible water is expressed as
follows.

ey

(2

turbed free surface.

A typical demihull of a SWATH ship consists
of an elongated, slender body with pointed ends
and a streamlined thin strut(s) with uniform thi-
ckness vertically. Hence, the well known thin ship
approximation can be applied to the strut and eq.
(2) becomes

&)

simplified the equation using the concept of the
line source distribution along the centreline of

the body as follows :
€Y)

ction, all computer programs developed so far are
based on the above two approximations egs. (3)
and {4). In particular, when this line source dist-
ribution is applied to non-circular SWATH ships,
a wrong estimation of the wave-making resistance
for such SWATH ships will be obtained. There-
fore, in order to predict the differences in the
wave resistance of different cross sectional bodies
such as circular, elliptical and rectangular cross
sections with rounded corners etc, the line source
distribution is not suitable. Since the designs of

non-circular cross section hulled SWATH ships



BB EEE 12 % 355 1988, pp. 3952

have increased due to some advantages over cir-
cular hulls, it was felt necessary to develop a
theoretical tool to predict the differences in the
resistance for the different cross section bodies.
To achieve this objective a new approach utilizing
a plane source distribution is derived from eq.
(2).

Assuming that a uniform source strength of
m(x, O, z) is distributed over the infinitesimally
small surface Dydx, and that the surface inclina-
tion of the body is negligible(usual for the slen-
der and thin ship approximations), the total stre-
ngth can be written as 4mmD,dx at the section of

* X, where D, is the maximum depth of the body.
The boundary condition at body surface is

0
9% _ -U sina (5)
on

~ where n denotes the outward normal to the body
surface and a is the angle between the tangential
plane of the body surface and x-axis. If the pro-

jection of n on a plane perpendicular to the x-

axis is expressed as n’=n cosa, the above boun-

dary condition becomes

a¢ 6)

= -U tana

The outward flux through the surface, cdx where
¢ is the mean contour of the body surface for an

element of length of dx, is expressed as

f 9% gedx = ~Uf tanadcdx (7)
. On c

Using the relation of dA(x)/dx=| tanadc and
the fact that the total outward flux must be equal
to the total flux from the sources in the plane,

the source strength becomes

U  dA(x)
"~ 4D, dx (8

m=—=

Using the above equation, eq. (2) becomes for
the body -

I[+i]=- 4—U5bff di(X) exp (ikox secf + zk, sec? § ) dxdz €))

d

Now, comparing eqs (4) and (9), the differe-
nce is apparent. In order to demonstrate this, Fig.
1 shows the wave resistance variations of three
slender bodies, which have the same x-directional
variation of cross sectional areas, dA(x)/dx, disp-
lacements and mean submerged depths, versus
Froude Number. According to the figure, the pre-
sent approach gives different values for different
shapes of cross section while the line source dist-
ribution gives the same results for each section.
Furthermore, for the same circular cross sectional
body the present theory gives values as much as
20~25% higher than the line source method de-
pending on the submergence of the body. Above

a body submergence of around three times the
depth of the body, the two source distributions
give nearly the same results as each other. This
phenomenon is due to the fact that the contribu-
tion to the wave-making of the part of the sub-
merged body near to the free surface is taken
into account by the present plane source distribu-
tion, but not by the line source distribution.
Again, this is demonstrated by the fact that the
wave resistance of the horizontally elliptical body
of revolution is less than that of the circular cross
sectional body at the same mean draft despite its
larger breadth. This proves that the present app-

roach is successful, within the approximation, in



predicting the differences in the wave resistance
of different cross sectional bodies which the line
source distribution can not.

Using dimensionless coordinates such as x;, =
2x/Ly, y1=2y./ By, z2,=22/Dy,, H =2h/D, and B,=

y = f(x.2) -1<x<1 and

The subscript 1 is dropped from here onwards.
Any geometry may be used in calculating the
wave resistance . defined either by mathematical
formulae or by offsets. In order to achieve the
purpose, such functions as the cross sectional
area curve A(x) of the body and the strut half
thickness t(x) should be described analytically
either by mathematical formulae or by curve fitti-
ngs from given offset tables.
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4b/Ls etc, where L, is the body length and B, the
body breadth, the equations above described can
be calculated numerically. Now, a geometry can
be defined as :

-1<z2<1 (10D

Unlike the monohull ship, a SWATH ship has
several components under the free surface which
cause complicated hydrodynamic interference ef-
fects between its components. To account for
these effects, a linear superposition technique has
been used. For instance, for a tandem strut(dissi-
milar to each other) SWATH ship, I¥ + J* in the
integrand of eq. (1) will be given by :

12472 = (13+J8) + (12412 + (15,2 4+7,,%)
+ 2[(IbIs+JbJs) + (IbIsl+JbJsl)+(IsIsl+]sjsl) ]

where subscripts b, s and sl refer to body, strut
and second strut, respectively. From eq. (11), it
can be seen that the wave resistance of a SWATH
ship consists of the resistances of the bodies and
struts, plus extra resistances. These extra resista-
nces are interference resistances between strut
and body and between struts due to the existence
of the wave-interaction between these compone-
nts of the SWATH ship. The interference effect
between the demihulls arises from the presence
of the cosine term in the integrand of equation

(1). This interference factor is a function of the

Body Contribution

mpk3 U?
wa = —40___

m=1 n=1

where S, is the maximum cross sectional area of

(1)

speed and spacing distance of two demihulls for
a fixed geometry, varying from —1 to 1, mathe-
matically. Consequently, the wave resistance of a
SWATH ship is at the least zero and at the most
four times the wave resistance of a demihull.
Utilizing a special form of Chebyshev series
and the cubic spline(piecewise continuous poly-
nomial) curve fitting method from the given off-
sets of the body and strut(s) of a SWATH ship,
the wave-making resistance contribution of each
component of the SWATH ship can be finally

written as follows :

M N
Sr%l E Z (AbmAbnTbmn +Bmeanbmn) (12)

the body, A,, and B. are Chebyshev coefficients,

and
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Tymn = ( 2m-1)>(2n-1 )S EZ(ucosh®u D (u)] o1 (8] 20-5 (Bdu (13
]
Wons = 2m2 nf B2 (u) cosh?u D(W ]y (8] (B) du (19
[}
! D Dy,
E,= —————— {exp[—L—b Kk, cosh*u(1-H,) ] - exp [Tkl cooh?u (14D 1} (15)
% k; cosh’u b ’
b

where k,=gL.,/21%, D{(u)=1+ cos(Bk;coshu si- kind with integer and argument B=k; coshu.
nhu) and J(B) is a Bessel function of the 1st

Strut Contribution

M N
Rys = mpU2Kk3T2 = 2 (AiwAanTomn + BomB aoWamn ) (16)
' m=1n=
where T, is the maximum thickness of the strut, (14) are replaced by E. and B. respectively, and

T.wn and W, are that E, and B in eqgs. (13) and

E,(u) = [ 1-exp(-h,k; cosh?u) ] an

kocosh?u

where h.=2h/L. (L. is the strut length and h. the strut depth) and k, = gL,/ 2U"

Body and Strut Interference

M N
Rwsb - 77."0U2 ko Sst > ) > 1 ( Abn Asm stmn —Abn BsmTstmn
m=1n=

(18
+anAsmWPSbmn + an Bsmwsbmn)

where

Toomn = (2m—1)(2n—1)j E,(WE,(u) cosh?u D(u)Jyn-y (B Jopm1 (B, )du (a9
0
TW,bmn = 2m(2r1—1)j~ E.(WE (W cosh? D{(u) Jgnq (8 Jon, (B du (20)
0

WT oy = (2m-1) 2nSoO E(WE,(u) cosh?u D(u) J5,(8) Jom1 (B) du 20
0

_44_.
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Wpmn = 2m2n
o

Fore and Aft Strut Interference
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E,(wEy(u) cosh?u D(u) Jy, (B) Jom (B du (22)

M N
Rwle = 2 ”PUZ ka Ts Tsl 2 Z (AsnAslm Tsslmn + Bsn lemwsslm.n

m=1]n=1
23
+ Bsn Aslm WTsslmn + Asn lem Twsslmn )
where
Tetmn = (2m-1)(2 n—l)S E.(w) E; (W cosh?u D (u)
0
JZn—l (ﬁs) JZm—l (ﬁsl) cos (ﬁs Cs '—ﬁ sl Csl) du (24)
Weitmn = 2m2n E,(uw) £, (u) cosh?u D(u)
0
25)
JZn (ﬂs) J?m (‘le) cos (Bs Cs - ﬁsl Csl) du
WTlmn = —-(2m-1) ZnS E,(1W)E (u) cosh?u D(u)
0
(26)
J2n (Bs) JZm—l (le) Sin <ﬁs Cs _ﬁsl Csl) du
TWeimn = 2m(2n—l)S E,(u)E, (u) cosh?u D(u)
° 2

J2n—l (ﬁs)JZm (ﬂsl‘)Sin (ﬂs cs ﬂﬁsl Csl) du

where C. and C, are the distances between the
centres of the body and fore strut and aft strut,
respectively, When two struts are identical to
each other, eqs. (26) and (27) cancel each other
so that the result can be calculated simply, wi-
thout calculating eqs. (24) and (25), by multiply-
ing the resistance of the strut given by eq. (16)
by the factor cos (B.(C.—C.)).

3. SKIN FRICTIONAL RESISTANCE

Since a SWATH ship has several components
which are different in length from one another,
the skin frictional coefficient for each component
is first calculated using the ITTC' 57 formulae
where Reynolds number is calculated based on
the individual lengths of the strut(s) and body.
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Then, the skin frictional resistance for each com-
ponent is calculated by multiplying the coefficient
by the factor 0.5 pU°S, where S is the wetted area
of each component. Finally, the total skin frictio-
nal resistance coefficient of a SWATH ship is ob-
tained by dividing the sum of the skin frictional
resistances of all components by the factor 0.5 pU?
Sr, where Sy is the total wetted area of a
SWATH.

A correlation factor, C,=0.0005 which ac-
counts for the roughness allowance for full scale
ship, is used as most publised SWATH resistance
data and programs used this value.

4. ADDITIONAL RESISTANCES

In order to account for the difference bet-
ween the measured residuary and calculated
wave-making resistances, empirical form factors
known for streamlined shapes and foil sections
have been separately applied to the each compo-
nent of a SWATH ship in the published programs.
For example, in SWATHGEN [ 3], form factors of
0.17 and 0.10 for strut and body, respectively, are
used which fall into the range of two-dimensional
airfoils and bodies of revolution similar in propo-
rtion to typical SWATH struts and bodies.

If there are many exprimental data on va-
rious SWATH configurations, a form factor accou-
nting for the difference between the residuary
and wave-making resistances can be directly de-
rived. In order to try this direct approach, a large
number of experiments on 21 individual configu-
rations were carried out in the Department of
Naval Architecture and Ocean Engineering, Glas-
gow University, U. K. [6~10]. Based on these
experimental results, the differences between the
residuary and calculated wave-making resistances
for each configuration were plotted as a function

of Froude number(Fn), and curves are then

drawn through the data. Due to the scatter in the
data, careful consideration was given before fina-
lly drawing two curves as shown in Fig. 2 (one
is for circular hulled SWATH ships and the other
for rectangular hulled SWATH ships). These
form resistance coefficients vary depending on
the component shapes of SWATH ships. There-
fore, these curves should be used to SWATH
ships similarly shaped to SWATH models used
for the present study, but when the components
of a SWATH configuration do not depart greatly
from these models, these curves can be used wi-
thout a serious error.

It is worthwhile noting that the form resista-
nce has been found to be almost constant with
the spacing between two demihulls which means
that the cross flow between them is negligible.
The form resistance coefficient decreases as the
draft increases. Therefore, the form resistance
coefficients are taken at the most probable draft

range of 1.5 and 2.0 times the diameter of body.

5. APPENDAGE(FIN) RESISTANCE

Basically, the resistance of a controllable fin

may be assumed to consist of five components :
Rapp = Re + Ry + Ryar + Ryr + Ry (28)

where Ry is the profile drag, R, the induced drag,
Riu the hull-appendage interference drag, Ry, the
tip drag and Ry the wave-making drag due to the
presence of free surface.

Utlizing the flat ship theory, it has been pro-
ved(10) that the wave-making resistance contri-
bution of controllable fins to the total resistance
including the interferences with the other compo-
nents of a SWATH is negligible in the range of
the draft of practical SWATH ships. Therefore,

instead of the complicated formulae including in-



terferences with other components, an approxi-

mation to wave making resistance of the foil is

2hg 1
Cﬁ exp(— m) —2‘ pU"’Sp,

Ry = 2Fn?

This is an equivalent vortex line approximation to
the wave effect of the foil and Froude number
should be calculated based on the chord. S, is

d
CLac
da

C, =

a
a

where «, is the angle of attack. For a symmetrical
foil section and small angle of attack(up to
around 6 degrees), the gradient term in the

above equation(so called lift slope) becomes 2m.

T T - 1
Rp = 2C¢ [ 1+2 —C+ 100 (C—)4J SPIE p U

where ¢ is the mean chord and T, is the maxi-
mum thickness. The frictional coefficient is calcu-

lated based on the local Reynolds number(13].

1+K. 1 ,
Ry =C (——) — pSp U
1 =GR 3 e
where the AR is the effective aspect ratio and C;
the lift coefficient for the foil given by eq.(30).
The factor K accounts for the increase in induced

drag due to nonelliptic spanwise loading of the

. AR
AR+ 12 Chs/c)

K=

where h, is the submerged depth to the fin cen-
tre.

For the interference drag of a lifting surface

1
&MI:[Ojac%)—Oﬂm3g?V]-amﬁﬁ
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employed, as given by (11) :

29

the plan form area and the lift coefficient for the
foil is given by (12) :

(300

The profile drag is composed of flat plate fri-
ction plus form drag(sometimes referred to as
pressure drag). For fins, the following empirical

formula is used (3] :

31

The induced drag is calculated by the for-
mula(14, p. 7~3) :

(32)

foil. At higher speeds and in the vicinity of free
surface, this factor can reasonably be approxima-

ted to, as given by(11, p. 38) :

(B8

intersecting a flat plate, the hull-strut interfere-
nce drag is calculated using the formula from
Hoerner(14, p. 8~10! :

(34)
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The tip drag for each appendage can be esti-
mated by the following formula, as given by Hoe-
rner(14, p. 6~4] :

toe, 1
Rey = 0.075 )? —pUtc?

6. COMPARISON WITH EXPERIMEN-
TAL RESULTS AND CONCLUSIONS

In order to verify the accuracy and applicabi-
lity of the computer program, the numerical resu-
Its are compared with experimental results using
three SWATH models. Table 1 shows the princi-
pal dimensions and coefficients of the SWATH 1,
SWATH 2 and SWATH 3 models. The SWATH 1
and SWATH 2 are both tandem strut configura-
tions and the SWATH 1 has circular cross section
hulls and SWATH 2 has rectangular cross sec-
tion (with rounded corners) hulls. The SWATH 1
tandem strut model was converted by inserting a

parallel section between the maximum chord of

where it is assumed that the tips are blunt and

the lift coefficient is zero

(35)

the fore and aft struts on the demihull to make
a continuous, smooth strut and designated as
SWATH 3.

Fig. 3 to 5 show comparisons between the esti-
mated wave-making and measured residuary re-
sistance coefficients of the three models as well
as demonstrating how each component of the mo-
dels contributes to the total wave-making resista-
nce. Theses figures also show the interference
components such as between body and fore strut,
between body and aft strut, between struts and
between two demihulls. It can be easily unders-
tood from Fig. 3 and 4 that a very large hump at
around Fn=0.31 for the SWATH 1 and SWATH 2

models is due to the large wave-making resista-

Table 1, Principal Dimensions and Coefficients for SWATH 1, SWATH 2 and SWATH 3

Model SWATH 1—-C5 SWATH 2—-C3 SWATH 3—-C1*
Length of Model, L, | 151 2.265 1.51
Body Di,=0.0892 Depth, D,=0.0975 D1, =0.00892
Breadth, B,=0.15

Length of Strut, L. 04 0.6 1.155
Maximum Beam

of Strut, t, 0.05 0.075 0.05
Draft, T 2.0Di,=0.1784 2.0D,=0.195 0.1784
Depth of Strut, D. 0.0892 0.0975 0.0892
Wetted Ares, S 1.0251 2.14394 1.1008
Displaced Volume, | 0.02175 0.06992 0.0261
C, of Body 09 0.909 0.9
C, of Strut 0.665 0.665 0.884
B,=4b'L, 0.762 0.762 0.762

Note : All units are in metres. *C5, C3 and C1 mean the condition numberings of model test series

_48_




nce contribution of the struts coupled with the
interferences between the other components,
which cannot be expected in single strut SWATH
ships as seen in Fig. 5. The difference between
the two curves for wave-making and residuary
resistances is generally called form resistance
which accounts for the additional resistances des-
cribed in the foregoing sections. In general, it is
known that the quantity of the difference oscilla-
tes with speed about zero with a maximum amp-
litude of + 1.0X10 * The main reason for the
measured resistance having lower than the com-
puted values at lower speeds might be due to the
fact that no turbulence stimulation devices were
used in the model tests. The form resistance of
the rectangular hulled model is larger than that
of the counterpart circular hulled model, in parti-
cular, at higher speeds due to its non-streamlined
shape in trim.

Using the form resistance coefficient given in
Fig. 2 and fin resistance formulae described in
section 5, the total resistance of the SWATH 1
model with a pair of fins(NACA 0015) is calcula-
ted and compared with the experimental results
(see Fig. 5). For the calculation, the angle of at-
tack of the fins is assumed to be 2 degrees. It can
be seen that the present estimations give excel-

lent correlation with the experimental results.

In conclusion, the present computational tool
gives very excellent correlation with the experi-
mental results on the various SWATH configura-
tions and hence, it can be used with good confi-
dence for parametric and optimum studies of
SWATH ships with regard to resistance.
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