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ABSTRACT: 　P resen t paper researches the theo retical m ethod fo r calculating the w ave
resistance of w ave2p iercing catam aran. A s an examp le the w ave resistance of a w ave2
p iercing catam aran is calculated. T he comparison among the theo retical calculation re2
sults, the model test results and the graph ic evaluation results show s the efficiency of p re2
sen t theo retical m ethod. F inally the w ave resistance regulation of w ave2p iercing catam a2
rans is investigated based on the theo reticalm ethod.

KEY WORD S:　w ave2p iercing catam aran, w ave resistance, sh ip fo rm , h igh perfo rm ance
veh icle

1. 　INTROD UCTION
In 1983 the new concep t of w ave2p iercing catam aran (W PC) w as p roposed by an A us2

tralian scho lar w ho com bined the virtues of the hull fo rm s of SWA TH and deep V sh ip s, the
structure style of o rdinary catam arans and the arc stud of hydrofo ils, and overcam e the
sho rtcom ings of each. T heW PC has fine stability, h igh speed and good sea2keep ing perfo r2
m ance. T he navigation area app lied to the W PC is rather broad. M oreover it is conven ien t
to general layout w ith the spacious deck. W ith their fine perfo rm ance in to tal, the W PC
gets a w ide app lication scope bo th in m ilitary and in comm erce. A fter its successful develop2
m ent at the end of 80′s, theW PC w ere quick ly put in to p roduction. N ow a large num ber of
W PC s operate in the ocean area of A ustralia, Europe and A sia.

It is know n that the W PC is a k ind of special h igh2speed catam arans, the geom etry of
w h ich is differen t from that of the o rdinary sh ip s in the fo llow ing respects. (1) W ith the
long ch ine line, the underw ater part of its each p iece hull is sim ilar to deep V sh ip fo rm ;
( 2) T he p iece hull is slender, the slenderness 7 of w h ich is larger than 7. 5～ 8. 5, even
larger than 9. 0, as repo rted in som e papers, L öB of w h ich is large than 12～ 14, the en2
chan t angle of w h ich is less than 7～ 11 degree, even 6 degree; (3) T he p iece hull has the
transom. T he theo reticalm ethod of w ave resistance calculation app lied to the W PC has no t
yet repo rted. T he p resen t paper researches the theo retical m ethod fo r calculating the w ave
resistance of w ave2p iercing catam aran, and the influence to the w ave resistance of the p iece
hull slenderness 7 , the space 2b betw een two p iece hulls is investigated based on the
m ethod. the above2m entioned work is sign ifican t to the hull fo rm op tim ization and the speed
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p rediction of W PC.
T he famous M ichell in tegral can be inferred to the linear w ave resistance fo rm ula of

catam arans[ 1 ] , w h ich could be called the M ichell2type w ave resistance fo rm ula of catam a2
rans. T h is so rt of calculation m ethod requires less amoun t of calculation, and to som e sh ip
fo rm , one can get rather accurate results in w ide speed range. How ever the influence of
ch ine line and transom on w ave resistance are no t invo lved in the M ichell2type w ave resis2
tance fo rm ula of catam arans, w h ich m ust be taken in to accoun t in the w ave resistance calcu2
lation of W PC.

A no ther m ethod of w ave resistance calculation is to so lve the velocity po ten tial acco rd2
ing to linear o r non linear free surface conditions and exact body surface condition by source
distribution and evaluate w ave resistance based on the velocity po ten tial. T he distributed
source could be the R ank ine source o r the H avelock source, w h ich w as used in the D aw son
m ethod and the m ethod p resen ted in R ef. [2 ]. Generally speak ing, the above m ethods could
be called surface elem en t m ethods, the accuracy of w h ich is increased more o r less but the
calculation amoun t of w h ich is increased sign ifican tly. T hey have been already used in w ave
resistance calculation of regular monohull sh ip s, but are rarely used in w ave resistance calcu2
lation of catam arans let alone W PC s.

In the p resen t paper, the M ichell2type w ave resistance fo rm ula, is inco rpo rated w ith
bo th equivalen t w ater line m ethod and transom sink po in t m ethod to include the influence of
transom and the ch ine line influence is taken in to accoun t th rough increasing w ater line num 2
ber and imp roving“ten t function”[ 3 ]of exp ressing sh ip fo rm. T he w ave resistance of a W PC
model[ 4 ] is calculated w ith the above2m entioned m ethod. T he results show that the theo reti2
cal value of the w ave resistance is rather clo se to the m easured data, and has the sam e trend
w ith Keun ing′s 25°deadrise angle graph ic results in the h igh2speed range[ 5 ]. F inally a W PC
series is developed by system atically changing the space 2b betw een two p iece hulls and the
p iece hull slenderness 7 w ith the aboveW PC as paren t model and the theo reticalw ave resis2
tance graph reflecting the influence of 2b and 7 is given based on the co rresponding theo reti2
cal m ethod.

2. 　CALCULATION M ETHOD OF W PC WAVE RESISTANCE
2. 1　M ichell2ty p e calcu lation m ethod of catam aran w ave resistance

T he coordinate ax ies are taken as in F ig. 1, and th rough deduction [ 5 ] the M ichell2type
fo rm ula of w ave resistance can be exp ressed as

RW = 8ΠΘK 2
0∫

Π
2

-
Π
2

2[1 + cos(2bK sinΗ) ] [1 2 (Η) + Q 2 (Η) ]sec3Ηd Η (1)

P (Η)
Q (Η)

=
U
2Π∫
　

S 0

∫5f (x , z )
5x

cos
sin

(K 0x secΗ) exp (K 0z sec2Η) d x d z (2)

w here

K 0 =
g

U 2

K = K 0 sec2Η
RW 　w ave resistance
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Θ w ater density
g gravitational acceleration
U sh ip speed
2b space of the longitudinal cen ter lines of p iece hulls
x , z coordinates of the distributed source and sink
f sh ip hull function
S 0 region of the longitudinal cen ter p lane

F ig. 1　Coordinate illustration

2. 2　A m endm ent m ethod f or transom inf luence
A ccording to the L agally theo ry [ 6 ] , the summ ation of po ten tial p ressure on body surface

equals the one on any flow surface surrounding the body surface. So the w ave resistance of
transom sh ip s could be calculated by adding an appendage w ater line length after transom ,
w h ich is called the“equivalen t w ater line m ethod”. Co rresponding to equivalen t w ater line
m ethod, in w ave resistance calculation the flow surface including appendage w ater line
length should be regarded as the“equivalen t body surface”and the w ave resistance should be
calculated from the equivalen t body surface. T h is is one m ethod adop ted by the p resen t pa2
per and it requires the values of the appendage w ater line length, w h ich is taken from the
m easurem en ts of a round bilge boat model[ 7 ].

A no ther m ethod cop ing w ith the transom influence adop ted in the p resen t paper is to
arrange a po in t sink in the transom cen tro id, the strength of w h ich equals the summ ation of
the distribution source strength in the longitudinal cen ter p lane and is exp ressed as

ΡT = -∫
　

S 0

∫ΡdS = -
U
2Π∫
　

S 0

∫5f
5x

d x d z≈ -
U
2Π(

A T

2
) (3)

w here ΡT is the strength of the po in t sink, and A T is the p ro jection area of the transom. T he
w ave resistance fo rm ulae including the transom influence can be w ritten as

RW = 8ΠΘK 2
0∫

Π
2

- Π
2

2[1 + cos(2bK sinΗ) ] [1 2
t (Η) + Q 2

t (Η) ]sec3Ηd Η (4)

P t (Η)
Q t (Η)

=
P + P T

Q + Q T
=

P
Q

+ ΡT
cos
sin

(K 0 sec2Ηw T ) õ e- K 0

Z T
2 sec2Ηd Η (5)
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w T = x cosΗ+ y sinΗ= x cosΗ= 2lcosΗ (6)

In the above fo rm ulae P t and Q t are the Koch in functions including the po in t sink con tribu2
tion, and Z T the imm ersion dep th of the transom. T h rough the disposal of (3) , (4) , (5) ,
Eq. (4) , can be reduced to

RW = RW 1 + R W 2 + RW 3 (7)

in w h ich

RW 1 = 8ΠΘK 2
0∫

Π
2

- Π
2

2[1 + cos(2bK sinΗ) ] (1 2 + Q 2) sec3Ηd Η (8)

RW 2 = 8ΠΘK 2
0∫

Π
2

- Π
2

2[1 + cos(2bK sinΗ) ]2 (P 1 T + QQ T ) sec3Ηd Η (9)

RW 3 = 8ΠΘK 2
0∫

Π
2

- Π
2

2[1 + cos(2bK sinΗ) ]Ρ2
T [exp (- K 0 sec2Ηz T

2
) ]2 secΗd Η (10)

P T (Η)
Q T (Η)

= ΡT
cos(K 0 sec2Ηw T )
sin (K 0 sec2Ηw T )

exp (- K 0 sec2Ηz T

2
) (11)

w ith transom po in t sink m ethod there is no need of calculating the values of appendage w ater
line length. A lthough the above two m ethods are app rox im ate, they would no t in troduce
large erro r fo r the w ave resistance difference caused by the transom is sm all compared w ith
the to talw ave resistance.
2. 3　N um erical m ethod and inf luence of ch ine line

T he above m en tioned W PC has a long ch ine line. T h is fo rm of hard ch ine sh ip ism ain2
ly used as the sh ip fo rm of p lann ing boats. T he investigation of ch ine line influence in the
w ave resistance calculation is no t m uch, fo r the w ave resistance of p lan ing boat in p lan ing
navigation state could be almost igno red. In the p resen t paper the ch ine line influence w ill be
taken in to accoun t in num erical analysis.

F irstly, the o rdinary m ethod of ten t function is in troduced fo r calculating the M ichell
in tegral, w here the ch ine line influence is taken in to accoun t by regularly increasing the w a2
ter line num bers. By th ism ethod, the w ater lines respectively pass th rough each in tersection
po in t of the station lines and the ch ine line, so that the offsets fo r w ave resistance calculation
fully reflect the ch ine line influence. In sp ite of simp licity, the w ater line num bers and calcu2
lation amoun t required increase greatly.

Secondly, an imp roved m ethod of ten t function is p roposed to treat the ch ine line influ2
ence, by w h ich the ch ine line influence is taken in to accoun t w ithout increasing the w ater
line num bers. T he imp roved un it ten t function is defined as fo llow
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F
( i, j ) (x , z ) =

(1 -
x i - x

x i - x i- 1
) õ (1 -

z j i - z
z j i - z j - 1, i

)　　x i- 1 ≤ x ≤ x i, z j - 1, i≤ z ≤ z j i

(1 -
x i - x

x i - x i- 1
) õ (1 -

z j i - z
z j , i - z j + 1, i

)　　x i- 1 ≤ x ≤ x i, z j i≤ z ≤ z j+ 1, i

(1 -
x i - x

x i - x i+ 1
) õ (1 -

z j i - z
z j i - z j - 1, i

)　　x i≤ x ≤ x i+ 1, z j - 1, i≤ z ≤ z j i

(1 -
x i - x

x i - x i+ 1
) õ (1 -

z j i - z
z j , i - z j + 1, i

)　　x i≤ x ≤ x i+ 1, z j i≤ z ≤ z j i

(12)

T he defin ition dom ain of F
( i, j ) (x , z ) is show n in F ig. 2. T he vertical grid lines of the dom ain

are station lines, but the transverse grid lines need no t be w ater lines, even no t be straingh t
lines, in stead can be inclined straigh t lines o r deflected lines, as show n in F igs. 2 (a) , 2 (b)
and 2 (c) , 2 (d).

L ike the o rdinary un it ten t function, F
( i, j ) (x , z ) equals 1 at the cen tral po in t of the do2

m ain and F
( i, j ) (x , z ) equals 0 on the vertical bo rder grid lines o r at the bo rder kno t po in ts of

the dom ain. How ever F
( i, j ) (x , z ) is no t equal to 0 on the transverse bo rder grid lines, un like

the o rdinary un it ten t function. F rom (12) , the imp roved ten t function app roach ing the
curved surface of w ho le sh ip fo rm can be exp ressed as

f
( i, j ) (x , z ) = ∑

nx , nz

i= 1, j= 1

y i, j õ F i, j (x , z ) (13)

T he imp roved ten t function like (13) can app roach the curved surface of sh ip fo rm and de2
p ict the half breadth of the ch ine line, so that it can reflect the ch ine line influence on theo ry
w ave resistance.

3. 　EXAM PL ES
3. 1　M od el

A W PC model (W PC901) is given in R ef. [4 ], w h ich includes model data and model
test results. T he m ain param eters fo r the sh ip fo rm are show n in T able 1.

Table 1　M a in param eters of W PC901

P iece hull disp lacem en t ý 0. 0075m 3 Slenderness of p iece hull 7 7. 97

To tal length L t 1. 74m L ength breadth ratio of p iece hullL öB 11. 47

W ater line L ength L 1. 56m B readth draft ratio of p iece hullB öT 2. 194

To tal breadth B t 0. 744m Space length ratio 2böL 0. 3077

P iece hull breadth B 0. 136m D eadrise angle of m iddle sh ip Β 24°

D raft T 0. 062m Entran t angle of w ater line a 7°

Space betw een p iece hulls 2b 0. 48m T ransom w ater line breadth B T 0. 136m

W et surface area S 0. 293m 2 T ransom imm ersion dep th Z T 0. 0266m
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F ig. 2　D efin ition dom ain of imp roved ten t function

F ig. 3　U nderw ater body p lan of W PC901

T he underw ater body p lan of W PC901 is show n in F ig. 3. R esearchers at H arbing En2
gineering U niversity carried out model resistance test w ith th ismodel at D alian U niversity of
Science and T echno logy in N ovem ber, 1993.
3. 2　Com p arison am ong resu lts f rom calcu lation, m od el tests and g rap h ic evaluation

A s an examp le, the w ave resistance of W PC901 is calculated by using the p resen t
m ethod. M oreover, the calculation results of residual resistance are compared w ith those ob2
tained in the model tests and the graph ic evaluation to validate the accuracy of the theo retical
m ethod.

T he W PC s are hard2ch ine sh ip s, but operate in sem i2p lan ing state. T here is no t m any
graph s a vailable fo r sem i2p lan ing hard2ch ine sh ip s. T he frequen tly used one is the series 62
graph [ 8 ]. How ever the m id2sh ip deadrise angle of the series 62 is 12. 5 degree, w h ich is
m uch less than that ofW PC. In R ef. [9 ], Keun ing developed a new series by refo rm ing se2
ries 62 from the m id2sh ip of 12. 5 degree to the m id2sh ip of 25 degree. T he o ther param eters
of Keun ing′s series rem ain the sam e as those fo r the series 62 as m uch as possible. T he sh ip
fo rm of Keun ing′s series is clo se to that of theW PC relatively so that the resistance ofW PC
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could be evaluated more accurately based on the model test data of Keun ing′s than the series
62. To compare the accuracy of the theo reticalm ethod w ith that of the graph ic m ethod and
to investigate the co rrelation of resistance betw een Keun ing′s series and theW PC, the resid2
ual resistance of W PC901 is ten tatively evaluated by Keun ing′s series. T he speed range of
Keun ing′s graph includes the sem i2p lann ing speed and the p lan ing speed ranges, but the
greatest L öB of the graph is m uch less than that of the W PC, so that it requires ex trapo la2
tion to evaluate the resistance w ith th is graph and th is is no t conven ien t and reliable. By
considering the sem i2p lan ing state ofW PC, w ith the slenderness 7 determ ined, in resistance
calculation, theL öB influence on resistance is no t taken in to accoun t ten tatively, so that on2
ly the model test data of greatest L öB is used.

Fo r conven ience, the w ave resistance curve obtained in the theo retical calculation, the
model tests and the graph ic evaluations are all p lo tted in F ig. 4 w here the curve fo r theo reti2
cal w ave resistanceCw is exp ressed by the theo retical residual resistance C r and C r = 1. 2 Cw
. In the fo llow ing, all the w ave resistance curves are so treated in o rder to compare the
residual resistances. It is show n in F ig. 4 that as F n = 0. 35～ 1. 0 , the theo retical curve of
residual resistance exh ibits the sam e regulation as the test residual resistance, and the erro r
is sm all; as F n = 0. 5～ 0. 9 , the theo retical value is very close to the test value, and the ac2
curacy is satisfacto ry to the engineering requirem en t. T he difference betw een the graph ic
value and the test value is greater comparatively, yet as F n ≥ 0. 45 , the regulation of the
graph ic value and the test value is acco rdan t. A s to how the graph value is greater as F n≤
0. 45 , one exp lanation should be that the o riginalw et surface area data of the series does no t
include the area of the sides in con tact w ith the so lid w ater[ 9 ]. T h iswould in troduce obvious
erro r to decrease the evaluation value of the w et surface area and increase the evaluation val2
ue of the resistance.

F ig. 4　Comparison among theo retical value, test value and graph ic value of C r of W PC901

A ccording to the above calculation results, it could be concluded that the resistance
evaluation graph of W PC can be developed based on the theo retical calculation m ethod, the
model test results, the ex isting graph s and the navigation data of fullW PC s.

3. 3　Com p arison am ong the d if f erent calcu lation resu lts
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F ig. 5　Comparison betw een two k inds of residual resistance of W PC901

Two m ethods fo r the treatm en t of transom influence and ch ine line influence are app lied
to the w ave resistance calculation ofW PC901. T here is almost no difference betw een the re2
sults obtained w ith the two m ethods fo r the ch ine line treatm en t. F ig. 5 gives the C r2F n
curves from the two m ethods of the transom effect consideration. T he two k inds of the
C r2Fn curves co incide very w ell as F n > 0. 35 ; as Fn < 0. 35 , though the crest and the
trough of the two curves all are exaggerated, the curve from transom sink po in t m ethod is
clo ser to the model test curve. T he transom sink po in t m ethod and the imp roved ten t func2
tion m ethod are conven ien t, fo r the fo rm er does no t need the values of appendage length s
and the results are better in the low speed situation; and the later requires less computation
amoun t. So it is desired that the com bination of them could be developed to a regular calcu2
lation m ethod fo r the w ave resistance of W PC.

4. 　INFL UENCE OF THE SPACE 2b AND THE SL END ERESS 7
4. 1　T he inf luence of the sp ace 2b betw een the tw o p iece hu lls

T he space betw een the two p iece hulls is one of the importan t param eters, and its p rop2
er selection should be favo rable to decrease the w ave resistance. To investigate the influence
of 2b on w ave resistance, the theo retical curves of C r vs 2b and F n is given w ith the p resen t
m ethod th rough defin ing a group data of 2b as input data. T he theo retical graph is show n in
F ig. 6.

T he influence regulation of 2b is clearly show n in the graph, in w h ich a favo rable in ter2
ference region ex ists fo r the reduction of w ave resistance in the vicin ity of F n = 0. 4 , and
the unfavo rable in terference takes p lace betw een the two p iece hulls to increase w ave resis2
tance in the vicin ity of F n = 0. 5 , but as F n > 0. 75 , the favo rable in terference again takes
p lace betw een the two p iece hulls though the change of w ave resistance is no t apparen t in
th is region.

In view of the importance of the m ain crest of the w ave resistance curve of W PC and
the increase of frictional resistance in the sm all space betw een p iece hulls, it is p roposed that
w ithout the consideration of the strength, p rice and techno logy, greater space should be se2
lected to decrease w ave in terference. M oreover, as 2b > 0. 6L , the w ave in terference almost
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F ig. 6　W PC graph about the influence of the space 2b

disappears.
4. 2　Inf luence of the slend erness 7

F igs. 7 and 8 exp ress the influence of the slenderness of p iece hull. 7 is one of the most
importan t param eters to influence the w ave resistance and the to tal resistance. 7 of W PC
exceeds the value of regular sh ip s, so that it is no t sonven ien t to investigate the 7 influence
on resistance w ith o rdinary graph s. D evelop ing the theo retical graph reflecting the 7 influ2
ence on the resistance is of sign ificance.

F ig. 7　W PC graph about the influence of the p iece hull slenderness 7

It is show n in F ig. 7 that the w ave resistance decreasesw ith the increase of 7 , how ev2
er as 7 reaches som e values, the w ave resistance curves becom e dense, w h ich imp lies that
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F ig. 8　T heoretical curve of R öD～ F n fo r p iece hull

the 7 influence to the w ave resistance is no t obvious. F rom F ig. 8, there are som e in tersec2
tion po in ts on the to tal resistance curves, w h ich imp lies the to tal resistance vs 7 is no t
mono tonous and ex ists the op tim al 7 co rresponding to the m in im um to tal resistance. T hese
two regulations are the sam e as that of regular sh ip fo rm s, w h ich could guide the selection of
7 in the design of W PC.

5. 　CONCL USIONS
A ccording the above analysis, it is concluded that
(1) T he p resen t theo reticalm ethod has h igh accuracy and can be used in p ractice;
(2) It is possible to give the resistance graph ofW PC by inco rpo rating of the theo retical

calculation, the ex isting graph s, the model tests and the navigation data on fullW PC s;
(3) T he theo retical graph can co rrectly reflect the influence regulation of 2b and 7 on

resistance and can p rovide guidance to W PC design;
(4) W ithout the consideration of the strength, p rice and techno logy, it is favo rable to

select greater space betw een p ierce hulls; and there ex ist som e 7 w ith little influence on the
w ave resistance and the op tim al 7 co rresponding to the m in im um to tal resistance.
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