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ABSTRACT: Present paper resarches the theoretical method for calculating the w ave
resistance of wave-piercing catamaran A s an exanple the wave resistance of a wave-
piercing catanaran is calculated The comparion anong the theoretical calculation re-
wlts themodel test resultsand the graphic evaluation results show s the efficiency of pre-
sent theoretical method Finally thew ave resistance regulation of w ave-piercing catana-
rans is investigated based on the theoretical m ethod
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1 INTRODUCTION

In 1983 the new concept of w avepiercing catamaran W PC) wasproposed by an A us-
tralian scholarw ho combined the virtuesof the hull form sof SWA TH and degpV ships the
structure style of ordinary catanarans and the arc stud of hydrofoils and overcane the
shortoom ingsof each TheW PC hasfine stability, high geed and good sa-keegping perfor-
mance The navigation area gpplied to theW PC is rather broad M oreover it is convenient
to general layout w ith the acious deck W ith their fine perfomance in total, theW PC
gets aw ide goplication scope both inmilitary and in commerce A fter its successful develop-
ment at theend of 80's theW PC w ere quickly put into production Now a large num ber of
W PCsoperate in the ocean area of A ustralia, Europe and A sia

It isknown that theW PC isakind of gecial high-geed catamarans the geometry of
w hich is different from that of the ordinary ships in the follow ing repects (1) W ith the
long chine line, the undemw ater part of its each piece hull is smilar to degp V hip fom;
(2) The piece hull is slender, the slenderness W of w hich is larger than 7 5 8 5, even
larger than Q 0, as reported in ome papers L /B of which is large than 12 14, the en-
chant angle of w hich is less than 7 11 degree, even 6 degreg (3) The piece hull has the
transom. T he theoretical m ethod of w ave resistance calculation gpplied to theW PC has not
yet reported The present pgoer researches the theoretical method for calculating thew ave
resistance of w ave-piercing catamaran, and the influence to thew ave resistance of the piece
hull slenderness W, the gace 2b between two piece hulls is investigated based on the
method the abovementionedwork is significant to the hull form optim ization and the peed
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prediction of W PC

The fanousM ichell integral can be inferred to the linear w ave resistance formula of
catanarans™, which could be called theM ichell-type w ave resistance fomula of catama
rans This ort of calculation method requires less anount of calculation, and to some ship
fom, one can get rather accurate results in wide eed range How ever the influence of
chine line and transom on w ave resistance are not involved in theM ichell-type w ave resis
tance fomulaof catamarans w hichmust be taken into acoount in thew ave resistance calcu-
lation of W PC.

A nother method of w ave resistance calculation is to ©lve the velocity potential accord-
ing to linear or nonlinear free surface conditions and exact body surface condition by surce
distribution and evaluate w ave resistance based on the velocity potential T he distributed
urce could be the Rankine ource or the Havelock urce, whichwasusd in theDav ©n
method and themethod presented in Ref. [2] Generally eaking, the abovem ethodscould
be called surface elenent methods the accuracy of w hich is increased more or less but the
calculation amount of w hich is increased significantly. They have been already used inw ave
resistance calculation of regular monohull ships but are rarely used inw ave resistance calcu-
lation of catanarans let aloneW PCs

In the present paper, theM ichell-type w ave resistance formula, is incorporated w ith
both equivalent w ater linem ethod and transom sink pointmethod to include the influence of
transom and the chine line influence is taken into acoount through increasingw ater line num-
ber and mproving* tent function” ®*of expressing ship fom. Thew ave resistance of aw PC
model'is calculated w ith the abovementioned method T he results show that the theoreti-
cal value of thew ave resistance is rather close to themeasured data, and has the same trend
w ith Keuning's 25° deadrise angle graphic results in the high-eed range’®. Finally aw PC
series is developed by systematically changing the ace 2b betw een two piece hullsand the
piece hull slendernessWw ith the aboveW PC asparent model and the theoretical w ave resis-
tance graph reflecting the influence of 2b and W isgiven based on the corregponding theoreti-
cal method

2 CALCULATIONM ETHOD OFW PCW AVE RESISTANCE
2 1 M ichell-type calculation method of catamaranw ave resistance

The ocoordinate axies are taken as in Fig 1, and through deduction
fomula of w ave resistance can be expressed as

BltheM ichell-type

iy
2

Rw = 8K 2[1+ cos(2K snd 1[P(O + Q*(6) |=c’ei® (1)
{g Eg: LZJ}J. X ?nS(Koxsece)exp(Kozsecz@dxdz )
w here
- 9
Ko= %
K = Ko=c’0

Rw  wave resistance
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p w ater density

g gravitational acceleration

U ship gead

2b  gace of the longitudinal center linesof piece hulls
X,z ooordinatesof the distributed ource and sink

f ship hull function

So region of the longitudinal center plane

2b

Fig 1 Coordinate illustration

2 2 Amendmentmethod f or transom inf luence

A coording to thel agally theory'®, the smmation of potential pressureon body surface
equals theone on any flow surface surrounding the body surface So thew ave resistance of
transom ships could be calculated by adding an gppendagew ater line length after transom,
w hich iscalled the" equivalent w ater linemethod”. Correponding to equivalent w ater line
method, in wave resistance calculation the flow surface including appendage w ater line
length should be regarded as the' equivalent body surface” and thew ave resistance should be
calculated from the equivalent body surface Thisisonemethod adopted by the present pa-
per and it requires the valuesof the gppendagew ater line length, w hich is taken from the
measuranentsof a round bilge boat model'”’.

A nother method coping w ith the transom influence adopted in the present pgper is to
arrange a point sink in the transom centroid, the strength of w hich equals the summ ation of
the distribution urce strength in the longitudinal center plane and is expressed as

o = L!’ ®S = - L;ﬂ' g(‘dxdzz - lZJT—T(A—ZI) (3)

w here 07 is the strength of the point sink, andA + is the projection area of the transom. The
w ave resistance fomulae including the transom influence can bew ritten as

I
2

Rw = 8mPK3[ 2[1+ oos(2bK sin@ J[P? (O + Q%(6) ]=c’®O (4)
P(O_ )P+ Pr_J)P s 2 . KOZ_ZT'SBCZG
{Qt(@- {Q + o {Q+ 0r g (Kosec Qu:)* e d0 (5)
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wr = x0P+ ysinb= xosB= 2l (6)

In the above formulae P: and Q are the Kochin functions including the point sink contribu-
tion, and Z+ the mmerson depth of the transom. Through the digposal of (3), (4), (5),
Eq (4), can be reduced to

Rw = Rwi1+ Rwz2+ Rws (7)

inw hich

Rwi= 8mPK[ 2[1+ oos(2bK sinf ](P?+ Q%) s=ec’@iB (8)
2

Rwz= 8mPK[ 2[1+ oos(2bK sinf) ]2(PPr + QQ+) =’ 0 (9
2

Rwa= 8MPKG[ 2[1+ ocos(2bK sinf) ]Jof[exp (- Koseczelzl)]zsec&je (10)

7 o
2

2

8- szt arel m
w ith transom point sink m ethod there isno need of calculating the valuesof gopendagew ater
line length A Ithough the above two methods are goproximate, they would not introduce
large error for thew ave resistance difference caused by the transom is snall compared w ith
the total w ave resistance
2 3 N umerical method and inf luence of chine line

T he abovementionedW PC hasa long chine line Thisform of hard chine ship ismain-
ly used as the ship fom of planning boats T he investigation of chine line influence in the
w ave resistance calculation is not much, for thew ave resistance of planing boat in planing
navigation state could be amost ignored In the present paper the chine line influencew ill be
taken into acoount in numerical analysis

Firstly, the ordinary method of tent function is introduced for calculating theM ichell
integral, w here the chine line influence is taken into account by regularly increasing thew a-
ter linenumbers By thismethod, thew ater lines regectively pass through each intersection
point of the station linesand the chine line, © that theoffsetsforw ave resistance calculation
fully reflect the chine line influence In piteof smplicity, thew ater line numbersand calcu-
lation anount required increase greatly.

Seoondly, an mproved method of tent function isproposed to treat the chine line influ-
ence, by which the chine line influence is taken into account w ithout increasing the w ater
line nunbers The mproved unit tent function is defined as follow
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Xi- X zi- 7
(1- ) (1- Xii 1< X< Xi, zj-1,i< 22 Zji
Xi= Xi1 Zji - Zj- 1,i
Xi=- X Zii- Z
(1- _ ] ) (1- - - Xi- 1S X< Xiy, ZjiS ZS< Zj+1,i
G _ Xi- Xi-1 Zj,i = Zj+1,i
F"7 (x,2) =
Xi- X Zi- 7
(1- * (1- Xi< X< Xiv1, Zj-1,iS 2S5 Zji
Xi= Xi+1 Zji = Zj- 1,i
Xi- X Zi- 7
(1' * (1' XiS< X< Xiv1, Zi S 25 Zji
Xi= Xi+1 Zji = Zj+1,i

(12)

T he definition domain of F " (x, z) isshown in Fig 2 The vertical grid linesof the domain
are station lines but the transverse grid linesneed not bew ater lines, even not be strainght
lines instead can be inclined straight linesor deflected lines as shown in Figs 2(a), 2(b)
and 2(c), 2(d).

L ike the ordinary unit tent function, FO (x, 2) equals 1 at the central point of the do-
main and F " (x, z) equals 0 on the vertical border grid linesor at the border knot pointsof
the domain How ever F“” (x, z) isnot equal to 0 on the transverse border grid lines, unlike
the ordinary unit tent function From (12), the mproved tent function gpproaching the
curved surface of w hole ship form can be expressd as

nx, nz

£ (x,2) = .:Z: lyi’j s Fi(x,2) (13)

The mproved tent function like (13) can gpproach the curved surface of ship form and de-
pict the half breadth of the chine line, ® that it can reflect the chine line influenceon theory
w ave resistance

3 EXAMPLES
31 M odel

A W PC model W PC901) isgiven in Ref. [4], which includesmodel data and model
test reaults Themain paranetersfor the ship form are shovn in Table 1

Tablel M an parametersof W PC901

Piece hull digplacement v Q 0075m° Slendernessof piece hull ¥ T 97
Total lengthL ¢ 1 74n | L ength breadth ratio of piece hullL /B 11 47
W ater lineL engthL 1 56m B readth draft ratio of piece hullB /T 2 194
Total breadthB Q 744m Space length ratio 2oL Q 3077
Piece hull breadthB Q 136m D eadrise angle of middle ship 8 24°
DraftT Q 062m Entrant angle of w ater linea 7°
Space betw een piece hulls2b Q 48n T ranom w ater line breadthB r Q 136m
W et surface areaS Q 2939m? Tranoom immerson depth Z+ Q 0266m
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Fig 2 Déefinition domain of mproved tent function
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Fig 3 U ndemw ater body plan of W PC901

T he undew ater body plan of W PC901 is shown in Fig 3 Researchersat Harbing En-
gineering U niversity carried out model resistance testw ith thismodel at D alian U niversity of
Science and T echnology in Novenber, 1993
3 2 Canparison anong results f ran calculation, model tests and graphic evaluation

A s an exanple, the wave resistance of W PC901 is calculated by using the present
method M oreover, the calculation resultsof residual resistance are comparedw ith those ob-
tained in themodel testsand the grgphic evaluation to validate the accuracy of the theoretical
m ethod

TheW PCsare hard-chine ships but operate in sani-planing state There isnot many
graphs available for smmi-planing hard-chine ships The frequently used one is the series 62
graph™®. How ever the mid-ship deadrise angle of the <eries 62 is 12 5 degree, which is
much less than that of W PC. In Ref. [9], Keuning developed anev seriesby reforming s
ries 62 from them id-ship of 12 5 degree to them id-ship of 25 degree Theother paraneters
of Keuning's series renain the same as those for the series 62 asmuch aspossble The ship
form of Keuning's seriesisclose to that of theW PC relatively © that the resistance of W PC
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oould be evaluated more accurately based on themodel test dataof Keuning's than the series
62 To compare the accuracy of the theoretical method w ith that of the grgphic m ethod and
to investigate the correlation of resistance betw een Keuning's seriesand theW PC, the resid-
ual resistance of W PC901 is tentatively evaluated by Keuning's series The geed range of
Keuning's grgph includes the sami-planning geed and the planing geed ranges but the
greatestL /B of the graph ismuch less than that of theW PC, = that it requires extrgpola
tion to evaluate the resistance w ith this grgoh and this is not convenient and reliable By
oonsidering the sam i-planing state of W PC, w ith the slendernessW detem ined, in resistance
calculation, theL /B influenceon resistance isnot taken into acoount tentatively, @ that on-
ly themodel test data of greatestL /B isused
For convenience, thew ave resistance curve obtained in the theoretical calculation, the

model tests and the grgphic evaluationsare all plotted in Fig 4w here the curve for theoreti-
cal w ave resistanceCw isexpressd by the theoretical residual resistanceCrandCr= 1 2Cw

In the follow ing, all thew ave resistance curves are 9 treated in order to compare the
residual resistances It isshown in Fig 4 that asFn= Q 35 1 0, the theoretical curve of
residual resistance exhibits the same regulation as the test residual resistance, and the error
isgnalll asFn= Q5 Q 9, thetheoretical value isvery clos to the test value, and the ac-
curacy is satifactory to the engineering requirenent The difference betw een the grgphic
value and the test value is greater comparatively, yet asFn= Q 45, the regulation of the
graphicvalue and the test value isaccordant A sto how the grgph value is greater asFn <
Q 45, oneexplanation should be that the originalw et surface area dataof the series does not
include the area of the sides in contactw ith the lidw ater'®. Thiswould introduce obvious
error to decrease the evaluation value of thew et surface area and increase the evaluation val-
ue of the resistance

0. 0051

0. 004

U 0. 003}
graphical evaluation
0. 002Theoretical calculation

(method of transom sink). =1 tests
0. 001} Theoretical calculation

(method of transom sink)

¢ : . . : . . : :
0.3 0.4 0.5 0.6 0.7 0.8 09 1 11
F,

Fig 4 Comparion anong theoretical value, test value and grgphic value of Cr of W PC901

A coording to the above calculation results, it could be concluded that the resistance
evaluation grgph of W PC can be developed based on the theoretical calculation method, the
model test results the existing graphsand the navigation data of fullW PCs

3 3 Canparison among the dif f erent calculation results
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Fig 5 Comparion between two kindsof residual resistance of W PC901

Two methodsfor the treatment of transom influence and chine line influence are gpp lied
to thew ave resistance calculation of W PC901 T here isamost no difference betw een the re-
aults obtained w ith the wo methods for the chine line treatment Fig 5 gives theCr-Fn
curves from the wo methods of the transom effect consideration The two kinds of the
Cr-Fn curves coincide very well asFn> Q 35; asFn< Q 35, though the crest and the
trough of the wo curves all are exaggerated, the curve fran transom sink point method is
closer to themodel test curve The tranom sink point method and the mproved tent func-
tion method are convenient, for the former does not need the values of gppendage lengths
and the reaults are better in the low geed situation; and the later requires less computation
anount S0 it isdesired that the combination of then oould be developed to a regular calcu-
lation method for thew ave resistance of W PC.

4 INFL UENCE OF THE SPACE 2bAND THE S ENDERESSW
4 1 The inf luence of the space 2b betw een the tw o piece hulls

T he pace betw een the wo piece hullsisoneof the mportant paraneters, and itsprop-
er slection should be favorable to decrease thew ave resistance To investigate the influence
of 2bon w ave resistance, the theoretical curvesof Cr vs2band Fn is given w ith the present
method through defining a group data of 2bas input data T he theoretical graph is shown in
Fig 6

T he influence regulation of 2b is clearly show n in the grgph, inwhich afavorable inter-
ference region exists for the reduction of w ave resistance in the vicinity of Fn= Q 4, and
the unfavorable interference takes place betw een the two piece hulls to increasew ave resis
tance in the vicinity of Fn= Q 5, butasFn> Q 75, thefavorable interference again takes
place betw een the wo piece hulls though the change of w ave resistance is not gpparent in
this region

In viev of the mportance of themain crest of thew ave resistance curve of W PC and
the increase of frictional resistance in the snall gace betw een piece hulls, it isproposed that
w ithout the consideration of the strength, price and technology, greater pace should be s=-
lected to decreasew ave interference M oreover, as2b> Q & , thew ave interference amost
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Fig 6 W PC grgph about the influence of the ace 2b

disgppears

4 2 Inf luence of the slenderness W
Figs 7 and 8 express the influence of the slendernessof piece hull W isoneof themost

mportant parameters to influence the w ave resistance and the total resistance W of W PC

exceeds the value of regular ships 9 that it isnot onvenient to investigate the W influence

on resistancew ith ordinary grgohs Developing the theoretical graph reflecting the W influ-

ence on the resistance isof significance

¥
16[
I 6
— — -6.5
14} -7
12
10
<
S 8

Fig 7 W PC grgph about the influence of the piece hull slendernessW

It isshown in Fig 7 that thew ave resistance decreasesw ith the increaseof W, how ev-
er as W reaches soame values thew ave resistance curves become dense, w hich mplies that
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Fig 8 Theoretical curveof R/  Fnfor piece hull

the W influence to thew ave resistance is not obvious From Fig 8, there are sme intersec-
tion points on the total resistance curves, which mplies the total resistance vs W is not
monotonous and exists the optimal ¥ correponding to theminimum total resistance These
two regulationsare the sane as that of regular ship form s, w hich could guide the selection of
W in the design of W PC.

5 CONCL USIONS

A coording the above analysis it isconcluded that

(1) The present theoretical method has high accuracy and can be used in practice

(2) It ispossible to give the resistance graph of W PC by incorporating of the theoretical
calculation, the existing grgphs, themodel tests and the navigation dataon fullW PCs

(3) The theoretical graph can correctly reflect the influence regulation of 2b and W on
resistance and can provide guidance to W PC design;

(4) W ithout the consideration of the strength, price and technology, it isfavorable to
select greater gace betw een pierce hulls and there exist omeWw ith little influence on the
w ave resistance and the optimal ¥ corregponding to them inimum total resistance
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