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Abstract

The object of this study was to investigate the wave resistance component for high-speed
catamarans. Two methods were applied: the slender-body theory proposed by Michell
[Philos. Mag. 45(5) (1898) 106] and a 3D method used by Shipflow2 (FLOWTECH,
Shipflow2 2.4, User Manual, 1988) software.

Results were obtained for different types of twin hulls and attention was given to the
effects of catamaran hull spacing.

The study also included the effects of shallow water on the wave resistance component.
Special attention was given to the height of waves generated by the craft to ascertain

effects on river banks.
# 2004 Published by Elsevier Ltd.
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1. Introduction

The demand for high-speed passenger craft, mainly catamarans, has been

increasing significantly in recent years. In order to meet this growing demand, the

international market for high-speed craft is undergoing far-reaching change.
Different types of craft are being used for passenger transportation. However,

the catamarans and monohulls have been the main shipowner’s choice not only

for passenger transportation but also as ferryboats. Research into more efficient
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hydrodynamic shapes, engine improvements and lighter hulls employing aluminum
and composite materials has been made for higher speeds.

The demand for catamarans is justified to a point by improved craft quality,
high speeds and larger deck area as compared with monohull craft.

The market for high-speed craft demands catamarans of different types and
dimensions, designed for lower resistance and powered for high speed. Optimization
of hull resistance is thus fundamental to the success of a high-speed catamaran hull.

The theoretical calculation of hull resistance is complex, but less costly than
model test evaluation. This justifies the effort involved in studying many different
theoretical methods in order to evaluate hull resistance properly.

This study focuses on two methods for calculating catamaran wave resistance
under different conditions of hull separation and water depth: the 3D method
based on the potential theory, used in the Shipflow2 (FLOWTECH, 1988; Nishi-
moto, 1998; Dawson, 1977; Picanço, 1999; Havelock, 1934) software and the
method using slender-body theory (Williams, 1994), which is easier to apply.

The Shipflow2 program allowed a large number of analyses to be made of cata-
maran hull wave resistance. Particularly important was that the interference effect
between hulls and the effect of shallow water could be studied.

This study also considered the maximum height of waves generated by the craft
in different depths of water. The intention is to evaluate and minimize the possible
effects on the river shore and/or on nearby small boats (Doctors, 1991).
2. High-speed craft

High-speed craft have always been at the forefront of naval engineering and
hydrodynamic research.

In the late 19th and early 20th centuries, many solutions were encountered for
alternatives types of high-speed craft, and many concepts were patented.

The first hydrofoil, built by Forlanini in 1905, achieved 61 knots. However, it
was Baron Schertei who, between 1920 and 1930, developed the hydrofoil from a
craft created to work in calm waters to one able to operate in ocean-going con-
ditions.

High-speed craft can be classified as shown in Table 1.
International Maritime Organization (IMO) rules and recommendations, set out

in IMO-HSC (high-speed craft) (IMO-HSC, 1995) special code approved by the
Table 1

Classification of types of high-speed craft
Category T
ypes of craft
Craft supported by air A
ir-Cushion Vehicle (ACVs) and Surface-Effect Ship (SES)
Craft supported by foils S
urface-Piercing Foil (Hydrofoil) and Jetfoil
Displacement, planing and semi-

displacement craft

S

(

tandard monohull, catamaran, Small Waterline Area Twin Hull

SWATH), Air-lubricated and Wave Piercing hulls



2255H.B. Moraes et al. / Ocean Engineering 31 (2004) 2253–2282
63rd section in May 94 through MSC.36 (63), specify a high-speed craft as one
whose maximum speed is equal or superior to:

V ¼ 3:7 � Vol0:1667 ðm=sÞ ð1Þ

where ‘‘Vol’’ is the displacement volume at design water line (m3).
Fig. 1 shows the speed limit curve for a craft to be considered as a high-speed

craft.
Catamaran hydrodynamic performance depends on the wetted geometrical

forms, hull separation and water depth where the craft is going to sail.
3. Hull resistance evaluation methods: comparison of results

Results obtained from Shipflow2 (1988) and the slender-body theory application
were compared with the Millward (1992) study of the effects of catamaran hull sep-
aration and shallow water in a wide Froude number range (Hess and Smith, 1964;
Newman, 1977; Lunde, 1951; Everest, 1968; Kostjukov, 1977; Insel and Molland,
1991).

The Millward (1992) results can be compared with catamaran hulls in the fol-
lowing range:
length/breadth (L=b))6.00–12.00;

breadth/draught (b=T))1.00–3.00;

block coefficient)0.33–0.45;

Froude number)0 < Fn < 1:
Fig. 1. Speed limit for high-speed craft.
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3.1. Hull geometry

Two hull geometries were used to compare wave resistance calculation methods.
The first utilized the mathematical model proposed by Wigley (1942) (Fig. 2) and
the second is a chine hull as indicated in Fig. 3.

The parabolic hull proposed by Wigley (1942) has already been subjected to
exhaustive theoretical tests and experiments, and is thus well known and tested.
The hull geometry in a no-dimensional form of the Wigley hull is given by the
equation:

Y ¼ � 1

2
bð1� 4x2Þ 1� z2

d2

� �� �
� 1

2
	 x 	 1

2
; �d 	 z 	 0 ð2Þ
Fig. 2. Wigley catamaran hull.
Fig. 3. Catamaran chine hull.
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where b and d are constants (b ¼ 0:1 and d ¼ 0:0625).

b ¼ b

L
ð3Þ

d ¼ T

L
ð4Þ

where L is the length; B the breadth and T the draught.
The chine hull catamaran form is defined by straight water lines forming a tri-

angle in the fore body, a parallel central body in the form of a rectangle and an
after body with triangular or rectangular form, when a transom is considered. The
hull section has a ‘‘V’’ shape geometry (Fig. 3).

An algorithm was developed in FORTRAN2 to generate the chine hull. The
hull is created following the range constraints:
S=L)0:2 	 S=L 	 1:0;

b/T)10 	 b=T 	 16;

deadrise angle (degrees) 25

v
;

entrance body length 0.3 L;

exit body length 0.3 L;

where S is the distance between hulls (m); L the craft’s length (m); B the breadth
(m) and T the craft’s draught (m).

The catamaran hull geometry generated by the Fortran program output the hull
data in a standard format for the Shipflow2 program and the slender-body pro-
gram, which calculated wave resistance (Fig. 4).

3.2. Wigley’s hull results

Wave coefficient (Cw) was used to compare the catamaran wave resistance results
given by the Shipflow2 and SLENDER (slender-body theory) programs (Williams,
Fig. 4. Flow chart of the algorithmic form generator.
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1994). The Wigley hull was tested in deep water for three different hull separations
(S=L ¼ 0:2, 0.4 and 1.0), where S is the distance between hull centers and L is hull
length.

The results for a captive hull (in relation to the water surface) are presented in
Figs. 5–7.

The methods show similar trade-off results. The 3D method used by the Ship-
flow2 program and the slender-body theory gave different results for Froude num-
bers between 0.5 and 0.7. The difference can be explained by the fact that the
Shipflow2 program applies a 3D method and takes account of the stronger hull
interference in this Froude range, while Millward (1992) and the Slender program
use a similar methodology (2D).

The results highlight a substantial increase in the wave resistance coefficient
when the hull separation is small, showing the hull interference effect. Figs. 5–7
point to the following conclusions:
At small S=L, the differences between the results given by the Shipflow2 and
Slender programs increase.

For 0:2 	 Fn 	 0:4 and Fn > 0:8, the results given by the Shipflow2 and
Slender programs are very close to those of Millward (1992), confirming the
accuracy of all these methods for this Froude range.

At Froude numbers higher than 0.8, the Cw value converges at around 0.0002
for all the S/L ratios observed (0.2, 0.4 and 1.0).
Fig. 5. Wave coefficient (Cw)—Wigley case—catamaran (S=L ¼ 0:2).
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Fig. 6. Wave coefficient (Cw)—Wigley case—catamaran (S=L ¼ 0:4).
Fig. 7. Wave coefficient (Cw)—Wigley case—catamaran (S=L ¼ 1:0).
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The smaller the spacing between the twin hulls, the higher is the Cw curve for
Froude numbers around 0.5.

Regarding the previous results obtained with a captive hull in relation to the
water surface, the Shipflow2 program was used with the hull in a free condition to
determine the Cw curve trade-off, the variation in underwater hull volume and the
wetted surface area for different Froude numbers.

Figs. 8 and 9 show and compare the results for the Wigley monohull in captive
and free conditions and in shallow and deep water (L=h ¼ 5; L ¼ length,
h ¼ depth) (Millward and Sproston, 1988).

Results indicate considerable differences in the Cw values for Froude numbers
between 0.3 and 0.6 for the monohull free and captive in relation to the water sur-
face. These differences are even greater when the depth effect is included. When the
sea or river bottom is close to the hull, the craft’s draft is increased and conse-
quently displacement and wetted surface area are increased.

The same tests were conducted for twin hull craft. Figs. 10–12 show the results
for the Wigley catamaran hull for different twin hull spacing (S=L) and depths in a
free condition.

When Figs. 10–12 are compared with Figs. 5–9, it can be seen that, with mono-
hulls, there is a tendency to higher Cw values in the free condition at Froude num-
bers between 0.3 and 0.6. With catamarans, this effect is even greater when the hull
separation is small, an effect that is increased when the shallow water effect occurs.
Results at Froude numbers greater than 0.7 show that the Cw values are basically
Fig. 8. Cw coefficient for monohull in free condition.
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the same for monohulls and catamarans, leading us to conclude that hull separ-

ation does not matter. For Froude numbers greater than 0.7, hull interference is

practically absent and catamaran wave resistance can be calculated as twice the

monohull resistance.
Fig. 9. Monohull Cw coefficient in captive condition.
g. 10. Wigley catamaran—Cw coefficient in a free condition and S=L ¼ 0:
Fi 2.
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In the foregoing figures, Cw coefficients at Froude numbers between 0.3 and 0.6

are greater in the free case. This results from the sinkage of the hull.
Figs. 13–20 show an increased percentage of underwater volume and wetted hull

surface area for monohull and catamaran. Under free hull conditions, monohull
. 11. Wigley catamaran Cw coefficient in a free condition and S=L ¼ 0
Fig :4.
. 12. Wigley catamaran—Cw coefficient in a free condition and S=L ¼ 1:
Fig 0.
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volume increases approximately 12% in deep water and 20% in shallow water

(L=h ¼ 5).
In catamarans, this effect is enhanced by hull interference, as can be seen in the

graphs in Figs. 14–16. Fig. 14 shows an increase of 33% in volume in shallow water
when the twin hull separation is 0.2 (S=L) and Froude numbers between 0.3 and
Fig. 13. Monohull volume variation in free condition.
Fig. 14. Catamaran volume variation in free condition and S=L ¼ 0:2.
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0.5. It also shows that for deep water the Cw curve reaches a peak at around 0.5,

and the peak shifts for Froude numbers around 0.4 when the shallow water effect

occurs.
Fig. 15. Catamaran volume variation in free condition and S=L ¼ 0:4.
Fig. 16. Catamaran volume variation in free condition and S=L ¼ 1:0.
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The same effect that occurs with volume also occurs with the wetted surface,

with a smaller percentage increase, however, of around 19% in the most critical

condition (shallow water and S=L ¼ 0:2) (Fig. 18).
Fig. 17. Monohull wetted surface area variation in free condition.
18. Catamaran wetted surface area variation in free condition and S=L ¼
Fig. 0:2.



H.B. Moraes et al. / Ocean Engineering 31 (2004) 2253–22822266
g. 19. Catamaran wetted surface area variation in free condition and S=L ¼ 0:4
Fi .
ig. 20. Catamaran wetted surface area variation in free condition and S=L ¼ 1:0
F .
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4. Catamaran chine hull results

Chengyi (1994) shows that the shape of symmetrical catamaran hulls has little
influence on catamaran wave resistance. To investigate different catamaran chine
hull geometries (effects of hull separation and water depth) with the Shipflow2

program, an algorithm was used that quickly and effortlessly modifies the geo-
metric forms of the hull.

The hull generated for analysis has the following characteristics:
length (L): 40 m;

breadth (b): 3.5 m;

draft (T): 1.5 m;

deadrise angle (A): 25

v
.

Wave resistance data were obtained using the program Shipflow2 at the same twin
hull separations and water depths analyzed in Millward (1992).

The nomenclature used in the variables was defined according to the outlines in
Figs. 21 and 22.

The results are analyzed by to the Froude numbers (Fn) and speeds (V) shown in
Table 2.

Figs. 23–25 show the main results obtained by the Shipflow2 program for a
chine hull catamaran in the free condition.

Figs. 23–25 support the following conclusions:
Critical Cw (Cw curve peak) tends to increase with decreasing water depth. Also,
hull interference was observed to remain practically unchanged at Froude num-
bers higher than 0.7 in any depth of water.

In shallow water, the peak of Cw curve is close to Froude number 0.4.
Fig. 21. Forty-meter catamaran hull section.
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Fig. 22. Waterline shape.
Table 2

Froude number and speed for a 40-m chine hull catamaran
Fn V
 (m/s)
 V (knots)
0.2
 3.96
 7.70
0.3
 5.94
 11.54
0.4
 7.92
 15.39
0.5
 9.90
 19.24
0.6 1
1.90
 23.12
0.7 1
3.86
 26.93
0.8 1
5.84
 30.78
0.9 1
7.82
 34.62
1.0 1
9.80
 38.48
Fig. 23. Cw comparison for S=L ¼ 0:2 in different depths of water.
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Between Froude number 0.6 and 0.7 wave resistance decreases with decreasing
water depth for the whole S=L range.

For Froude numbers lower than 0.3, the results are practically the same for the
whole range of S=L and L=h.

Figs. 23 and 24 show that as twin hull separation increases, Cw coefficient
achieves the lower value. However, at L=h < 5, the Cw coefficient continues to
Fig. 24. Cw comparison for S=L ¼ 0:4 in different depths of water.
ig. 25. Cw comparison for S=L ¼ 1:0 in different depths of water.
F
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reach the critical value at Froude number 0.4.

Fig. 25 shows the same tendency as Figs. 23 and 24, however, the interference
effect between hulls is minor.

As in Millward (1992), a tendency was observed for interference between cata-
maran hulls to be null at Froude numbers smaller than 0.3 and negative at
Froude numbers larger than 0.7, in any depth of water.

Results indicate the tendency for Cw to peak at lower Froude numbers in shal-
low water. In deep water, critical Cw occurs at Froude number 0.5. When water
depth decreases, this critical Cw occurs around Froude number 0.4.

In shallow waters, the effect of hull separation causes critical Cw value to
increase significantly.

According to Chengyi (1994), when the distance between hulls is small and the
craft speed is high, the flow between hulls tends to suffer the blockage phenom-
enon. In this case, the surface of the water is lifted in a violent splash. According
to test results with catamaran round bottom (arc bilge) hulls and chine bilge hulls,
the following expression is used to calculate the Froude number (Frb):

Frb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

10

L

b

S

S � Cpb

� �2

�1

" #
vuuuut ð5Þ

where L is the craft length (m); S the distance between two hull centers (m); b the
breadth (m) and Cp the prismatic hull coefficient.

The tests in Chengyi (1994) indicate that the interference between catamaran
hulls that causes a reduction in resistance occurs at Froude numbers higher than
0.5 (Fn > 0:5).

For different S/b, the Froude number at which negative interference begins —
Fr0 (reduction in resistance)—can be calculated by the following expressions:

Fr0
S

b
¼ 1; 6

� �
¼ 0:55þ 0:057

r
ð0; 1LÞ3

� �2
Að Þ

Fr0
S

b
¼ 2; 0

� �
¼ 0:55þ 0:050

r
ð0; 1LÞ3

� �2
Bð Þ

Fr0
S

b
¼ 2; 6

� �
¼ 0:55þ 0:046

r
ð0; 1LÞ3

� �2
Cð Þ

Fr0
S

b
¼ 3; 2

� �
¼ 0:55þ 0:044

r
ð0; 1LÞ3

� �2
Dð Þ

Fr0
S

b
� 6; 0

� �
¼ 0:55þ 0:042

r
ð0; 1LÞ3

� �2
Eð Þ

ð6Þ
Using the equations proposed by Chengyi (1994) for blockage Froude (Frb) and
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the Froude number where null interference (Fr0) begins, the following values
were calculated for the catamarans analyzed in Figs. 23– 25, respectively.
For Fig. 23 (S=L ¼ 0:2 � k=b ¼ 2:66))Fr0 ¼ 0:640 and Frb ¼ 1:00.

For Fig. 24 (S=L ¼ 0:4 � k=b ¼ 5:33) )Fr0 ¼ 0:634 and Frb ¼ 1:59.

For Fig. 25 (S=L ¼ 1:0 � k=b ¼ 13:33))Fr0 ¼ 0:632 and Frb ¼ 2:67.

It was observed that smaller the distance between hulls, the larger the value of Fr0
and the beginning of negative interference. In the chine hull catamaran case,
according to Chengyi (1994), negative interference begins at Froude numbers
higher than 0.63.

Results for variation in submerged volume and wetted area were as follows:

The 40-m catamaran submerged volume increases significantly in shallow water
and when the interference effect is present. Percentage sinkage is 33% (Fig. 26). The
results show that when both effects are present, the resistance increases to a very
high value.

In deep water, the effects lead the submerged volume to increase abruptly to 13%
(Fr ¼ 0:5) and then decrease to 11% at Fr > 0:6.

In shallow water, submerged volume fell below the deep water values at
0:6 < Fn < 0:8.
y-meter catamaran submerged volume variation in free condition and
Fig. 26. Fort S=L ¼ 0:2.



H.B. Moraes et al. / Ocean Engineering 31 (2004) 2253–22822272
The variation in the wetted surface area will be shown for catamaran hull separ-

ation (S=L) of 0.2 and 1.0 in shallow water (L=h ¼ 5) and deep water (Figs. 27–29).
At low Froude numbers (to approximately 0.3), the variation in wetted surface

area is similar in all cases. However, when Froude number reaches 0.4 a substan-

tial increase in the wetted surface area is seen, mainly when the interference

between hulls and the shallow water effects occur.
Millward (1992) was used to compare the results generated by the Shipflow2

program, although his study did not contemplate the free craft condition.
The results were expressed in the form of a non-dimensional (C�) wave resistance

coefficient, adopted in Millward (1992)

R� ¼ R

ð8=pÞqgðb2T2=LÞ ð7Þ

C� ¼ R�

Fn2
ð8Þ

where R is the wave resistance; L the catamaran length (m); b the breadth (m); T

the draft (m); q the fluid density (kg/m3); g the acceleration of gravity (m/s2) and

Fn the Froude number.
Figs. 30–35 show that the water depth as well as the distance between catamaran

hulls has little influence on the C� values at Froude numbers smaller than 0.3 and

larger than 0.7. For Froude numbers higher than 0.7, there is a convergence of C�

values.
y-meter catamaran submerged volume variation in free condition and
Fig. 27. Fort S=L ¼ 1:0.
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When the C� results obtained by the Shipflow2 program for the 40-m catamaran

are compared with Millward (1992), the shape of the C� curve is the same and the

results are very close.
rty-meter catamaran wetted surface variation in free condition and S
Fig. 29. Fo =L ¼ 1:0.
-meter catamaran wetted surface area variation in free condition an
Fig. 28. Forty d S=L ¼ 0:2.
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4.1. Catamaran trim

Catamaran trim was studied for hull separations (S/L) 0.2 and 1.0 in shallow

water (L=h ¼ 5) and deep water conditions, Doctors (1991). Figs. 36 and 37 show

the results in graphic form.
n C� coefficient for S=L ¼ 0:2 in shallow and deep water
Fig. 30. Catamara (Millward, 1992).
an C� coefficient for S=L ¼ 0:2 in shallow and deep water (Sh
Fig. 31. Catamar ipflow2 (1988)).



2275H.B. Moraes et al. / Ocean Engineering 31 (2004) 2253–2282
an C� coefficient for S=L ¼ 0:4 in shallow and deep water (
Fig. 32. Catamar Millward, 1992).
amaran C� coefficient for S=L ¼ 0:4 in shallow and deep water (
Fig. 33. Cat Shipflow2).
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At Froude numbers up to 0.3, dynamic trim is significant and sinkage is parallel.
When the catamaran reached Froude number around 0.4 it gains stern trim with

significant variation in draft. Above Froude number 0.5, sinkage happens practi-

cally with the same trim angle with small variations.
n C� coefficient for S=L ¼ 1:0 in shallow and deep water
Fig. 34. Catamara (Millward, 1992).
5. Catamaran C� for S=L ¼ 1:0 in shallow and deep water (Shipflo
Fig. 3 w2).
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Fig. 37 shows the same test in shallow water (L=h ¼ 5).
The bottom effect increases dynamic trim as shown in Fig. 37. Comparison with

the sinkage in deep water shows that here sinkage is 29% greater.
Above Froude number 0.6, the stern reduces the sinkage reaching draught of

approximately 2.3 m, which is practically equal to the value achieved in deep

waters (2.4 m). Therefore, it can be concluded that the effect of shallow waters only

causes significant variation in sinkage at Froude numbers between 0.4 and 0.6.

4.2. Waves generated by the twin hull

The purpose of analyzing waves generated by the passage of the craft was to

ascertain the heights of waves spreading starting from the catamaran hull to a cer-

tain distance. Here, the distance was considered as 60% of the hull length.
Fig. 38 shows the positioning of a catamaran hull in plane x–y. The points in the

graph represent the center of each panel used to represent the free surface.
Figs. 39–42 reflect a transverse plane showing the elevation of the points of the

free surface that define the wave height or elevation of each panel center of the free

surface. These points are defined starting from the side of the catamaran hull in

deep water and shallow water (L=h ¼ 5) conditions with hull spacing S=L ¼ 0:2,

which is considered to be the most restrictive.
Fig. 36. Trim variation for different Froude numbers (S=L ¼ 0:2 and deep water).
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Fig. 37. Trim variation for different Froude numbers (S=L ¼ 0:2 L=h ¼ 5).
Fig. 38. Position of a 40-m catamaran hull and the free surface.
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g. 39. Wave height generated in shallow water (L=h ¼ 5) at Fn ¼ 0:
Fi 3.
Fig. 40. Wave height in deep water at Fn ¼ 0:3.
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Fig. 41. Wave height in shallow water (L=h ¼ 5) at Fn ¼ 0:4.
Fig. 42. Wave height in deep water at Fn ¼ 0:4.
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Figs. 39–42 indicate:
The Shipflow2 program made it possible to calculate the height of the waves
generated by the catamaran hull and also to study their effect on the river shore.

The effect of shallow water is very important when considering the height of
waves generated by the catamaran hull.
5. Conclusion

The results yielded by 3D theory (Shipflow2) and 2D theory (Slender computer
software program) are useful in analyzing the catamaran at a preliminary design
stage.

Some conclusions were drawn from catamaran simulation:
For S=L > 0:6, no significant effects of interference between the hulls were
found and wave resistance can be calculated as for infinitely separated twin
hulls.

The type of hull section does not modify wave resistance significantly.

The maximum positive interference occurs around Froude number 0.5 for deep
water and 0.4 for shallow water.

Differences between Shipflow2 (1988) and SLENDER program (Williams, 1994)
results are high for smaller S=L ratios.

At 0:2 	 Fn 	 0:4 and Fn > 0:8, the results obtained by the Shipflow2 and
SLENDER programs are very close to those of Millward (1992).

Across the whole S=L range (0.2, 0.4 and 1.0), at Froude numbers above 0.8,
values of Cw were observed to converge at around 0.0002.

Also observed was that, at Froude numbers around 0.5, the smaller the spacing
between hulls, the greater is the elevation of the Cw curve.

When the effect of shallow waters is present, hull interference is negative at
Froude numbers � 0:7.

The effect of hull separation, added to the shallow water effect, causes a signifi-
cant increase in critical Cw values.

The heights of waves generated by the hull can be studied by Shipflow2. The
results can be used to study and minimize the effect at the river shore (Doctors,
1991).
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