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Field and Laboratory Investigation of High-Speed Ferry  
Wake Impacts in New York Harbor 
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Center for Maritime Systems, Davidson Lab., Stevens Inst. of Technology, Hoboken, N.J. 07030 
mbruno@stevens.edu 

 
1. Introduction 
 
The last 10 years have witnessed a tremendous growth in passenger ferry service in the New York 
metropolitan region, a growth that is mirrored in many other areas of the world as more and more ur-
ban shorelines experience revitalization – some would say a transformation. This revitalization has in 
a very real sense been brought about by success in restoring our urban waterways. Estuaries like the 
Hudson-Raritan Estuary are once again vital and vibrant habitat, and offer recreational and commer-
cial opportunities to thousands of residents and visitors. Urban waterways also serve as hosts to the 
US Marine Transportation System (MTS), a system that is responsible not only for passenger ferry 
transportation, but also for more than 95% of U.S. international trade. The Port of New York and New 
Jersey, among the largest in the nation, is a critical component of the national and global MTS. 
 

 
Fig.1: Ferry route map for NY Waterways 
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The mixed use of the urban estuary – including marine transportation, commercial and recreational 
fishing, and pleasure boating, among others - creates complex user needs and, unfortunately, conflicts. 
The recent rapid growth in high-speed ferry service in the Hudson River (see Fig.1 for a route map of 
the primary ferry service) has created the potential for one such conflict – the need to provide reliable 
waterborne passenger transportation while at the same time ensuring that wave-sensitive shoreline 
facilities and activities are not adversely impacted. Of particular concern are:  

• Impact to vessels in exposed and partially-protected dock areas and marinas 
• Damage to bulkheads and other shoreline structures 
• Erosion of natural shorelines and wetlands 
• Impacts to sea grass and shellfish beds 
• Safety of passing vessels, particularly small craft 

 
In response to this issue, the State of New Jersey requested that Stevens Institute of Technology con-
duct a comprehensive study of the New York Harbor wake problem with a view toward developing 
recommendations to enable efficient passenger ferry service while also minimizing any identified ad-
verse impacts associated with ferry wakes. The Stevens study is now complete and has been approved 
by the Harbor Operations Committee of New York – New Jersey Harbor. We here summarize our 
findings and recommendations, and also provide the preliminary findings from more recent field 
measurements in the Harbor. 
 
2. Study description and results 
 
The study of ferry-generated wakes in New York Harbor involves the consideration of various fac-
tors: complicated bathymetry, ambient wave field, various types of vessels, their speed, acceleration 
and course changes. With this in mind, it was decided to study the problem by a combination of quali-
tative and quantitative field measurements, and laboratory measurements of wake wash from small-
scale models.  
 
The study contained several elements, including:  

• field observations of wave characteristics in the Hudson River over a multi-week period; 
• visual observations of ferry wake generation, ferry routing, docking and departing procedures, 

etc.; 
• scale model studies of ferry wake generation using the Stevens high-speed towing tank and scale 

models representing a variety of ferry hull forms, including monohulls and catamarans, operating 
over a wide range of speeds; 

• meetings with the full range of stakeholders, including ferry captains, marina owners and opera-
tors, commercial vessel captains, the New York Harbor Operations Committee, and Federal, State 
and local government officials. 

 
2.1. Field Observations, July, 2002 
 
A field study was undertaken in July, 2002. High-resolution pressure gauges were deployed for 
slightly over eight days beginning the afternoon of July 10th. Two gauges were situated so as to obtain 
time series pressure records that would provide a description of the wave heights and wave periods 
found in the Harbor. The Harbor bathymetry is characterized by a deep (~20 m) channel flanked in 
most areas by a narrow, flat, and shallow (~3 m) shelf. One gauge was placed at a depth of 11 m in 
the channel, approximately 100 m seaward of the pier head line. The second gauge was placed at a 
depth of 4 m, inshore of the pier head line. The two gauges were located near the NY Waterways Lin-
coln Harbor ferry terminal (see Fig.1) and as such near an active fast ferry route.  
 
The 8-day surface elevation time series for the offshore gauge is given in Fig.2. The time series indi-
cates a strong diurnal pattern of relatively calm overnight periods followed by very energetic periods. 
The highest waves in the day occur during two peak periods. The first peak period of each day begins 
as a gradual increase starting at approximately 0530 EDT and peaking at approximately 0915 EDT, 
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which corresponds to the morning rush hour. Wave heights then gradually diminish, but only to levels 
well above the typical overnight values, until approximately 1245 EDT when they again begin to in-
crease as the evening rush hour is approached. After the second and typically highest peak of the day 
at approximately 1745 EDT, the wave heights gradually diminish until they reach the typical over-
night values some time shortly after 2330 EDT. Overnight maximum wave heights range from 4 
inches to 6 inches (10 to 15 cm). The morning peak heights are typically between 12 inches and 16 
inches (30 to 40 cm). Similar behavior was observed by the inshore gauge, although the inshore gauge 
typically recorded wave heights between 5% and 10% higher than the offshore gauge, likely because 
of the effect of shoaling and/or wave reflections from the shoreline. 
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Fig.2: Time history of water surface elevation for 8-day period 

 

Evening rush

Mid-day

Overnight

350

300

250

200

150

100

50

0

1         2           3           4          5           6      7          8           9        10

Wave period in seconds

# 
o

f 
oc

cu
rr

en
ce

s

 
Fig.3: Histogram of wave period 
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Until this point in the report, discussion of the observed waves has been limited to describing wave 
height. However, wave period is a critical measure not only of the energy contained in the wake field, 
but also of the potential influence of the wakes on vessels and shoreline infrastructure. In addition, the 
performance of partial wave barriers, such as floating breakwaters, is strongly affected by wave pe-
riod. Observed wave periods ranged from 1 to 10 seconds. Histograms of wave period for different 
time periods are presented in Fig.3. The peak of the histogram falls in the 1 to 2 second range during a 
typical overnight hour. During the typical midday hour, the peak moves to the 1.5 to 3.0 second range 
and the number of occurrences in the 3 to 5 second range increases by nearly 50%. During a typical 
hour in the evening rush, the peak period again moves up, now to the 2.5 to 3.0 second range. During 
the evening rush, the number of occurrences of periods greater than 3.0 seconds is very similar to that 
which was observed during the midday, which is significantly greater than is observed in the calm 
overnight hours.   
 
2.2. Field Observations, July, 2004 
 
A follow-up field study was conducted in July, 2004 in order to obtain a higher-resolution dataset re-
garding wake characteristics, and the relationship between time of ferry vessel passage and associated 
wave characteristics. In order to accomplish this task, an ultrasonic acoustic water level gauge operat-
ing at a frequency of 10 Hz was used to measure wave activity in New York Harbor. The gauge was 
located at the western Hudson River Shoreline just south of the Hoboken North ferry terminal, Fig.1. 
Wave data was logged on July 20th starting at 5:20 am before any boat activity in the harbor. Times of 
ferry vessel passage were noted, and measurements were taken throughout the day until 7 pm. 

 

W
av

e 
E

n
er

g
y

W
at

er
 S

u
rf

ac
e 

E
le

v.
 (

in
ch

es
)

10

5

0

-5

-10

W
av

e 
p

er
io

d
 (

se
c)

15

10

5

0

time of ferry passage

Time  
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Fig.4 illustrates the wave energy, water surface elevation (with tide removed) and wave period for the 
first hour of measurements, at the start of the morning rush hour. Clearly, the times of vessel passage 
are associated with sudden increases in the measured wave energy, with maximum wave energy levels 
experienced during time periods when several vessels passed in close proximity to one another. This 
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finding is likely at least in part attributable to the wave summation associated with reflections from 
the shoreline. The figure does not indicate the type and speed of the ferry in each instance, although 
these records do exist. A computer modeling effort is underway to examine the wake generation char-
acteristics of each vessel type under the observed speed and water depth conditions. This analysis will 
help explain the variability in wave height and period observed here.  
 
2.3. Laboratory studies 
 
Tests were conducted in the Davidson Laboratory High-Speed Towing Tank, which is 313 ft (95.5 m) 
long, 12 ft (3.7 m) wide and 6 ft (1.8 m) deep, and has a top speed of 100 ft/s (30.5 m/s). Four differ-
ent vessels, whose characteristics are given in Table I, were tested to study their wake characteristics 
in addition to the standard resistance and seakeeping performance characteristics. 
 

Table I: Model characteristics 
Hull Catamaran Monohull Catamaran Catamaran 

Length 71.2 ft (21.7 m) 65 ft (19.8 m) 105 ft (32 m) 90 ft (27.4 m) 
     

Beam 27.5 ft (8.4 m) 14 ft (4.3 m) 28.4 ft (8.7 m) 34 ft (10.4 m) 
     

Draft 3.4 ft (1 m) 3 ft (0.9 m) 3.45 ft (1.1 m) 5 ft (1.5 m) 
     

Model scale 1/12 1/12 1/20 1/16 
 
The first model, that of the 71 ft Catamaran, was tested in October 2000 but NY Waterway decided 
not to consider it for their fleet. The 65 ft Monohull, “The Sea Otter”, was tested in April 2001 and 
NY Waterway currently operates 3 of these vessels. The 105 ft catamaran design was tested in July 
2001 and NY Waterway is in the process of commissioning a few of these vessels. Finally, the 90 ft 
Catamaran that was tested in September 2002 will be part of the future NY Waterway fleet. 
  
Each model was free to trim and heave, but fixed in yaw, roll, surge and sway. The vertical motion of 
the tow-point was measured using a motion transducer attached to the free-to-heave apparatus. Trim 
of the model keel relative to the horizon was measured using an inclinometer mounted on the connect-
ing platform. Resistance was measured using a drag balance located directly above the pivot box. Two 
accelerometers were mounted near the bow and CG to record vertical acceleration in wave tests. 
Wake height measurements were made in calm water tests using two resistance-type wave probes at 
fixed locations in the tank. The two probes were located in that section of the tank where the model 
runs at constant speed and at transverse distances of 3 ft and 5 ft (model scale) from the ship center-
line. The time history of the wake was recorded as the model passed by. A video camera was located 
on the carriage and video recordings were made of each run. Still photographs using a camera 
mounted on the carriage were also taken for most of the runs. Data were acquired at 250 Hz in a 100 
ft “data trap”. 
 
The full-scale wake heights measured from each of the model test are presented in Tables II to V. 
Some of the typical trends that can be observed are: the wake heights increase with the displacement, 
the newer designs tend to have lesser wake heights, the wake heights are higher at the transition 
(hump condition) speeds and decrease at higher speeds, wake heights depend on the location of the 
center of gravity and the running trim. To emphasize the wake height variation with speed, the data 
from the 71 ft Monohull “Sea Otter” is presented in Fig.5.  
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Fig.5: Wake characteristics for the 71 ft. monohull ferry: wake height vs. speed 

 
Table II: Wave heights for 71 ft catamaran (different displacements and LCGs) 

Run Speed Wake Heights (ft) Run Speed Wake Heights (ft)
# (knots)              Measured # (knots)              Measured

at 36 ft at 60 ft at 36 ft at 60 ft

55 LT - 3 ft 65 LT - 3 ft
27 15 2.9 2.9 64 15 2.8 2.6
28 20 3 2.8 66 20 3.6 3.2
29 22 2.8 2.8 67 22 2.8 2.8
30 24 2.2 2 68 24 2.6 2.6
31 26 2.2 1.8 69 26 2.2 2.2

55 LT - 5 ft 65 LT - 5 ft
33 20 3.2 2.8 71 15 2.8 2.8
34 22 2.8 2.4 72 20 3.6 3.2
35 24 2.4 2.2 73 22 3 2.8
36 26 2 1.8 74 24 2.6 2.6
37 28 1.8 1.7 75 26 2.2 2.2
38 30 1.6 1.5

65 LT - 7 ft
60 LT - 3 ft 77 20 2.7 2.7

41 15 2.5 2.4 78 22 3.4 2.9
42 20 3 3 79 24 2.8 2.6
43 22 3.2 3 80 26 2.5 2.5
44 24 2.8 2.7
45 26 1.9 1.9 55 LT - 3 ft
46 28 1.8 1.7 82 20 3 2.8
47 30 1.4 1.3 83 22 2.8 2.5

84 24 2.4 2.1
60 LT - 5 ft 85 26 2 1.9

49 15 2.5 2.5
50 20 2.9 2.9 50 LT - 5 ft
51 22 3.2 2.8 88 15 3.2 2.9
52 24 2.8 2.8 89 20 2.8 2.6
53 26 2.4 2.3 90 22 2.5 2.3
54 28 2 2 91 24 2 1.7
55 30 1.8 1.7 92 26 1.9 1.6

93 28 1.5 1.3
60 LT - 7 ft 94 30 1.4 1.2

59 20 2.7 2.7
60 22 3.2 2.8
61 24 2.8 2.6
62 26 2.4 2.2
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Table III: Wave heights for 65 ft monohull (different displacements and LCGs) 
Run # Velocity Run # Velocity

No. (kn) at  36ft at  60ft No. (kn) at  36 ft at  60 ft

73,990lb. - 39.8 ft 62,500 lb. - 39.8 ft
4 15 2.8 2.1 49 20 2.5 2.0
5 20 2.9 2.3 50 22 2.4 1.6
6 22 3.1 2.0 52 24 2.2 1.3
7 24 2.5 1.7 53 26 2.2 1.2
8 26 2.2 1.6 54 30 2.3 1.2
9 28 2.4 1.6 55 32 2.2 1.1
10 30 2.6 1.5 40.8 ft
11 32 2.7 1.4 63 30 2.4 1.2

repeat check
13 24 2.7 1.6 Tests using 2.75" interrupters at 62,500 lb.

1/16" projection - 39.8 ft LCG
Tests with LCG variation at 73,990 lb. 57 15 1.9 0.8
37.8 ft 59 26 1.7 1.3

15 26 2.4 1.6 1/16" projection - 40.8 ft LCG
38.8 ft 61 26 1.9 1.3

17 26 2.3 1.6 62 30 1.9 1.1
41.8 ft 1/32" projection - 40.8 ft LCG

21 26 2.7 1.8 67 30 1.8 0.9
40.8 ft

19 26 2.7 1.6 Tests using interrupters at 73,990 lb.
23 28 2.7 1.5 2.75" long - 1/32" projection - 39.8 ft LCG
24 30 2.7 1.5 70 26 1.2 1.8
25 32 2.7 1.5 1.4" long - 1/32" projection - 39.8 ft LCG

72 26 2.3 1.6
49,640 lb. - 39.9 ft 73 30 2.3 1.4

27 10 0.7 0.2 1.4" long - 1/32" projection - 40.8 ft LCG
28 15 1.5 0.7 75 30 2.3 1.3
29 20 2.0 1.6 76 26 2.5 1.6
30 22 1.9 1.3
31 24 1.7 1.1 Tests using Trim Wedges at 73,990 lb. And 39.8 ft
32 26 1.5 1.2 3.5"X1" - 5 deg. Wedges
33 28 1.8 1.0 79 26 2.0 1.5
34 30 1.8 1.0 3.5"X1" - 3 deg. Wedges
35 32 1.8 0.8 82 30 2.4 1.4

repeat check
36 24 1.8 1.2

49,640 lb. - 40.9 ft
40 26 1.8 1.0
41 28 2.0 1.0
42 30 1.9 0.9
43 32 1.8 0.9
44 40 1.6 0.7
45 42 1.5 0.8

Wake Height(ft) Wake Height(ft)

 
 
 
 
3. Results and discussion 
 
The wake heights and periods found in the field measurements agree qualitatively with what was ob-
served during the physical model tests. For this reason, it would be expected that modification of op-
erational parameters such as speed and trim to be more in line with the optimum values predicted by 
the physical model tests would lessen wakes created by a particular vessel. For vessels currently oper-
ating in their most inefficient regimes, the potential reduction in wake energy can be substantial.  
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Table IV: Wave heights for 105 ft catamaran (different displacements and LCGs) 

Run # Vs Run # Vs
No. (kn) at 60ft at 100 ft No. (kn) at 60ft at 100 ft

195,610 lb - 59.5 ft 195,610 lb - 59.5 ft
9 10 0.6 0.5 49 20 4.0 3.2

10 15 1.5 0.9 50 24 2.5 2.0
11 20 2.2 1.0 51 27 2.2 1.9
12 22 2.6 1.5 52 30 1.9 1.6
13 24 2.6 2.5 55 34 1.6 1.1
15 26 2.5 1.9
14 28 2.2 1.8 150,850 lb. - 61.25 ft
16 30 1.8 1.6 57 19 3.1 1.3

58 20 2.3 1.7
195,610 lb - 62.5 ft 59 24 2.0 1.5

19 20 2.9 2.2 60 28 1.7 1.4
21 24 2.7 2.4 61 30 1.5 1.2
22 26 2.4 2.1 62 32 1.4 1.1
23 28 2.0 1.8 64 36 1.2 0.9
24 30 2.0 1.5 66 40 1.1 0.8
25 32 2.0 1.4
26 34 1.8 1.4 150,850 lb. - 63.25 ft
27 36 1.6 1.1 68 20 2.2 1.7
28 38 1.7 1.1 69 24 2.1 1.5
29 40 1.6 1.0 70 24 2.1 1.5
30 41 1.6 1.0 71 28 1.8 1.3

72 30 1.6 1.2
* Chines Widened near the Bow 73 32 1.5 1.1
195,610 lb - 62.5 ft 75 41 1.3 0.8

32 20 1.6 1.2
33 24 2.5 1.9 225,000 lb. - 62.5 ft
34 28 1.9 1.8 77 20 2.3 1.1
35 30 1.8 1.6 78 24 2.9 2.2
37 32 1.7 1.4 79 28 1.7 2.0
38 34 1.7 1.2 80 30 2.4 1.7

81 32 1.9 1.4
195,610 lb - 59.5 ft 82 34 1.8 1.4

40 20 2.2 2.1
41 24 2.6 1.9 225,000 lb. - 64 ft
44 26 2.0 1.8 84 24 2.9 2.2
45 30 1.9 1.6 85 28 2.3 2.1
46 32 1.8 1.3 86 32 2.0 1.4

Wake Heights (ft) Wake Height (ft)

 
 
The largest amount of wake energy created per unit time occurs during the transition from displace-
ment to planing mode. This was observed in the physical model tests and suggested in the qualitative 
field study. In many cases (especially the newer hulls), higher speeds result in lower wave energy. 
Again, with the guidance provided by physical model tests of hulls, these optimum speeds must be 
known and adhered to by vessel operators whenever possible to minimize wake. As little time as pos-
sible should be spent in the transition zone. Again, for vessels that are currently being operated for 
long periods of time at the very high end of displacement (very low end of planing) substantial de-
creases in wake energy will be possible by this optimization.  
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Table V: Different loads and trims 

Run Vel Wake Height (ft) Run Vel Wake Height (ft)
# (fps) (at 80 ft) # (fps) (at 80 ft) 

100 LT - Level Trim 110 LT - Level Trim
1 0.00 0.0 19 0.00 0.0
2 4.02 -- 20 8.37 3.2
3 6.23 2.8 21 10.52 --
4 8.37 3.1 22 11.38 --
5 10.52 -- 23 12.69 1.1
6 11.36 2.1 24 13.54 1.2
7 12.68 1.3 25 14.82 1.2
8 13.51 1.2 26 15.69 1.2
9 14.82 1.1 27 16.99 0.9

10 15.67 1.1
11 17.00 0.9 90 LT - Level Trim
12 12.67 1.2 28 0.00 0.0

29 8.38 2.9
100 LT - 2 deg Trim 30 10.54 2.5

14 0.00 0.0 31 11.39 --
15 8.37 3.5 32 12.70 1.2
16 10.52 -- 37 13.55 1.2
17 12.67 1.1 34 14.86 1.2
18 14.84 0.8 35 15.71 1.1

36 17.01 0.9
 

 
The qualitative field study also strongly suggested that sharp turns in the transition phase could result 
in the focusing of wave energy, especially to the inside of turns. The qualitative evidence is strong 
enough on its own in this specific area to warrant the minimization of any sharp turns during the tran-
sition phase if any wake-sensitive areas are located on the inside of the turn.  
 
Wave shoaling is taking place during at least some stages of the tide in the shallowest areas of the 
shorelines, some of which contain marinas. Deepening (dredging) these specific areas has the poten-
tial to reduce wave heights by 30% in some of the shallowest regions. Deepening by itself will not 
completely mitigate any wake problem in this harbor, but should be considered part of the total ap-
proach.  
 
In places where reflective shorelines (vertical or near vertical walls) border water deeper than 2 feet 
MLLW, most of the incoming wave energy is simply reflected back into the Harbor. Efforts should be 
taken wherever possible to limit reflective shorelines. Again, simply replacing reflective shorelines 
with dissipative shorelines will not completely mitigate the wake problem, but will prevent exacerbat-
ing the situation and is an important part of any total approach.  
 
Our study indicated that ferry wakes are responsible for a good portion of the wave energy in the ferry 
operating region, with maximum contribution during the weekday rush hours. Our analysis indicates 
that the wakes produced by high-speed ferry vessels differ in many important respects from wakes 
produced by more slowly moving vessels. The most damaging wakes, in terms of height, occur at low 
speeds, particularly during the transition from low-speed displacement mode to planing mode, and 
during certain turning maneuvers. The length of the ferry wakes is in general significantly longer than 
the length of wakes associated with even larger, slow-moving (displacement-mode) vessels operating 
in the Harbor. It is this large wavelength that allows wake energy to pass through the various wave 
protection devices in use at marinas along the Hudson River shoreline, including floating barriers and 
partial-depth wave screens.  
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Wake characteristics vary not only as a function of the vessel’s speed, trim, and direction of travel, 
but also as a function of hull characteristics. Hull designs that more easily achieve high-speed planing 
are far more energy efficient and generate far lower wake energy than less efficient hull designs. 
Clearly, hull designs that minimize wake production are desirable from both an adverse impacts 
standpoint and an operational standpoint. 
 
These findings have led to the following recommendations: 
 
1) Ferry Operators 

Ø Assign the most efficient hulls to the most wake-sensitive areas. 
Ø Determine the most efficient operating range (speed and trim) for each vessel class and 

operate each vessel within this range as much as is practicable, with as little time as pos-
sible spent in the transition phase between the displacement and planing modes.  

Ø Ferry routing should be carefully evaluated, and modified to ensure minimal time spent in 
the transition phase while adjacent to or pointing toward wake-sensitive shoreline areas, 
and to avoid turning with a wake-sensitive area inside the turn. In general, a ferry should 
proceed from the dock to the center of the navigation channel at a speed well below tran-
sition (that is, well within displacement mode), then make its turn to proceed in an along-
channel direction, rapidly accelerate to high-speed planing mode until adjacent to the next 
stop, decelerate to a speed well within displacement mode, then turn toward the dock. 

Ø We recommend against blanket speed restrictions, as such restrictions will very likely 
have the unintended effect of increasing the height of wakes produced by ferry vessels 
that are designed for efficient operation at high speeds. 

 
2) Marina Operators 

Ø Should be permitted to construct wave protection systems that can protect the dock areas 
from waves exceeding 20 inches in height and 4.25 seconds in period. An example of 
such a system is a full-depth timber wave screen. 

Ø Avoid reflective side banks to the degree possible. 
Ø Optimize entrance channel design to avoid direct exposure to wakes produced by passing 

vessels. 
 
3) Regulatory Authorities 

Ø Examine permitting requirements that prohibit the installation of effective wave protec-
tion systems along marina and other wake-sensitive shoreline areas. 

 
4) General Public 

Ø As the revitalization of waterways and shorelines continues, and as more people take to 
the water in vessels of all sizes and types, there will be an increasing need to educate the 
boating public about the rules of the road when operating a vessel in a commercial harbor. 
The production and widespread dissemination of Harbor maps that clearly delineate ac-
tive navigation channels, loading and unloading areas, and ferry routes, would be an im-
portant first step in this regard, as would public outreach activities that would include the 
participation of commercial vessel operators in the Harbor. 
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Abstract 

Simple design formulae for resistance and power prediction for fast semi-displacement monohulls are 
derived using Artificial Neural Nets. These formulae can be programmed easily in spreadsheets or 
optimization routines. The formulae were derived from curves based on database evaluation of the 
Hamburg Ship Model Basin.  
 
1. Fast monohulls 
 
Fast monohulls are very different in hull shape from conventional low-speed hulls, Fig.1. We focus 
here on the most common representatives of fast ships: displacement, semi-displacement and planing 
monohulls, Fig.1. We focus here on fast monohulls. See Fritsch and Bertram (2002) for conventional 
monohulls and catamarans, Azcueta and Bertram (2002) for unconventional high-performance marine 
vehicles.  
 
Typical examples of fast displacement ships are corvettes, frigates, working boats and similar ships. 
These are characterized by straight V-shaped sections in the forebody, slender waterlines, round bilge 
with decreasing radius going to the transom stern and centerline skeg. They are frequently fitted with 
an integrated trim wedge. The LCB positions usually lie between 2% and 3% aft of Lpp/2 for larger 
ships. Displacement ships operate up to Fn=0.4...0.6, i.e. they approach only the begin of the planing 
condition. Advantages of this hull form are good seakeeping behavior, good course-keeping ability, 
and – if the vessel operates above the resistance hump – relatively low dynamic trim at top speed. The 
steep run of the power curve at higher speeds caused by the fact that little hydrodynamic lift is pro-
duced, is a main disadvantage and determines the operational limits of this type. 
 
Semi-displacement ships integrate the attributes of displacement and planing hulls. Semi-
displacement ships achieve higher speeds than displacement ships due to increased dynamical lift and 
corresponding reduction in resistance. The most common examples of this type are patrol boats, spe-
cial navy craft, pleasure yachts, pilot boats, etc. Vessels can reach the planing condition with speeds 
of up to Fn≈1. The course-changing and course-keeping behavior is similar to that of pure displace-
ment ships. The seakeeping is in general good. At high speeds, roll-induced transverse instability can 
arise under certain circumstances. 
 
Real planing hull designs should normally be used for high-speed vessels only. The stations have 
straight sections and knuckle lines (with a bilge knuckle running from the stem over the entire length 
to the transom), relatively large deadrise angles in the forebody decreasing further aft to about L/2 and 
continuing at nearly constant angles of not less than 10° to the transom. Early planing hull designs 
with warped deadrise are not very common today. The forward part of the longitudinal knuckle is 
designed to work as a spray rail. Trim wedges with adjustable tabs are often installed to control the 
dynamic trim. These become less effective for Fn>1 as there is generally a reduction in dynamic trim 
in that speed range. Typical examples are fast patrol boats, racing yachts, S&R boats, fast small pas-
senger ferries, and similar vessels. For lower speeds, the resistance of this hull form is slightly higher 
than that of a semi-displacement vessel with the same length and displacement. The typical advan-
tages of this hull form develop at speeds Fn>1. The seakeeping qualities of these vessels are not as 
good as for displacement and semi-displacement hulls. This disadvantage can be partially compen-
sated by selecting relatively high L/B (L/B≈7...8) and deadrise angles τ>10° in the aft part. The high-
speed stability problem of semi-displacement hulls may also occur with planing hulls. 
 



 19

 
Displacement hull, Fn=0.62 

 
Semi-planing hull, Fn=0.67 

 
Planing hull , Fn=1.0 

Planing hull, Fn unknown 
Fig.1: Body plans of typical representatives of fast monohulls, Fritsch and Bertram (2002) 

 
2. Artificial Neural Nets for functional approximation 
 
Conventional regression has been extensively used in naval architecture in system identification to 
provide required factors and coefficients. Based on databases of existing designs, coefficients are then 
interpolated or even extrapolated to calculate coefficients for a new application. This procedure re-
quires the engineer to specify not only which input parameters mainly influence one or more output 
parameters, but also to specify the type of functional relation between input and output parameters. 
Most often in the past, simple linear relations have been chosen. Designers plotted data and by visual 
inspection sometimes chose also simple polynomial relations. This approach is cumbersome and un-
suitable for many nonlinear relations. Shortcomings are especially apparent for multi-dimensional 
input/output data sets. Here we apply a more versatile and user-friendly approach to system identifica-
tion: Artificial Neural Networks (ANNs) may be used to find functional relationship for certain ship 
data, Mesbahi (2003). ANNs are increasingly used in naval architecture and marine engineering for 
system identification. Hess and Faller (2000) give an overview of ANN application in naval architec-
ture, Bertram and Mesbahi (2000), Mesbahi and Bertram (2000) further applications to ship design. 
 
ANNs have the capability of storing data during a learning process and then reproducing these data 
during a recall process. ANNs can generally represent the mapping of multi-dimensional input/output 
data sets as: 

    f: X →Y                (1)
  

f is a non-linear function, X=(x1,x2,…,xn) is real input vector, Y=(y1,y2,…,ym) is real output vector, 
Fig.1. ANNs are best used for interpolation, but in some cases have also been demonstrated to yield 
valid extrapolations. 
 
An ANN structure consists of several layers. Each layer consists of several nodes. In the example 
shown in Fig.2 we have input layer, output layer, and one hidden layer. The values of the previous 
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layer are weighted, reach a node, summed up and are transformed by a function F, before passed on to 
the next layer. Typically, this function is a sigmoid function of the form: 

   sig (x) = 1/(1+e-x)                               (2) 

In this study, we have used fully-connected feed-forward ANNs with one hidden layer. Hidden layer 
and output layer use sigmoidal activation functions. The hidden layer may have different number of 
processing elements (neurons), which depend on the number of patterns and complexity of the rela-
tionship to be approximated. The standard choice is one hidden layer. Conventional back-propagation 
is used for network training. Momentum terms are added to the learning algorithm to achieve a higher 
convergence rate, Rumelhart and McClelland (1986). 

xi and yi are input and output data respectively, which are normalised between 0 and 1:  

Normalised value = (Real value -Min. Value)/(Max. value - Min. value) 

Therefore, as far as ANN training is concerned, the units of the input and output data sets are irrele-
vant; they are only used when the out put data is to be de-normalised to its real value.  

The following equation shows the mathematical relationship between x and y the single-input/single-
output (SISO) ANN used here: 

     y = c0+c1⋅sig [b0+b1⋅sig(a10+a11⋅x1+a12⋅x2+…) +b2⋅sig(a20+a21⋅x1+a22⋅x2+…) +…]      (3) 
 
After sufficient training, adjusted values for the coefficients a, b, and c are derived and the non-linear 
relationship is determined.  
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Fig.2: General structure of an Artificial Neural Network 

 
3. Resistance and power prediction formulae 
 
After the general hull type has been selected, the main dimensions of the hull are settled and the hull 
form can be worked out based on the designer’s experience, data for comparable ships or systematical 
series of hull forms. A speed/power prediction is needed early in the design to select the engine. This 
prediction is usually based on a resistance computation and an estimation of overall efficiency. 
Closely connected with the propulsion plant are also details of the appendages such as shafts, brack-
ets, propellers, stabilizer fins and steering system. Based on a general arrangement plan, more detailed 
computations of LCG and LCB as well as stability are carried out. Static trim can significantly influ-
ence power consumption. 
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The resistance of high-speed vessels is primarily a function of the vessel’s displacement, wetted 
length and surface, speed and additionally breadth for planing hulls. Therefore significant parameters 
are the slenderness L/∇1/3 and the specific resistance RT/∇. The total resistance RT is decomposed as 
usual with notation following ITTC unless otherwise specified, Bertram (2000): 

RT = RF+RR             (4) 

RF= CF⋅ρ/2⋅V2⋅S           (5) 

RR=RW+RAPP+RAA+RPARAS          (6) 

ρ denotes the water density, V the ship speed, S the wetted surface (at rest except for planing hulls as 
described in more detail below), CF follows ITTC’57 with Reynolds number is based on Lwl. The ap-
pendage resistance RAPP, the air and wind resistance RAA, and the parasitic resistance RPARAS (resis-
tance of hull openings such as underwater exhaust gas exits, scoops, zinc anodes, etc.) can be esti-
mated globally with 3-5% RF for a projected vessel, but the determination of RW (which includes 
wave, wave-making, spray and viscous pressure (or separation) resistance) is more difficult.  
 
Considering the propulsive efficiencies yields the necessary engine power PB from effective power 
PE=RT⋅V: 

PB=PE/(ηD⋅ηM)            (7) 
 
ηM =95% is the mechanical efficiency of gear box and shaft bearings. The propulsive efficiency is 
ηD=ηH⋅ηR⋅η0. Since ηH≈1 and ηR≈1for these hull forms, the main influence is the propeller efficiency 
η0. Modern propeller designs and water jet propulsion systems can reach values of more than 70% 
under good operational conditions. 
 
3.1. Power prediction for planing hulls 
 

Fritsch and Bertram (2002) give already a simple procedure easy to program and suitable to estimate 
the power of planing hulls. The brake horsepower PB [kW] required by a ship of displacement ∆ [kg] 
at maximum speed VK [kn] is then: 

PB = 0.7354⋅(∆⋅ VK/765.2+ B2⋅VK
3/1051.1)           (8) 

 

Here B is the mean of the maximum beam at chines and the chine beam at the transom. If B is not 
known at an early design stage, we estimate:  

B = 0.215⋅∆0.275               (9) 

The accuracy of this formula has been confirmed by many high-speed vessels tested at the Hamburg 
Ship Model Basin HSVA. One of the advantages of this equation is obviously the simple application 
when compared with other methods based on systematical series. The formula is given here only for 
completeness, although no neural net evaluation was involved. 

 
3.2. Power prediction for semi-displacement hulls  

The procedure for estimating resistance and power is very similar as for planing hulls. At HSVA, 
statistical data has been compiled for the prediction of the bare hull effective power PE. These statis-
tics are based on a slenderness coefficient C∇=∇/L3. The resistance coefficient CT∇ is defined by: 

RT=CT∇⋅ρ/2⋅V2⋅∇2/3            (10) 

CT∇ is a function of the Froude number, given in Fritsch and Bertram (2002) as diagrams. The corre-
sponding formulae derived by ANN evaluation are:  
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Fig.3: Bare hull resistance for high-speed vessel, Fritsch and Bertram (2002) 

Curves labeled Fn=0.4 and Fn=0.475 are to be interchanged 
 
For 0.002<C∇<0.005, 0.4<Fn<1.2, Fig.3: 

CT∇= c0+c1⋅sig [b0 +b1⋅sig(a10+a11⋅x1+a12⋅x2) +b2⋅sig(a20+a21⋅x1+a22⋅x2) +b3⋅sig(a30+a31⋅x1+a32⋅x2) 
+b4⋅sig(a40+a41⋅x1+a42⋅x2) +b5⋅sig(a50+a51⋅x1+a52⋅x2)]      (11) 

x1=1.125⋅Fn-0.4  x2=300⋅C∇-0.549 
a10= -0.3260  a11= 0.1852  a12= 0.1022 
a20= 3.9759  a21= -7.5136  a22= -1.6368 
a30= 1.3266  a31= 1.6764  a32= -4.9726 
a40= 3.1882  a41= 4.1851  a42= -5.2130 
a50= 1.4979  a51= -0.8394  a52= -6.2047 
b0= 0.9473  b1= 0.1904  b2= 2.4479   
b3= -1.5372  b4= -1.7522  b5= -1.8346 
c0= 0.024806  c1= 0.05389     
 

For 0.0025<C∇<0.007, 0.2<Fn<0.45, Fig.4: 

CT∇= c0+c1⋅sig [b0 +b1⋅sig(a10+a11⋅x1+a12⋅x2) +b2⋅sig(a20+a21⋅x1+a22⋅x2)  
+b3⋅sig(a30+a31⋅x1+a32⋅x2)+b4⋅sig(a40+a41⋅x1+a42⋅x2)]      (12) 

x1=3⋅Fn-0.55  x2=199.3⋅C∇-0.44642 
a10= 3.20130  a11=-6.76554  a12= 2.88373 
a20= 8.00008  a21=-4.98452  a22=-5.99841 
a30= 1.43160  a31= 3.79446  a32=-3.92012 
a40=-1.55789  a41= 0.34187  a42= 5.01403 
b0= 0.03358  b1= -2.38217  b2= -2.95919   
b3= 2.42695  b4= 2.41849 
c0= 0.019134  c1= 0.05333     
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Fig.4: Bare hull resistance for high-speed vessel, Fritsch and Bertram (2002) 

 

 
Fig.5: Bare hull resistance for frigates and corvettes, Fritsch and Bertram (2002) 
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For frigates and corvettes, for 0.0016<C∇<0.0029, 0.25<Fn<0.8, Fig.5: 

CT∇= c0+c1⋅sig [b0 +b1⋅sig(a10+a11⋅x1+a12⋅x2) +b2⋅sig(a20+a21⋅x1+a22⋅x2) +b3⋅sig(a30+a31⋅x1+a32⋅x2)]   (13) 

x1=1.6364⋅Fn-0.3591 x2=751.6⋅C∇-1.1849 
a10= -1.5048  a11= -5.0786  a12= 4.7309 
a20= 2.9204  a21= -5.7543  a22= 0.9466 
a30= 2.1448  a31= -4.52883  a32= 2.0804  
b0= -0.6757  b1= 2.2364  b2= -4.8354  b3= 2.1233  
c0= 0.01788  c1= 0.036444     

 

 

Fig.6: Mean relative appendage resistance RAPP/RT for 4-screw, 3-screw and 2-screw vessels, Fritsch 
and Bertram (2002) 

Since the value found for the effective power is valid for the bare hull only, allowances for RAPP and 
RAA must be added. RAPP can be estimated from statistical data, Fig.6, Fritsch and Bertram (2002). 
Again we applied artificial neural nets to convert diagrams into equivalent formulae. The mean rela-
tive appendage resistance RAPP/RT  is then: 

2 propellers : RAPP/RT [%] = c0+c1⋅sig [b0+b1⋅sig(a10+a11⋅x1) +b2⋅sig(a20+a21⋅x1) ]    (14) 

x1=0.6544⋅Fn+0.0338  
a10= -7.346  a11= 14.118   
a20= -3.545  a21= 13.394   
b0= 2.996  b1= 4.070  b2= -6.837   
c0= 7.023  c1= 8.718     

 

3 propellers : RAPP/RT [%] = c0+c1⋅sig [b0+b1⋅sig(a10+a11⋅x1) +b2⋅sig(a20+a21⋅x1) ]    (15) 

x1=0.6453⋅Fn+0.0477  
a10= -4.232  a11= 15.07   
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a20= -7.375  a21= 14.00   
b0= 2.737  b1= -6.481  b2= 4.046   
c0= 10.72  c1= 12.55     

 

4 propellers : RAPP/RT [%] = c0+c1⋅sig [b0+b1⋅sig(a10+a11⋅x1) +b2⋅sig(a20+a21⋅x1) ]    (16) 

x1= 0.686Fn-0.008  
a10= 3.797  a11= -16.43   
a20= 5.965  a21= -11.99   
b0= 0.3438  b1= 6.215  b2= -3.746   
c0= 14.23  c1= 16.42     

RAA can be calculated following Schneekluth and Bertram (1998). 

3.3. Trim for fast ships 

The resistance of a fast ship is fundamentally linked with the dynamic trim. Fritsch and Bertram 
(2002) give diagrams for optimum trim angle ? for fast vessels. Incorporating their recommendation 
to use 30% smaller values than given in the diagrams, we obtain the following formulae for recom-
mended trim angle (bow up) at zero speed: 

Displacement and semi-displacement hulls: 

? = 0.7⋅{c0+c1⋅sig [b0 +b1⋅sig(a10+a11⋅x1+a12⋅x2)+b2⋅sig(a20+a21⋅x1+a22⋅x2)  
+b3⋅sig(a30+a31⋅x1+a32⋅x2)+b4⋅sig(a40+a41⋅x1+a42⋅x2) ]}    (17) 

x1= 0.9⋅(∇2/3/B⋅T)-1.975 x2=0.71⋅Fn-0.0795 
a10= -3.75198   a11= -1.69432   a12= 9.49288 
a20= -2.49216   a21= 3.86243   a22= -1.65272 
a30= 3.87188   a31= 0.61239   a32= -17.00609  
a40= -2.68088   a41= -3.55418   a42= 3.42624  
b0= 1.63558   b1= -2.18713   b2= 2.15603   
b3= -4.84437   b4= -1.51677   
c0= -0.17276   c1= 2.364     

B is the width, T the draft, ∇ the volumetric displacement. 

Planing hulls 

? = 0.7⋅{c0+c1⋅sig [b0+b1⋅sig(a10+a11⋅x1+a12⋅x2)+b2⋅sig(a20+a21⋅x1+a22⋅x2) ]}    (18) 

x1= 0.6⋅(∇2/3/B⋅T)-0.85  x2=0.6624⋅Fn-0.01936 
a10= -2.66906   a11= 0.12856   a12= 8.06127 
a20= 6.30112   a21= -3.37513   a22= -3.66594 
b0= -0.83869   b1= 4.16294   b2= -2.71566   
c0= -0.39046   c1= 6.535     

 
4. Validation against external test data 
 
We compare the resistance prediction of our ANN formulae with experimental data supplied in perso-
nal communication by Prof. Prasanta Sahoo of Australian Maritime College (AMC) and the commer-
cial program Navcad (using the prediction for planing hulls). We compare resistance values, assuming 
in all cases a density ρ=1000 kg/m3.  
 
The first test case is ‘model 5’ of the AMC series with the following particulars: displacement 
∇=25.34⋅10-3 m3, L=1.6 m, B=0.4 m, T=0.1 m, CB=0.395, C∇=∇/L3=6.186⋅10-3.  These parameters lie 
in the middle of the parameter variations investigated by the AMC series. We considered this model 
therefore as ‘typical’. The measured resistance lies for all investigated Froude numbers above the 
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ANN (Eq.(11)) and Navcad predictions, Fig.7. The ANN formula gives very similar estimates as 
Navcad. 
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Fig.7: Resistance for ‘AMC model 10’ : -*- ANN ;  Exp. ; - - - - Navcad 

 
The second test case is the ‘model 10’ of the AMC test series with the following particulars : dis-
placement ∇=8.003⋅10-3 m3, L=1.6 m, B=0.2 m, T=0.05 m, CB=0.5, C∇=∇/L3=1.953⋅10-3. This model 
is thus very slender with an unusually small wave resistance. The ANN prediction following Eq.(11) 
extrapolates slightly beyond the interval of applicability. The predicted resistance lies consistently 
(typically 30%) below the measured value. Navcad has similar errors for small to medium Froude 
numbers and then over-predicts the resistance. While the ANN prediction has at least a similar charac-
teristics, both Navcad and ANN show that statistical predictions perform poorly for extreme test 
cases. While this is generally known and unavoidable, it is good to recall and demonstrate this fact on 
occasion. 
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5. Conclusions 
 
Once a suitable data base is compiled and the significant parameters are determined, the evaluation 
with Artificial Neural Nets proved to be straight-forward. The resulting formulae are easy to program, 
either in higher programming languages like Fortran or in spreadsheets like Excel. 
 
The formulae – as the underlying diagrams – are simple approximation through scattered original 
data. They give rough estimates and reflect to some extent the influence of main parameters. The sim-
plicity comes at the expense of accuracy, i.e. these formulae cannot substitute accurate first-principle 
approaches (computational fluid dynamics) or professional model tests. However, the validation stud-
ies served to ensure that the given formulae reflect the original diagrams in good accuracy and should 
prove to be valuable in early design studies, particularly if budget restriction prohibit more expensive 
approaches. 
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Abstract 

 
This paper reviews different methods used for increasing the speed of marine vehicles in recent years. 
For this purpose, different components of resistance and methods of resistance reduction are 
investigated. Moreover, methods of weight saving and improvement of propulsion system efficiency 
are also discussed. 
 
1. Introduction  
 
The past two decades have witnessed a multitude of developments for fast and unconventional marine 
vehicles for various applications, notably navy applications, fast ferries and racing boats/fast yachts. 
These vehicles are frequently referred to as high-performance marine vehicles (HPMV) or high-speed 
craft (HSC). The term HPMV is more popular with navies, while HSC is adopted by various rules of 
IMO (International Maritime Organisation) and classification societies. This review of assorted 
HPMV draws on previous publications. Papanikolaou (2001) focuses in his HPMV review rather on 
the commercial market, ANEP (1996), Azcueta and Bertram (2002), on HPMV as naval platforms. 
The technological feedback from the racing scene into military and commercial fast vessels often is 
considerable, e.g. Acampora (1995). Advantages and disadvantages of the different advanced and 
hybrid vehicles can generally be looked at with regard to their characteristics:  
 
1. Design: platform stability, general arrangement (deck area and volume space), maximum draft. 
2. Hydrodynamic: range of operating speed, propulsion configuration, speed loss in waves, 

seakeeping, maneuverability, weight and trim sensitivity. 
3. Structural: global strength, local strength, dynamic loads (slamming), use of advanced materials, 

complex structures. 
4. Others: acquisition and operating costs, state of development of the technology, survivability 

(detectability or stealth characteristics and vulnerability for naval vessels). 
 

 
Fig.1: Karman-Gabrielli diagram, Schenzle (2002) 

 
Fig.2: Classical sustention triangle 
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Conventional displacement ships operate at relatively low speeds and feature high transport efficiency 
(= mass * distance/installed power). Fig.1 shows the Karman-Gabrielli diagram, Gabrielli and 
Karman (1950), in the updated form of Schenzle (2002). Conventional ships are one order of 
magnitude more efficient than land transport and two orders of magnitude than air transport. 
However, as speed increases, ships become less and less efficient and land transport (by trains) is the 
most efficient alternative, until at really high speeds airplanes become more economical. very fast 
ships have similar transport energy demands as airplanes, albeit at much lower speed. Continuous 
research aims at improving the performance of fast ships and shift extend thus the region where ships 
have competitive advantages over land transport. This is also driven by a political desire to shift 
transport from road (expensive infrastructure) to sea (cheap infrastructure).  
 
2. Classification 
 
The classification of advanced vehicles and their hybrid derivations usually follows the classical 
sustention triangle, Jewell (1973,1976). The corners of this triangle represent the vessels supported by 
hydrostatic buoyancy, hydrodynamic lift and powered lift. The edges and the inside of the triangle 
represent the hybrids, Fig.2. 
 
Hybrid vehicles combine more than one source of sustention or lift simultaneously and may combine 
the advantages of the different types of advanced craft from which they derive. To address all the 
various hybrids – of which more than 100 different concepts exist – would go far beyond the scope of 
this paper. Therefore we will focus only on the most promising types, which are in different stages of 
development: preliminary concept, prototypes and demonstrators or in operation. 
 
3. Displacement multihulls 
 
In the hydrostatic buoyancy corner we find displacement monohulls and multihulls. Increasing the 
speed of a conventional displacement ship is only possible to a certain extent. At Froude numbers 
approximately Fn>0.4, wave resistance increases disproportionately with ship speed for most ship hull 
forms. One approach for fast ships, particularly those requiring or benefiting from considerable deck 
area, are multihulls allowing very thin waterline entrance angles while ensuring sufficient stability. 
The most popular multihulls are catamarans, Jansson and Lamb (1992). Conventional displacement 
catamarans operate at Fn>0.4. They are well proven in commercial applications, usually as fast ferries. 
Wave piercers are a popular catamaran design. Examples for navy applications are the ‘Jervis Bay’ 
(500 fully equipped troops, 40+ knots, 1000 nm) chartered by the Royal Australian Navy, Fig.3, Moss 
(2001), and the ‘Joint Venture’ HSV-X1 chartered by the US army. The main advantage of 
catamarans compared to monohulls are: larger deck area, higher speeds at same cost, reduced roll 
motions, higher initial stability, better maneuverability and better survivability. The main 
disadvantages are greater heave and pitch motions and structural problems in the transversal box 
connection. 
 
SWATH (Small Waterplane Area Twin Hull) ships are semi-submerged catamarans, Fig.4, Gore 
(1985), Lang and Slogett (1985), Papanikolaou (1996), www.swath.com. SWATH advantages are 
seakeeping superior to similar-sized conventional and unconventional craft and a large deck area for 
helicopter operation. Disadvantages are its higher resistance and installed power requirements due to 
greater wetted surface, its sensitivity to displacement changes and to trim, large draft, increased 
acquisition and operating costs compared to monohulls. Early SWATH prototypes have been built as 
technology demonstrators for the US navy (T-AGOS) and the Japanese navy. One of the Japanese 
SWATH built by Mitsui is the surveillance vessel ‘Hibiki’ for the Japanese defense forces, Hynds 
(2001). A noteworthy recent delivery is the SWATH for the German navy built by TNSW in 2003, 
Bormann (2003), Fig.5. Abeking+Rasmussen has built various SWATH ships for pilot transfer, Fig.6, 
and has also proposed naval SWATHs based on that experience, Spethmann (2000,2001). One of the 
envisioned application is in cooperation with the Lürssen shipyard for the mine hunting improvement 
programme MJ2000 of the German navy, where a SWATH parent vessel acts as a control ship for at 
least two surface drones, N.N. (2002a).  
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The ‘Sea Shadow’, Fig.7, www.fas.org, a stealth technology demonstrator of the US Navy, is also 
based on SWATH technology. Most SWATH ships were designed for speeds lower than 25 knots. 
Almaz Shipbuilding Company in Russia has built a 32 m vessel in 1998 with a service speed of 28 
knots. Other research in Russia has led to the development of a semi-planing SWATH concept 
designed for higher speeds with patrol craft applications, Dubrovskiy (2000). A variant of a SWATH 
is the HSS (High Speed SWATH), which combines a SWATH bow section with a planing catamaran 
astern section, combining the good seakeeping of a SWATH and the high performance of a 
catamaran, Fig.8. Fig.9 shows the HSS 40+ knot car/passenger ferry built for STENA Lines. The US 
Navy ‘X-Craft’, Fig.10, is designed to become the Navy’s largest and fastest aluminum catamaran 
with speeds exceeding 50 knots. The X-craft has moderate SWATH geometry and will also test 
polymer drag reduction technology (Prof. R. Latorre (UNO) in personal communication). 
 
The High Aspect Ratio Twin Hull (HARTH) is a catamaran with very slender and high struts, Fig.11, 
N.N. (2002c), foxxaero.homestead.com/indrad_018.html. Such a design would feature very good 
seakeeping. So far has remained only in the ‘artist vision’ stage with little information available. One 
may have severe doubts concerning passenger handling, both in regular service and emergency 
evacuation, and structural integrity/cost for such a design. Weinblume, Söding (1997), Fig.12, are 
catamarans with staggered hulls excellent wave resistance at moderate speeds, acceptable seakeeping, 
and low wash. However, disadvantages in deck arrangement and structural problems have prevented 
so far any demonstrator to be built. 
 
Displacement trimarans are a recent development. Their overall advantages compared to monohulls 
are claimed to be, Smith and Jones (2001): lower resistance at high speed, better damage stability, 
good seakeeping, efficient layout of payload, good survivability, reduced operating costs. The 21 m 
trimaran yacht 'Ilan Voyager', Fig.13, built in 1988 proved the trimaran speed, economy and range 
capability by making a record-breaking un-refueled voyage around Britain in 72 hours. The success of 
this prototype has lead to the design and construction of a 35m yacht 'Cable & Wireless Adventurer' 
which successfully completed a circumnavigation of the world in a record time of less than 75 days. 
The futuristic design study super-slender monohulls of Kvaerner Shipbuilding of Finland is also a 
slender monohulls with outriggers, thus a trimaran, Fig.14. The designers feel the craft will be capable 
of speeds of 40-60 knots. Fig.15 shows the trimaran demonstrator research vessel ‘Triton’, 
www.naval-technology.com/projects/trimaran/, www.trimaran.dera.gov.uk. The US Littoral Combat 
Ship (LCS) program aims to develop a new, high-speed (40-50 knots) combatant for coastal 
operations. Up to 60 ships are planned and the Navy hopes to begin construction in 2006. One of the 
three design studies kept for further investigation, is a trimaran, Fig.16, N.N.(2003), 
www.globalsecurity.org/military/systems/ship/lcs-refs.htm, http://peoships.crane.mil/lcs/. Contrary to 
wide-spread belief, the trimaran side hulls should not be designed as thin as possible. The side hulls 
create wave systems that shall interfere with the wave system of the center hull to provide maximum 
mutual cancellation to achieve the desired resistance reduction at design speed. For this, the wave 
systems of the side hulls must have a similar magnitude as the wave system of the center hull.  
 
The SLICE of Lockheed Martin, Figs.17 and 18, Schmidt (2001), features four semi-displacement 
hulls with surface-piercing struts making it actually a ‘quadramaran’. The staggered hull arrangement 
causes at certain speeds favorable interaction between upstream/downstream hulls, reducing the 
resistance compared to standard SWATH designs. www.aerohydro.com/products/marine/navatek.htm 
Another US four-hull ship is the 20-m, 14 t aluminum prototype Q18 of Quadrimaran, which achieved 
top speeds of 63 knots planing in headwinds. www.quadrimaran.com 
 
The ‘ultimate’ in multihulls so far are pentamarans, i.e. ships with five surface piercing hulls. As for 
the trimaran and the SLICE, the design feature fortunate wave interaction at design speed and 
sufficient stability despite slender hulls with low wave and spray formation. For military applications 
the protection of the center hull by the outriggers is also used as an argument. IZAR shipyards pursue 
actively the realization of a demonstrator pentamaran, teaming up with Nigel Gee Assoc., Fig.19, 
Moret and Gee (2001). BMT has presented a frigate design study based on a pentamaran hull, Fig.20. 
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Fig.3: INCAT 045, HMS ‘Jervis Bay’ 
→ Fig.4: SWATH principle  

Fig.5: Germany navy SWATH ‘Planet’  
Fig.6: SWATH by Abeking+Rasmussen for pilots 

Fig.7: Stealth SWATH ‘Sea Shadow’ of US Navy 

 
Fig.8: HSS designed by MTG 

 
Fig.9: GTS Stena Explorer (HSS) 

 
Fig.10: X-craft of US Navy  
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Fig.11: HARTH 360 passenger ferry 
Fig.12: Weinblum design  

 
Fig.13: Record-breaking trimaran ‘Ilan Voyager’ 

 

Fig.14: Super-slender ferry (Kvaerner-Masa) 

 
Fig.15: UK Navy Trimaran demonstrator ‘Triton’ 

 

 

Fig.16: General Dynamics design study for US 
Navy littoral combat ship as trimaran 

Fig.17: SLICE by Lockheed Martin 
 

Fig.18: SLICE in building dock 
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Fig.19: Pentamaran design of Nigel Gee Assoc. 

 

Fig.20: Pentamaran design of BMT 

 
Fig.21: UK Stealth frigate study ‘Sea Wraith’ 

 Fig.22: Euroexpress of Kvaerner 

 

Fig.23: VSV Paragon Mann  
Fig.24: Rolls-Royce FNSLV 

 

Fig.25: Fast Monohull of Blohm & Voss 

 

Fig.26: Typical planing hull 
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Fig.27: Typical surface-piercing hydrofoil  

 

Fig.28: Jetfoil – fully submerged hydrofoils 
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Fig.29: Effect of sea state on hydrofoil speed 
www.foils.org/basfigs.htm 

  
Fig.30: HYSWAS design TSL-F (Japan) 

 
Fig.31: ‘Quest’ HYSWAS 

Fig.32: US HYSWAS patrol boat study 

 Fig.33: German HYSWAS design study 
 

Fig.34: Midfoil demonstrator (Navatek) 
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4. Monohulls 
 
The wave-piercing principle can also be applied to displacement monohulls like the British project for 
a stealth frigate ‘Sea Wraith’, Fig.21, the US navy project DD21 ‘Zumwalt’ class destroyer, or the 
German MTG project of a 7000 t frigate. Kvaerner Masayards and Guy Design Group in Finland 
teamed up to develop the ‘Euroexpress’ design, a futuristic wave-piercing fast car ferry design, 
Fig.22, http://foxxaero.homestead.com/indrad_038.html. In 1990, the designer Adrian Thompson 
began developing the concept of VSV (Very Slender Vessels), Fig.23, www.vsvboats.com. A number 
of these wave-piercing designs have been built since then. The craft has a long slender hull shape with 
two large chines to generate lift and dynamic stability. Limited interior space means the craft is most 
suited to military roles where speed and stealth are required. The designers feel the craft will be 
capable of speeds in the 40-60 knot range with a length to beam ratio of about 9:1.  
 
Rolls-Royce launched in 2003 designs for a 40-knot, 2500t-payload fast naval logistics ship, Fig.24. 
The Fast Navy Sea-Lift Vessel is equipped with Rolls-Royce waterjets. Its high-tensile structure has 
aluminum accommodation and bridge decks. FNSLV technical details are: Lpp=177m, B=24m, 
T=4.15m; 4000 tons tdw; 1800m lane meters. The Fast Monohull by Blohm+Voss, Langenberg 
(1995), is a displacement hull with the hull volume as deep submerged as possible, Fig.25. The ship 
type has been proposed for naval applications, but so far only two fast cruise vessels of this type have 
been built, Engelskirchen and Marzi (2001). 
 
Planing craft, Fig.26, Savitsky (1985), are usually cheaper than other high-speed craft of similar speed, 
having relatively simple structure and equipment. In consequence, very many planing craft are used 
worldwide for passenger transportation, military purposes, racing, pleasure, etc. In planing condition, 
when almost 80% of the weight of the boat is supported by hydrodynamic lift, these craft can go very 
fast, but need to overcome a resistance hump to get into planing. Planing craft have typically payload 
problems as heavy boats are need excessive power to get into planing. They also have infamously bad 
seakeeping performance with considerable speed loss in high sea states. More than any other ship 
type, they benefit from early design trade-offs between calm-water performance and seakeeping, as 
optimum calm-water planing geometries have worst seakeeping characteristics. Modern simulation 
techniques can now aid the design for high-performance planing craft, Bertram et al. (2003). 
 
5. Pure and hybrid hydrofoils  
 
Hydrofoils, Johnston (1985), Meyer and Wilkins (1992), Meyer and Wilkins (1992), www.foils.org, 
similar to airplanes, use wing surfaces to generate lift. They have surface-piercing (SPH), Fig.27, or 
fully submerged foils (FSH), Fig.28. Since water density is much greater than that of the air, the area 
of hydrofoil surface can be very small compared to airplane wings. Overall advantages of these craft 
compared to other types of fast vessels of the same size are the higher cruising speed and the higher 
level of comfort up to wave heights preventing foil-born mode. Fig.29 shows the effect of sea state on 
hydrofoil speed for a submerged-foil hydrofoil ship in actual sea conditions. There is only a modest 
reduction in speed as wave heights increase. Principal disadvantages of hydrofoil craft are cost, 
limited payload capability, and large draft. Different types of hydrofoils were developed in Western 
Europe, USA and Japan; but about 80% of all hydrofoils have been built in the Soviet Union, both for 
military and fast ferry applications. While hydrofoils were largely abandoned by NATO navies in the 
1980's, Russia continued operation, e.g. with the Russian fast attack patrol hydrofoil of Mukha class. 
 
Several hybrid designs combine buoyancy and hydrodynamic lift, Meyer (1991). The HYSWAS 
(hybrid small waterplane area single hull) is a monohull hybrid hydrofoil with a deeply submerged 
torpedo-like buoyancy body and hydrofoils giving 30%-70% of the required lift force, Figs.30-33, 
Meyer (1992), Bertram (1994). HYSWAS have been projected up to frigate size, but so far only the 
TSL-F (Techno-Superliner) demonstrator, www.khi.co.jp/products/ship/index.html, Fig.30, and the 
US Navy ‘Quest’, Fig.31, Meyer et al. (1995), have been built. HYSWAS feature higher payload and 
larger range than pure hydrofoils at the price of a slightly reduced speed. 
Pacific Marine patented in 1998 a design combining elements of a SLICE design and a hydrofoil with 
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smaller forward and large aft foil. In 1998, a 65-foot 52-ton technology demonstrator MIDFOIL was 
launched. An improved design refitted with a new lifting body was re-launched in 2000. In the 
modified configuration, Fig.34, the original foil was replaced with a composite three-dimensional 
lifting body, the angled control fins were replaced with a centerline “T” foil, and an improved ride 
control system was installed. MIDFOIL has demonstrated outstanding ride quality at all speeds and 
headings during trials in Hawaiian waters. www.navships.com/midfoil.html 
 
Hydrofoil-assisted catamarans have been more widely accepted. A typical representative is the South 
African HYSUCAT, Migeotte and Hoppe (1999), Hoppe (2001), Fig.35, www.hydrospeed.co.za,  
www.unistel.com/technologies/hysucat/. The HYSUCAT (hydrofoil supported catamaran) is a 
catamaran hull fitted typically with a tandem hydrofoil system. The dynamic lift reduces the wetted 
area of the catamaran, resulting in up to 45% resistance reduction. Several types have been built as 
patrol boats reaching speeds up to 50 knots. The design features good seakeeping and relatively low 
resistance, but the foil design is sensitive and requires tailoring towards specific design conditions. 
 
6. Pure and hybrid air cushion vehicles  
 
An Air Cushion Vehicle (ACV), Lavis (1985,1992), is supported totally by its air cushion, with an air 
curtain (high pressure jet) or a flexible skirt system around its periphery to seal the cushion air. ACVs 
can operate at very high speeds, have low vulnerability to underwater explosions, small draft and 
underwater signatures, and are amphibious. However, they are affected by wind, sensitive to trim 
changes and have high acquisition and maintenance costs due to the seals and lift fan system and 
specific electronic equipment for ride-control device. Fig.36 shows the Russian landing craft (LCAC) 
of Pomornik class (Zubr class), currently the world’s largest ACV with 150 t payload and a maximum 
operating speed of 63 knots. The Greek Navy operates 4 of such boats as well. Fig.37 shows the 
Russian landing craft (LCAC) of Aist class (Dzheyran class). Its operating speed is 70 knots. Fig.38 
shows the USN LCAC I, Bobeck (1992). Beyond its basic mission of transporting personnel and 
equipment from ship to shore, LCAC I has become a multi-mission craft. LCAC I is an effective 
mine-hunter-sweeper or a troop carrier. The Finnish navy has started a ‘squadron 2000’ of future fast 
combat vehicles with the ACV ‘Tuuli’, Fig.39, N.N. (2002b). The 50-knot ACVs are designed for 
year-round operation allowing also moving over ice. 
 
Air cushion catamarans, Butler (1985), Lavis and Spaulding (1991), are commonly known as SES 
(surface effect ships), although there is no surface effect involved. SES are able to operate at high 
speeds (V>40 knots, Fn>1.0), have reduced underwater signature levels and improved shock 
resistance to underwater explosions, good platform stability, shallow draft, and large deck area. 
Disadvantages are speed loss in head seas, the loss of amphibious capability compared to the ACV, 
and relatively high production and maintenance costs. Examples of this type of craft are: The French 
AGNES-200, in 1992 the largest SES in the world with 250 t displacement, the German MEKAT 
class ‘Corsair’ Blohm+Voss, Fig.40, N.N. (1989), Bohlayer (1999), the Norwegian Oksøy class mine-
hunter, and the Norwegian Skjold class fast patrol boat, Kilhus (2001), Fig.41, and the Russian missile 
corvette ‘Bora’ (SES with hydrofoils, 53 knots), Fig.42, and the Swedish stealth SES ‘Smyge’, 
Fig.43, www.canit.se/~griffon/diverse/miltech/stealthships.html. Raytheon resorted also to SES 
technology in its design study for the US ‘Littoral Combat Ship’, Fig.44. 
 
Air-cavity ships (ACS) have been investigated for some time in the Soviet Union, Fig.45, and more 
recently also in Western Europe, www.dkgroup.dk/design.html. The basic idea is to use of bottom 
ventilation to reduce friction resistance. Air is supplied under the specially profiled bottom, Fig.46, so 
that a steady air layer is formed separating a considerable part of the bottom from direct contact with 
water. Around the cavity are rigid bottom sections which are in stationary contact with water, 
however the layer is much thinner and smaller than for an SES. The side hulls are planing. The ACS 
uses 1.5-2.5% of the engine power for the air cavity compared to typical 20-30% for an SES. Air 
escapes constantly at the back end of the cavity, thus requiring a constant new supply of air and the 
concept is only attractive at higher speeds, Matveev (2003), www.hydrofoils.org. 
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Fig.35: HYSUCAT (South Africa) 

 
Fig.36: Russian landing craft Pomornik class 

 
Fig.37: Russian landing craft Aist class 

 
Fig.38: USN LCAC I, www.tmls.textron.com 

 
Fig.39: Finnish ACV ‘Tuuli’ 

 
Fig.40: German ‘Corsair’, www.blohmvoss.com 

 
Fig.41: Norwegian Skjøld class SES 

 
Fig.42: Russian missile corvette ‘Bora’ 

 
Fig.43: Swedish SES ‘Smyge’ 

 

Fig.44: SES project of Raytheon for US LCS ship 
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Fig.45: Sokzhoy, 55 knot Air Cavity Ship  

 

Fig.46: Bottom geometry of Air Cavity Ship 

 
Fig.47: ‘SeaCoaster’ bottom view  

 

Fig.48: Micro-bubble drag reduction catamaran 

 
Fig.49: ‘Caspian Sea Monster’ built 1966 

 
Fig.50: Russian missile launcher ‘Lun’ WIG 

 
Fig.51: WIG ‘Orlyonoks’ (built in 1973); plan (left) and unloading an armored carrier (right) 
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Fig.52: Overview of WIG developments, jpcolliat.free.fr/ekra/ekraA.html 

Fig.53: WIG ferry Flightship 

Fig.54: Atlantis I – WIG project 

 

Fig.55: Stolkraft 

 

Fig.56: Tunnel boat 
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Fig.47 shows an image of the ‘SeaCoaster’. Recesses are built into the underside of each catamaran 
side hull. When pressurized air is supplied to the recesses, the pressurized air cushions support about 
80% of total displacement. This results in a decrease in draft and a substantial reduction in wetted area 
resistance and impact. Total power requirements including fans for the air-cushions is only 60% of a 
conventional catamaran, N.N. (2002c). The SeaCoaster is used since 1999 as a fast ferry on Lake Erie. 
A related idea to reduce frictional drag is using micro-bubbles. In the USA, a catamaran has been 
fitted with a micro-bubble drag reduction (MBDR) system, Fig.48. This vessel uses two micro-bubble 
injections from the vertical hull sides. After initial model tests, full-scale trials with a 16.6 m 
catamaran were completed in July 2001. Full-scale trials recorded a 2.5-3% speed increase at 40-45 
kn, Latorre et al. (2002,2003). Japanese researchers have also worked extensively on micro-bubble 
drag reduction, www.nmri.go.jp/spd/drag/drag2e.htm 
  
7. Pure and hybrid aerodynamic lift vehicles 
 
The wing-in-ground (WIG) or ekranoplan is essentially an aircraft flying close to the water surface 
exploiting the ‘ground effect’ which improves the drag/lift ratio of a foil, Butler (1985), Hooker and 
Terry (1992), jpcolliat.free.fr/ekra/ekraA.html, www.se-technology.com, operating at speeds of 100 to 
500 km/h. WIGs could be an efficient replacement of conventional transport systems (ships, aircraft) 
on existing routes and also where there is no infrastructure such as airports. Due to the ground effect, 
WIGs are much more fuel efficient than airplanes. A main problem with WIG technology is the power 
requirement for take-off, which is several times larger than that required for cruising and determines 
thus the installed power. There are also safety concerns for craft operating in densely populated areas 
at such speed and low altitude. Some WIGs like the Soviet ‘Caspian Sea Monster’ (550t, 500 km/h), 
Fig.49, and the ‘Lun’ (400t, 450 km/h), Fig.50, are larger than a Boeing 747!  Fig.51 shows the 110 t 
Soviet ‘Orlyonoks’, a troop and assault vehicle transport operating at 400 km/h (payload of 15 t). 
There is limited WIG experience outside Russia, Fig.52. The German military developments of WIGs 
were stopped some years ago. However, under the sponsorship of the German Ministry of R&D a 
program was started in the commercial field for the development of a 80 passenger WIG ferry, Hynds 
(2000), based on the Hoverwing family, Fig.53, Fischer and Matjasic (1998,1999). Such a WIG 
classified by Germanischer Lloyd operates now as fast ferry in Australia. The US Atlantis 1 project 
contemplates a WIG design for fast troop transport, Fig.54, i.e. with 5000 t total weight (incl. 1500t 
payload) a much bigger WIG than ever built, Losi (1995).  
 
The Stolkraft hull form, Fig.55, has been exhaustively model tested at the US Naval Surface Warfare 
Center (NSWC) and at MARIN in the Netherlands. The hull form combined planing, aerodynamic lift 
and displacement buoyancy. At high speeds the vessel will plane with minimal wake and with 80% of 
its weight supported by the dynamic forces. www.artanderson.com/stolkrafthulldesign.html, 
www.intbrokers.com.au/stolkraft/stolkraft.html. The Tunnel boat combines similarly aerodynamic lift 
with a planing hull, Fig.56. The planing component contributes to a stable and controlled 'flight'. The 
tunnel roof and the upper deck surface form an aerofoil, giving the major part of the lift. 
www.funrcboats.com/, http://boatdesign.net/articles/tunnel-hull-design/ 
 
5. Summary 
 
The development of high-performance marine craft is far from being finished. New concepts evolve, 
particularly attractive for navy and fast ferry applications.   
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BLOK AND BEUKELMAN MODEL 5,  FN = 0.57
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BLOK AND BEUKELMAN MODEL 5,  FN = 1.14
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BLOK AND BEUKELMAN MODEL 5,  FN = 0.57
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BLOK AND BEUKELMAN MODEL 5,  FN = 1.14

0.00

0.25

0.50

0.75

1.00

1.25

1.50

0 2 4 6 8 10 12

ωE"

η5 / kA
EXP

VERES

CF

�
����,@*,6�(��� �	�
���
��	�%����F������:>�F@� ����,�*,6�(��� �	�
���
��	�%����F������:,�,-�

A33 FOR MODEL 5 AT FN = 0.57
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B33 FOR MODEL 5 AT FN = 0.57
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A33 FOR MODEL 5 AT FN = 1.14
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B33 FOR MODEL 5 AT FN = 1.14
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Advances in Simulation of Ditching of Airplanes

Olaf Lindenau, Hamburg Ship Model Basin (HSVA), lindenau@tu-harburg.de

Abstract

A simulation method to calculate the planned ditching of an aircraft is presented. The method
is based on a modified Wagner method for the hydrodynamic force calculation with empirical
corrections for ventilation and cavitation. Fuselage and wings of the aircraft are modelled as
finite-element beams to account for the global elasticity of the aircraft. The time history of the
aircraft motion and of the beams deformations are the main result. The core parts of the method
are also applicable to planing and slamming of ships.

1 Introduction

In aviation planned ditching is a controlled emergency landing of an aircraft on water. Hence,
during ditching the pilot keeps some control over the airplane and is able to perform a landing
close to instructions given in the flight manual. Regulations require that the manufacturer of
an aircraft has to prove the survivability of the ditching for the passengers and a safe post-
ditching egress. The simulation of planned ditching can be subdivided into four major phases:
approach, impact, landing and floatation, each of which gives its output as input to the next
one. The approach phase gives the initial conditions for the impact scenario like pitch angle,
aircraft speed and flap setting. The impact phase yields local deformations along the fuselage
due to the hydrodynamic pressure. The landing phase covers the dynamic response due to the
impact, as well as, possibly, the detachment of engines and flaps. Once the airplane comes to
rest the floatation phase starts, which is governed by water ingress and ends with the sinking of
the airplane.

The ditching simulation method presented here was first developed by Söding (1999) and is
used for the impact and landing phases. The progressive flooding may be simulated with
suitable extensions to a program for damage calculations of ships as presented by Shigunov
et al. (2001). Söding (2002) used a simplified version of the ditching simulation program to
calculate the motion of planing boats in waves.

2 Simulation method

The method is based on the following suppositions: the steering flaps are held in fixed position;
the aircraft moves only in its vertical symmetry plane (3 degrees of freedom); there is no wind
and the water surface is without waves.

The basic approach for the simulation is solving Newton’s equation

M~̈δ = ~f (1)

where M is a mass matrix, ~̈δ a vector of accelerations and ~f a vector of forces. For each time
step of the simulation (1) is solved after forces and added (hydrodynamic) masses have been
determined for one symmetry half of the aircraft. The accelerations are then integrated to obtain
velocities and displacements.

The calculation of the hydrodynamic forces is based on an extension of v. Karman’s (1929) and
Wagner’s (1932) “momentum method”. Aerodynamic forces and the thrust of engines are also
considered.
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The flexible aircraft (AC) structure is modelled by two beam chains with a series of finite
elements: one beam chain for the fuselage (FU) and one for the (right) wing (WR).

2.1 Coordinate systems and model of aircraft

The inertial frame of reference is the earth-fixed
coordinate system (EF-CS) (ξ, η, ζ) with origin
in the water surface in which the aircraft moves
in 3 degrees of freedom: translation ξ and ζ and
rotation ϑ. The body-fixed coordinate system
(BF-CS) is (x, y, z) with the origin at the center
of gravity of the aircraft G, the x-axis points
towards the nose, the y-axis to starboard (right),
and the z-axis downwards. y and η axes have
the same direction; the other two axes differ by
the pitch angle ϑ (positive: nose up). The finite
elements have knots k at the ends. Each knot
has a local coordinate system (x′, y′, z′) with the
same orientation as the body-fixed coordinate
system (Fig. 1).

y

z

x

z’

x’
ψ

δ

ϕ

k−knot

y’

ξ

η

ζ

ϑ

G

Figure 1: Main coordinate systems

The position of the aircraft as a function of time t is described by the coordinates of the center
of gravity G: ξG = ξG(t), ζG = ζG(t), and by the pitch angle about the y−axis ϑ = ϑ(t). The
horizontal and vertical speed of the center of gravity are ξ̇G = u and ζ̇G = w. The angular
velocity of the aircraft is ϑ̇. The corresponding accelerations are ξ̈G = u̇, ζ̈G = ẇ and ϑ̈.

For the force calculation the aircraft is composed of a number of components=“half-bodies” (two
for the fuselage, wings and horizontal tails, several for the engines or flaps). The components
are described by offsets arranged in a regular grid with spacing ∆x and ∆y.

Along the fuselage a number of knots nkn marking the ends of a number of finite elements
ne = nkn − 1 are distributed. The knots of the finite elements have two degrees of freedom:
displacement dzk in z-direction and rotation dϕk about the y′-axis. ~δk0 = (zk0, ϕk0)T is the
undeformed position of the knot k of the FU.
Also along the wing a number of knots nkwr marking the ends of a number of finite elements
ne = nkwr − 1 are distributed. Here the knots have three degrees of freedom: displacement
dzkWR in z-direction, rotation dψkWR about the x′-axis and rotation dϕk about the y′-axis.
~δkWR0 = (zkWR0, ψkWR0, ϕkWR0)T is the undeformed position of the knot k of the WR.

2.2 Equations of motion

The following equations of motion for the aircraft as beam model are derived by considering
the aircraft as built up of numerous mass particles. These mass particles move in the non-
inertial frame of reference of the aircraft (BF-CS), which itself moves in the inertial frame
of reference (EF-CS) following the approach by Shigunov (2000). Integration over the mass
particles belonging to one knot of the beam model give the equations of motion of the knot
and the mass properties of the knot. Summation over all knots of the beam model yields the
equations of motion of the aircraft in x, z, ϑ:

ξ̈Gm
AC cosϑ− ζ̈Gm

AC sinϑ+
FU∑

f. e.

ϕ̈kS
′
xyk

+
WR∑

f. e.

ϕ̈kS
′
xyk

=
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= Fx − 2ϑ̇
FU∑

f. e.

żkmk + 2ϑ̇
FU∑

f. e.

ϕ̇kS
′
yzk

+
FU∑

f. e.

ϕ̇2
kS

′
yzk

− 2ϑ̇
WR∑

f. e.

żkmk − 2ϑ̇
WR∑

f. e.

ψ̇kS
′
xzk

+ 2ϑ̇
WR∑

f. e.

ϕ̇kS
′
yzk

−
WR∑

f. e.

ψ̇kϕ̇kS
′
xzk

+
WR∑

f. e.

ϕ̇2
kS

′
yzk

(2)

ξ̈Gm
AC sinϑ+ ζ̈Gm

AC cosϑ+
FU∑

f. e.

z̈kmk −
FU∑

f. e.

ϕ̈kS
′
yzk

+
WR∑

f. e.

z̈kmk +
WR∑

f. e.

ψ̈kS
′
xzk

−
WR∑

f. e.

ϕ̈kS
′
yzk

=

Fz + 2ϑ̇
FU∑

f. e.

ϕ̇kS
′
xyk

+
FU∑

f. e.

ϕ̇2
kS

′
xyk

+ 2ϑ̇
WR∑

f. e.

ϕ̇kS
′
xyk

+
WR∑

f. e.

ψ̇2
kS

′
xyk

+
WR∑

f. e.

ϕ̇2
kS

′
xyk

(3)

ϑ̈JAC
y −

FU∑

f. e.

z̈k(xkmk + S′yzk
) +

FU∑

f. e.

ϕ̈k(xkS
′
yzk

+ zkS
′
xyk

+ J ′yk
)

−
WR∑

f. e.

z̈k(xkmk + S′yzk
)−

WR∑

f. e.

ψ̈k(xkS
′
xzk

+R′xyk
) +

WR∑

f. e.

ϕ̈k(xkS
′
yzk

+ zkS
′
xyk

+ J ′yk
) =

My −
FU∑

f. e.

ϕ̇2
k(xkS

′
xyk

− zkS
′
yzk

)− 2ϑ̇
FU∑

f. e.

żk(zkmk + S′xyk
)− 2ϑ̇

FU∑

f. e.

ϕ̇k(xkS
′
xyk

− zkS
′
yzk

)

−
WR∑

f. e.

ψ̇2
k(xkS

′
xyk

+R′xzk
)−

WR∑

f. e.

ϕ̇2
k(xkS

′
xyk

− zkS
′
yzk

)−
WR∑

f. e.

ψ̇kϕ̇k(zkS′xzk
+R′yzk

)

− 2ϑ̇
WR∑

f. e.

żk(zkmk + S′xyk
)− 2ϑ̇

WR∑

f. e.

ψ̇k(zkS′xzk
+R′yzk

)− 2ϑ̇
WR∑

f. e.

ϕ̇k(xkS
′
xyk

− zkS
′
yzk

) (4)

The equations of motion in z, ϕ for the knot k of the fuselage are:

ξ̈Gmk sinϑ+ ζ̈Gmk cosϑ− ϑ̈(xkmk + S′yzk
) + z̈kmk − ϕ̈kS

′
yzk

=

Fzk
+ ϑ̇2(zkmk + S′xyk

) + 2ϑ̇ϕ̇kS
′
xyk

+ ϕ̇2
kS

′
xyk

(5)

ξ̈G(S′xyk
cosϑ− S′yzk

sinϑ)− ζ̈G(S′xyk
sinϑ+ S′yzk

cosϑ) + ϑ̈(J ′yk
+ xkS

′
yzk

+ zkS
′
xyk

)
− z̈kS

′
yzk

+ ϕ̈kJ
′
yk

=

M ′
yk
− 2ϑ̇żkS′xyk

+ ϑ̇2(xkS
′
xyk

− zkS
′
yzk

) (6)

The equations of motion in z, ψ and ϕ for the knot k of the wing are:

ξ̈Gmk sinϑ+ ζ̈Gmk cosϑ− ϑ̈(xkmk + S′yzk
) + z̈kmk + ψ̈kS

′
xzk

− ϕ̈kS
′
yzk

=

Fzk
+ ϑ̇2(zkmk + S′xyk

) + 2ϑ̇ϕ̇kS
′
xyk

+ ψ̇2
kS

′
xyk

+ ϕ̇2
kS

′
xyk

(7)

ξ̈GS
′
xzk

sinϑ+ ζ̈GS
′
xzk

cosϑ− ϑ̈(xkS
′
xzk

+R′xyk
)

+ z̈kS
′
xzk

+ ψ̈kJ
′
xk
− ϕ̈kR

′
xyk

=

M ′
xk

+ ϕ̇2
kR

′
yzk

+ ψ̇kϕ̇kR
′
xzk

+ 2ϑ̇ϕ̇kR
′
yzk

+ ϑ̇2(zkS′xzk
+R′yzk

) (8)
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ξ̈(S′xyk
cosϑ− S′yzk

sinϑ)− ζ̈(S′xyk
sinϑ+ S′yzk

cosϑ) + ϑ̈(J ′yk
+ xkS

′
yzk

+ zkS
′
xyk

)

− z̈kS
′
yzk

− ψ̈kR
′
xyk

+ ϕ̈kJ
′
yk

=

M ′
yk
− ψ̇2

kR
′
xzk

− ψ̇kϕ̇kR
′
yzk

− 2ϑ̇(żkS′xyk
+ ψ̇kR

′
yzk

) + ϑ̇2(xkS
′
xyk

− zkS
′
yzk

) (9)

The symbols in the above equations designate:

mAC mass of aircraft
JAC

y mass moment of inertia of aircraft about y-axis
Fx, Fz external force on aircraft in x- and z-direction
My external moment on aircraft about y-axis
mk mass of knot k
J ′xk

, J ′yk
mass moments of inertia of knot k about x′- and y′-axis

S′xyk
, S′yzk

, S′xzk
mass moments referring to plane x′y′, y′z′ and x′z′ of knot k

R′xyk
, R′yzk

, R′xzk
mixed mass moments of inertia of knot k

Fzk
external and elastomechanical force on knot k; z component

M ′
xk

, M ′
yk

external and elastomechanical moments about x′- and y′-axis on knot k
FU∑
f. e.

,
WR∑
f. e.

summation over knots of the fuselage and of the wing, respectively.

For the rigid aircraft these equations of motion reduce to the 3 ordinary equations of motion for
a body moving with 3 degrees of freedom in an inertia frame of reference.

The above stated equations of motion are combined to the matrix equation system (1). The
forces and displacements of the knots are given in the body-fixed coordinate system whereas the
motion of the aircraft is calculated in the earth-fixed coordinate system. Hence, the vector of
accelerations is:

~̈δ =


 ξ̈G︸︷︷︸

1

, ζ̈G︸︷︷︸
2

, ϑ̈︸︷︷︸
3

, z̈1︸︷︷︸
4

, ϕ̈1︸︷︷︸
5

, . . . , z̈k︸︷︷︸
3+2k−1

, ϕ̈k︸︷︷︸
3+2k

, . . . , z̈nkn︸︷︷︸
3+2nkn−1

, ϕ̈nkn︸ ︷︷ ︸
3+2nkn

, (10)

z̈1︸︷︷︸
3+2nkn+1

, ψ̈1︸︷︷︸
3+2nkn+2

, ϕ̈1︸︷︷︸
3+2nkn+3

, . . . , z̈k︸︷︷︸
3+2nkn+3k−2

, ψ̈k︸︷︷︸
3+2nkn+3k−1

, ϕ̈k︸︷︷︸
3+2nkn+3k

, . . . ,

z̈nkwr︸ ︷︷ ︸
3+2nkn+3nkwr−2

, ψ̈nkwr︸ ︷︷ ︸
3+2nkn+3nkwr−1

, ϕ̈nkwr︸ ︷︷ ︸
3+2nkn+3nkwr




T

The factors appearing in (2) to (9) together with the accelerations contribute the elements of
the masss matrix M.

Apart from the first term of the right hand side of the equations (2) to (9) all other terms are
put into a vector of mass inertia force ~fM . The total right hand sides may be expressed as:

~f = ~fG + ~fM − ~fE + ~fF − ~fD (11)

Here ~fG is the vector of gravity forces and moments acting on the aircraft and on the knots of
the beam model.

~fE is the vector of explicite part of the elastic forces and moments acting on the knots of the
beams (taking values of the displacement, the velocity and acceleration of the displacement of
the knots from the previous time step). The implicite part of the elastic forces K̃ is added to
the mass matrix (also see section 2.5):
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K∆~δit+1 = ~fE + K̃~̈δ
it+1

(12)

The stiffness matrix K is built up by taking the usual stiffness matrices for Timoshenko beams
and by adding elements to account for torsion of the wing.

~fF comprises for the aircraft itself the total forces and moments due to aerodynamics, thrust
and hydrodynamics. The components of ~fF relating to a single knot cover the parts of
these forces acting on the respective knot. ~fD (only relevant for the equations of motion of
the knots) takes account of structural damping. The empirical formula used here contains
the velocity of deformation, the stiffness coefficient of this degree of freedom, and a chosen factor.

2.3 Aerodynamic forces

For the aerodynamic forces acting on the wings and horizontal tails of the aircraft basically
the simple approach by Söding (1999), presented by Shigunov et al. (2000), ist used. It is
assumed that, for the given initial conditions before water contact, the aircraft experiences
no accelerations, i.e. that it is in equilibrium under the influence of weight, engine thrust and
aerodynamic forces and moment. Thus the aerodynamic force and moment are known for
t = 0. For later time it is assumed that the lift is proportional to the overall speed squared and
that the lift of wings and horizontal tails change proportional the angle of attack. The induced
drag is calculated from the lift. For elastic wings the aerodynamic pressure distribution over
the wings has to be known. Instead of calculating a detailed pressure distribution, the initial
lift force is assumed to be distributed elliptically in span-wise direction and parabolic over wing
chored with maximum at the leading edge. The change of local angle of attack due to the
motion of the aircraft and the displacement of the knots of the wing are considered.

2.4 Hydrodynamic forces

As presented by Söding (1999) the momen-
tum equation introduced to the problem of
hydrodynamic loads during contact of a body
with a free surface by v. Karman (1929) and
Wagner (1932) will be applied here:

f = −k d
dt

(
ρW

π

4
c2V

)
(13)

f is the vertical dynamic force per length on
one half of the symmetrical body, excluding
hydrostatic buoyancy. The factor ρWπ/4 · c2
approximates the added mass per length. ρW

is the water density, c the body halfbreadth
at the water line. f and the immersion veloc-
ity V are positive in +z-direction, i.e. down-
ward. d/dt designates the time derivative
and k a correction factor.
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Figure 2: Most important force calculation
parameters

As the forces on slender bodies with forward speed u shall be calculated the time derivative in
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(13) is replaced by the substantial derivative:

D

Dt
=

∂

∂t
− u

∂

∂x
(14)

Thus (13) becomes:

f = −kρW
π

4

(
c2
DV

Dt
+ V

Dc2

Dt

)
(15)

The parameters c and A should not be taken at the undisturbed water level on submergence
T0. According to Wagner (1932) and adapted by Söding (1999) to measurements for sections of
various shapes, these parameters are dependend on the increased water surface level T . Söding
gives an estimation for the pile-up T − T0 of the water besides the body.

Söding applies corrections to (15) taking into account flow seperation for upward motion of the
body, hydrostatic forces, sections with knuckels and blunt bodies. Averaged pressure limits are
introduced for stagnation pressure in stationary flow as well as for limits due to cavitation and
ventilation.

More details on these corrections and evaluation of this approach can be found in Söding (1999),
Shigunov (2000) and Shigunov et al. (2001).

According to the theory by Wagner (1932) used by Shigunov (2000), the pressure distribution
along one section can be calculated as:

p(y∗) = kρW
DV

Dt

√
c2 − y∗2 + kρW Max(V, 0)c

Dc

Dt

1√
c2 − y∗2

+ ρW gζp (16)

y∗ = y − y0 is the distance of a point on the section contour from the cut through the deepest
points of the component and ζp is the submergence at that location. This approach already takes
the modifications for upward motion of the body, for the hydrostatic pressure and a correction
factor k into account. Further modifications account for emerging sections with knuckles as well
as pressure limits due to ventilation and cavitation and to stagnation pressure for stationary flow.

2.5 Added mass and time integration

As the hydrodynamic forces on the right hand side of (1) also depend on the accelerations, this
contribution is considered in form of an added mass matrix on the left hand side. Other than
in the first versions of the ditching code using “test accelerations” to determine the elements
of the added mass matrix presented by Shigunov et al. (2001), now the method proposed by
Söding (2001) is implemented. This method updates the added mass matrix of the previous time
step using the hydrodynamic forces of several preceding time steps and iteration steps within
an implicite time integration method. This method reduces the computational effort for the
calculations of the flexible aircraft considerably.

The following equation system is solved in each implicite step:

(M + A)~̈δ = ~f, (17)

giving the accelerations ~̈δ
it+1

at time step it+ 1.

For the time integration the following implicite formulae are applied:

~̇δ
it+1

= ~̇δ
it

+
[
(1− γ)~̈δ

it

+ γ~̈δ
it+1

]
∆t (18)
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~δit+1 = ~δit +
[
(1− γ)~̇δ

it

+ γ~̇δ
it+1

]
∆t+

[
(1− γ)~̈δ

it

+ γ~̈δ
it+1

]
∆t2

2
(19)

γ = 1 gives the implicite Euler method of first order, γ = 1/2 leads to the Crank-Nikolson
scheme of second order, which is generally used, and γ = 0 gives the explicite Euler method of
first order.

Inserting (18) into (19) yields:

~δit+1 = ~δit + ~̇δ
it

∆t+ (γ +
1
2
)(1− γ)~̈δ

it

∆t2 + (γ2 +
γ

2
)~̈δ

it+1

∆t2 (20)

(20) is used in (12) for splitting up the elastic forces into an implicite and an explicite part.
The equation system for the motion of the aircraft and the knots of the beam model which is
now solved can be written as:

(M + A + K̃)~̈δ = ~f (21)

2.6 Other features

The landing gears and niches for landing gear etc. are accounted for by their estimated drag
force (force acting in negative x-direction). Their drag force are calculated with a user defined
drag coefficient and an area of the parts given as input.

From reports of ditching incidents it is known that some parts of the aircraft, e.g. flaps and
engines, are torn off during ditching. Thus for such body components a maximum force is given
as input. If the actual force exceeds this maximum force, the component is excluded from the
further simulation.

3 Results

Results are presented here for the VFW 614 designed and built by the Vereinigte Flugtechnische
Werke, Germany. The VFW 614 is a short-range airplane for about 40 passengers. Unusual is
the low-wing configuration with engines mounted on top of the wings. Some of the airplane main
technical data are listed together with the initial conditions in Table 1. For the simulation the
half-bodies fuselage, wing and horizontal tail are considered, and their underside is discretised,
Fig 3.

Figure 3: Discretisation of underside of a VFW 614; for wing and horizontal tail only every
second section is plotted
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Table 1: Main technical data of airplane and inital conditions for simulation

overall length 20.6m initial pitch angle 10◦

wing span 21.5m initial horizontal velocity 50m/s

fuselage diameter 2.87m initial vertical velocity 1m/s

mass 18.7t density of water 1000kg/m3

moment of inertia 255.5tm2 density of air 1.28kg/m3

thrust 0 kinematic viscosity of water 1.4 · 10−6m2/s

cavitation pressure patm − 100kPa

ventilation pressure patm − 0kPa

For this aircraft ditching model tests with scale 1/8.5 were carried out and used by Bensch et
al. (2001) and (2003) for validation of the method.

Here full scale simulations are made for the rigid aircraft as well as for the aircraft with the
fuselage and/or the wing modelled as beams. Fig. 4 shows the time function of the height ζG of
the center of gravity of the aircraft above the sealevel, the pitch angle ϑ, the horizontal velocity
u, the vertical velocity w and the forces in z-direction on wing, fuselage and horizontal tail. The
displacements of the knots near to the nose and the tail of the aircraft for the elastic fuselage
are given in Fig. 5 and for the knot near to the tip of the wing in Fig. 6.

Only slight differences are visible between the rigid and the elastic fuselage, while the wing
elasticity has moderate influence on forces and motions. During most time of the simulation
the knots at the ends of the fuselage are displaced downwards. The knot at the tip of the wing
is displaced upward at the beginning; this displacement is reduced later on.

4 Conclusion

A numerical method to simulate the planned ditching of aircrafts is presented. Especially the
treatment of the elasticity of the aircraft structure by modelling the fuselage and the wings as
beam models is described. Results for the motion and forces of the aircraft VFW 614 during
ditching are presented together with some deformations.

Validation of the elastic simulations is still in progress, and the stability of the method has to
be improved.
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Figure 4: Results of ditching simulation of a VFW 614 for 4 cases: fuselage (FU) and wing
(WR) both rigid, or both elastic, or one of them elastic
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Geometric Parameters Parent Form Sub-optimised Form Optimised Form
Length Between Perpendiculars (m) 281.94 292.51 310.13
Beam (m) 44.20 44.00 43.99
Draught (m) 17.97 17.32 16.34
Depth (m) 24.99 24.99 24.99
Block Coefficient 0.84 0.84 0.84
Displacement (tonnes) 199480.20 199480.20 199480.20
Resistance (KN) 14617.33 11196.28 14579.87 �
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Area under GZ Curve (m.rad) Parent Form Sub-optimised Form Optimised Form
Up to 30 Degrees 0.379 0.379 0.388
Up to 40 Degrees 0.554 0.532 0.548
Between 30 and 40 Degrees 0.175 0.153 0.160 �
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Hull Forms Initial GM (m) Angle of the Maximum GZ (degrees) Maximum GZ (m)
Parent Hull Form 0.471 25 1.250
RBM Sub-optimised Hull Form 0.494 25 1.255
RBM Optimised Hull Form 0.400 25 1.284
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Numerical Models of Water Impact

Hajime Kihara, National Defense Academy, Japan, hkihara@nda.ac.jp

Abstract

This paper presents a numerical method for studying water impact of a two-dimensional body of
arbitrary cross-section. The global simulation procedure based on the boundary element method
is constructed. The attention is focused on the computational description of the jet flow in
the framework of a potential flow assumption. The proposed computational model makes the
numerical analysis more stable, in addition, enables the simulation of the flow deformation due
to the gravity effect. Water impact problems due to the vertical impulsive motion of an initially
floating body are considered. The prediction of hydrodynamic pressure is found to be in good
agreement with similarity solutions for wedges with different dead-rise angle.

1 Introduction

Water impact is one of the critical phenomena from a viewpoint of the structural design of ships
or offshore structures. Since the further development of von Karman’s theory was made by
Wagner (1932), considerable attention has been turned to broad studies on the water impact
problems. The similarity solutions for a two-dimensional wedge were first obtained by Dobro-
vol’skaya (1969), which were the complete ones based on the nonlinear theory. The jet flow
is generated due to the impulsive motion of a floating body or the water entry of a body. It
is one of characteristic features in water impact phenomena. The theoretical approach using
asymptotic expansions can recover the effect of the jet flow, which was made by, for example,
Armond and Cointe (1987), Howison et al. (1991), Chapman et al. (1997), Faltinsen (2002),
and Iafrati and Korobkin (2002). As related works, the compressibility of the fluid in a moment
of impact was discussed by Korobkin (1996)(2004). On the other hand, the numerical approach
by the boundary element method (BEM) is also one of practical procedures in which the jet
region can be taken into account. However, it is well-known that the velocity is singular at an
intersection between the body and the free surface. The ordinary computation often gives rise to
some problems on the accuracy or the stability of solutions. Accordingly, it is one of challenging
issues how the jet flow is dealt with in computation.

Zhao & Faltinsen (1993) proposed the so-called ”cut-off ” model, in which a new computational
segment is introduced at the jet root position and the upper part of the jet region is removed
from the computation. This model provides so good prediction of the hydrodynamic pressure
on wedges with various deadrise angles that it is adopted in the studies by Lu et al. (2000) and
Battistin and Iafrati (2003). This operation is very practical from an engineering viewpoint,
because the hydrodynamic pressure on the body in the jet region is almost equal to atmospheric
one. As studies with the similar concept where the jet flow was ignored, the practical method
based on the generalized Wagner theory was presented by Zhao & Faltinsen (1996) and Mei et al.
(1999). However, as the jet flow is cut off at the spray root, we cannot obtain the information,
for instance, the evolution of the jet flow and the separation from the body surface. Recently
the interesting method that can make up with the drawback of the model was presented by
Battistin and Iafrati (2004). The jet region is divided into several small panels and the velocity
potential on each panel is computed by using local Taylor expansions and matching with the
other domain.

The present study is intended to develop the numerical procedures by the BEM, by which we
can describe the evolution of the jet flow in the water impact as well as the prediction of the
hydrodynamic pressure. For this purpose, we introduce a computational model about the jet
flow. It is regarded as a kind of cut-off models, but the cut-off operation is restricted only to
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Fig. 1: Definition of coordinate system.

the jet tip in order to keep the computed information. Our idea may be conceptually similar
to the model by Fontaine & Cointe (1997), although their computational results near jet tips
are different from ours judging from their published results. As we describe this computational
model of the jet flow in section 2.3.2, we’d like to emphasize that such a manner is arbitrary to
some extent. It suggests that the exact description of the flow is not always necessary within
the jet region.

2 Numerical simulation for water impact

2.1 Formulations of problems

We consider the water entry problem of a two-dimensional symmetrical body, in which the
initially floating body on the free surface moves down with impulsive vertical motion, that is,
abruptly starting motion. The x and y axes are taken along the undisturbed free surface and
along the body centerline pointing upward, respectively, as is shown in Fig.1. The water entry
velocity vB = −V ey is assumed to be constant during the impact, the ey being the unit vector
along the y-axis. The fluid domain Ω is surrounded by boundaries consisting of the free surface
ΓF , the body surface ΓB, side walls ΓW , and the bottom Γ0. Assuming the fluid is incompressible
and the flow is irrotational, the fluid motion is specified by the velocity potential φ. The problem
of the velocity field is governed by the following equations:

∇2φ = 0 in Ω (1)

∂φ

∂n
= vB · n = −V ny on ΓB (2)

Dφ

Dt
=

1
2
|∇φ|2 − gy on ΓF (3)

Dx

Dt
= ∇φ on ΓF (4)

∂φ

∂n
= 0 on ΓW , Γ0, ( ΓC ) (5)

where g is the acceleration of gravity and the position vector of arbitrary point in the domain is
expressed by x = (x, y). The gravity term in equation (3) is retained for the realistic description
of the problem, while it is neglected in ordinary analysis on the water impact because the gravity
effect is considered small during the impact.

The hydrodynamic pressure can be computed by using the Bernoulli equation. On that occasion,
the time derivative of the velocity potential is necessary. Although it can be obtained by using
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the finite difference method to the velocity potential, the computational accuracy of the pressure
is generally said to be not good. For more accurate prediction, the boundary value problem as
for ∂φ/∂t = φt is also considered in the present study. The validity of such an approach is
demonstrated widely, for example, in results of the ISOPE benchmark test (1999). Such a
boundary problem related with the acceleration field can be described as follows:

∇2φt = 0 in Ω (6)

∂φt

∂n
= κ |∇φ|2 +

∂φ

∂n

∂2φ

∂s2
− ∂φ

∂s

∂

∂s

∂φ

∂n
on ΓB (7)

φt = −1
2
|∇φ|2 − gy on ΓF (8)

∂φt

∂n
= 0 on ΓW , Γ0, ( ΓC ) (9)

where ∂ /∂s is the tangential derivative along the boundary, and κ denotes the local curvature
of the body contour. The general form about the normal derivative of φt on the body in motion
was shown by Tanizawa (1995). The condition is simplified to equation (7) for the translational
motion with constant velocity. Although the similar conditions are shown by by Cointe et al.
(1990), van Daalen (1993) and Wu and Eatock Taylor (1996), these lead to the same condition
for a body shape without curvature like a wedge.

The initial conditions of the free surface are necessary to complete the problems. Although the
small portion of the body is already submerged into water, there is no initial disturbance on the
free surface. Such conditions are given by:

φ = φt = η = 0 on ΓF at t = 0 (10)

where η denotes the free surface elevation. The treatment of the initial condition is important to
discuss the nonlinear wave-body interaction due to the impulsive motion, because the prediction
of the hydrodynamic pressure on a body is affected at the early stage of the impact. This point
is discussed more in section 2.3.1, and the practical approach to complement such influence is
presented in section 4.

Thus the water entry problems of a body are formulated as the initial value - boundary value
problems. Considering the symmetrical property of the problem, we can reduce the fluid domain
to analyze to half, that is, the fluid domain in x ≥ 0, where the boundary ΓC on the y-axis is
newly complemented.

2.2 Numerical procedures

2.2.1 Solution procedure of integral equation

Two sets of boundary value problems in equations (1)-(5), (6)-(9) can be solved using the BEM.
Applying Green’s theorem to the boundary value problems, the integral equations with the same
form are derived as follows:

C(ξ)

{
φ(ξ)
φt(ξ)

}
+

∫
Γ

{
φ(x)
φt(x)

}
∂G(ξ, x)
∂n(x)

dΓ(x) =
∫
Γ

{
φ(x)
φt(x)

}
dΓ(x) (11)

where ξ and x are an observation point and an integral point, respectively. The free term C(ξ)
is given by:

C(ξ) = −
∫
Γ

∂G(ξ, x)
∂n(x)

dΓ(x) (12)
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Fig. 2: Evaluation of influence coefficients for the distance r and the angle θ between (x − ξi) and
(xj+1−xj−1), where the internal angle between Γj and ΓJ+1 is π and the length of each element is unity.
GI:Gaussian integration, AI:Analytical integration, DEI:Double exponential integration.

The integral contour Γ means the boundary surrounding the fluid domain, that is, Γ= ΓB ∪
ΓF ∪ ΓW ∪ ΓC . It is noted that the bottom boundary Γ0 is excluded from computation here.
Then the Green function G(ξ, x) is expressed by using the source as follows:

G(ξ, x) =
1
2π

ln
1

|x − ξ| +
1
2π

ln
1

|x − ξ∗| (13)

where ξ∗ denotes the image point of ξ about the bottom Γ0. Additionally, the boundary ΓC

can be excluded from the computation by introducing other source images. However, it doesn’t
result in the effective reduction of computational time in using the free surface boundary with
a long distance.

The linear isoparametric elements are used for the discretization of the boundary Γ in the present
study. Adjacent nodes xj and xj+1 connect an element Γj , on which the variations of both the
geometric shape and the physical quantity, such as the velocity potential, are assumed linear.
The influence coefficients can be evaluated by the following equations:

hij =
∫
Γj

f (2)(l)
−1
r(l)

∂r(l)
∂n

dΓ(l) +
∫
Γj+1

f (1)(l)
−1
r(l)

∂r(l)
∂n

dΓ(l) (14)

gij =
∫
Γj

f (2)(l) ln
1

r(l)
dΓ(l) +

∫
Γj+1

f (1)(l) ln
1

r(l)
dΓ(l) (15)

where r = |x − ξi|, the variable l is the local coordinate along each element, and f (1)(l) and
f (2)(l) are interpolation functions which are given by:

f (1)(l) =
1
2
(1 − l), f (2)(l) =

1
2
(1 + l), −1 ≤ l ≤ 1 (16)

The computational accuracy of these integrals is extremely important in the BEM analysis.
Some results of the evaluation for equations (14) and (15) are shown in Fig.2. Since we have to
deal with the special geometric shape of the jet region in water impact problem, it is guessed
that the numerical integration leads to the instability easily. Therefore the analytical integration
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is adopted in the present study. When the integrals in equations (11) and (12) are performed
on each element, the following matrix equations concerning the velocity potential and its flux
can be derived:

[Hij ] {φj} = [Gij ] {φnj} ( i, j = 1, 2, · · · , N ) (17)

where φn denotes the normal derivative of the velocity potential and Hij and Gij are the influence
coefficients in using equation (13). On the free surface ΓF , the velocity potential is known and
its flux is unknown. On the other hand, the velocity potential is unknown and its flux is known
on the other boundaries. Tranforming equation (17) to the simultaneous equations concerning
unknowns, we can solve these numerically by using an ordinary scheme for the linear system,
such as the Gaussian elimination method. As for φt and its flux φtn, we can solve in the same
manner as the problem for the velocity field. Since the influence coefficients in equation (17) are
available in common, it does not lead to increase of large computational loads.

Once the boundary value problem of velocity field is solved at a certain time step, the boundary
conditions of the boundary value problem for φt can be set. Solving two kinds of boundary value
problems, we can compute the pressure on a body by:

p

ρ
= −∂φ

∂t
− 1

2
|∇φ|2 − gy (18)

where ρ is the fluid density. The hydrodynamic loads can be obtained by integrating the pressure
over the instantaneous wetted surface of a body.

2.2.2 Time integration procedure

The boundary conditions have to be updated for the computation at next time step. This is
achieved by the integration of equations (3) and (4). By using values at the former time step,
the position xj and its velocity potential φj at the next time step, can be written as:

xj(t + ∆t) = xj(t) +
∫ t+∆t

t

{
t
∂φ(τ)

∂s
+ n

∂φ(τ)
∂n

}
dτ (19)

φj(t + ∆t) = φj(t) +
∫ t+∆t

t

{
1
2
|∇φ(τ)|2 + gy(τ)

}
dτ (20)

where t and n denote a tangential and a normal vector on the free surface, respectively. The
tangential derivative of the velocity potential can be computed by using the numerical differen-
tiation: (

∂φ

∂s

)
j

=
(

∂φ

∂j

)
j

/ (
∂s

∂j

)
j(

∂x

∂s

)
j

=
(

∂x

∂j

)
j

/ (
∂s

∂j

)
j(

∂y

∂s

)
j

=
(

∂y

∂j

)
j

/ (
∂s

∂j

)
j

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(21)

where the index j corresponds to the node number of xj , and each term is evaluated using
the Lagrange five point interpolation formula. As a time-marching scheme, the fourth-order
Runge-Kutta method is employed in the present study. Then the time step size ∆t is chosen in
consideration of the following condition:

max{ |∇φ1|, |∇φ2|, · · · , |∇φNF
| } × ∆t ≤ cs × min{∆s1, ∆s2, · · · , ∆sNF−1 } (22)

where ∇φj and ∆sj are the velocity of a node xj and the length of an element Γj , respectively,
and NF is node numbers of a moving boundary ΓF . The coefficient cs is set to 1/3. Since we
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encounter the occasion that a time step size is not adequately small, the computational scheme
that the time step is automatically divided to smaller one is adopted.

Finally, the control of the spatial discretization during computation is indispensable in following
fluid particles in a Lagrangian manner. A high density of nodes is needed to describe a small-
scale feature with high curvature. However, it is not preferable that a node density is too high
or too low at the part of the moving boundary, because the drop of computational accuracy
may lead to the instability, specially in the region where the velocity gradient is so high. The
quasi-uniformity condition for the node distribution is significantly effective, and this can be
formulated as:

∆sj−1

cu
≤ ∆sj ≤ cu ∆sj−1 (23)

where cu is a constant sufficiently large than 1 and always set to 3 in the present study.

2.3 Computational model of jet flow

2.3.1 Treatment of the intersection

In the studies of nonlinear wave-body interactions, specially considering the fluid behavior due to
abruptly starting motion, the treatment of a wave-body surface intersection has been discussed
by Lin et al. (1984), Yim (1985), Greenhow (1987) and Takagi et al. (1989). Summarizing those,
the problems are collected to the following two points: (i) Computational accuracy, (ii) Stability
of computation. That is, when computational points are increased near the intersection, com-
putational results get closer to the analytical solutions, but the solutions are easy to become
unstable. On the other hand, when computational points are decreased near the intersection, a
computational scheme becomes hard to be broken down, but the mass or the energy are hard
to be conserved. Generally, It is explained that these problems result from the presence of
singularities at the intersection.

The first point becomes important at the early stage of water impact. It means that a very
high resolution is needed in the computation near the intersection, because the free surface part
with high curvature due to the jet is formed within a small time scale. The asymptotic behavior
of the fluid at t → 0+ is studied by Roberts (1987) for the horizontal impulsive motion of a
vertical plate, and by Iafrati and Korobkin (2000) for the vertical impulsive motion of a wedge.
Korobkin (2004) concludes that the compressibility of the fluid should be taken into account at
the early stage of the water impact. It suggests that the initial disturbance should be taken into
account in the water impact analysis of the incompressible fluid. In the water impact analysis
of a wedge, it is well-known that self-similarity solutions can be obtained in considering the
problem in the dimensionless plane, which is called the similarity plane in the present work for
simplicity. Especially, we can avoid the above-mentioned resolution problem in this approach,
because there is no scale of disturbance changed by time, in principle. Self-similarity solutions
for the wedge impact can be obtained using the iterative numerical method by Tanizawa (1985),
Ohtsubo and Fukumura (1987), Wu et al.(2004) and Battistin and Iafrati (2004). The similar
approach is also studied in the present study, and it is discussed in section 4. The computational
scheme is designed for nodes to be arranged intensively near the boundary with high curvature
in the present simulation method on the physical plane. Nevertheless we can expect the better
results in using the similarity solutions as the initial condition.

The second point in the water impact problem is considered to have close relation to the contact
angle which is made between the body and the free surface. The introduction of analytical
integration for the influence coefficients ensure stable computation as shown in section 2. Actu-
ally even though the contact angle becomes less than 1◦, the computation does not break down
unless both boundaries touch each other. Therefore, although the substantial cause cannot be
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specified here, we can conclude that the four numerical factors should be evaluated for success
computation, which consists of the numerical description of the geometric shape of the moving
boundary, the setting of time step size, the control of nodal arrangement and the integration of
boundary elements.

2.3.2 Modified cut-off model

The impulsive motion of a body induces very large acceleration near the intersection and then
the fluid runs up along the body surface quickly. Theoretically the velocity is singular at the
intersection in a moment of the water impact. It means that the velocity is infinite there.
However, the computed velocity values based the nonlinear theory are finite, and numerical
errors are inherent in the computation of the intersection for the short duration after the water
impact. It implies that there is the arbitrariness to a certain extent. Considering actual fluid
phenomena on the jet, the fluid is disintegrated into clouds of droplets, which is no longer the
continuous fluid domain. We can trace the motion of a jet tip to some extent, but computational
efforts will be added more and more because of an increase in a computational domain. At
last, such a situation leads to the numerical instabilities bringing the small negative pressure
and the contact of boundaries causing the computational break . From the above-mentioned
considerations, we introduce the cut-off model to describe the jet flow practically. We assume
that the body surface is approximately straight near the intersection. The cut-off operation in
a thin triangle layer with an apex at the intersection is illustrated in Fig.3. Since the velocity
potential comes to have almost symmetry values on both boundaries, the flow can be considered
one-dimensional toward the intersection. The tip shape of the jet region is controlled only by
the contact angle γ. The execution of the cut-off operation is judged by the condition:

γ ≤ β0 at P2 (24)

The shadow area in Fig.3 is removed when the above condition is violated. So the contact angle
γ is always monitored during computations. The results by Dobrovol’skaya (1969) are adopted
as the threshold angle β0 in the present work. We expand the velocity potential φ in Taylor
series around the intersection x0 as follows:

φ(x) = φ(x0) + (x − x0) · ∇φ(x0) +
1
2 !

{(x − x0) · ∇}2 φ(x0) + · · · (25)

Two terms in the above equation are considered sufficient to describe the jet flow near the
intersection. By the local coordinate system in Fig.4, if the following conditions:

φ(R, 0) = φ(R, γ)

∂φ(R, 0)
∂R

=
∂φ(R, γ)

∂R
,

∂φ(R, 0)
R ∂θ

=
∂φ(R, γ)

R ∂θ

⎫⎪⎬
⎪⎭ (26)
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are approximately satisfied closely near the intersection, the mass and energy conservation are
within the acceptable range even in cutting off the jet tip.

2.4 Matching of analytical solutions for a bottom singularity

In the water impact of a body with a sharp apex at the bottom, such as a wedge, we need to pay
attention to the presence of a singularity at the apex, as pointed out by Yim (1987). It turned
out that the prediction of the local hydrodynamic pressure around the apex was subject to be
affected by computational errors. It is more remarkable as the apex angle becomes small. In the
numerical approach, the shift of a source point inside from the apex brings some improvements,
for example, by using a constant element or a non-conformity element as the element adjacent
to the apex. However, it still remain the influence of the numerical differentiation, the type of its
scheme and the choice of nodal intervals. Therefore, to reduce such disadvantage, the analytical
expression of velocity potential is adopted in the local domain around the apex, as shown in
Fig.6. Such analytical solutions are expressed as:

φ = V
M∑

m=1

am R
(m−1)π

π−α cos
{

(m − 1)(θ − α)π
π − α

}
− V R cos θ (27)

where am is a coefficient to be determined by matching with the solutions in the other do-
main. Equation (27) satisfies both the Laplace equation and the body boundary condition. The
discretized form can be written as:

{φk} = [Fkm] {am} + {bk} ( k, m = 1, 2, · · · , M < N ) (28)

The matrix and vector of right-hand side are given by⎧⎪⎨
⎪⎩

Fkm = V Rσm
k cos {σm(θ − α)} , σm =

(m − 1)π
π − α

bk = V Rk cos θ

(29)

Let the local boundary (M nodes) locate in the first half of the total boundary (N nodes).
Substituting equation (29) to the left-hand side of (17), the matrix form is⎡

⎢⎣ Hik Hil

⎤
⎥⎦

{
φk

φl

}
=

⎡
⎢⎣ H∗

im Hil

⎤
⎥⎦

{
am

φl

}
+

⎧⎪⎨
⎪⎩ b∗i

⎫⎪⎬
⎪⎭ (30)

The new matrix and vector with the symbol∗ can be computed by

[H∗
im] = [Hik] [Fkm] (31)

{b∗i } = [Hik] {bk} (32)
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The total number of unknowns is the same as that before introducing equation (27). Therefore,
using equation (30), we can solve the simultaneous equations with unknown coefficients am

matched with the velocity potential φl in the remaining domain. In the present work, the radius
distance of the local domain is set to V t/2.

3 Similarity solutions of wedge impact problem

3.1 Formulation of the problem

We studies the wedge impact problem here by following two reasons. One is for purposes of
comparison with the computational results by the nonlinear simulation method, and the other
is for the use of similarity solutions as initial conditions in the nonlinear simulation method.
This concept is based on the assumption that these similarity solutions are applicable as initial
conditions in spite of the arbitrary-shaped body.

We consider the water impact problem for a symmetrical wedge with half apex angle α. When
the velocity V is constant and the gravity is neglected, the solution is self-similar and the
independent variables x̄ and t are reduced to a dimensionless variable x defined by:

x =
x̄

V t
(33)

The velocity potential φ̄ in the physical plane is related to the dimensionless one φ defined by:

φ =
φ̄

V 2t
(34)

By using these variables, the boundary value problem (1)-(5) can be rewritten as follows:

∇2φ = 0 in Ω (35)

∂φ

∂n
= vB · n = −ny = sinα on ΓB (36)

φ − x · ∇φ +
1
2
|∇φ|2 = 0 on ΓF (37)

∂φ

∂n
= n · x on ΓF (38)

∂φ

∂n
= 0 on ΓW , Γ0, ( ΓC ) (39)

where vB is dimensionless velocity of a wedge and equal to −ey in the present case. The problem
is illustrated in Fig.7. The kinematic free surface condition (38) provides

∇φ = x − st ( s ≥ 0 ) on ΓF (40)
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where s is the parameter along the free surface as shown in Fig.8. The gradient of the dynamic
free surface condition (37) gives −(x · ∇)φ + (∇φ · ∇)∇φ = 0, in addition, by the substitute of
equation (40) and the consideration that the gradient of s means the tangential vector, the sign
of the second term in equation (40) can be decided as the negative. When s = 0, it corresponds
to the intersection x0. Taking the scalar product of equation (40) with t, the tangential velocity
on the free surface is given by:

∂φ

∂s
= t · x − s on ΓF (41)

Substituting equation (40) to the dynamic condition (37), the velocity potential can be written
by:

φ =
1
2
( |x|2 − s2 ) =

1
2
( r2 − s2 ) on ΓF (42)

where r = |x| =
√

x2 + y2. The above equation can be also derived from integrating equation
(41) in s. It should be noted that equations (40), (41) and (42) are respectively derived from
the combination of both free surface conditions (37) and (38).

From thr above-mentioned consideration, the problem can be formulated as the Neumann bound-
ary value problem: (35), (36), (38) and (39), or the mixed boundary value problem: (35), (36),
(39) and (42), alternatively. More careful treatment is necessary in the Neumann problem as
referred to in the next section.

3.2 Numerical procedures by iterative computations

For the mixed boundary problem, the solution procedure by the boundary integral equation is
available, which is already presented in section 2.2.1. Initially the free surface shape being given,
the similarity solutions are computed by the iterative procedures until the solutions converge.
On the other hand, for the Neumann problem, an additional condition is indispensable for the
uniqueness of solutions, which is complemented by giving the φ on a point on the boundary.
For example, we can do so by using equation (42) to the intersection. However, the position of
the intersection sensitively affect the velocity potential φ on the body surface, and more careful
treatment is necessary in judging the convergence of computations. Therefore, we recommend
dealing with the mixed problem.

It should be noted that there are no physical meanings in the computation on the similarity
plane under iterative process. We employ the Wagner’s solutions as the initial free surface shape.

y =
x

c
sin−1

(
c

x

)
− 1, x ≥ c (43)

where c = (π/2) tan α. The modification of the free surface shape is performed in the similar
manner to the time-stepping scheme as follows:

xj(t + ∆t) = xj(t) +
∫ t+∆t

t
t
∂φ(τ)

∂s
dτ (44)

where ∆t is a quasi-time step size and not sensitive to the computation. The integrand can be
computed using equation (41). In these steps, with the nodes shifted, the shape is modified in
order to satisfy the free surface condition. The slip condition is imposed on the intersection along
the body surface. When the convergence is achieved to some extent, the following equation

xj(t + ∆t) = xj(t) +
∫ t+∆t

t

(
∂φ(τ)
∂n

− n · x
)

dτ (45)
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is employed in order to satisfy the kinematic condition much more. Every time the free surface
is updated, the velocity potential on it can be computed from equation (42).

As for the treatment of the jet flow, the cut-off method in section 2.3.2 can be applied. However,
we are not interested in the free surface deformation due to the gravity effect here, and cut off
it at the jet root position x on the free surface. Substituting ∇φ(x0) = x0 to the two term
expansions in (25), we obtain

φ(x) = φ(x0) + (x − x0) · x0

=
1
2

{
|x|2 − |x − x0|2

}
. (46)

This relation satisfies the free surface condition (42) under the assumption of two term ex-
pansions. In addition, substituting equation (42) to the kinematic condition equation (38), we
obtain the following form:

n · ∇
{

1
2
|x|2 − 1

2
|x − x0|2

}
− n · x = 0 ⇔ n · (x − x0) = 0 (47)

where n is the normal vector at x. This means the free surface shape in the jet region, which
is the straigh line connecting x0 and x.

The convergence of solutions are judged from the mass conservation rule. For similarity solutions,
this can be expressed by the simple condition that two area S1 and S2 are equal, that is, S1 = S2.
Finally, the hydrodynamic pressure can be computed by using:

p

ρV 2
= −φ + x · ∇φ − 1

2
|∇φ|2 (48)

4 Numerical results

In advance, we mention to the computational size dealt with the present numerical study. As the
radiation condition is not imposed, the side wall Γw are needed to be far away from the body to
avoid the influence of the reflection from the boundary Γw. Only setting it to x = 10.0m in Fig.1
and x = 10.0 in Fig.7, we can do the computation within a practical range. The water depth
is set to be y = 2.0m and y = 3.0, respectively. In the numerical simulation, the computation
is started initially submerged into water slightly, then the bottom is located at y = −0.01m.
The total number of nodes is about 360 points, particularly, 20, 60 (initially 40), 260 and 20
are shared on Γc, ΓB, ΓF and ΓW , respectively. On the free surface, the element size gradually
becomes coarse as far from the body.

Considering the water impact of a wedge, the problem is solved by the nonlinear simulation
method in the time domain and the iterative method for similarity solutions. We compared
both results of the pressure distribution on the wedge with different deadrise angle α. These
results are shown in Fig.9. We can recognize good agreement and specially the prediction in the
jet region is acceptably stable. Corresponding results of the free surface profiles by the numerical
simulation method are shown in Fig.10. Since we make the cut-off operation to the jet tip, the
too much jet ejection is not observed, but the total length of the free surface is reduced to a
certain extent.

Next we investigate the influence of the initial condition to the computation. It is demonstrated
in Fig.11. Results of the left hand of the figure were obtained by using the initial condition (10).
We can observe the formation of the convex on the free surface under the jet root just after the
moment of water impact. Although the convexity of the free surface on the impact of a wedge
was discussed by Mackie (1962), this is partly because the resolution of the computation near
the intersection is insufficient. Another reason is probably the lack of the consideration on the
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Fig. 9: The pressure distributions on the wedge in disregarding the gravity effect. (T: time
domain solution, S: similarity solution)

1 2 3 4 5

-1

1

2

0
x / Vt

y 
/ V

t

=30

1 2 3 4 5

-1

1

2

0
x / Vt

y 
/ V

t
=45

1 2 3 4 5

-1

1

2

0
x / Vt

y 
/ V

t

=60

2 4 6

-2

-1

1

2

0
x / Vt

y 
/ V

t

=70

Fig. 10: The free surface profiles in disregarding the gravity effect.

compressibility of the fluid as discussed by Korobkin (2004). The computed pressure indicates
the small negative value and the high peaked value in the transient process to the steady value.
On the other hand, the results of the right hand were obtained by taking account of the initial
disturbance, particularly which was computed by the iterative computation in section . In these
cases, such a convex are not observed and the peak value is also smaller. The influence of the
initial condition should be taken into account in predicting the maximum pressure

Retaining the gravity term in the problem, we can simulate the evolution of the free surface from
the jet formation up to the re-entry against the underlying free surface. Such computational
results are shown in Fig.12 and Fig.13. So far the gravity effect has been always neglected in
the water impact analysis based on the potential theory for the rational reason. The present
numerical procedures hopefully enable the global simulation combining the hydrodynamic anal-
ysis with the free surface flow analysis. The adopted cut-off model doesn’t disturb the evolution
of the free surface as shown in Fig.5.
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and free surface profiles at an early stage of the impact, from 0.0s to 0.048s every 0.006s, are
shown. Left figures are the computations without initial disturbance, and right ones are the
computations with initial disturbance.
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5 Conclusions

Water impact problems for the wedge at the constant speed have been analyzed numerically
in the frame of the potential flow assumption. The construction of numerical procedures in
the time domain were intended to enable the global simulation combining the hydrodynamic
analysis with the free surface flow analysis. For purposes of it, the computational model of
the jet flow has been proposed and its availability was demonstrated for the wedge impact
case. The iterative numerical procedure for similarity solutions was also studied to obtain the
initial condition for the numerical procedure in the time domain. Both numerical methods can
provide good agreement for similarity solutions. Related to the initial condition, its treatment
is significant particularly in predicting the hydrodynamic pressure.
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Length [m] 18.8 14.4 10.6 9.1 6.5 5.4 5.1 - 21.1 14.9
Beam [m] 6.1 5.4 4.1 3.3 2.3 2.1 2.0 - 4.6 4.2
Draft [m] 1.0 0.8 0.8 0.5 0.7 0.4 0.3 - 1.5 1.1
Displacement [ton] 28.0 15.0 7.6 3.5 1.5 1.0 0.5 - 54.5 23.0
No. of engines 2 2 2 2 2 1 1 - 2 1
Power installed [kW] 735 507 321 172 52 67 37 - 127 189
Maximum speed [kn] 35.0 34.0 34.0 36.0 30.0 40.0 25.0 - 10.7 9.0
Waterjets yes yes yes no no no no - no no
Material Alu Alu Alu Rub Rub Rub Rub - Steel Steel
Crew 6 4 4 3 3 2 3 - 5 4
Space for victims 120 90 50 20 12 8 5 - 120 50
Vessels in service 5 8 15 1 6 6 10 17 0 0
Back-up vessels 0 1 0 1 2 2 5 0 2 2
Total no. of vessels 5 9 15 2 8 8 15 17 2 2
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��"���88B��������		���������#��������)$(��1���	��������	������	��)���

T (s) 3 4 5 6 7 8 9 10 11 12 total
h 1/3 (m) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.25 0.00 0.36 4.53 4.52 1.14 0.28 0.23 0.06 0.00 0.00 0.00 11.10
0.5 0.00 1.16 7.09 6.00 3.30 0.93 0.54 0.08 0.03 0.00 0.00 19.14

0.75 0.00 0.10 5.47 5.26 3.44 1.69 0.43 0.11 0.03 0.00 0.00 16.54
1 0.00 0.00 2.41 5.81 2.96 1.14 0.29 0.02 0.01 0.00 0.00 12.63

1.25 0.00 0.00 0.47 4.67 2.46 1.23 0.18 0.00 0.00 0.00 0.00 9.00
1.5 0.00 0.00 0.02 3.05 3.91 1.00 0.15 0.01 0.00 0.00 0.00 8.14

1.75 0.00 0.00 0.00 0.73 3.89 1.14 0.19 0.01 0.00 0.00 0.00 5.95
2 0.00 0.00 0.00 0.07 3.27 1.04 0.06 0.01 0.02 0.00 0.00 4.47

2.25 0.00 0.00 0.00 0.00 2.09 0.79 0.10 0.00 0.01 0.00 0.00 2.98
2.5 0.00 0.00 0.00 0.00 0.81 0.84 0.06 0.03 0.00 0.00 0.00 1.73

2.75 0.00 0.00 0.00 0.00 0.17 1.31 0.29 0.06 0.00 0.00 0.00 1.82
3 0.00 0.00 0.00 0.00 0.01 0.67 0.39 0.03 0.00 0.00 0.00 1.09

3.25 0.00 0.00 0.00 0.00 0.00 0.80 0.67 0.18 0.00 0.00 0.00 1.65
3.5 0.00 0.00 0.00 0.00 0.00 0.20 0.31 0.16 0.00 0.00 0.00 0.67

3.75 0.00 0.00 0.00 0.00 0.00 0.04 0.41 0.31 0.10 0.00 0.00 0.86
4 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.18 0.00 0.00 0.00 0.51

4.25 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.10 0.12 0.03 0.00 0.41
4.5 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.22 0.10 0.03 0.00 0.43

4.75 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.22 0.07 0.00 0.00 0.30
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.01 0.10

5.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.01 0.19 0.00 0.38
5.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.05
6.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01

6.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.03
total 0.00 1.62 19.99 30.10 27.43 13.08 4.89 1.94 0.62 0.32 0.01 100 �
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CCG WABAN-AKI 24.5 12 600 24 35 50 5
CCG SIPU-MUIN
& CCG SIYAY

28.5 12 - 24 45 48 n.a.

CCG CG-045 14.8 7 300 8 50 50 n.a. �
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Design development and model testing of new patented Air Supported 
Vessel (ASV) designs – leading to the construction of a 24 m ASV full-scale 

demonstrator 
 

Ulf Stephen Tudem, SES Europe AS, Sandefjord, Norway, ulf.tudem@brygga.no  
Hans Liljenberg, SSPA Sweden AS, Gothenburg, Sweden, hans.liljenberg@sspa.se 

 
Abstract 

 
For more than 6 years SES Europe AS has conducted various R&D on air assisted vessel solutions. 
Two years ago the Air Supported Vessels (ASV) concepts were patented “world-wide”. The partly EU 
funded innovation process (EU project EFFISES) has demonstrated highly encouraging ASV 
performance and results, particularly in the high-speed ranges. Several tank-testing models have been 
developed, instrumented and thoroughly tested in the towing tank of SSPA Sweden AB in Gothenburg. 
The results from the model tests have been used to optimise and refine the ASV detail solutions. A 
leading design goal has been to create simple, yet robust solutions offering improved capabilities over 
current State of the Art conventional fast crafts. The end users requirements have been given high 
priority. As an example most of the ASV’s have been designed for water jet propulsion. In addition the 
designs have been optimised for improved sea keeping and reduction in onboard motions. (Improved 
comfort.) 
The model testing covers fast ASV solutions from smaller fast boats to larger (125 m +) express cargo 
ship designs. The ASV’s may be built in both monohull- and multihull configurations. 
A scaled manned model – 9 m in length – of a 40 m and 70 knots fast ASV catamaran – is built and 
tested at the Technical University of Athens. (NTUA). Another similar size model of a 125 x 45 m ASV 
ROPAX is under construction, and will undergo similar testing. 
To illustrate the span of applications, a fast Landing Craft (LC) design has also been developed on 
request from a European navy. Denoted ASV MonoCat, this design is also configured for water jet 
propulsion, and represents a large step up in performance from the conventional medium lift LC’s. 
Loaded speed is 40 knots, ballast speed almost 50 knots. The ASV landing craft delivers performance 
comparable with the much more vulnerable hovercraft LC – without the disadvantages of rubber 
skirts and bags. 
To demonstrate the ASV concept in full scale, a 24,0 x 7,4 m aluminium catamaran demonstrator is 
under construction at Swede Ship – Djupviks Varv in Sweden. This vessel will be thoroughly tested. 
The development- and construction cost are financed by Effect Ships International AS (the patent 
holding company) with support from the Norwegian Research Council. The boat will be ready for the 
water early 2005. 
The demonstrator will be used to exhibit and document the ASV concept advantages and features, and 
an international market introduction of the technology – including establishment of licensing 
agreements with leading HSC yards – will then follow. 
 
1. Introduction  
 
In 2002, Effect Ships International AS (ESI) patented the ASV concept in more than 50 countries 
worldwide. ESI and SES Europe AS (SE) have performed considerable R&D on the technology, 
supported by EU (5th Framework R&D program EFFISES) and Norwegian Research Council. In the 
EFFISES project ASV catamarans have been investigated.  
In the EFFISES project, two quite different groups of ASV designs have been investigated. One is 
aiming at very high speed vessels – exemplified and scaled to represent 40 m LOA passenger ferries 
with a design speed of 70 knots (tested to 80 knots), while the other main group of ASV ships are 125 
x 45 m large ROPAX / express cargo catamarans, designed to operate at 50 + knots. In this paper 
focus will be given to the small and medium size ASV catamarans, operating at Fn= 1,0 to 2.0 +. 
The ASV conceptual features may also be used on various ASV monohull and combination designs – 
all covered by the ESI IPR and patents.  
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Several renown collaborating partners have contributed with valid input as they foresee commercial 
potential in applying the ASV technology to various fast vessel applications– both commercial/civil 
and naval.   
 
The ASV catamarans have - according to the general preference of the market - been configured for 
Water Jet propulsion, but also other propulsion systems may be used. Several of these designs have 
been thoroughly tank-tested at SSPA Sweden during the last years, and the ASV hullforms are 
exhibiting very competitive data on resistance, motions and general vessel behavior. These properties 
and features have captured the interest of quite a few potential end users, including several of the 
world leading navies.  
 
Although high quality unbiased tank testing results and other type of documentation are important, the 
market would like more tangible hardware, tested under real life conditions. With a 24 m ASV 
demonstrator vessel, now commissioned by the aluminum shipyard - Swede Ship, ESI / SE will start 
the international marketing of the technology. Potential commercial as well as naval yards and end 
users will be invited for test runs, and the vessel will also be subject to very comprehensive test- and 
documentation programs.   
 
2. Model testing of ASV designs suitable for fast small to medium size vessels at SSPA 
 
2.1. Background 

 
In line with other types of Air Assisted Vessels (AAV), the ASV uses air lift to reduce resistance 
/increase speed / improve efficiency. The stationary running condition in calm waters is easier to 
monitor than the dynamic behavior in a seaway. The calm water, stationary hull resistance can be 
substantially reduced by reduction of wetted surface by means of air cushion support (lifting 
otherwise wetted portions of the hull out of the water) and “air lubrication” of the remaining 
semiwetted surfaces. The reduction of the displacing solid hull portion also reduces the residual 
resistance but the air cushion itself has a displacement resistance. 
 
In a seaway the AAV concepts work up to a point where the cushion ventilation deteriorates the 
characteristics to, or below, those of conventional high-speed craft. 
The ASV does not have any flexible skirts, so the ASV will not suffer skirt wear / replacements and 
high maintenance cost as seen on other AAV’s . 
 
The ASV concept tries to trade off some of the god resistance performance for better seakeeping and 
reliable propulsion. Model tests to date have shown very good high-speed resistance data for hull 
shapes intended for surface piercing propeller propulsion. But for the time being the required 
propulsion power is still above what is commercially available for a 40 m vessel. The market asks for 
WJ-propulsion, well proven for high speeds and available in a range from small units to very high 
power. 
 
 2.2. Concept ideas 
 
Three ASV tank testing models – representing 40 m LOA and 70 knots fast ferry hull forms - have 
been developed by ESI/SE and later tested in the SSPA towing tank in Gothenburg. 
 
Several ideas listed below are shared for the 3 above-mentioned ASV hull concepts. In addition there 
are also considerable and markedly differences between the designs. 
 

• All designs are high-speed solutions – suited for Fn above 1,0, and preferably between Fn 1,5 
and 2,0. 

• The operational displacement and payload should be at least of the same level as comparable 
conventional catamarans.   
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• A significant part of the displacement – some 70 – 90 % - should be supported by pressurised 
air in air cushions arranged as integrated parts of the hull . No troublesome flexible skirts, 
bags or the like should be used. 

• The design should not rely on dynamic lift (in the forward part of the hull) as a main source of 
support. 

• Designed to avoid high levels of bow pitching, i.e. as a result of large dynamic areas forward 
as frequently seen on planing and semiplaning vessels. 

• The running trim to be close to neutral. 
• The air cushion support to be “balanced “ i.e. with more support in the aft end to 

accommodate the heavier machinery / propulsion. 
• The step and the surface in front of the step should together create the forward sealing of the 

air cushion chamber. 
• The step should be located in a plane that is close to horizontal (no part of the step is to 

ventilate before the other) 
• The bow section to be slender in order to reduce displacement forces in a seaway. 
• The bow to incorporate a voluminous part above a built-in chine/spray rail, producing water 

deflection and reserve buoyancy in a pitch diving motion. 
• Side keels of varying height, extending from just ahead of the step to the transom stern, the 

height of the keels to be adjusted to the observed/expected shape of the air cushion. The main 
purpose of the side keels is to fence in the air cushion, but they will also have a course 
stabilizing effect. 

• The whole air cushion periphery to be arranged close to the same vertical position to avoid 
ventilation and reduce fan power requirement. 

• Spray rails on the outside of the side keels, at a height partly to deflect the water without 
wetting the rails on the upper sides (finding best balance between wetted surface). 

• A cushion ceiling at a height to minimize the frequency of the sea hitting the ceiling when the 
vessel moves in a seaway. Simple shape for cost efficient production. 

• A slope of the ceiling aft end in order to deflect passing waves in a seaway and an adjustable 
flap in line with the sloped portion of the ceiling to fence in the rear part of the air cushion 
chamber/create dynamic lift and motion damping. 

• Designed to allow various propulsion systems – also WJ. 
 

The hull geometries of the models are quite diverse and the performance and behaviour of the models 
also diverge. However, without a clear definition of the vessel / end user / operational requirements 
one cannot rank one model relative to the other. They have their individual pros and cons. 
 
2.3. Model investigations 
 
The procedure for performing a test runs involved decisions and selection of several variables prior to 
each test run, including displacement, LCG / change of ballast weight, flap angle, fan rate of revs, 
speed to be investigated based on previous results etc. 
New zero readings were taken if displacement and/or LCG had been changed or something in the 
measurement equipment had been adjusted. 
The fan reference pressure taps and connecting were inspected prior to each run, including blowing all 
pressure taps and connecting air tubes (to cushion as well as fans) free of possible water by applying 
pressurised air (any amount of water left would distort the measurement). 
The fans were run up to close to the decided rate of revs prior to starting the run, then fine tuned to the 
determined level during the acceleration phase. 
Zero speed were always measured prior to the start up of the run with model on cushion. 
Then the model was run up to speed and all measurements, including video, still pictures (above and 
below water) and wave recording where completed. 
The results were checked – measurements, wave cut, under water photo, video etc – after each run, 
and in case of problems repeated. 
Preliminary evaluation of measurements, predict full scale power components where then done after 
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each run in order to progress to next run and carry out decisions on changes to the parameters etc. 

2.4. General comments 
 
The tank testing models representing ASV 40m vessels were all 2.5 m long, thus carried out in a scale 
of 1:16. These models were all built from carbon fiber reinforced resin and painted. The actual model 
speed in the 270 m long towing tank at top speed was close to 10 m/s. Both calm water tests and 
testing in head seas were carried out. 
 
The testing is complicated in that a number of parameters have to be investigated for each speed. So 
has the LCG position an influence in that the ventilation of the air cushion is affected and thus the 
airflow and fan power.  
 
The fan power, in terms of rate of revs, was varied. Using a high airflow rate will reduce the 
resistance, at least up to a point, but increases the cushion fan power to an unrealistic extent.  
The ESI patented features have addressed this general problem in order to reduce the ventilation and 
fan power requirement. A general observation was that a higher flow rate appears to be beneficial for 
high speeds in calm water. In full-scale vessels it is recommended to install fan systems with more 
power than demonstrated to be the optimum in calm water because the air leakage in a seaway will be 
larger. 
 
Another parameter is the rear sealing flap angle. Apart from sealing off the cushion chamber there is a 
lift by some water being deflected, causing a bow trim. This is sought for in conditions where the bow 
step is on the verge to ventilate. A combination of LCG, flap angle selection and the best air flow rate 
will be determined to give the optimum running condition – for each speed and displacement – will be 
required. It is obvious that the test program then becomes very large and expensive. Luckily, one 
eventually gets a feeling for how to make short-cuts to the best combinations in the towing tank 
environment, and the same is expected to be the case in practical full scale operation of an ASV – 
particularly on how to combine and operate the flaps and fans. 
 
The 3019 design, demonstrated exceptional calm water high speed efficiency, but were not as good as 
the models 3036 and 3052 with regards to onboard motions and seakeeping at high speed. The 3019 
design would have been a highly capable candidate for high speed operation with small vessels 
operating in protected waters, where efficiency has higher priority than seastate capability. 
 

   
Fig.1: Left: Model 3019 – ASV suited for SPP during SSPA tank testing at 70 knots.. 
Fig.2: Middle: Model 3036 – during SSPA tank testing at 70 knots. 
Fig.3: Right: Model 3052. 
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The 3036 design was the first ASV configured for WJ propulsion. The tested model must not be 
regarded as final design, rather a testing tool for initial investigations into WJ gondola shape and 
location in order to develop commercial designs as outlined in the ESI ASV patents. The main 
challenge will be to establish the best balance between resistance, motions and shielding of the WJ 
intakes from air ingestions. It is clear that the more loaded the vessel is the less critical this balance 
becomes. This hull form had low increase in hull resistance when operated in a sea state.  
The 3052 was the second ASV designed to incorporate WJ, and the first with a separate WJ gondola 
located inside the air cushion chambers. Also this design should be regarded a test design, where i.e. 
the shape of the WJ gondola and the shielding of the WJ intake in now way is fully optimised. From a 
construction and WJ intake optimisation point of view this design is relatively easy to modify and 
optimise as WJ and engines are located along the centre line of each demihulls,. The WJ will be an 
integrated part of the WJ gondola where the vertical immersion of the gondola and WJ intake could be 
adjusted without too large modification to the global construction and lay-out. 
The goal for the model testing was to conclude on the feasibility of the patented solutions. 
 
3. Main results and conclusions – 40 m ASV model tests 

3.1. Speed vs. power – propulsive power and lift fan power 
 
The most striking results for the ASV’s are of course the reduction in resistance and consequently 
reduction in propulsion power. Below are summaries in tables and diagrams of all predictions for a 40 
m vessel. It should be noted that some versions are also tested with at load conditions differing from 
the set standard of 170m3. Of significant interest to the commercial HSC users where payload 
capability is one of the main success criteria will be the testing of the ASV’s with heavy load, and the 
results obtained.  
 
Test were done with 50 m3 extra load – in commercial terms equivalent to the weight of some 30 – 40 
passenger cars ! – this on a modest size 40 m vessel.- normally only capable of carrying passengers.  
 
Each result for a specific speed and loading condition is the best one found in optimizing the 
combination of LCG/fan rate of revs/flap angle. 
 
The diagrams also contains predictions for one semi-displacement catamaran and one planing 
catamaran of the following dimensions: 
 
Cat type LWL(m) BWL dh (m) BCL-CL (m) T (m) ∇  (m3) Speed range (knot) 
Semi – dipl. 39,5 3,6 7,6 1,4 170 20 - 45 
Planing 35,5 3,5 7,5 1,3 170 35 - 55 
 
The predictions are based on the statistically best results from model tests achieved for similar 
catamaran vessels. The propulsion system is anticipated to be water jet. 
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EFFISES & ALiCat 40m - Hull resistance vs. speed
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Fig.4: Hull resistance vs. speed for three ASV hulls with various displacements compared with SOA 
conventional catamarans. 
 

EFFISES & ALiCat 40m - Hull effective power, PEs, vs. speed
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Fig.5: Hull effective power vs. speed for three ASV hulls with various displacements compared with 
SOA conventional catamarans. 
 

EFFISES & ALiCat 40m - Total propulsive power, PD tot, vs. speed
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Fig.6: Total power vs. speed for three ASV hulls with various displacements compared with SOA 
conventional catamarans. 
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EFFISES & ALiCat 40m - Delivered fan power, PD fan, vs. speed
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Fig.7: Fan power vs. speed for three ASV hulls with various displacements. 
 
The three tested ASV’s were designed for speeds corresponding to 70 knots in a 40 m scale. 
From the tabulations it is clear that these ASV’s are competitive first above 35 -40 knot. At speeds 
from 50-55 knot up to 70-75 knot, their performance is quite outstanding compared with conventional 
catamarans. 
 
In all predictions above of propulsion power efficiencies as per water jet is presupposed. This is of 
course not correct for the 3019-A to -C and the 3052-A hulls without gondolas as they are intended 
for surface piercing propeller drive. However, the 3036-A and 3052-A with the motor gondolas on are 
representative for a water jet propulsion. Tests with/without gondolas indicate that the gondolas 
demand some 15% added resistance/increase of power as an average, but that percentage varies with 
speed. For low speeds the motor gondolas stands for only a few % resistance increase while at the 
tested top speeds e.g. the gondolas of model 3052 stands for as much as 30% increase.  
 
The gondola shape and position are expected to have considerable potential for optimization in order 
to reduce the added resistance of these hull parts. The optimum gondola position and trim angle can 
be expected to depend on speed (in the model tests it was the same through the speed range) and 
should be optimized for the design speed of each very application. 
 
For the 3019 and 3052 models, at high speeds, the residual drag ought to be a small portion of the 
total, and so it mostly is. It is mainly about 10-30 knots where it is of greater magnitude. At higher 
speeds the residual resistance many times becomes negative when the friction, cushion wave and wind 
resistance is deducted from the total measured resistance. The reason may be  
- an over-estimate of the wetted surface leading to too small total drag coefficient  
- the anticipated model friction coefficients are too high, which means deducting too much friction 
drag from the total 
- the calculated air cushion wave drag is too high 
- the drag due to wind is over-estimated (N.B. that CD air  was based on wind tunnel measurement on a 
similar configuration; wind speed measurements under the towing carriage had been performed with a 
similar set-up) 
 
When testing the 3036 model without gondolas a comparatively high calm water resistance was 
measured, which may not be quite representative. When this model was tested without any of the 
gondola configurations mounted there were no spray rails mounted on the inner sides of the side hulls. 
At the tests the water therefore climbed and wetted the demi-hull inner sides, apparently as high as the 
wet deck. It is not astonishing that the advantage of a ship concept based on reduction of wetted 
surface suffers from the above-described situation. One should notice that with the gondolas mounted 
the resistance is actually lower than without gondolas! The gondolas work as creators of dynamic lift 
as well as spray deflectors, though none of the gondolas had spray rails along the chines. In 
commercial ASV design using the 3036 type of designs the gondolas will be designed as streamlined 
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integrated parts of the inner side hulls, intended to allow a smooth flow of water through the tunnel. 
 
The propulsion power, PD, is the power needed by the propulsor to overcome the resistance when air 
borne, using the efficiency of the intended propulsion system (here WJ all the time). To obtain the 
total propulsion power, PDtot, one always has to add the fan power, PDfan, not only the net power but 
with a fan efficiency and a transmission efficiency, thus a “braked” fan power. This is a price one has 
to pay for a reduced resistance, which unloads the propulsor and is partly regained as an increased 
efficiency. 
  
In the best operational speed range the braked power of the fan motor is typically around 10 % of the 
total propulsion power, PDtot. 
 
3.2. ASV concept behaviour during tank testing 
 
In line with the patents claims of the ASV concepts, the air cushion(s) seems to work well both in 
calm water and in a seaway. A video camera was located in the fore end of the cushion chamber, 
looking aft towards the rear flap. The observations were: 
 

• The bottom of the air cushion looks fairly flat when running in calm water  
• There is some wave making originating from the side keels  
• The oblique angle of the keels in relation to the direction of travel, when not too steep, does 

not appear to create any excessive cross flow over the keels  
• The air flow from the fan shafts cause some depression of the water just below the shafts. The 

depression is not very large in spite of no attempt being made to deflect the air horizontally. 
• For most cases the rear flap is partly in contact with the water and partly leaves a gap for exit 

of air 
• For a majority of running attitudes there is a tendency towards air escaping below the rear 

part of the side keels (that is a reason for making the side keels a little deeper in the aft end) 
• In a seaway the cushion water surface moves vertically as the seas pass by, but the height of 

the cushion chamber appears to be sufficient for avoiding the water hitting the ceiling. Thus 
an air pressure is always at hand over most of the cushion chamber projected area. 

 
Another video camera was located in the center body between the side hulls, looking aft for observing 
how the waves from the side hulls interfered. The waves behaved very much as for other twin hulls: 
bow waves interfering, forming a substantial crest at low speeds that moves aft and flattens out with 
increased speed. It is located well aft of the transom at and above design speed. There were no waves 
hitting the wet deck. The waves between hulls were in general low in spite of the hull distance being 
fairly small - unless when passing “hump speed”.  
 
One gets the impression that the surface wave generation of this ASV is lower than for a traditional 
twin hull vessel in the high-speed range but there are not many measurements to compare with. About 
hump speeds the picture may be the opposite, indicating a fairly large resistance. The latter must be 
paid attention to, not to create a situation where the vessel gets stuck on the hump due to limited 
propulsor thrust. Using the surplus of installed fan air power (needed in rough sea) when accelerating 
may help overcome this problem. 
 
Under water still pictures were taken continuously at a fixed position in the tank, in calm water as 
well as in a seaway. The under water photography is necessary for evaluating the wetted surface and 
extrapolation to full scale of the hull resistance. The pictures give a clear view of what is happening 
momentarily but is well completed by the video cameras in the cushion and between the hulls. 
Attempts to use an under water video camera was not very successful, the resolution of the picture 
was insufficient for detailed observations. The introduction of a digital under water camera gave 
immediate information about a test run that could be used for deciding about the next test 
configuration.  
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Measurements of the cushion pressure along the length of the hull was also made. An example (model 
3019) is shown. On this model the pressure varies slightly with position in the cushion, on other 
models the pressure is quite uniformly distributed along the length of the air cushion.  The cushion 
chamber section area increasing rearwards, reducing the static pressure in a potential flow mainly 
being directed aft. 
The direct fan outlet flow into the cushion may disturb a smooth variation. 

E40 - cushion pressure vs. Location
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Fig.8: Pressure distribution and air cushion area distribution for the ASV model 3019. 
 
The below tabulation to illustrate the average cushion pressure in relation to total propulsive power. In 
addition one will find the cushion pressure to be nearly proportional to the boat weight for the speeds 
where comparisons can be made. 
 

Model 3019 Mean cushion pressure (kPa) at speed (knot): Total propulsive power (MW) at speed (knot): 
 20 30 40 55 70 20 30 40 55 70 

Displ (m3)           
160 - - - 6.2 5.3 - - - 5.74 7.02 
170 6.9 7.1 6.7 6.6 5.7 3.02 3.66 3.98 6.18 8.64 
220 - - - 8.6 7.5 - - - 8.52 11.79 
 Total air volume flow (m3/s) at speed (knot): 
 20 30 40 55 70 

Displ (m3)      
160 - - - 78 128 
170 68 92 75 75 121 
220 - - - 85 111 

 
Fig 9: Model 3019 cushion pressure, total propulsive power and total air volume flow. 
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Fig.10: Cushion pressure vs speed for ASV 40 m models with different displacements. 
 
The 20 knot case corresponds to “hump” speed for the 40 m ASV which may explain the relatively 
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high figure there. It has generally been observed that a relatively larger flow rate is beneficial at the 
highest tested speeds. At the same time the cushion pressure falls off a little. 
 
3.3. Running behaviour 
 
The running behavior of the ASV 40 m versions shows some consistency regarding trim and sinkage. 
All versions rises out of water increasingly much with increasing speed. The rise of CG increases 
almost linearly with speed. The trim angles vary somewhat more between versions but mostly the trim 
angle is between 0.5 and 1o. Above hump speed the trim angle for each version is nearly constant. The 
3052 model runs flatter (smaller trim) and raises more out of the water. The latter may partly depend 
on less buoyancy in the fore body for a given draught when off cushion (as all sinkage figures are 
related to the off-cushion condition). 
 

EFFISES & ALiCat 40m - Sinkage in relation to off cushion
(negative sinkage means that CG rises)
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Fig.11: Sinkage in relation to off cushion for the ASV 40 m designs. 
 

 

 

 

EFFISES & ALiCat 40m - Trim angles
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Fig.12: Trim angles for the ASV 40 m designs relative to vessel speed. 
 
3.4. Sea keeping 
 
The seakeeping investigations have so far been limited to model tests in head seas in a towing tank, 
with the models towed in long elastic strings to allow for a certain amount of surge movement. The 
models were by a mechanical arrangement kept on a straight course, but allowing for roll, pitch and 
heave while sway and yaw were restricted. 
Two vertical accelerations, two vertical motions and the towing force were measured. The same air 
pressures as measured during the calm water test (cushion and fan flow reference) were recorded. A 
wave recorder, the same as used for the wash wave registration, measured the generated waves in the 
far end of the test track, not to disturb the measurements by wash waves. The measurement was 
stopped when the model passed the recorder. By this connection between waves and model position, 
the part of the wave spectrum that the model has passed through during the measurement sequence 
can be determined. 
From measurements of response amplitude and phase angle in two locations fore and aft on the model 
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it is possible to determine the variation of the response along the length of the model. 
 
In addition calm water resistance reference runs with the seakeeping test set-up were made to for 
determining wave added resistance. The resistance was generally very close to the corresponding 
measurement with the calm water test set-up. 
 
The generated waves were calibrated in the empty tank, in order to adjust the wave energy spectrum 
to the theoretical one. Wave spectra of Pierson-Moscowitz (equal to ITTC/ISSC and Bretschneider) 
type were used.  
 
The 40 m models were tested in sea state 3 corresponding to H1/3=0.88m and Tz=4.0s. A variation of 
Tz was made comprising tests in 4.8 and 6 s.  
 
All seakeeping tests were carried out for a boat weight corresponding to 180 m3 displacement. The 
LCG position was the one found as optimum for the design speed, 55 knot. The flow rate was 
increased in relation to that in calm water corresponding to about 10 rps of the model fans. 
In retrospect several within the team behind the ASV concept development is of the opinion that it 
might have been beneficial to have carried out the tests with higher air flow, partly to  ensure the boat 
riding higher in the water and partly to improve the motion damping effect of the air cushions. Tests 
to verify if this theory is correct will be carried out with the 9 m operational model currently 
undergoing tests at NTUA. 
 
The results below are generally given as significant 1/3 response (single amplitude) per meter 
significant 1/3 wave height (double amplitude). 
 

Vertical motion per m wave height along CL
40m vessels, 180m3, 55 knot, irregular head seas (P-M), Tz=4 s
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Fig. 13: Vertical motion pr m wave height along CL of the various ASV 40 m design at 55 knots in 
irregular head seas with Tz = 4 s. 

Vertical motion per m wave height along CL
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Fig.14: Vertical motion pr m wave height at 55 knots. 
 
The above are only examples of some of the work carried out at SSPA on sea keeping performance 
for the 40 m ASV models.  
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Given the selected air flow (that might not have been the optimum to obtain best possible results), one 
can generally conclude that the first tested ASV 40 m model (3019-) had CG accelerations in SS 3 
allowing only half an hour duration of a journey in relation to the ISO limit lines. The model 3036 and 
model 3052 had a finer bow entrance, shows clearly a reduction of accelerations.  
The use of small motion damping T-foils (passive) on the 3019 model had very little effect. The foil 
angle of attack was set at –1, 0 and +1o respectively in relation to the BL plane. 0o appeared to be the 
best but on the whole the foils had very little influence on the vertical accelerations. 
The model 3019 performance could probably be acceptable in 55 knots during ½+ hour due to the 
high response frequency. The model 3036 may be acceptable for a 2 hours journey. The model 3052 
could be acceptable for 1½ hour. The presence of propulsion gondolas might add some damping 
effect at high speed (cf. model 3052 and remembering that model 3036 also had gondolas). In waves 
of higher period than 4 s the tolerance of motion sickness is less. 
 
Below is the ratio between resistance in waves and resistance in calm water presented for both 
EFFISES concepts; first the E40 version:  
 

Resistance in waves vs. calm water for various speeds
40m vessels, 180m3, irregular head seas (P-M), SS 3, Tz=4 s
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Fig.15: Added resistance in waves vs. in calm water for the ASV 40 m designs. 
 
The 40m versions with sharp bows show less resistance due to less motion in a seaway. 
Especially the3036 model appears to be very good in this respect.  
 
4. Design development first full scale ASV demonstrator 
 
The ASV demonstrator will be closely based upon the model 3052 hull configuration. Although the 
3036 may be a long term stronger ASV candidate, the 3052 hull form is easier to optimize and refine 
without carrying out too large changes to arrangement and structures. 
 
In the initial design phase, the demonstrator had a size of 15 m x 5.5 m. Both composite materials and 
aluminium were discussed as suitable building materials. As the Demonstrator is the first ever full-
scale ASV with water jet propulsion to be built, some adjustments, modifications and optimisations 
when the vessel is in the water is expected. In favour of the composite alternative were somewhat 
lower hull weight and a potential very high level of exterior finish.  
 
On the other hand as the main target with the demonstrator was to demonstrate the scaling capability 
from the smaller tank testing models to full scale vessels, the aluminium solution was selected, as no 
production of a male plug and female mould tools was required prior to actually building the vessel. 
The aluminium choice also enables quite easy modifications of e.g. water deflection lists, water jet 
intake and shielding. The cost aspects are also in favour of the aluminium solution. Aluminium is a 
popular choice among the owners/operators of smaller fast vessels. The efficient construction 
principles available when using the Hydro Marine Aluminium extruded profiles also helps cut 
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building cost and time. As it has been frequently used before in similar size of vessels, the 
classification approval process is also expected to be somewhat easier with aluminium than with 
composite materials. 
 
As the ASV to a large extent utilise air cushion lift in supporting the hull weight, a careful balance 
between air cushion area, cushion pressure distribution, cushion pressure, hull weight and weight 
distribution is required. 
The accuracy of the weight calculations one will first see when the boat is completed. In our case we 
have had quite a few rounds of weight estimates, along with changes in specifications, class 
requirements etc. Unfortunately the weights almost always go up. The cushion area of a 24 m hull 
length vessel is more than twice that of the 15 m vessel, while many of the onboard systems remain 
almost the same. After a careful evaluation of the design parameters, it was concluded that the 24 m 
vessel size, built in aluminium was a good and capable size, with acceptable building cost compared 
with the expected performance of the test vessel and very suitable for several commercial and military 
fast vessel applications. 
 
A similar evaluation of the size of main engines, lift fan powering, fan size/capacities and water jet 
size was made.  
 
5.  24 m ASV demonstrator main particulars and general arrangement 

 
The ASV prototype / demonstrator will be presented as a candidate design for fast passenger 
transport, workboats of different kinds, patrol boat duties and naturally due to the very high-speed 
capability – as a fast combat boat. The low draft, air-lift capabilities and WJ propulsion may even 
enable the vessel to be beached.  The design will be closely compared with current market leading 
monohull designs, and the higher efficiency, larger platform and low draft are expected to be 
appreciated by several end users. The vessel is under construction at Swede Ship in Sweden. 
 
The vessel will have the following main specifications: 
 
Building material - hull and superstructure: Hydro Marine Aluminium – extruded aluminium profiles. 
Length of hull: 24.0 m. (exclusive Water jets.). 
Beam of hull: 7.3 m 
Expected lightweight displacement (as a demonstrator vessel): 41 tons. 
Estimated operational displacement:50 - 53 tons (subject to final specification / no of passengers.) 
Main propulsion engines: 4 x Volvo Penta D 12-715. 4 x 520kW at 2.300 RPM 
Propulsion: 2 x Rolls-Royce Kamewa A 45 waterjets. 
Transmission between engines and WJ: Gates Polychains. 
Lift fan engine: 1 x Volvo Penta TAMD 63 – 230 kW at 2800RPM 
Lift fans: 2 x Flekt Woods. Type: Backward curved Centrifugal fans, in tandem configuration. 
Transmission between engine and fans: Gates Polychains. 

 



 262

Fig 16: Demonstrator vessel – artist impression. 
Expected vessel performance and capabilities: 
 
Estimated full speed (at 41 tons): 48 knots at 100% MRC. 
Operational speed (at 53 tons): 40 + knots at 90% MCR 
 
The D 24 is expected to be a very important milestone in the documentation and demonstration of the 
new ASV catamaran with WJ’s. The vessel will following the first in-house tests and trials complete a 
comprehensive scientific test program, according to suggestions and recommendations from SSPA, 
where a long list of aspects including air cushion ventilation aspects, details in the air cushion 
chamber design, fan requirements under different conditions and operations, WJ location / air 
ingestions, trim and air cushion flap arrangement, sensitivity to load and to changes in LCG /TCG etc 
will be investigated. In addition motions / accelerations, maneuvering capabilities etc will be carefully 
monitored and documented. The project is supported by Norwegian Research Council. 
 
The project partners will assist in optimizing the different subsystems and overall vessel performance 
following the first tests. 
 
When the D 24 has completed the documentation trials, the vessel will be used to promote the new 
concept internationally, at conferences, trade shows/exhibitions and also as part of active approach 
towards potential end users as well as construction yards. 
 
The data and operational experience from the D24 will be utilized in the further R&D to improve the 
technology in general and towards targeted vessel types and applications. 
 
It is the opinion of the authors that the best and most convincing way to convince the sceptic is to 
actually take them for a ride in a variety of operational conditions.  
 
6. Alternative hull form to fast ASV vessels 

 
To illustrate how a complete ASV design of the model 3036 may look like, on request from navy 
interrests a 24 m ASV troop transport vessel has been developed. As will be seen from the illustration, 
the WJ gondolas are here integrated into the inner side keels, located towards the vessel main centre 
line.  

 
 
Fig.17: 24 m ASV troop transport vessel – hull form. 
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To illustrate another ASV hull form covered by the ESI ASV patents, the below illustration of the 
ASV landing craft, in a “monoCat “configuration, should demonstrate one of the ways the concept 
could be used. 
 

 
 
Fig.18: 27 m 40 + knots fast ASV Landing Craft. 
 
7. Conclusions 

 
Several innovative ASV designs have been developed and thoroughly model tested at SSPA during 
the last years. Tank testing results and other conclusions on main concept features are very conclusive 
and positive. The ASV’s represent a shift in fast vessel technology, not only for the efficiency but as 
importantly for the overall robust performance without too high complexity, maintenance and 
introduction of new concepts and/or systems.  
Propulsion systems in line with the markets preference – Water Jets – is another key factor in the new 
ASV designs. Proper sea keeping capabilities has been yet another feature targeted in the concept 
development.  
The construction of the D 24 is expected to bring the ASV technology to the next development phase.  
It is the intention, following design optimization and documentation of the performance of the D 24, 
to develop a wide range of ASV’s to suit various types of end user requirements and missions, and 
allow leading yards to produce the ASV designs in accordance with licencing agreements with ESI / 
SE. 
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Design Variable Initial Value Units Lower Limit Upper Limit

Centroid shift of sectional area curve (SAC) 0 [%] -1 1 - -
Forebody prismatic coefficient 0.57 [-] 0.56 0.58 -1.75% 1.75%

Sectional area coefficient of a reference frame 
in the bow region 0.38 [-] 0.36 0.5 -5.26% 31.58%

Tangent of SAC at FP 0 [deg] 0 30 - -
Transom section coefficient up to deck 0.54 [-] 0.5 0.6 -7.41% 11.11%

Longidutinal centre of gravity of aftbody SAC 
up to deck 28.25 [m] 28 28.6 -0.88% 1.24%

Transom draft 0.8 [m] -0.3 1.3 -137.50% 62.50%
Transom beam at deck 9.9 [m] 9 11.5 -9.09% 16.16%

Flare at deck of the reference frame in the 
bow region 60 [deg] 30 90 -50.00% 50.00%

Tangent at bow of the design waterline 10 [deg] 8 25 -20.00% 150.00%
Area coefficiient of the forebody design 

waterline 0.67 [-] 0.66 0.75 -1.49% 11.94%
Gradient of the distribution curve of the flare 

at wateline, at the for end of parallel body 25 [deg] 10 50 -60.00% 100.00%
Flare at waterline at the reference frame in the 

bow region 70 [deg] 35 75 -50.00% 7.14%

Variation Range
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Design Variable Initial Value Units Lower Limit Upper Limit

Longitudinal Position of FP 34.95 [m] 34.95 37 0.00% 5.87%

BEVEL.depth at transom (distance of chines-
connecting line from the hypothetical 

intersection of bottom and side)
0.14 [m] 0.1 0.4 -28.57% 185.71%

Area coefficient of forebody deadrise angle 
distribution curve

0.8 [-] 0.8 1 0.00% 25.00%

Area coefficient of the forebody distribution 
curve of the flare at deck angle

0.75 [-] 0.55 1 -26.67% 33.33%

Angle of entrance of design waterline 10 [deg] 0 20 -100.00% 100.00%
Inclination of the transom wrt the vertical in 

the profile view
14 [deg] 5 25 -64.29% 78.57%

Variation Range
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Run Speed Wake Heights (ft) Run Speed Wake Heights (ft)

# (knots)              Measured # (knots)              Measured
at 36 ft at 60 ft at 36 ft at 60 ft

55 LT - 3 ft 65 LT - 3 ft
27 15 2.9 2.9 64 15 2.8 2.6
28 20 3 2.8 66 20 3.6 3.2
29 22 2.8 2.8 67 22 2.8 2.8
30 24 2.2 2 68 24 2.6 2.6
31 26 2.2 1.8 69 26 2.2 2.2

55 LT - 5 ft 65 LT - 5 ft
33 20 3.2 2.8 71 15 2.8 2.8
34 22 2.8 2.4 72 20 3.6 3.2
35 24 2.4 2.2 73 22 3 2.8
36 26 2 1.8 74 24 2.6 2.6
37 28 1.8 1.7 75 26 2.2 2.2
38 30 1.6 1.5

65 LT - 7 ft
60 LT - 3 ft 77 20 2.7 2.7

41 15 2.5 2.4 78 22 3.4 2.9
42 20 3 3 79 24 2.8 2.6
43 22 3.2 3 80 26 2.5 2.5
44 24 2.8 2.7
45 26 1.9 1.9 55 LT - 3 ft
46 28 1.8 1.7 82 20 3 2.8
47 30 1.4 1.3 83 22 2.8 2.5

84 24 2.4 2.1
60 LT - 5 ft 85 26 2 1.9

49 15 2.5 2.5
50 20 2.9 2.9 50 LT - 5 ft
51 22 3.2 2.8 88 15 3.2 2.9
52 24 2.8 2.8 89 20 2.8 2.6
53 26 2.4 2.3 90 22 2.5 2.3
54 28 2 2 91 24 2 1.7
55 30 1.8 1.7 92 26 1.9 1.6

93 28 1.5 1.3
60 LT - 7 ft 94 30 1.4 1.2

59 20 2.7 2.7
60 22 3.2 2.8
61 24 2.8 2.6
62 26 2.4 2.2

�
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Run # Velocity Run # Velocity

No. (kn) at  36ft at  60ft No. (kn) at  36 ft at  60 ft

73,990lb. - 39.8 ft 62,500 lb. - 39.8 ft
4 15 2.8 2.1 49 20 2.5 2.0
5 20 2.9 2.3 50 22 2.4 1.6
6 22 3.1 2.0 52 24 2.2 1.3
7 24 2.5 1.7 53 26 2.2 1.2
8 26 2.2 1.6 54 30 2.3 1.2
9 28 2.4 1.6 55 32 2.2 1.1
10 30 2.6 1.5 40.8 ft
11 32 2.7 1.4 63 30 2.4 1.2

repeat check
13 24 2.7 1.6 Tests using 2.75" interrupters at 62,500 lb.

1/16" projection - 39.8 ft LCG
Tests with LCG variation at 73,990 lb. 57 15 1.9 0.8
37.8 ft 59 26 1.7 1.3

15 26 2.4 1.6 1/16" projection - 40.8 ft LCG
38.8 ft 61 26 1.9 1.3

17 26 2.3 1.6 62 30 1.9 1.1
41.8 ft 1/32" projection - 40.8 ft LCG

21 26 2.7 1.8 67 30 1.8 0.9
40.8 ft

19 26 2.7 1.6 Tests using interrupters at 73,990 lb.
23 28 2.7 1.5 2.75" long - 1/32" projection - 39.8 ft LCG
24 30 2.7 1.5 70 26 1.2 1.8
25 32 2.7 1.5 1.4" long - 1/32" projection - 39.8 ft LCG

72 26 2.3 1.6
49,640 lb. - 39.9 ft 73 30 2.3 1.4

27 10 0.7 0.2 1.4" long - 1/32" projection - 40.8 ft LCG
28 15 1.5 0.7 75 30 2.3 1.3
29 20 2.0 1.6 76 26 2.5 1.6
30 22 1.9 1.3
31 24 1.7 1.1 Tests using Trim Wedges at 73,990 lb. And 39.8 ft
32 26 1.5 1.2 3.5"X1" - 5 deg. Wedges
33 28 1.8 1.0 79 26 2.0 1.5
34 30 1.8 1.0 3.5"X1" - 3 deg. Wedges
35 32 1.8 0.8 82 30 2.4 1.4

repeat check
36 24 1.8 1.2

49,640 lb. - 40.9 ft
40 26 1.8 1.0
41 28 2.0 1.0
42 30 1.9 0.9
43 32 1.8 0.9
44 40 1.6 0.7
45 42 1.5 0.8

Wake Height(ft) Wake Height(ft)
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Run # Vs Run # Vs

No. (kn) at 60ft at 100 ft No. (kn) at 60ft at 100 ft

195,610 lb - 59.5 ft 195,610 lb - 59.5 ft
9 10 0.6 0.5 49 20 4.0 3.2

10 15 1.5 0.9 50 24 2.5 2.0
11 20 2.2 1.0 51 27 2.2 1.9
12 22 2.6 1.5 52 30 1.9 1.6
13 24 2.6 2.5 55 34 1.6 1.1
15 26 2.5 1.9
14 28 2.2 1.8 150,850 lb. - 61.25 ft
16 30 1.8 1.6 57 19 3.1 1.3

58 20 2.3 1.7
195,610 lb - 62.5 ft 59 24 2.0 1.5

19 20 2.9 2.2 60 28 1.7 1.4
21 24 2.7 2.4 61 30 1.5 1.2
22 26 2.4 2.1 62 32 1.4 1.1
23 28 2.0 1.8 64 36 1.2 0.9
24 30 2.0 1.5 66 40 1.1 0.8
25 32 2.0 1.4
26 34 1.8 1.4 150,850 lb. - 63.25 ft
27 36 1.6 1.1 68 20 2.2 1.7
28 38 1.7 1.1 69 24 2.1 1.5
29 40 1.6 1.0 70 24 2.1 1.5
30 41 1.6 1.0 71 28 1.8 1.3

72 30 1.6 1.2
* Chines Widened near the Bow 73 32 1.5 1.1
195,610 lb - 62.5 ft 75 41 1.3 0.8

32 20 1.6 1.2
33 24 2.5 1.9 225,000 lb. - 62.5 ft
34 28 1.9 1.8 77 20 2.3 1.1
35 30 1.8 1.6 78 24 2.9 2.2
37 32 1.7 1.4 79 28 1.7 2.0
38 34 1.7 1.2 80 30 2.4 1.7

81 32 1.9 1.4
195,610 lb - 59.5 ft 82 34 1.8 1.4

40 20 2.2 2.1
41 24 2.6 1.9 225,000 lb. - 64 ft
44 26 2.0 1.8 84 24 2.9 2.2
45 30 1.9 1.6 85 28 2.3 2.1
46 32 1.8 1.3 86 32 2.0 1.4

Wake Heights (ft) Wake Height (ft)
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Run Vel Wake Height (ft) Run Vel Wake Height (ft)
# (fps) (at 80 ft) # (fps) (at 80 ft) 

100 LT - Level Trim 110 LT - Level Trim
1 0.00 0.0 19 0.00 0.0
2 4.02 -- 20 8.37 3.2
3 6.23 2.8 21 10.52 --
4 8.37 3.1 22 11.38 --
5 10.52 -- 23 12.69 1.1
6 11.36 2.1 24 13.54 1.2
7 12.68 1.3 25 14.82 1.2
8 13.51 1.2 26 15.69 1.2
9 14.82 1.1 27 16.99 0.9

10 15.67 1.1
11 17.00 0.9 90 LT - Level Trim
12 12.67 1.2 28 0.00 0.0

29 8.38 2.9
100 LT - 2 deg Trim 30 10.54 2.5

14 0.00 0.0 31 11.39 --
15 8.37 3.5 32 12.70 1.2
16 10.52 -- 37 13.55 1.2
17 12.67 1.1 34 14.86 1.2
18 14.84 0.8 35 15.71 1.1

36 17.01 0.9
�

�

����=%��������	������%������
����
������%�����������������)��%����������������
��)������
%������%���

������	
�%����
	�(��������������)��������
����� �����
	��%���������=%���������������� �� ���
���

��
%���
�����
(���������)��	��������
�(��������������-��
��
	���������)��%�����%������������+

��
��)�����	�����(� �+�������������������
������
�����������
	������%�����

�

:������
��������� ���)������%��������������
����������
	��������� �����������
(����������
	�����

��
���������
���
	�(�����
����������������)�����2�������3��������)��	����������������)
���+

�����
����%���(��������������$#6����
���
	����������
(�������
�������)������������	�(����
��

�
�)������������������(� ��)�
���������������
����%����
%�������
��������)����
	������
�����)+

)�
������

�

���)������(�������	���������
�������2��������
���������������(����3��
�����(��������)����������	����

���:���
���
	�������
����(���������������)�����	���������� ���
���������
���/		
������
%������

�� ���(��������)
�������
� ���� ��	������� ��
��������?�������)��� ��)������ ��	������� ��
�������

(������)�������
�������(����
���
�)������������������(� ��)�
�������%��(���)��������,�������+

���������%��
������������)
������)����
	������
�����))�
������

�

<%����%����������������	�����(� ����������)
������	
�����

��)
��
��
	�����(�����������������	�����


)����������
���(�����,�%���
����%�
���%��������(�� �����%����
%����<%������������������

���������(� ���)�
�%����������+�)����	������������� �		��� ������� �)
���������)�����	�
��(� ���

)�
�%��������
�����
(����
������������������
�����������(� ������������
	��������
��%������
(�

�)������)����%�������%��������������
��	�
�� �
(+�)���� ��)����������
����
�)�������
��������

�%������������%���������%�����������������
	�����	�����(� ������������������	��������
����������

�����������
	�(� ������
������(������������������
(+�
����2��)��������+�
��3���������
)�������

����������
������������������(������������������
(��(� ����������
�)�������
%����������
%��(����

)�
����
�����������%���������������
��������%��
��0������
����������%����	�
�����������������

)�����+��)���(��������������

�



��;B

:� ����������������������
��
���������	%���
��
	�����������J���)�������������������
��
	���������

�%�����
������	%���
��
	��%�������������������%����������������
�������������������+�)����)������

����	����
��� ������� �		������������������	��� �
(���(� �� ������������ ����� �		������%��� ��������

��������� �%��� ������� ����� ���-�� (� �� )�
�%��
�� ���� ��������� 	�
�� �
��� ��� �������� �)�����

�����)
����������
)����
���������)
����

�

������	����������������
�����	
��
(������
�������
��9�

�

'3� 8�����<)����
���

��?����������
����		������%�����
������
���(� �+���������������

����������������
����		�����
)�������������2�)�����������3�	
������������������������


)������������������(������������������%��������)�����������(�������������������)
�+

������)����������������
��)��������(����������)�������������)�������
������

��8������
%������
%����������	%��������%�����������
�	����
����%��������������)������

����������
��)�����(������D�������
�
��)
������
(����(� �+����������
�������������

�����
���
���%�����(�����(� �+�����������������������%������������������	�������
%���

)�
�����	�
�������
� ��
������������
	�����������
����������������)����(�������
(�����+

��
��2��������(����(������)����������
��3��������� ������%����
�)�
������������
��+

�������������
�����)����������������
����+�)����)�������
���%������D�������
�������,��

��
)��������������
����)����(����(������)����������
����������%����
(���������
� ��

��:�� ���
������������� ���� ��� �)���� �������
������� �%��� �������
���(��� ����� � ����

���������%����������		����
	� �������������������
	�(� ���)�
�%�������	�������������

�����������������	
���		�����
)����
����������)������

�

�3� ������<)����
���

����
%������)���������
��
����%���(����)�
����
�������������������)�
����������
� �������

	�
��(����� �,��������#� ������ ������������A��5� ���
���� ��)��
���?�� �,��)���
	�

�%����������������	%��+��)���������(������������

��?�
����	�������������� ���
������������)
�������

��<)��-��������������������������
���
���������,)
�%����
�(� ���)�
�%�������)������

���������

�

$3� 0��%���
���?%��
�����

��/,�����)����������=%�������������)�
�������� ��������
��
	��		������(����)�
���+

�
������������
�������������
�����(� �+����������
�������������

�

A3� H�������7%����

��?������������-��
��
	�(����(����������
��������
���%������������
���)�
)����� ���
�

����(���������������
	������-���������)����������(������������������������
���%���������

�
�����)%������
%�������%����
	������
���(����
)���������������������
������������
���

����)�
�%��
������(���)�������������
��
	�����
����)��������������������������+

����������
�������������
���������%��
����������������	������
%�����(
%����������+

)
������	�������)������������������(
%���)%����
%��������������������(
%������%�������

)����)��
��
	��
���������������
)����
�������������
���

�

�

�

�

�

�

�

�

�

�



� ���

��������	
���������������������	����� ����������������������

�����������������	���
�

 �

��!"����� �����������#���������� $� ���

����	
���	���	����
����������������������������������������������� !"#! �����	
$����	
��%&�
�
�%��	����

�
��������	
����������������������������	����������������������	���������	����������	����������
��

�	�����	����������������������	����������	���������������	��������
��������	�����������������������

�����������������������������������	���	����	������������������������������������������������������

�����	���������������������������	��������	�������������������	���������������� ����	������������

�
&$�'��	���������

�
'���� ������%� (�� ��	��� ��&��� ��� 	)�������� %���� ��)�������� ��)���� ���� *��� ���	�������� �������
)����%�� ���� &��%� ��� ��)�&��� *��� ���	�������� � �&�� ��� ���� ��)��	����%� �&��� 
��)�� ��%� 	���	�����
(�&�%���� ���%	�	����� ������	���� )����%�� ���� ���� ����	��(���� +�� *��� ���	������� ���� (�� 	�
�&����%�
�
����(��)�%������%��	���)�%	
	���	�����*���	,�����	����	�����	�������%��������	��%��	���(�
����)����
�-����	����%��	)�"����&)	���)�%����������������
��)�%���
�
��%������)�&������������������(�����	)&���	�����
�
�����&�
����
��*�����&�%�������	��	����	���&�����%�
�������� 	)���������� ���&������
��������%	��	���� �
��	����� ��	��)��	�����'	������� ����)��� �
�
	�	���
%	

�������� 
	�	��� ���)����� ��%� (�&�%���� ���)���� ��� ���� ���	��� 
��� ���� �&)��	���� �����	��)�� ����
(�&�%���� ���)���� )����%� ���� (���� ����(�	���%� ��� �� ���&���� ��������� 
��� 
���� �&�
���� *���
��)�&���	���� %&����� 	��� �

	�	������ ���&����� ��%�
��-	(	�	����.�����	���
��*�(���%� ������)����%� ����
(���%����/����0��������)�*�	������������������	����
�
��*��*	��	����%�)�	���������%�)�	��(�&�%����
���%	�	�����!��������"����#$%&'(��	������%�������)����%��
��������&)��	�����	)&���	����
�������	���

��*��
���(�%	����
����������������������������*��)�	���������������*��%�������&)��	�������&�	����
�

�����&�
����
��*�1�

��� 2	����	3�%�
���"�&�
����*���/����� 4&���	��� ��� ���)����� ���� %	���	(&��%� ������� �&()����%�
�&����&�
�����(�	����&�������%������&�	
��)�(����
��*���������������	������	�&���������&����
���
�	)�"���)��	��56&��	"����%�7��	)&���	���	�����,���	���������)������#$%*&(��+����#$%*,(��-�� �

���� .����� #$%%/(�� +�	��
�	� #$%**(�� -������ #$%%0(�'�	��� ���� /����� 
&���	��� )����%�
5/4�7�	����������	����
���	���
���"�&�
�������%	�	������%���%	��	������%	�	����5�����	����	3�%�

���"�&�
�������%	�	�����������	�
	�%��&��)��	��������%�������	��������%����%	�����	3������
���"
�&�
����%�)�	�7��	��	��%	

	�&�������-���%���������)���������	��������&�	�����"����������#$%**(���

��� ����8��,	���.����������%� 58.�7� ���������
���
���"�&�
����
��*��*���
	���� 	����%&��%�(���
����� #$%,&(� ��%� 1������ #$%,,(�� *��� �)�����%� ���� %�&(��� (�%�� 
��*� ��� ���� (��	�� 
���
�	����	3��	���� ���������	)��	������&�������	���� 	��&	�	��������
���� �&�
���� 	�� %	�����	3�%� 	����
5���	������ 6&�%�	�������7� ������� ��%� �����%�(������8��,	��� ��&����� ��%� %	������� ����8.����
���	%��� )&��� 
��-	(	�	��� 
��� %	

������ ,	�%�� �
� 
���"�&�
���� 
��)&���	���� ��%� �&)��	����
�����	��)�����%�)�%����(��������%����%�&�����%��*���
��*��������2�������������#$%**(��+����

�������#$%**(��3� ���#$%%/(��������#$%%'(����	�����������	��&�&��������
����%�
�������%��*���
���	���������)�&���	����	�������	����-�	�	��#'///(���

��
9���� *�� %����	(�� �� /4�� 
��� ���� ����%��� 
���"�&�
���� ������	��"
��*� ���(��)� ��� ����&����� *���
���	���������%�*������������
���	�����
�
($�)��	�����*��������

�

'������%����������(�&�%�������)����)����%�
����������&�	����
��2������0���6&��	���5 :� =∇ φ 7�	����

�����"%	)���	�����%�)�	�Ω ��'��
��)���� 	���������6&��	���
��)�����2������0���6&��	���(��&�	�����
*�	����%�	���������6&��	�����%������&�������/����"/�&���������)1�



����

�

���
ΩΩ∂Ω

Ω∇∇−Γ
∂
∂=Ω∇= ����
�

�� ���: � φφφ � � � � � � � ��� �

�

Φ� 	�� ���� ����	��� ������	���� �� ���� *�	���� 
&���	���� Ω� ���� (�&�%���� �
� ���� %�)�	��� �� ���� ���)���
%	����	����������(�&�%��������%��	�����������	����6&��	���
�������(�&�%�������)����)����%�*��&�������
/����"/�&���������)����	��������������%�	�����������	���	��1�
�

� � �

� �

Ω∂ Ω∂ Ω

Ω∂ Ω

Ω∇+Γ
∂
∂−Γ

∂
∂=

Ω∇∇−Γ
∂
∂=

���
�

�
��

�

����
�

�

�:

φφφ

φφ

�� � � � � � � ��� ��

�
4�������(�&�%�������)����)����%�*���������� ����(������
&�%�)���������&�	����
�2������0���6&��	����
����
&�%�)���������&�	���
���2������0���6&��	���	�������&�	����
1�
�

:7��5� =−−−+∇ �
4� ζηξδ � � � � � � � � 7�5 �
�
5ξ�η�ζ7�������������%	�������
����	��&���	�����	����5-���37���������%	�������
���
	��%���	����δ�	�������	���"
������
&���	�����
�
'������������(����6&��	���*	���&����
����������������	�	����%�)�	�������/�����
&���	���/���������

��	�	����(�&�%�������%	�	��������������*��%�������)����%�	�����������%�
	�%����&�	������ :� =∇ � �	���"%�
*�	��������	������	��&���	������������	���5ξ�η�ζ7���
�� ����	�
	��������	����	3�%�
�����&�
�������%	�	����
������ 	�� ��� ���%���� %	�����	3������
���"�&�
���� %�)�	���������������� )�������#$%&'(� �(��	��%�����
���&�	���
����	�����
�����&�
�������&�%���	���������	����%&��%�� ���1�
�

��
π�
�=

�

( )

( )[ ] ( )[ ]

( )[ ] ( )[ ] ( )[ ]θθηθξθζθθ

θηθξ
θ

ηθθ
π

ζηξ

π

π

����
:

�:
��

:

�

����	��������	�����-����;

�	����������
���

75�-�
���

;

��
�����

−−+�−

−−
−

+
��−

−=

∞


+4+�+�+


 4 
+ 


 
� �+

		
�
4�

� � 5;7�

( ) ( ) ( )[ ]
( ) ( ) ( )[ ] �

�
���

�

�
�

���

ζηξ

ζηξ

−+−+−=

++−+−=

�
4	

�
4	

�
�
+�	������*����&)(����θ���%	����	����������
�����&�
�������&��*����������(�&�%����	���������6&��	��1�

� �
Γ Γ

Γ
∂
∂=Γ

∂
∂+ ��

�
�

�

�
���

φφφ 7575 � � � � � � � � 7!5 �

�
�
�

�

�
�
�

�

�

Γ∈

Γ∈

Ω∈

=

�

�

�

��

π
α
;

�

�

�

75 � � � � � � � � � � 7 5 �



� ��#

�
�������	�����������������	����������������������

	�	�����#�(�	���������%�(��α<;��*�����α�	������	��������
�����������	�������
�
�6�5 7�	����������������&�
����%	���	(&�	�����
�Φ���%�∂Φ5∂����%�������&���
�Φ��������	������=��������
�&�
����%	���	(&�	�����
�Φ���%�∂Φ5∂������,��*���������&���
�Φ����������	�����	��	%��Ω�����(��
�&�%�
�	���������&�
���� 	��������� 	���6�5 7����������,��*������������%&��� 	����&�����&����6�5 7����
	�%�����
�&�
����%	���	(&�	�����
�Φ���%�∂Φ5∂����%������5	
���6&	��%7�&����6�5 7����
	�%��������&�	������������	���

Ω∈� ���&��*�������
�������(�&�%����%����
	�������%�
	�%�������&)��%������������������������

�
�	���� �6�5 7� ����� 	������ �&�
���� 	���������� ��� ������%� ��� ��&)�� 	��������� 	�� �� 
	�	��� ���)����

��)&���	�������� ������� �	3�� �
����� ���(��)�����(������%&��%�(�� ���� %	)���	��� 5
��)���&)������
�&�
����7�� ��	�� ���� ���&��� 	�� �&��� ��	���� 
��� ���(��)�� *	��� ������ ��&)�� ��� �&�
���� ���	��� 5	�����
���(��)��*	���������%�)�	��7��+���������

������6&	��%�������%&�������&)��)�����
�����)���-������"
%	)���	������(>����	��
�����������������������6&	��%�������%&�����)�����
������&�
�����
�
+$�)���	
�����)	���

�
���� ��	�� )�%��� �)�����%� 	�� ��	�� ��&%�� 	�� ���� '	����� �&��� 
��)�� ���� '	����� ����(��	�� �&��� 	��
���������	3�%�(���������%�����������(�*����������%�,���������
��)�	��%�
	��%�(�1�

7�75
;

�5
� �

�

�

�

�

�

)

4-

 −−= �

�
:

:
��

-



��

)
4

)

<<

<<−

<<−

� � � � � � � � � � � ��� �

������� 5-���37� ����%	������ �����)�*	��� 	������	��� ��&��� �
�-� 	������%	����	��������	���������� ��	�0��

��*��%�)��	����3����	������&�*��%����%�������	�	���������&�%	��&�(�%�������
�����
�����&�
�����9����2�
	��������������
�����)�%����?� 	������(��)� ���)	%��	�� ��%��� 	������%��
���4������� �������%�
��)������
����)���	����&�������2<?�@��:���%�?<�@�� ��4	�������

�
4	���1�'	������&���
��)�

�
�����&)��	�������&�	����&���%	�����	3�%����)������)����	�����	���&�������)�����	���&��)����%��4	�����
�&�������))���	�����%	�	����
��&���
��)����������
�(�%��	��)�%���%��

�
4	���1���	���&�������)���������&���
��)�



��#:

,$��������

�
�������&�	��������	��)��&��	��%�	�����������%	�������	��������(��������	�%�����������%	��	����
�*���
)�,	������	����������

	�	����������������������
�4��&%���&)(����4�������*���%����*�����)�&��%�(��
	�������	������������&�����������*����%��&�
������������&���������(��	��%�%&�����4��&%���&)(����:���≤�
4�� � ≤� :�;�� +�� 	�� ���� �&)��	���� )����%�� ���� 
	���� ����� 
��� ����	��� �������� %���� 	�� ����,	��� ��	%�
	�%����%������ 4	���� ���*�� ���� *��� ���	������� ���

	�	���� %&�� ��� ���)���� �&)(��� ��� ���
� (�%���
?����%��::����)���������&����
���*������	�������(���)����	%�	�%����%������

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

40 80 120 160 200 240 280 320

Mesh Size

W
av

e 
M

ak
in

g 
R

es
is

ta
nc

e 
C

oe
f.

�
4	���1�/�	%���%����%�����

�
4�&��4��&%���&)(������������	%���%�
���)�%��	����4	��;���)��������)�&��%�*������
	���
���'	�����
�&���
��)�*	����-���	)������%�������4�@:��!������*�����������
���)�&��%���%� �-���	)������*���
���
	����������
�	����*�����(&�������	����	3�%�
���"�&�
�������%	�	�����&����������	%���(������������������
(�*������A��	��*�����������	��	%���*����*	��������������	�������-�����%���&���4	��!��

-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

-40 -30 -20 -10 0 10 20 30 40

x(m)

z(
m

)

Experiment [15] Present Work

�
4	��;1�B�)�&��%���%��-���	)������*������
	������4�@:��!�

�

�
4	��!1�'��������������4�@:��!�



� �#�

�
4	�� 1�B����&����
������&������

	�	������%���)��������
�����	���

�

-0.4

-0.2

0.0

0.2

0.4

0.6

-100 -80 -60 -40 -20 0 20 40 60 80 100 120

x(m)

z(
m

)

Fr=0.25

�

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-100 -80 -60 -40 -20 0 20 40 60 80 100 120

x(m)

z(
m

)

Fr=0.3

�

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-100 -80 -60 -40 -20 0 20 40 60 80 100 120

x(m)

z(
m

)

Fr=0.35

�

-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

-100 -80 -60 -40 -20 0 20 40 60 80 100 120

x(m)

z(
m

)

Fr=0.4

�
4	���1�'������
	�������������	���



��#�

4	�� ����*�������&����
������&������

	�	������%���)���������
�����	����������
�����&�
�������4�@:�;��
4	���� ���*������ ����&����%�
���� �&�
���� �����	���� ���������� �������	��� �
����� %�)�	��� ���*	��������
�

�����
�����	��	���	��4��&%���&)(��������(�*�5���
����7��
������&���	��������%����-@";:���%�����������
5�������7� 	��������%����-@;:��+�� ���*�������4��&%���&)(������� �� ��������

�����������*������
	����
4	������)��������)�&��%���%�)���&��%�*���%�������

	�	�����*�	���������
�	����*������
�

�
4	���1�'���)�,	������	����������

	�	����

�
4	��#� ���*�� ���� ��	%� 
��� ���� ����)����� �&��� 
��)�� 	�� *�	��� �@:��!2� 	�� ���� %	������� (��*���� ����
�������	���� �
� ���� %�)	�&����� +��	��� ����� ���� %�)	�&��� 	�� )�%���%� 	�� ���� ��)�&���	���� �-���	�	���
��))������ 4	���:� ���*�� �����&��� �
� �����&��� ���

	�	���� ��%�
���� �&�
���� �����	��� ��� 4�@:��!�
���
����)����� �&���
��)�� 4	����� ���*�� �� ��)���	���� (��*���� ��)�&��%� *��� ���
	��� ��� ���� (�%�� �
�
)����&�����%�����)��������4�@:��!������������%	

�������	��*������
	�����&����������������	�������	���
(��*���������&�����
���������)������
�
�

�
4	��#1�B���)�����9&���4��)�

�

�
4	���:1�B����&����
������&������

	�	������%�
�����&�
���������	���

�



� �#�

-1.00
-0.80
-0.60

-0.40
-0.20
0.00
0.20

0.40
0.60

-40.00 -30.00 -20.00 -10.00 0.00 10.00 20.00 30.00 40.00

x(m)

z(
m

)

Catamaran Monohull

�
4	����1�'������
	�����
�)����&�����%�����)�����

�

-$������������

�
+�/�����4&���	��������%�
���*������	���������)�&���	��������(��������	�%������'	�����)����&���
��%���'	���������)����������*������
	������%�*���%������)�&��%�&�	�����	�����������������*�����
*	���)�%��������)���&��)�����
������������
���*����)�%	&)�4��&%���&)(���������*�����������������
������ ���%	���%� (�� A��	�0�� ��	�� *��� �������� ���� ��)�&���� ��%�� 	�� �

	�	���� ��%� ���� (�� &��%� ���
���	)	3��*������	��������
�����)��������)����&����&���
��)����
�
��	����

�

?�BA�� 8�4�C� �+/���� +�8�� 5�##:7�� ���� ������ ����
���� ��	� �	��������� ����� �������� ���+��
��)�������)	����
����	���D��	�������%����&��&����	��'�����2��%���
�
?�E/9+���9�?��5�##;7��"���������������������������������������.���������	�������
�
�+'�=E��B�'��5�#��7�����	��������������	���������	��������������������	���������%������B��
��
E&)��	������	��9�%��%���)	����?��,�����
�
/+����/���� 5�#� 7������������� ��������� ���� �����������	���������������	���	����� ����� ��	���
�������8�E+�
�
9�����F�2�C�����9��+���=��5�# �7��6������������������������������������������������	���	�	
���	���

������������������������	����8������E��������;: ������&�����+	����
��B����������2����?������B+�
�
F�E��E��/�C�?�8�8+���D�C��G��E/��9��5�#��7��"���������	�����������������������!��������B��
���
E&)��	������	��9�%��%���)	����9	����	)��
�
A�E/��?�'��� 5�#��7����������������
�������������4������� ��	������������������������������	����
8�������: ��������E+������	���	����
��	��	�����
�
A�E/��?�'�C�?�BA��8�4�C��+/����+�8��5�#��7��"�� ���������������������������	��	��������������

��������������
������������)���E����9�%��%���)	��������9��&��
�

A=8���H�8�� 4���� 5�#��7�� ���� ��	��� ���� ��������	��	� �	�������� �	��� ��	����� ����� 	���������

�	�������.���������	�������
�
2�+.���� ��F�� 5�#� 7�� ���� ����������
������� ����� �������� �����	���� 8������ �:��� ������ E+�����
��	���	����
���	��	����
�
E+A=��� ��� ���� 5�##:7�� "���� ����� �����	��� ���� ������� �
� �� ��	��� ����������� ��� ���� 7�����

.�������.���������	�������



��#;

8+D�E�� 9�B�� 5�##�7�� �� �	�������� ��������	� ������ ��	� ������������ ����� ����� � ���� ���� �����

	������������#�����)���E����9�%��%���)	�������&��
�
�B2+D=�E=���.���� 5�#��7���������������� ����	������������������	��	���	����������� �
� ���������

��������F��4�&	%��������D�����# ������ !"#���
�

'�9+���E��F�9�C�2+��=E�����9��5�# �7��"�	������������9��%(&���%���.���	,�#�����	�����
�

H+E/�� B�C� 2G9E�8�� 8�C� E=?2������ 4�C� 9�+E/�� ��� 5�:::7��6�������������� "���� "�� ��������

�	�� 8����� 8���	����	��� �	����� �&������� B������ B�)��� �����%�� 	�� +���	�%� ��	������ ��%� ������
?���������
�



� ���

������������	�
����������������	�������
�

�����������������	
�����������������	�����������	
����	�������������

�
���������

�

������������	
����	��
������������������
��������������	��	�������������������������
��	��
��
��	��

	�����������������	�������������������������������
����
���������
����
�������
���������������

�����
������	
����������������	������������
��������������������������
���������� �������
�������

�
��� ������ ���� ������ 
����� �������������� ��	
��� ������������ 
�� 	�
�	�� �
��
��� ��������� �����

	

��
�� �
��	��
�� �������� �������� �
� 	
������
���� ������ �
��� �
�� ������ �
� ���� �
� ����
���

���
����������
�����	�����������
���
��
�������������������������������������	���������������

�
� ������ �� �
��� ����	�� ������ ���� ����� ������ ��!� ���� 
����� 	
����	����� ����������� ���
����� ���

	

��
�� �
��	��
�� 
�� ���� 	���� ���� 
����� �
����
���� ���	����� �������� ������� �
� ������������

������������������	��������

�

��������	�������
�

 
�����!����	!�����
����
�
��!������"��������	
������	����!������	��
���!��!������#������!����	$	!���

	
����	�	!�������������������
���������������
��	!�������
�	!������������������	!����!��������	���

�	�����
���	
!���������!����	
!��
�������!��!��	�������
!������!�	!�$�!��
�	����	!�"��������!��������

!�����%��������
�����$	��� !��&
�������
����
���������
!�� !�����	!���	�������	���!	�
������!������

	����
��� 	������ 	
�� ������ ��� 
�&��� 	������ �	�� 	���� ��� 	!!	&��� ��� �	��
�� �������
� �
����

�	�!���	���
��!��
��� �'#!�
��"��&
�$������	���!� !����������
��	�	!����!������ !����	!���	���	
��

���"����
��!��
�����!����!��!����������%������!��	"������!�����	!��
��

�

(����
�� !��� $����!� ��� ����� �!��!����� �
��	���� !��� ���&� ��� �
���� ����
���
�
�� $�!�� �����!� !��

����������	�������������)�	�����	!��
�*���!����$��&�!���!����$�!�������
����	
�������	����!����	��+��

!������	
����������!$����!��!��!������
�����������
��������	��������������������	�!����$�"�����
�	
��

	����������
!��!��
�!���	��!��������"�
�!��$�!��!	
���!	!��	
����
	�����	�����

�

����!$����!��
�!��!��
��	��	�$	������
�������	!������!	
���
�����������
���,���������������	�!�

$����!��	"�
�����	�����!��������
!�	���(����
��!���$����!����������!��!�������%�������
��	���������!�

�
� !��� ����!��
� 	
�� 	����	!��
� ��� ������!�	!��� �	!���	��� 	
�� �	
��	!���
�� ���������� ,��� �����

����	!��
�	
�����"���	!�"�!�����!����!���������������!�	!������
��!���$����!��
��	����!������&����

�
��������
���
�
��$�!�������!�!������������	����������������	���	!��������&��
��	
���������
��,���

�����!�
������!��������	����
���	������	���������������!$����!��
�!��!��
���!���������!	
!� !����	��+��

!�	!�!�	��!��
	���!�	!���������������
�	
�����"�������������	�	�!���!��!����	�	!����!������!����	!���	��

�
�%���!��
��

�

)�
"�
!��
	����������&���
!	�
���������	
������!	
&����	���
���	���������
�������	�����!�������	���!�

-.� ��	���� *	��� ����� ����	!��
� $�!�� ���	��� !�� �	�����	!��
� ����!���� ��%������
!�� 	
� ���	���"���

!���������!�!�����������!�����������	�����
��	������#���!������	�������/�������	������	����	�����
�

!����	!���	��������!�����	�������
��
����
��	
���	���	!��
�!��
������������!��
	�����������	������

���!� ��� ����
��� $�!�� �������� ���"���� $���� !	&�� �
!�� �
�����	!��
� ����� !����� 	���� �!��!��	��

�
��!��
��!���0
�!�����
!�#!�!����������
�	���$	
�������
!��	����
���	
!��	�
��
�!����	��!���	���
�

���!����!��!��	�������
���

�

����� ������ �	�!� !���	���� ����	!�� �
� �
�����	���� �������
!� �
��!��
�� ���	���� !�� �
"�
!��
	��

"���������������	��
����	
���%�����
!�	������������	����	
��!���!�����	!�
�������������"������!���

�����!�
�!�������	�
!�
	
���/�����	

�������	!�
����������������������	�!�1�*)2�������	��������

����!���!�	
������
"�
!��
	����������0
�	���!��
��!�������	!�
��������������������!�
��	
����!�����!�

�	
��
�� �	�&�!� �
��!��
��� /���� �	�� �����!� �
� ����� �
!�
��� ����	!��
� 	
�� 	� ����!��� ����	!��
	��



���3

����!���������!��
	�����*)�	���������!������	���	�����	!��
�������1����	
�����������2�$����!	&��

�
!��	��
!�!���
�����	
�����	
�����������	�����
�!��!��
�	
���	������������	!��
��

�

�������
����
�!���* ��*������	!��
��	������*�����)�	�!�1�*)2����	��	�!�	�	�������	��������%�	��!��

����#����
��-�4�5�.�6334�1���2�����	
��#	�����,����6����$��!���!���	���
�!��!��
����	
��*)�$�!��	�

�����
���������
��#�������7.�&
�!���(���!��
��
�����!������$����!�	
����	���"��������!���+	!��
�

��� !����	
!��
��������

�"	!�"�������
�	
����� !������������������!��
�!�� !��$����!��	!����!��!��	��

�!������	����
���	������ ���������!���	!���	���1���������
��������	�!����,(82��0
� !����
��	"��� !��

��!	�
��!��!���������
��	��
��������!���$����!��	��%�	!���!��
�!�����!����������������
������$�!��

�����!�!������������	�������������� �!���+����	
!��
���	�����!	�
������
���������������!�	!��������
�

	
��	
	������!������/����������
�	���$	
���
���	����	�������!���
"�
!��
	��������	���
�!����������

�*)�����!��$����!��
�!�	�
!���/���������!����	���
�����!��!��	���	��!��	!�����"��������
�����	����

�����!�	
�!�	!������
"�
!��
	��"�������1'
��������	
���,	��(�!��2��

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

,����69�����!�:����!�*!��!����
�

���� ��  ���� ����� ���

�

 ���
	���	
���������!�
������!�����1�/*2���	!���	��� !�	��!��
	��������������
�����������
���	���	����

���%��
!���������
������
!��	������!$����!��!��!������,�����	���
�����������	����#��6�.����
���
�!��

	
���"�����������!�
�����������!��!��	���!�����$�!����
������������!��
�!�������� !��-�.�;���<�	���

����������/���������!��!���	���
!������%�������	!���	��!������
�����	�����������	
��	����	"�����

�����
��	
��$����
�����������	����	!���$�!���#����"����	!�� !��&
����� ��/*������
��	����	�������

�
����
��	�����������������	�!�$�����!�����
�����!��&
������!���	������!�������	!���	�!�7����

�

�����
����	������	�������
!��� !������!�����
�������������	!���	�������������������	�!�� � ����

	����
����"�����������"���6..���!�����
���
�!��$�!�������
�������������"���7.�&
�!��	��������
��

����
�� 0
�����������
���	����
����	������ ��� !����...��������1��=��	�����2�	
�� !���3...��������

1��=�*��	�����2�	��������������!�����������>�������	
��������!��!������/�����	����
����	������	���

�	�	!���+�����������$����	����!��	
���������
������!	
����,���������!��!���������	��!���$�!���&��

���	!	�	�	
���	!�
���	
�����	!��������!�!��
�	���
�!�
����	�������%���������$�"������	����
����

	������ 	��� �
� ����!� �
!	!� ��� ��������� �
� ��	$	!��� ���� 	� �����
���� �������� �������
� ���!�!��
�

��	������ 	��� 	�����!���� 
����	��� !�� 	"���� ��!�	�� �������
� 	!!	&�� /��� ���	����� ������ ��	$	!���

�����!	
!�	����
����	������$����	�����!�
���
!��
����	"����!�!�������"�������

�

:��
��������
���������!�
������!����	
��	����
���	�������
�����!$����!�������
�!��!��
������	��

	!!�
!��
����!�����	��� !�� !����	�!���	���	�	!����!������ !������	!���	������	���
���	!������!��
�!���

��&��
��	
���������
����	"���1'
���������	
���,	��(�!��2��



� ��4

�

!���������������"������

!��������#��� ��� �

?
���!�!���	���
��!���������	������� !�
������!������
�����!� �
!	!� $�!����	$	!���	���
���	����

	!!	&�������
�������������
���;�����
���	
!��������
���
��������
��	!���	
���������"�����!$��
�

�����	
�������!�
������!������?
����!���$���!��
��!��
���������
��	!������6���!���������	���	�����

	��������*�
�������������
�	
���!��	!���������!��
�	�����!��
����!����!��!��	���!��
�!������
����

��	&	����
�$	!��!���!����
�	���������	
�+	!��
����&��0= �	
���	�����	!��
�����!�����	"���
!�������

��	������ !�� ��	�� $�!�� !���� ��������� (����	!��
�� 	
�� ������ �	"�� ���
� 	���!��� ���"���
�� ���!	����

�������
��
!�������!��������	�����!�!�"���	!�
���	
�����	!��������!�!��
��0
�	���!��
����"����

�	"�����
�	�@��!���!��	��
!������!��!��	����!�����	!��
�����!���������
��,��������$��!������	!�"����

�
�������������
����	
��
�	!����!�����	��	�!�!	
&��

�

�

�

�

�

�

�

�

�

�

�

�

,�����9�?
������)�������
��
�	�A	��	�!�/	
&�

�

0
� !��� �����
� ��	��� �!��!��	�� �	
!��
��� 	��� 	���	!��� �
���� �
�����	!��
� ��� �	�����	!��
�

��%������
!��� �� �������
� 	���$	
�� ��� ��%������ $��
� �����$�
�� ����	
������ �����B�� (����� ����

)�	�����	!��
�	
��)�
�!��!��
����*�	���
��*������8�	!��!��&
���������!��6.������%�����	��������
�

	���$	
�����!&C6��������,�����	!��!��&
����	��"��6.�����!����������
�	���$	
�������!����
������

!&�C�.�6�#�!D��&
���E�.������	��	#��������-�����/���!D����!���!��&
������%������!�����"����	��%�	!��

�!��
�!���0
!�����
��	��������
�	���$	
������%��"	��
!� !���
��	��
�� !��� !������	���	"	��	��������

�	������������	!��
��

�

)�	!���	���
��!��������	"��������&���	���"���	!���	�������	���!	�
������!�����	
��	����
����	�������

/����	!�
�����!�������	!����!����	���"���	�������
���	����	����!�����!�!�!����	!���	��������
������

�������
��:��
� !����	���"���	��������	�	����	
��
�!����	!������	��+����������
�$����	!!	&� !���

�	�����!	���*���	!!	&��	����	�	!���+���������
���#!���������	��+���	
��!�����
�!�	!��
����������
�

���	!��
�!��!���	��	�	!!	&����)�������
��	!����
�������!�	!��
��$��������
���
��	!��������	��!�����+��

��� !��� ���	&��$
� 	
�� !��� 	"	��	����!�� ��� �#���
�� 0!� 	
� ��
��	���� ��� 	������� !�	!� ���
���	
!���

�
��	�����������
��	!������	����!���
�������������
�$���������!��

0
�����	����	��������
�	���$	
��$����
�!��
�	
����
��"�!����A�	�����!��������	!�	��!��	�����	�

�����!��	!�
��$�!���!����������!��	
����"�
�!����	�����
"���
��
!	���
��!��
��	
�����"���$����

����������	!���
���!�����
��&����!�	!���	���������
�	!!	&�	
���� !�!	�������"�
!����/����������	!���

	���
��!����������������
���	$	!���
����	���!��
	����	������!�����!�!�!����	!���	���������	��+���

�������
�����	!��������!�!��
����!������	����!�����"�������!	�������!�!��
�	�	�
�!���!!�
���������
�

�
�	����$�����!����	!�
���	�����&�
���$
��A��������
����!�������	!��������!�!��
����!����������



���F

�	�����	��	
������	��� ���G�
� ���	����
����	������� �
�!������!���� ������!�!��
���� !�������	
�

	!�"����������������
!����!���1'
���������	
�2���

!���� ��������  �$��

�

�����
������	���	!�"����!	��$�!��	������	���
�!�������#���
��/����������
����	����
����������
��
!�

�
�!������"	�������!����������
�����!����!����*�
��!������"	���������	$	!�����������!��
��!�	���!���


	!��	�� �#���� ����� $���� ������ �
� �
���!�!��� 	����
��� ��� 
���	���� �!	����� /��� �#	!� ����	��

������!��
����!���	����
���	�����	
��!������	!��������
��	
��	���
������!���������
!��$����	���

�����!���������!���	�����	������!����
���!���$	���
�$����	����
���$������������������
��/���"����

����!����������
!�
!�����
���$�!���	�
��������� !����...�	
��3...��������	���������"����� !���

����� �������
� �����!	
�� �
� !��� �	��
�� �
"���
��
!�� ��$�"���� $����� 
�� �������
� ��	������ 	���

!	&�
�	����
���	�������	�����	!!	&��������!!�
���������
�$��
�����	
�
!�������������
���	$	!����

/��� �����!�����!�� !�� �������
� ��� �	�
��� ���	!��� !�� !��� !���� ��� �#�������� !��� 	����B�� ����	��

������!��
�	
���!����	�
��!��!������

�

�����
�� !�� !����	�"	
����������
���	$	!���+�
�	
��	����
���	��� !�����	�!�
������	!���	����/����

��	
��	����
���	����������
���	
���
��
!	!�$�!���!���������
������	!���	�������	��	���
��!����

��� �!	�
����� �!����� $���� ������� ����!	���� �������
�� /��� �������
� $���� 	
� ��� �����"��� 	
� ���

������������	����	���
�	
�����!!�
������$	���$���!!�
���������
��/�������
���
�
�������!�"�������

�
�	��	��$������!	�
������!��������������	������	��������
!��,���-����$��!�������!	�����������
����	�

$	!��@�!���	
���$������!��!���!�	
�������	��*)���/���$	!��@�!��	��	����������
!	�������!	�
������!����

����
�
!���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

,����-�A���!	����)�������
���������
���

�

0��	����
����	������	����!���+����
�	��	��
���
"���
��
!������	���������
����!�!��
���	���������!�

���	��������)�	!�
���	�������!��	����
����������	������%��
!�������������������
����!�!��
�	��$����	��

��������	!�"������������8����!������	�����#����������	
�����#����	�����	&���	!�
���	
���������

!��������!������&������!!�
���������
���/������	!�
���	
�	������������!�����"����	
����!��	����
�
�

�
��!�"������	���/���	����	!��
� ����	!�
���	
�	������������ !�� 	���"��	
����!��	������	!��
�

��!$��
�	����
���	
��������#	�������!	�
������!������
�������!��	"��������!	�����������
��� ��������

!�������������	!�
��������������!����������������"�����?��	��������	����
�$�������#���	!�
���

	���	����������!������	�!���	
��!����	!�
������������	��������
�!$��������������!������	!��!��	���"��

	� ��
���!	
��
�� ���!�!��
� 	�	�
�!� ����!	���� 	
�� ��!!�
�� �������
�� 0�� �	!�
��� 	��� 	������� �
�

	����
��� �!� ��� �����!	
!� !�� ��	��+�� !�	!� 	
�� �	!�
�� �	������ $���� �
�
!�	!�� !��� �������
� �
� !���

�#������ �������
� ����� ��	��
�� !�� ������� 	
�� �	�!��� ��
�!�	!��
� ��� !��� ��!�� /��������� ����
��



� ���

�
�!��!��
�	
���	�
!�
	
���
�����	����	!!�
!��
����!�����	���!��!����	!�
��	����	!��
���0!����	����

����
!�	��!�	!�	
�����	
�	���	�	���!��!����	!�
������
���
�!��!��
�������	�������������	�
��
���

�

�����
������!�!�������	!�
���	
������������
���	$	!����������	�$	����������
���$�!��	!�����

���!�!��
� !�� 	"���� ��!!�
�� �������
� $����� !��� �	!�
�� �	�� ���&�
� ��$
�� )	!����� ���!�!��
� ���

��	
�� ��� �	�����	�� 	
����� �	��� ����� 	����
��� ��� +�
� 	
� ��� ������ ����!��
	����� ����!	����

�������
� 	
� ��� 	"������ $�!�� 	
������ /��� ���!�!�"�� ��!�
!�	�� 	����	�������� ��=�� 	
�� ��=�*��

	�������	�� !���������!��� !��?�C� ��.����5�"������ !����!	
�	����������
����!������ ��
������!��
� !���

���!�!�"����!�
!�	���	�������!��
�	
�	�!���������"	������	��
��!��	����	!����������
��	!����0��	
�����

	��� ����� !�� ���!�!� 	����
��� 	�	�
�!� ����!	���� �������
�� ���� �#	����� �
� !��� �����
�� ��� �	����

�!	�
������!��������
�
!���!��������
����	!��������!�!��
����!����!�����������
"��!��	!����

�

0�������������
!����!����10)*2��	"������	��
�!����
����������!����������
����!�!��
����	����
����

����B��������������
!��
���	��"��!������!������	����!�
!�	��
����	�������!����������
����!�!��
�

���	����
�����	��!��������������	�@��!����/�	��!��
	���������
�����������������
!����!����$�!���
��

����	#����� !$������������	
�����$����
�!� ���	���� !�� 	���"�� ���	�@��!� !�� 	
�	��!	��������
!�

���!����!��
�� /����� �
	��!	���� ��!�
!�	��� �	�� �����!� �
� �������
� ���
�� 	����	!��� ��� !��� 0)*�

1'
��������	
�2��

�

%�������������������������������

�
%���&�������������� ��

�
��������	������������������	�!�����!����	���
��!�����������������!�!���	�	�
�!��
�������������
��

/�����
�����������!�
������!�����	
�����	����	��������	�������	����
�����!��
!	!�!����	$	!���	
��!��

��	�	!����������/������!�!�"���	!�
������������	��� !�	��!��
	�������#��	
���������!�	
���	�����

*���	�������������
���	$	!�������	���	��	�!� !	
&��	
��!����
���$	!��������	���!��������!�!������

�	!�
���$�!��	���������� !��&
���� ���	!���	�!�-..�H���������	
!������
���,��� !�����	��	��	!�����

���!�!��
����	���!��
	������%������!��	"�����������
��
�	������	��	!�
�����	&���$
��0���	!�
���	���

����
���$�!��	!��������!�!��
� !��������	!�����!�����!������&����,����	��	�!� !	
&���	�����	��

	
�����1+�
� ��� 	����
��2�	
���������� 0�������������
!� ���!����	���
�!� �����!!��� �
��
��
���

��	�������	���	��	�!�!	
&������!��!��������������"������
!�����������
��	�������$�!���	��	�!�!	
&���

!����
���$	!���������������������!�!������	!��������!�!��
��*	�����	��	
�����1+�
����	����
��2�

���	
���������������
!����!����	������!���+����

�

0
���	!����
!������	��	���#������ !�� ������	!� ����	���	���
������	���
���	��������"�� �
��������

�������� ���	�� �����!����� !�� �$�	!�
�� ������� ����"�� 	� ���!�!�"�� �	!�
�� �
� 	���!��
� !�� !��� �����

��������

�

,���
�$������
���!����������
����!�!��
�������	!��
��	��!����������!!���!���	�������	����"	���/���

������	!��
� ���!� �
!	�
� �
����	!��
� 	���!� !��� �
!�
���� ����	�� ����	�	!��
� ������� �	!�
��

	����	!��
���	!�
�� !�����1
	���	
���	
��	!����2��
����������	����������� !��&
������!��)�	!�
���

����� ���� ��������� 	��	�� 	��� !�� ��� !���� 	����"���� /��� �����
� 	
�� �	���!� ��� 	!����� ���!�!��
�

��	���������!�������������!����!	�
�	����"	��� �/���������	!��
���� !���	!��������!�!��
����!���

������� �����$� !��� ��%������
!�� ��"�
� �
� ��B�� ������ ���� �	�����	!��
�� ,��� ����	��� ��������� �
�

��	$	!���!���	����	!��
����!����������
����!�!��
����!����	��!����������
!����*���	������	�	!��
�

	��$����	��	!�"�!�����

�!��� !�� �	!�
��	����	!��
����!� �����#����
�	����!����� 0��	����	�����	�

��
!��
	��!��!����!�����������������
!����!����	��!������
���!	&�
�����
����	�!��	���1'
��������	
�2��

�

%���&������������� ��������

�
%�������������'(���	����������������

�

*���	��� $���� 	��� �#������ !�� ��	� 	
�� �
!������ 	!���������� ��� 
�!� 
����	����� 
���� �������
�

���!�!��
� ��� ��	
�� ��� �	!�
�� ���!����� /��� �������
� ���	"���� ��� 	����
���	����� ��������� �
�



�-..

�*)B���	������
�!�	!���
���
�������������
���0
������	�������	���������
�	!!	&��	����������"���

	��	
��
�"�
�	���	�	
�� ��� !�������	�����$�"���� !������!�� ��� !����������
���
�!�	!��
�����	!����

����!���	
��!����������
��	!���	������$���!�������!�������	!��
����	
��#�����	������)����
!���	!������

!�� �	!� 	��� "������� ����	��� 	��"�� !��� $	!����
�� �
� �*)� !�� �����"�� !��� "���	�� 	���	�	
�� ����

�	���
������/����	!�
���	������	����$�����	�
!	�
���!����	"����
����	���������
���*��!	�����	!�
���

	�����
��	�������#������������!�	
���	�������������	!��$	����������$�!��	��������!�	
��!����	!����

�����	���	&���	����	����	
��"��������!$����!��	!�
�����!�����������	��	���

�

0��	����
������������
�����
	!��
�$�!���!�����	!���	����
�	���	�	!����������!����������
����!�	!�

�!	�
������!���������	��-63���	������������� )	���
��!�����������
�!� �������
���$�!��	����
���

1'
��������	
�2��

�

%������������������	������)����

�

,��� !����������
����!�!��
� ���	����
�������	�������������
���	$	!������!	�����	!�
�����!����

����
���$�!��	!��������!�!��
������%��������/����������
����!�!��
�����	��	�!�!	
&���
��*)B�����


�!�	����!�	��	�������
"�
!��
	��������	��!������	�!��	���������$	!����	��	�!��/���������!����������
�

���!�!��
��!�	!������������������������
� !������!�!��
���� !����
���$	!�������� !��	"������	��	
��

����!	�����������
��

�

/�����%������
!��	����	���������*)B�����
��	����
���	����	��	���������	��!��!������������
���!�����

,����	!�
�����!�����
��
���$	!�������	������	����
���!������������!��&
������%���������-..�H��

$�!���!�	
!������
���/����	!�
���	���!�����!����	����"�������!����	!�
���	�����%������!���������
���

$�!��	!��������!�!��
��!����	!�
�����!�������	!���������!�������
�	!��������!�!��
����!����

5�
������#������������	��	�����
��	�������!	��������!����!����������"����

�

/����������
����!�!��
�������	!��
����!���������!!�������	����"	��!���	��������	��
�$������
��

���@�!��0
����	!��
�	���!� !����
!�
��������	������	�	!��
���	!�
��!�����1
	���	
���	
��	!����2��


����������	�����������!��&
������!�����!�������"������/���	����	!��
����!����	!�
�����!����	��!��

��������
!�����/������!�������!��
�����!�������	������	�	!��
���
"���
��
!	���
��!��
��	��$����

	�������!��	!�"�!�����

�!���$�!��!����	!�
��	����	!��
��

�

/���	!��������!�!��
����	����
���	
����	�������������
��+�
����	����
����	�����	��	
������

I��� !�� !������&�����"�����!�!��
��	�
������	
������������
�!����������/���	
�����	�����
��	����

������ ���
!��� !�� !��� ����	�� !�� 	"���� �
��	���� �����!	
��� 0
� !��� �����
�� ��� �!	�
����� �!����

����
�
!������	��$	!��@�!��	�	���	!��
����	
�����	��������%������!��	"��������!	�����������
���

/���	���	!��
��	��!���
������!����#������	��	����!����!	�
������!����	��$����	��$	!���"����!�����	�����

�	�	!����!�����	!�
�����!�����!�� �/������!����!��
�	
����+�����!���	
����������������	�����!�����	�

���!�!�"����!�
!�	�����?�C���.����5���,���!���	����"	�����	!��������!�!��
���	������!��������
�	
��

�	���!����!������!����	��!��������������	
��	����"����

�

/�����������	�����	��	
���������$	!��@�!����������
����!��������	!��������!������� !�� !���"���������

$	!��� "����!���� 	
�� ����!��� ��	�� ���� 	!!	��
�� 	
������ (��
!���� ���������� ����
!� ���!�!��
�

���!�����	"�����
������ !�����!�!�	����
���	�	�
�!�����!	�����������
������������!����� �/�����

	��	�� 	��� ������� �����!����� !�� ����!	���� �������
� 	�� !��� ���������
� ���!���� 	��� 
���	����

�	
��	!�����������!	�
������!������*�����������������
!����!��������	��!	����	
�����	
��	!�����

�����	
��
��!��	!���	���	!���$�!��	
�	!�"���	���������	!�
��������!	���#������/�������	���$����	���

!��������!�!���	����

�!��� !�� !���
��	!�"���������$����� !�������!�"�������������

�!��� !�� !���

	
�����!���������
��	
����!����!��������8�!�
!�	�����	�������������
�������"�
!�������
!�����
��	�


��	!�"���	�����
!��!���	����
�������	��!������!��
�
��!�����!�
!�	��!��
�	����!����	���"����!�
!�	���

�

/�����!�
!�	��	
������
!����$��	��!�����	�@��!������	��
!�������!������
��������
�����!������������

/�����
!�������!�����������	��!��!�����������������������
!����!���������!�����!�!��!�����!��!�������0!�

���	�����!��������
!�	��!�	!�!�������!���!�
!�	������	�
!	�
���!����!	�
��������
!����!�!��
��
�!����
��

�	
��	
��	"�����"�����!�!��
��
�!����!�����	
����
������!��
�!�����!�
!�	����
��	!����
�!���	����
���



� -.6

����	�� �	�� �
!������ 	��	�� ��� �"���� ��� �
���� ���!�!��
� �����!�
�� �
� �	���� �������
� 	!!	&�� /���

���!�!�"����!�
!�	���$�����	"��!�����	���"���!��	"��������!	����	��$����	����!!�
���������
��
�!���

�����
��������������"����
!�"����!����$�������
!����
"��!��	!�����/�����
	���
�����
�����!�����!����

	����!������!�!	
��
������$�"�������
!��#�����
���	�������"��������
����!	
��
�����!������	
���

�
"��"���	
��!�����!����	����	!��
������������������
!����!�����������������
��
�!�����&���������
��

1'
��������	
�2��

�

*����������� �	������

�

I��� !�� !��� �	!� !�	!� ����!$����!� �!��!������ 
�� �	!!��� $��!���� ��� �!���� ��� 	����
���� 	��� ��!�
�

����
���
�������� !�� !����������!��
�!��	
�� �
� !����	��������#	!�������
�����	��	������
�������
�

�"�
!���	��	������	���	�	��������	�!�	��������!��!������

�

�����������
��

�!��
�$�!��	����
�����!��!������
�����������
��!�	!��������������!�	�����!���

�	������ �
���� ��
	��� ��	��� ��&�� ��������� ���!�	!��
�� �
� !��� $	!��@�!� �
��!� ��!��� A������ /��� 6�!�

�	���
��	"�!	!��
�$�����#�!�������	�����
����!�	����-���	
��7!���	���
������ !�����	������%��
��

$���� 	
� ��	�� !�� ����
	
�� �����
���� �
� !��� ����� �!��!����� *��� ����
	
�� 	
� 	���� �	!�����

���������1,	���*�����!����?�&�
2��/���������!��������
����!���$	!��@�!�	��	���������	��!���
����!�	
�	�

�!��
�!�����������

�

;�!��
�����	���	����	"��!������
����������!�	������	�������!��"�������	!�
���
�!�����&��!��!�����

	
���	�����	��	��������������0
�"��$���� !���������	!��� ����!���+	!��
� ��������
!��	������!$����!�

�!��!���������	�����	����	�� !������	��� !���	!������!��
�!���
�	��	���#������ !���������
	�����	����

,���7����$��	��!��
��	���$�����	��������!���"����	���

�

�
,����7�*!��
�(	���I	�	��� � � � � ,������ �!���+���)�
�!��!��
�I�!	���

�

*���!��!�	
��!��
�����!�	
�"�����@��
!������!���	&�!�����
������"���	
��������������"���$�����$�!�������

���!� ��
�!�	!��
�	
��$�������
���������������	��������"�� !����	!������!��
�!��������!���� ����������

�!��������!��!������,�������	���!��!�����	
	����������!��!��	����!	�����
� !����	���������
�!�������
!�

������������%������!���
�����	��%�	!���	!������!��
�!���,��������$��!����	!�������!���+����

�!��
�

���	��!	
���
�������!�
��	
��#!������	����
�����&��

�

/��������
�����
!����!�
���!��!��	�����������������
�������!�$�����	
��!���$�������

�!��
�����

��������!�������!�	
�"�����	
����
��!���
	�������������!�����
��������$�!�������!�!���	!������

�

,����$�
��!�������������
���&��
����
!��
�����������!$����!��!�����!��!������	����
�����!��!�����

�	"��	�������� !�������&���	��$�����
� !��������
�	
���!��!��	����	
�	����"	����	����A�&��
�����

���������	������
��!���
	��	
�� !�	
�"������!��!�������	!���	!� !���������
�����������������	�!��	��

���
����"�������"��	�� !�����������	���� �
�"��������	���
�����%��
!����
���������	��
��!��
��,���3�

���$����&��
�����	���
��!���
	�����&��	������!����	���
���"�
!���
�!���$�!���&��!��!�������	������

������	!	�	�	
�����	!�
��	!�!���A	�!��*�	��

�



�-.�

�
,����3�A��&��	��A�&��
��

�

=	
��!�����������
����!���"������$�!���	�������	���!�����	���
��I���!��!�������!$����!��
�!��!��
�

�#!�
��"�����	���$��&������%������!�����!����!��������
	����	����/�	��!��
	��������!��!��!������	���	"��

������	�	����
�!����!�����	
��!����������$����!����!����
"�
!��
	�������$���������!��
�	�����������	!�

������,���4����$��!����	�	����	�!��!��!�������	
�	����
����	!	�	�	
��

�

�
,����4�I	�	�������������*)�)	!	�	�	
�

�

*���	�� �
�����	!��
� ���!� 	���� ��� ��"�
� ����
�� !��� �����
� ��	��� !�� !��� "���	!��
� ���	"����� ���

����!$����!��!��!������A�	������� !������������!�������������	
!��
���$�!���
�	
�����
������!���

��
�!�� 	���"��� ��� ���� ��� �
��	���� �!��
�!�� �	!���	��� ���� !�	
�"����� 	
�� ��
��!���
	�� �������� ���

	�!��
	!�"����	
��
��	�������������
�!��$�!���
�	
�����	
!��
����!���
	!��	�����%��
�����!������	����

J$�	&J��!��!�����	
�����$�!��
� !�������
	
���	
��������$����%��
���#�!���������	��������������

5���	!��
�	
	�����������!�	���!��!���������
��!��������
���	���	���
�$	�	����������������	��	!!������

���!�
��	
��	����
��	��
������������������
��!�����
�!�������
!���!������



� -.-

0
� !���� �

�!��
� !��� 
����� ���	"����� ��� ����!�$����!� �!��!����� �	�� 	���� !�� ��� ��
!��
���� /���

����!��
����$����!�	
���!���
������!�
���	�� !���
�����!	����
�������"����$�������$����&
�$
��
�

�*)�� ����!��
	���!����
����	
���	!���	��	!� !��� �	�
��
��
�����
�	!��
�	
������� !���
�������"���

�
�����	����� /��� 	���!��
	�� $����!� ���� !���� �	!!��� ��� ��!�
� ����� !�	
� !��� $����!� ���� �
���	!��
�


����	����������	�	����
���������!��
����
����������!��
��������������	�����!�
!��	�!
���	
�

��!������!���
��������	"������������!�$����!��!��!������

�

=����	
�������$�
��$���
��*)�	
���	���
����������$����������!��!���������!��!����!��������!���

$����!����!����
�!��!��
��?��!��
�$�!����#�����
��$�!��!��������������������!�"���0!���������!	
!�!��

����!�	�
����!	�������!����$��&���	��������
�!���$��&�
�����������	�������
���	
!���������!����!��
�!��

��� !����

�!��
��0!��	�� !�����
�!��� !�	!�������$�
��$��	��� �
���	���$����
�	��	��$����	���
�!�

	���!������0
!��
	!��
	����	����
��1,	��(�!��2��

�

+��
����������������

�

��B���!	!��!��	���!��!��!��	���	�	�����
��*)���
��6��3���������������	!�
���
�!���*&	���	&��A	�!��

*�	�� ;��!�� *�	�� 0����� *�	�� =���!���	
�	
� *�	�� (��� *�	�� 0
��
���	�� ;��!�� 	
�� *��!�� �����	��

8���
���	��!�����$��	���!�7.K����!��������!����	�	����	���	���������������
14.K2��������
��
��

1-.K2��=��!����!�����	���
!���	���
�����
���	�������	
���"��
��1�������
�$�!���	�������	���!���2��

����!��.K����!����	�	����	���	���������
�#��!�����	�������
������	!��
������!�6�K�	��������!���

	�� �"����	��� ����	!�
�� 	��"�� !��� �����
� ����!��� �
�!���� 6�K� 	��� 	����� ��� �	�� $��&�	
����� ���

�	!���	���	���������!�!����
��!�����	���	���!�6.K�$����	��������!���	���
&
�$
���	��
���������!�����

�	�	����$������	��	
�����!����!������	����$������
��$�!���!���
�����
!�����!��
��������	!��
��

�

,������ ������

0
�������!��������$����!�	
�������"���������	
��!������!��!�������!�
�	�������
���
�����������
�

!��� �	���� ��� �!��
�!�� ���	������� ��� !��� �������
������!	
�� ��� !��� �	!���	������������ �� �������
�

	���$	
�����
�!����	�����
��������� �/������������!������	
��
����%������
!�����	������������	����

�������
� ���!�!��
� ���!��� 	�� $���� 	�� !�������� �
���!��
� 	
�� �����"����
� ��� !��� "������ 	
�� �!��

���!�!��
����!��������!��
	������!���������!	
!�����!����$
���	
������	!���!����	��+��!�	!�!����
��	����

�	��!���	���
������ !��	��������
�	���$	
��	���
�!������
!�� �:�������	���������
��������"������

������	!��	!��
�!�����	���!����	�	���	
������	!��!���	�������!����������
���������	!�"����

����!$����!��!��!�����	�����!�
�����
���
��������!�� !����������!��
�!��	
���
� !����	��������#	!���

����
�����	��	�����0!������B���#�����
��!�	!�!������	�	����$������	��	
�����!����!������	����$����

��
��$�!���!���
�����
!�����!��
��������	!��
��

�

��-��) 	�����

�

/�	
&�� !��I	
����'
����1��2��L��
�����	
��1��2�	
��,	�&�(�!���1��2�$����	�
���������!��� !���

�
!�
!����!�����	�����

�
.�������

,�)���M�N�( /�'��,��1�...2�����������������"������	���
��� ����#�������������*�����5�������

�...�O�A���
���5�!���	�

��

';�'���I�N�� ���;I�1�..62���

��
��$
��	��
�������������
���������������� �*;�='��

�

,�)���M�N�*80�0 /0*����N�?�M';�16���2��%����������
����	��
��&����	�������������� �
�������

�����
� ��08'(�6�����G�"�
$	�!���



����

����������	
�����	��	�	��������	���	�����	
�

�����	������	������	��������������	
���������
��	�����������
�����	�����
���

������	����������� ���!
��������"!�#�$
�
��%!��
��
��
��	��������

�


������	

�

������������	���
������������������
������������
����
�����������������������������������������
���������

�������������������������������������� 
��� ������������������
�����������������������������������

����� ����������������������� ������� ��� ����������� ����������� ������������������������������ !�������

��������������������
���������"�������������������
��"���

���������������������������������������

������	����������������������������������������

�

��	����� !�����		

�

�!
�&��'
����#���
��
�� ���� �!�#�� ����(
��
����
���"
��%����
�%�������
�� ��� )��&���� ��
���*� !
�

����
�����
�������)!�%!�!
��
)�����
�#���
��
��	
��
��������
���
����
�%�&&���������+
�������!
�

�!����������&
���&�����
����
������)!�%!�&
���&������&������+
������
���
����
�&���������
��%����,

�����#��������-���#���
��
������./��%��������#��%
&
�����!
�����
����-���,�.����������
��!��
,

)

��0�� ����1.��&�� �
�	�%
� �#

�� ����/,//�'����� � ��
�� ��
�
�� 
2���� ���&
���&� ����
� ���
��

)!
�
� !
������� �����%� ��� ��%�
������
	
����
����3��� !���'��������%�	���%�����%�&���!������!����,

�������%��&����������"4 �5�!�	
��

������
������%�&#��
��
�%!��!
���$
%
�������
)��#�������

!
���&����������
����%
�������
�
���&�����)�
��������
����
����$
%
������
������%�&#���������

 %'
���
���6�7188096�:
�	
����
�����7.��196�;����7.���9��
&�����
�!��!
���&�����%��������
��

��&
���	����
�����%�&#��
����
2�������

#,<�&���!���������%��&���������!
���&
���+
����%!����

�

�� �
�'

#����#
����&��%
�� ��� �!��� �
���� ��)
�� �#
%���%� �
�����%
� ���� ����
�� ������� ����	
��
�

��������
�#
%������)�!��
�#
%���&���!���������
���
���

�

 �%��%
#��
������������&����������
���������
����)����
	
��#
�����=�� <�)�!�����>�����
�
��%!�

#��>
%���
!
��)�!�!
�����������	
����
����� �%�������#�����������
�
��3��!
���
������
�
	�����

!
�%��%
#��
�����������������#
��%����
����������:��
���������������7.��.9�����!
������#!��
����

!
�#��>
%���
�����!����

��#���%��������
	�
����!
��
�����������!
�&����!��������������
���
,

�&
�����!
�&����
%
���
	
��#&
������!���&�
��%����
����������������7.���9��

�

 ������������%�������#
%����
�%��%
��
���&�%!������&�������
��	������
����&�=����	�'������?��',

!�	��'��7.��19��:��++����������$�++���7.��19����##����
�����7.��.9��@�!�&����
�����7.���9���!
�

���%������
��������&������!
�#�
��&������#!��
��!����

����%
��&�'�����
�
�
�%
���!
�5��!�"#

��

��������
��75"�9����
!
��)�!�����������#�
�%��#����������������%�����"�%�
�
����
	
�!
�
�������

��&������!�#����
����
�#��%�
���%�����
�
�����!
����
���������
%����#!��
����	
����%��������!
���,

���
�����%��
��
�&
���!����

��#
����&
�����������������
�
�
&
��&��
�����!
��!�#�����
�������

#���&
��%�A����,���%������������)�	
��B�%
�!
�&����&#�����#���&

������!
�!�����
�&
�������

��
��!� !�	
� �

�� �
���
��� �� &��
� �
���
�� ����� ��	
�������� !��� �

�� %����
�� ��� ��� �� !�

,

��&
���������
�'

#����������������
�����#��
��&
!��������!���#�#
���
�����!����

����%��
�����

!
�	���
�����!����������� �������� ����� 
�&�	
��%����
������&�&
�������
�� ���&� )������
�
��

%��%�������#��%
���
����

�

"�	�����������	���!��!���	�����	

	

�!
����%��
���� !
���&������3���1��%������������&�2
����������������������	
���������
�����)�!�

.����&&��#�%�����
)

�� �
�����%
�� ���&
������C���&&��#�%�����
)

�������������
���"������

���&�!����
�&
�����%�&#�

���&
��%���&��
�����!
�	
��
��!����

��%�
�
�����������!
�(�
����

3�(�%��
�75��!
���188/9�������
�����

��
	����
�!
��
!�	�������!
�)!��
����%��
��%%�������

��&����
����������!��������
���������%�����
��
��������%�����
�
&
����3���.�� ��
��
�����%��%�������

!�	
��

��#
����&
����������!
�&��
��)�!���A��������%�#���&
��%�)�	
�����
����������)�*�



� ��/

,� 4 �	
��
��!*�/�D��1��D�����1/�D�����!�#��
��!6�

,� 4 �	
�!
��!*�.D���D���D�����/D����)�	
��
��!6�

,� 5
������*�� ��E���1-�E��
#�1/E��

�

����
��*�����&����������
����&�����
�����%!���%
����%��

� �

?
��!��
��;
�#
���%�����������������?;;� 1.����&� "
�	�%
��#

�����������������������������������<� ���'����

(�2�&�&�������
��!������������������:� .-���&� "��
�!��������#��%
&
�� ���/D�

=
#!���&�����
%'������������������������=� 1.���&� (����!�����
�&
��� ?�:F1��

3������������������������������������������������ ����&� ;������*�-���#���
��
�������.���%����

3������������#��%
&
���������������������∆;�� ../��� ;��#������*�� ��1�2�./�(4 �G�=�
�
��.�2�/�/�(4 �

�

�
�

3���1*��?������������
%�����&�����
%��������%������
%'�����%��
��

�



���C

,� �

�
�

3����.*��5�����!�#���&
��%���&��
��&��
����(�
����3�(�%��
�����%�&#�

�&��
�����)�	
�%�
��

�
�

3�����*��?�������������
��
�����!
�&����!����

�

�!
�#
����&
����	
���������:��
�7.������9���!�)
��!
�&���%���%�����#
%�������&��������%��
�

���!
���������������
��!��#���%���������
��
�����!
�!��!���
��
��
������!
�%
�����!�����3������3���

!����
�������&��
��
���
����	
�����������!
��������������
������&�&
���
%�&
��
%
�����������,

�
�� ��
������!�!
�#��#
���
��

�������
������!�������%��
�������%���
A�
�����!
�&���&�&�!����

)
��!��4 �!�!�����>
%�	
����&�����������
�&�������������)�	
�������!����

��#����
���

�

#�	����������	����!������	

�

 �%�&#�

��
�'

#����������������!
�	
��
��)���#
����&
��)�!�#���%������
�������!
�	
��%���

�
������&�&
���:�!��!���
�&����������
�&�	���
��)
�
�%��%���
�6�����!
�����
�
���
����
��!
�

�!�#����
2#
%
����
�%���
���������#
���	
����
�)
�
�%�����
�
������!
�%��
2������%����������%�,


����%�%�������������
)

��!
�=
#��&
�������	��� �%!�
%��
����!
����	
���������
��	������

����� ��!
�3��%���
����
�
��%!�%
�
�����)����
%��
����#
����&�!
��
�'

#������	
�����������,

�+���� !
� ���)��
� �	������
� �� ����� �!��������&�%� �
#��&
��� �!
� �!�#� �
�#���
�)��� �

�,

&��
��)�!�!
��,���
�'

#����%��
�;$�� ?��<��H�<

��7.���9���
	
��#
��)�!���!
���
���������

%�������&��$"�7��,�#
���	
�$
�
��%!�"!�#�9�)!�%!������ ��������%�	
�&
&�
������;$�� ?�

%����
���)�!��
	
�����#�����
��������#��%
&
���!�#�*�%��	
�������&���,!�����"4 �5��%��&������

&���,!�����7��&������#
��&����9��3���&���,!��������%���#��	��
�!
����
��������
�����%��������!
�

������������������������	
��
�%���7���������������%
��	
��%����!
������%
��	
��%����
������&�&
���

�������&�&
�9� ���� ��� !
� ����	
��
� ������ �� ������������ %���7!���+����� �!
��� ���%
��!���+�����

I��)� �#�����H��
������&�&
��� ����	
��
� �������I#�%!� %���
%���H�&�&
��� ����	
��
�I#�����H�

�
������ &�&
�9�� �!
� ;$�� ?� �
����� )
�
� #��,#��%
��
�� ������ !
� "
�'

#���� B#
��������

 ��������;�����&�#�%'��
�7"B ;9��
	
��#
���������� �������
�
���������%���#��,#��%
��������

���
�����
A�
�%�,��&�����
�'

#����%��
���"
��������������#�����7188-9��

�

#��	$!��	%�������	�� 	&�� ���	��� �����	

�

�!
�)

��!���� �
�&
��� %����
� �
�%���
�������#��#
�� ��&
��%���&
�!�&��
� ���A�������
���� ����

#��
����"���������&�!
�����
����!
����&
��
�������#��������
��%�
�������
���%���
�����!
����,

)��
��
�
��
��!
�&
�!����&��%������:��
�
�����7.���9�#
����&
���
�'

#����%��%�����������!
�

)

�������#�����
��	
�����&�!
������ �����%������������ !���%��
� !
��!�#�
2#
��
�%
�� !
�!��!
��

!��������
������&�&
���:�!��!��� 
�&����� ����� 
�&� �
�����)
�
������
�� ���&������A�
�!����



� ��0

�
�&
���� ����%���
A�
�%
�!
����������
�&�	���
�����!�������������������<:(���
��
��	
�����&�

!
� %�&�������� ��� �����)�
��!������� ���� ���������
������&�&
���)�!� �� ���A�
� 	���
� ��� �����


�&�)�	
�<:(��
���	
���!
�!�������!�����
�&
�����!
���&����!���)��'�)�����%��%���
�!
������


�&�	���
�����<:(�%�����
����� )������
�
��!�����
�&
��
��%���
�#������� �� !
� ��������%����,

�����#����%����!
�!��!
��!�������������������<:(���������)�
���:
���
��!
������
�&�	���
�����

<:(� �� )��� %�����
�
�� ��
�
����� �� ��	
����
� ����� ��� !
� ����
�
�%
�� �
)

�� �!
�� �#�%���

�
�'

#����%!���%
����%�� ��%!���� �!�#�&����� �
�#���
��&#����
��#
������ �����%%
�
���������!
�

&��� �
	
�
�!������� ���� �������� %��������� ��� �����)�
��!�	
��

�� ����	����
��)�!���� �
���	
�

#��%
���
����������!
�(�
�������)��
�����������!
�&����#���&

������ !
�)��%��
�����&
��J�K�

7!������9�����J�K�7�������9�%������������
��
��&
���

�

�

�
� � ������7�9�!������� � � � � � ����7�9���������

�����=��#��%
&
��� � ..����� � �������������=��#��%
&
��� � ������..�����

�����3��
������ � � ��1.�&� � �������������3��
������ � �����������&�

����� ������� � � .�00�&� � ������������� ������� � ������1�/��&�

������������&����;#� � �8�.��&� � �������&����;#� �������-�./�&�

3����*��"����)�
����������������
��!*��

�

�!
��
�������!��������&�%�&
�!
����
��!�)�����3����/�����C��3���!
�J�K�%��������!
�&
�!�%��,

������������#��
�������!
�%
�����!��������-1�#��
�������!
�������
���)�!����������/C.�#��
�������

!
�
���
�	
��
���3���!
�J�K�%��������!
�&
�!�%����������C/��#��
������� !
�%
�����!��������11��

#��
�������!
�������
���)�!����������-0��#��
�������!
�
���
�	
��
���

�

#�"	�������	�!������	��	' �����	�� 	&�� 	

�

"
�'

#����%��%��������!�	
��

��%����
�����������)��
�����
�����#

�������!
����������
�*�

,� "#

��*����/��1���1/��.���������'�6�

,� 5
������*��E���1-�E��
#�1/E��

�!
��
�#���
��&#����
��#
���������	
��%���&������)
�
�#��
��������
����
	����
�!
����!�#
�����

������	����
�!
�&����
	
�
�!
��������3���!
�	
��
�#���
�����
2#
%
���!
�&����
	
�
�	���
���%,

%�������8�E�!
����������)��#

����3���0��!�)��
����!
�!
�	
�$ B����.��'�����#

���	
����
A�
�%��

����!
������� �!����#

���%���%���	���
���##
�����1.�E�!
�������3���-��!�)��!
�!
�	
�$ B������

!���%������������!�

��#

��	���
������1������.��'������!
��
������
�	
�����&���������J�K�����J�K�

%�����������!
�
���
�!
���&
�#
�'������!
���&
���
A�
�%�
�6�����
�
����!
�J�������K�	���
���

&�

���
���)
��!
�J!������K�	���
����

�

3����8� ����1��#��	��
� !
� ��&
� �����&����� ����#�%!����� !��� %��
� !
�&��� �
	
�
�!
������ %���
,

�#�������1/�E���!
�����
�
�%
���
)

��J�K�����J�K�%�����������
�����������%��6�!
�
����!
���&
�

�
������!
�)��%�������������!
���&
��%���	���
����
�	
�����&��������)
����



���-

�
3����/*�����&�����!��������&�%�&
�!����!�������%�������	

�

�
�

3����C*�����&�����!��������&�%�&
�!������������%��������

�

0.2
0.3

0.4
0.5

0.6
0.7

0.8
0.9

1.0
1.2

1.4
1.6

1.8

  0 deg

 30 deg

 60 deg

 90 deg

120 deg

150 deg

180 deg

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

H
ea

ve
 [m

/m
]

Wave Frequency [ra
d/s]

W
ave Head [deg]

�

0.2
0.3

0.4
0.5

0.6
0.7

0.8
0.9

1.0
1.2

1.4
1.6

1.8

  0 deg

 30 deg

 60 deg

 90 deg

120 deg

150 deg

180 deg

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

H
ea

ve
 [m

/m
]

Wave Frequency 
[ra

d/s]

W
ave Head [deg]

�
������7�9� !������� 7�9���������

3���0*���=�#������!
�	
�$ B���.��'���#

�	



� ��8

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 0.5 1 1.5 2
Frequency [Rad/s]

H
ea

ve
 [m

/m
]

V = 0 Knots
V = 10 Knots
V = 20 Knots

�

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5

Frequency [Rad/s]

H
ea

ve
 [m

/m
]

V = 0 Knots
V = 10 Knots
V = 20 Knots

7�9�!������� 7�9���������

3���-*��5
�	
�$ B�����1.�E�!
������

�

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.2

1.4

1.6

1.8   0 deg

 30 deg

 60 deg

 90 deg

120 deg

150 deg

180 deg

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

P
itc

h 
[d

eg
/m

]

Wave Frequency [rad/s]

W
av

e H
ea

d [
de

g]

�

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.2

1.4

1.6

1.8
  0 deg

 30 deg

 60 deg

 90 deg

120 deg

150 deg

180 deg

0.0
0.2
0.4
0.6
0.8

1.0

1.2

1.4

1.6

1.8

P
itc

h 
[d

eg
/m

]

Wave Frequency [rad/s]

W
av

e H
ea

d [
de

g]

�

7�9�!������� 7�9���������

3����8*���,��#������#�%!�$ B���.��'���#

��
���

0.0

0.5

1.0

1.5

2.0

2.5

0 0.5 1 1.5 2
Frequency [Rad/s]

P
itc

h 
[D

eg
/m

]

V = 0 Knots

V = 10 Knots

V = 20 Knots

��

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2

Frequency [Rad/s]

P
itc

h 
[D

eg
/m

]

V = 0 Knots
V = 10 Knots
V = 20 Knots

�
� � � �7�9�!������� � � � � ������7�9���������

3����1�*��;�%!�$ B�����1/�E�!
������

	

�!
�)�	
�	
��%����
������&�&
��!����

��%�&#�
�������	
�����
�
���������%���
���!
�&���!�#�

�
%����������
��������	����
�&�2�&�&�	���
���3���11��!�)��!
�%��%��������
%������"
%������%��,

�
�#�������!
���%�����)!
�
�!
�&�2�&�&��������������
������&�&
��!����

������	����
�����

!
�#�
	�����3�(�������
���

� � � � � 	
 ��������)�	
�<:(��,��#�������$ B��)
�
�#����%
�����

��
	����
� !
��
�����������%�������

�#

������!
����������3���1.�!
��,��$ B�������&����<:(�������/�?��
%����������.��'���#

�����

�!�)��������
2�&#�
�� �������#������
����

�&�2�&�&�	���
���'
�#��%
���1-�E�!
���������������1��

!
�	
��%����
������&�&
��$ B�����1-�E�!
����������
#��
���������1������.��'���#

������!���%��
�

!
�����
�
�%
���
)

��J�K�����J�K�%�����������A��
��������%�����������!
�%��
����1-�E�!
���������

%���
�#��������������D��



��1�

�

STATION Distance from Aft 
Perpendicular [m]

Percentage from Aft 
Perpendicular

1 32.10 0.261L
2 40.96 0.333L
3 54.74 0.445L
4 61.50 0.500L
5 67.53 0.549L
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Heave Motions [m]
Hs=5.5m Tz = 6.5 s

(Hogging)
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Heave Motions [m]
Hs=5.5m Tz = 6.5 s
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Pitch Motions [deg]
Hs=5.5m Tz = 6.5 s

(Hogging)

0.00

0.50

1.00

1.50

2.00

2.50
0

15
30

45

60

75

90

105

120

135

150
165

180
195

210

225

240

255

270

285

300

315

330
345

V = 0

V = 5

V = 10

V =15

V = 20

V = 30

�

Pitch Motions [deg]
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Vertical Accelerations [g]
Hs=5.5m Tz = 6.5 s

(Hogging)
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Vertical Accelerations [g]
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Vertical Bending Moment [kN m]
Hs=5.5m Tz = 6.5 s

(Hogging)
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Vertical Bending Moment [kN m]
Hs=5.5m Tz = 6.5 s
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3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 Total
0.5 60 140 102 35 7 1 0 0 0 0 0 345
1.5 15 96 138 77 24 5 1 0 0 0 0 356
2.5 3 32 66 50 20 6 1 0 0 0 0 178
3.5 1 9 24 23 11 4 1 0 0 0 0 73
4.5 0 3 8 9 5 2 1 0 0 0 0 28
5.5 0 1 3 4 2 1 0 0 0 0 0 11
6.5 0 0 1 2 1 1 0 0 0 0 0 5
7.5 0 0 1 1 1 0 0 0 0 0 0 3
8.5 0 0 0 0 0 0 0 0 0 0 0 0
9.5 0 0 0 0 0 0 0 0 0 0 0 0

10.5 0 0 0 0 0 0 0 0 0 0 0 0
11.5 0 0 0 0 0 0 0 0 0 0 0 0
12.5 0 0 0 0 0 0 0 0 0 0 0 0
13.5 0 0 0 0 0 0 0 0 0 0 0 0
14.5 0 0 0 0 0 0 0 0 0 0 0 0

Total 79 281 343 201 71 20 4 0 0 0 0 999
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STATION Distance from Aft 
Perpendicular [m]

Percentage from Aft 
Perpendicular

1 50.70 0.24L (LCG)
2 61.50 0.5L
3 92.25 0.8L
4 123.00 F.P.
5 30.75 0.4L (Lateral Body) 
6 50.70 0.24L (LCG - Lateral Body) 
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Numerical and Experimental Investigations
on Semi-displacement Mono- and Multi-hulls.

C. Lugni�, A. Colagrossi� , G. Colicchio�, O.M. Faltinsen�

(�INSEAN, The Italian Ship Model Basin, Roma - Italy, c.lugni@insean.it
� Centre for Ships and Ocean Structures, NTNU, Trondheim - Norway)

ABSTRACT

Present work aims to analyze the behavior of semi-displacement mono- and multi-hulls (catamarans and
trimarans) in calm water. The mono-hull geometry is used to investigate the interaction both between the
demi-hulls of the catamaran, and among the inner hull and the two smaller lateral ones in the trimaran
arrangement. To do this, the mono-hull, the catamaran demi-hulls and the trimaran inner-hull were
shaped identically. Experimental studies of the mono-hull steady wave pattern have been carried out
for several Froude numbers, �� � ��� � ��� with step ��� � ���. A smaller number of speeds,
corresponding to �� � ���� ���� ���� ��	, has been considered for the catamaran.

The model test results were compared with nonlinear 2D+t and linear 3D Rankine Panel Method com-
putations where trim, sinkage and dry transom conditions are taken into account. The combined use of
experimental and numerical tools allowed to investigate the relevance of the demi-hull interaction and
of nonlinear effects on the vessels generated waves. Numerically the study has been extended to the
trimaran geometry.

1 INTRODUCTION

Aiming to increase the cruise speed of the ships, designers have created a wide variety of arrangements
where the weight of the vessel can be supported by submerged hulls, hydrofoils, air cushion effects, or
combinations of them.

Mono-hulls and catamarans are geometries commonly adopted. These two designs present advantages
and drawbacks. High-speed mono-hulls are characterized by rather large beam-to-draught ratios (B/D),
i.e from around 5 to values greater than 7. This implies more limited accelerations in heave and pitch
motions, (FALTINSEN, 1990). However the roll motions of mono-hulls can be critical and need special
attention.

Among the catamarans we can list: the wave-piercing, the semi SWATH (Small Water-plane Area Twin
Hull) style hulls and the Surface Effect Ships (SES). A SWATH vessel has higher heave and pitch natural
periods and generally lower vertical excitation loads than a comparable catamaran. On the other hand,
if control surfaces are not introduced, a threshold Froude number exists beyond which the SWATH
is dynamically unstable in the vertical plane. In head-sea conditions, this vessel behaves better than
a corresponding catamaran. But its seakeeping properties are not generally more advanced. When the
combination of sea state, speed and heading, leads to resonant vertical motions, the SWATH may actually
not have a good seakeeping behaviour. Surface Effect Ships (SES) use an air cushion mechanism to
obtain the desired cruise velocity and performances. The excess pressure in the air cushion between
the two SES hulls lifts the vessel and carries about ��
 of its weight. On the other hand, it reduces
the metacentric height and causes wave generation and additional wave resistance. However the latter
is sufficiently limited so that a SES experiences a total calm water resistance smaller than a catamaran
with similar dimensions. As a drawback, SES can have more pronounced speed loss in waves than for
instance catamarans, and suffer easily damages of the bow skirts.

More recently, trimarans and pentamarans with a large center hull combined with smaller outrigger
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hulls start to be considered as promising innovative concepts. Trimarans, consisting in a slender central
hull and two lateral smaller hulls, can have length-to-displacement ratios (����) rather high. Even
for ���� larger than 9 such vessels do not experience any stability problem. This partially explains
why the interest on trimarans is getting massive and makes them a widespread concept, although the
first prototype models were designed just 15 years ago. Their features motivated pioneer enterprises
and allowed a new record for under-powered circumnavigation. Moreover their handling characteristics
opened them to the business of fast passenger ferry transportation, for example between Korea and Japan,
and to military applications, within the RV Triton project.

The choice among different designs is the result of comparing ship performances in several contexts, like
powering, seakeeping ability, stability, survivability, maneuverability, space, cost. As new ship concepts
are introduced, numerical and experimental investigations are needed to quantify and characterize the
related properties.

In the case of mono-hulls and catamarans, comprehensive experimental studies have been performed by
MOLLAND et al, 1995, DOCTORS, 2003, KEUNING, 1988 and OHKUSU and FALTINSEN, 1991.
The first paper refers to calm-water conditions and discusses the effect of a forward speed on trim and
sinkage when ship-length Froude numbers are around 0.35. This is relevant for the vessel performances
since trim and sinkage are directly connected with the resistance and matter also for the wetdeck slam-
ming on multi-hull vehicles. DOCTORS, 2003 conducted calm water-tests on five different transom-
stern mono-hull models to investigate the transition from wet to dry transom. The author identified the
transom-draft Froude number as the parameter governing such transition. A dry transom is generally
beneficial and affects the trim and rise, as well as the damping of vertical ship motions. KEUNING,
1988 performed high-speed mono-hull experiments in calm water and head sea waves and analyzed
the wave elevation near the vessel and the distribution of the hydrodynamic coefficients along the ship
hull. Forced heave and pitch model tests on a high-speed catamaran were presented in OHKUSU and
FALTINSEN, 1991. A weak interaction between the demi-hulls was suggested by the fairly good agree-
ment of the measured hydrodynamic forces with numerical 2D+t results based on the assumption of
hydrodynamically independent demi-hulls.

Limited amount of experimental data is available for trimarans, essentially due to the work by MIGALI
et al, 2001. Several other model-test activities have been done, but most of them are covered by military
secrecy. MIGALI et al, 2001 analyzed the forces acting on a commercial ship arranged as a trimaran
configuration. The interference effects for different transverse and longitudinal positions of the side hulls
have also been investigated and discussed in terms of an interference factor.

In the numerical context, most of the studies of wave resistance and wave induced ship motions on mono-
hulls and catamarans are based on the assumptions of incompressible fluid in irrotational motion. In fact,
the solution of the more general unsteady Navier-Stokes Equations still presents problems linked with the
CPU time required for the computations, the large amount of grid points necessary for the discretization
of the fluid domain, and the modelling of the turbulence. Linear wave resistance analysis based on the
Michell’s thin-ship theory (MICHELL, 1898) and accounting for the transom effect have been presented
by different researchers (i.e. MOLLAND et al, 1994, and DOCTORS and DAY 1997). The developed
methods have been applied to high-speed mono- and multi-hull vessels. In the latter case, the diffraction
of the waves generated by one demi-hull due to the presence of the other demi-hull is not accounted for,
i.e. the waves generated by the separated hulls are simply superimposed. This type of analysis is very
efficient and important at a pre-design stage. However, the role played by the nonlinearities increases
with the Froude number. The same is true for the interaction between steady and unsteady flows when the
seakeeping is of concern. In principle three-dimensional effects should be accounted for. Several numer-
ical codes exist handling them properly for the linear seakeeping case. However, the solution of the fully
nonlinear three-dimensional problem is still challenging due to numerical and CPU time requirements.
In terms of nonlinear effects, simplifications are often made, for instance, by including nonlinearities
associated with hydrostatic and Froude-Kriloff loads. In terms of three-dimensional effects, quite accu-
rate approximate solutions may be achieved by following physical considerations. For instance the wave
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pattern around a semi-displacement vessel in deep water is dominated by divergent waves. The main 3D
effects can therefore be adequately captured by using a 2D+t (also referred to as 2.5D) theory. In this
case the longitudinal flow variations are assumed smaller than the transverse ones, leading to a sequence
of 2D problems in the ship cross-planes. The 3D information travels from the bow to the stern only, that
is the solution in each cross-plane is influenced just by the flow upstream. (FALTINSEN, 2001) pointed
out the relevance of 3D flow effects in the close vicinity of both the bow and the transom stern. These
aspects represent a limitation for the 2D+t theory since it assumes that both velocity potential and free-
surface elevation are zero at the bow and is not aware of what happens downstream. The latter implies
a predicted pressure at the transom stern different from the atmospheric value. These considerations are
also relevant in unsteady flow conditions. FONTAINE et al (2000, ) accounted for the bow wave ele-
vation by combining a 3D bow model with the 2.5D theory. A domain decomposition method (see i.e.
GRECO et al, 2002) can be introduced to couple a global 2D+t modeling with a local 3D analysis for the
description of the transom-stern flow. The same strategy can also be applied to handle other phenomena
characterized by three-dimensional flow features, i.e. the water on deck and the wetdeck slamming. If
the water-hull interaction is not characterized by particularly small angles between the impacting free
surface and the hull, slamming loads can be modeled as an integrated part of the analysis. Otherwise
local hydroelasticity will matter. In this case, the rather small time scales involved allow to investigate
the slamming separately from the global analysis. On the other hand, such phenomenon can induce
global elastic effects that must be included in the global analysis for a proper estimate of the whipping
occurrence. Springing, i.e. steady-state wave induced global resonant hydroelastic vibrations, may be a
relevant fatigue issue for larger high-speed vessels. Since the natural frequencies are high, head sea are
of major concern in this context. Springing may be excited by linear and nonlinear wave effects. The
linear wave excitation corresponds to small incident wave lengths relative to the ship length. The spatial
oscillations of head-sea waves cause strong variations of the flow in the longitudinal ship direction. As a
result, in this case a 2D+t theory is not suitable.

Our research activity is aimed to contribute on characterizing and comparing the performances of dif-
ferent high-speed vessels, and it is based on the combined use of numerical and experimental tools.
In (LUGNI et al, 2004) the steady and unsteady wave patterns around a mono-hull and a catamaran
have been analyzed and compared through dedicated model tests. The mono-hull geometry was cho-
sen identical to a catamaran demi-hull to analyze the interaction effects in the catamaran arrangement.
This implies a beam-to-draught ratio much smaller than the one normally used for mono-hull high speed
vessels. Several Froude numbers, wave amplitudes and wave frequencies have been selected. Detailed
measurements of the steady and unsteady wave-field features have been made both along the hull and
downstream the transom stern. Also the flow area between the two demi-hulls of the catamaran was
studied. The information from the experiments have been checked, interpreted and integrated by means
of two numerical tools: (i) a nonlinear 2D+t solver and (ii) a linear 3D Rankine Panel Method. In the
numerics trim and sinkage were not accounted for. The comparison allowed also the validation of the
used codes and of the models behind them. The results confirmed the relevance of a nonlinear flow
description and the validity of a parabolized approach in case of sufficiently large Froude numbers. The
interaction between catamaran demi-hulls appeared substantial. The same is true for the interaction be-
tween steady and unsteady flows. For the considered speeds and within the heave and pitch resonance
ranges, the experiments showed that the mean trim and sinkage of the catamaran are mainly governed by
the steady flow. This is relevant for instance for the wetdeck slamming.

Presently we are at the second stage of the investigation. This concerns the seakeeping properties of
fast ships, with emphasis on the occurrence and effects of impact phenomena. The latter include both
ship-deck and bottom slamming. For the purpose, experimentally a catamaran model will be equipped
with different measuring devices on the deck and tested both with and without head-sea waves. In
this framework, occurrence of hydroelastic phenomena will be also analyzed. In the present paper, the
steady model tests for the mono-hull and the catamaran cases are further investigated and new numerical
analyses are carried on due to the further development of our solvers. The latter represents the numerical
part of this second-stage activity. It is a logical continuation of the work reported in LUGNI et al (2004, )
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and concerns: (a) the improvement of the linear 3D simulations of mono-hull and catamaran by including
the trim and sinkage from the experiments, (b) and by modelling the dry transom condition for �� higher
than 0.4 with a false body shaped as the hull hollow obtained by the 2D+t results; (c) the extension of the
2D+t algorithm to handle multi-hull (more than two) arrangements and its specialization for the trimaran
case. Through the former the relevance of trim and sinkage has been further analyzed. The latter allowed
to investigate numerically the interference effects for trimaran designs. As a next step, also the 3D linear
code will be generalized to treat trimaran systems. Then, trimaran model tests will be performed and the
related information will be combined and compared with the numerical results.

2 2D+t THEORY

The 2D+t theory leads to a sequence of 2D problems to be solved in the transverse cross-sectional planes
of the vessel. The 3D effects are partially accounted for since the generic cross-section is influenced by
the flow in the upstream cross-sections of the hull. The nonlinearities of the problem are retained. For
vertical ship motions and steady symmetric flows (straight coarse), this approach is suitable at suffi-
ciently large Froude numbers, let us say larger than 0.4, so that the ship transverse wave system is not
dominating. For horizontal wave induced motions and steady antisymmetric flows (maneuvering), the
transverse waves are less important also at small Froude numbers, i.e. the 2D+t theory can be used for
Froude number smaller than 0.4. FALTINSEN and ZHAO, 1991 used the 2.5D method to study the
ship motions of high speed mono-hulls. Nonlinear steady and linear unsteady analysis were considered
and the interaction between steady and unsteady flows was accounted for. MARUO and SONG, 1994
retained also the nonlinearities in the unsteady problem but assumed linear incident waves. In our case,
the 2D+t theory is applied to investigate the steady flow patterns for mono-hulls and catamarans. In the
latter case the interaction between the demi-hulls is accounted for. No correction of the local flows at the
bow and at the transom stern is introduced. Damping foils, trim tab and interceptors are not modeled.
In the following the solution method is briefly outlined under the assumptions of inviscid steady flow
induced by a ship with constant forward speed and fixed trim and sinkage.

U

xe

yeze

Ω 2D

z
y

x

d /dt = , p =constx u

Free Surface(x)

Hull Section (x + U ∆t)
Ω2D

Hull Section (x)

Lagrangian markers

Figure 1: Qualitative sketch of the 2D+t approximation for the steady three-dimensional flow around a
ship with constant forward speed �� . Left: 3D ship problem. Right: equivalent unsteady 2D problem
(2D+t).

Let us consider a ship moving with constant velocity �� (see left sketch in Figure 1). We assume a
beam-to-draft ratio 	�
 � ���� and both 	 and 
 individually much smaller than the ship length
�, say � � 	���
�� � �. We also assume the Froude number �� � ��

�
� � ����. In a

ship-fixed frame of reference, the hull geometry is given implicitly as ���� �� �� � � and the a priori
unknown free surface can be represented as���� �� �� � � � ���� �� � �. Assuming that the fluid is in
irrotational motion, the flow field is described by the Laplace equation combined with the kinematic hull
(�) boundary condition

� 	 �� � � (1)
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and the kinematic and dynamic free surface (�) boundary conditions

� 	 �� � � and � � � (2)

respectively. The statement of the problem is completed by the upstream radiation condition


 ��� as �
� � (3)

It is convenient to formulate the problem in terms of the perturbation potential �, linked to  by  �

��� � �. The longitudinal gradient ���� can be neglected with respect to those in the transverse
plane. Therefore, the problem for � reduces to a sequence of two-dimensional problems in the ship
cross planes. The related boundary conditions imply the generic cross plane �2D is influenced by the
upstream solution and unaware of the following cross sections. The problem sequence can be solved
once given the conditions at the bow and the far-field behavior of the solution at each hull cross section.
In a fixed frame of reference with respect to the unperturbed fluid the problem can be re-written as a two-
dimensional time-dependent problem. This is fully equivalent to the unsteady problem of the free-surface
flow generated by a body deforming in time (see right sketch in Figure 1). Consistently, the resulting
approximation is called here 2D+t. The 2D unsteady problem is solved through the Mixed Eulerian
Lagrangian method (LONGUETT-HIGGINS and COKELET 1976, FALTINSEN 1977, and originally
suggested by OGILVIE 1967), that is the problem is split in a kinetic and a time evolution step. The
kinetic problem for � is solved by means of the Green’s second identity used as integral representation
of the velocity potential. Applying the latter at the domain boundary leads to an integral equation for
the unknown boundary data ����� and �, on the free surface and body boundary, respectively. The
continuity of the velocity potential is enforced at the intersection points between the body and the free
surface. A Boundary Element Method (BEM) with linear shape functions for the geometry and boundary
data is then introduced. The relevant integrals are computed analytically, and after some manipulations
the discretized integral equations lead to a system of linear algebraic equations for the unknowns at the
collocation points. The system influence matrices are only dependent on the geometry of the problem.
In the time evolution step, the free-surface boundary conditions, expressed in a Lagrangian form, and
the body velocity are integrated in time to provide the new boundary configuration and related data
for the next time instant. The time stepping is performed by a fourth-order Runge-Kutta method. The
discretization of the free surface is controlled through numerical regridding and the grid refinement is
adapted to the evolution of the solution. If the angle between the body and the free surface becomes too
small, the jet-like flow created is partially cut to avoid numerical errors (cf. ZHAO and FALTINSEN
1993). Unphysical reflection of the outgoing waves is prevented by using a damping layer technique (for
short waves) and a panel stretching (for longer wave components) toward the edges of the computational
domain. Invariance of the solution under mesh refinement and size changes of the computational domain
has been widely checked. Since a BEM is used, bow wave post-breaking phenomena cannot be studied.
The breaking is limited by cutting off the jet flow in the plunging bow waves. This is not believed to be
an important error source.

3 LINEAR 3D METHOD

In our analysis of the steady and unsteady mono-hull and catamaran flows, we used a linear 3D method
as additional numerical instrument. In the following its features are briefly outlined, for more details see
i.e. NAKOS, 1990.

We consider the free-surface flow generated by a ship advancing at constant forward speed � in regular
incoming waves. The problem is solved by using the potential flow theory and neglecting the nonlin-
earities connected with the wave-body interactions. In case of vessels with transom stern, the latter is
modeled as shown in the following. Two different base flows can be considered: the Double-Model (DM)
and the Neuman-Kelvin (NK) linearization (see i.e. NAKOS, 1990). These are, respectively, a low-speed
and a slender-body approximation. In this way, the free-surface boundary conditions can be transfered
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on the undisturbed free surface and the steady problem may be solved. Once this is accomplished, the
pressure can be evaluated from the Bernoulli’s equation. Finally, the wave pattern is calculated from
the related kinematic free-surface conditions. Because the high Fn considered, in the following NK
linearization will be adopted.

The potential is represented in terms of source distributions on the body � and the free surface � . The
problem is then solved numerically by using a lower order Rankine Panel Method (RPM, HESS and
SMITH, 1996). This leads to a system of algebraic equations for the unknown source strengths at the
collocation points. The collocation points on � are placed at the centers of the corresponding panels.
The same is made for those along the free surface but additionally they are rigidly shifted one panel
downstream in order to enforce numerically the radiation condition (see i.e. BERTRAM, 1990).

When a transom stern is present, special care is used for its modelling. In the case it is dry (as seen
by experimental observations, or, when not available, from Doctors’s formula (DOCTORS, 2003)), a
false body is introduced. Practically the trim and sinkage of the hulls are set as from the experimental
observation, while the length of the hull hollow calculated at the centerline of the hull ��� and obtained
by the 2D+t calculations is used to smoothly prolong the hull of the same length. Figure 2 shows how
the hull is prolonged for different Froude numbers. A new part of hull is added to the original hull form.

Lhh(Fr)
Fr = 0.6

Fr = 0.5

Lpp

Lhh(Fr)
Fr = 0.8

Fr = 0.7

Lpp

Figure 2: Sketch of the false body added at the transom stern of the monohull for several Froude numbers.

The latter has been modeled by using the shape of the hull hollow obtained through the 2D+t theory. Of
course this part of the hull is not taken into account when integrating the pressure for calculation of the
forces on the body.

4 EXPERIMENTAL SET-UP

A dedicated and comprehensive experimental investigation has been performed to analyze the behaviour
of semi-displacement mono-hulls and catamarans. A catamaran model was built consistently with the
geometric ratios normally used for semi-displacement catamarans. The main characteristics are reported
in table 1. The same parameters have been considered for the mono-hull geometry coinciding therefore
with a catamaran demi-hull. This leads to a shape finer than those of the existing semi-displacement
mono-hulls. The experimental activity has been carried out at the INSEAN basin No. 2: 220 m long, 9
m large and 3.6 m deep. During the tests, each model was towed by the carriage through a constant force
mechanism. Trim and sinkage were free while the center of rotation was fixed to the center of gravity of
the vessel. The model tests analyzed the forward motion in calm water and investigated Froude numbers
�� � ��

�
� � ��� � ��� with a step ��� � ���, for the mono hull, �� � ���� ���� ���� ��	, for

the catamaran. A capacitance wave probe system fixed to the carriage was used to measure the wave
field near the hull, composed by an array of 40 transducers located transversally to the basin and with
a uniform distance of 4 cm between the probles. More refined reconstruction of the wave pattern has
been achieved by shifting the sensor array of 2 cm transversally to the vessel axis and reapiting the same
run. With this set-up, the wave field was recorded within a lateral distance of ���� from the model hull,
including the area between the two demi-hulls in the catamaran case. Figure 3 gives a sketch of the wave
probe arrangement along the vessel central axis and along the external profile of a catamaran demi-hull,
at a distance of 3 cm.
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= 0.26 L
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Figure 3: Left: Body plan of the demi-hull and hydrostatic properties. 2p indicates the distance between
the centrelines of the catamaran demi-hulls. Right: Top view of the wave probes (indicated by the dots)
used along the external profile of a catamaran demi-hull and along the vessel central axis.

Each test condition was repeated between 5 and 10 times to ensure repeatability and a precision error
analysis has been performed.

5 DISCUSSION

This study is aimed to a better understanding of the steady wave pattern features and to verify the validity
and limits of the numerical methods presented in sections 2 and 3. The NK linearization is used for the
linear 3D (3D RPM) results, that is the basis steady flow is assumed given just by the uniform flow due
to the ship speed. The results of the repeatability analysis for the model tests are reported by presenting
the experiments as mean measured values and error bars. The latter are given as ��, with � the standard
deviation. The wave profiles along the mono-hull for �� � ��� and �� � ��� are given in figure 4.

-0.4 -0.2 0 0.2 0.4

-0.8

0

0.8

1.58 0.91 0.71 0.6 0.53 Frx

x/L

η/L*102

-0.4 -0.2 0 0.2 0.4

-1.6

0

1.6

2.21 1.28 0.99 0.84 0.74 Frx

x/L

η/L*102

Figure 4: Wave profile along the mono-hull for �� � ��� (left) and �� � ��� (right). Experiments
(symbols: mean value and error bar) and numerical results obtained by the 3D RPM (dashed line) and
2D+t (solid line) methods. ��� � ��

�
�, with � the longitudinal distance from the bow.

Numerically the wave elevation was calculated at a distance of 3 cm from the ship profile, consistently
with the measurements. Globally the agreement between the experiments and the numerical results is
satisfactory. Locally large discrepancies are detected in the bow area between the model tests and the
2D+t theory at �� � ���. The former predict a negative wave elevation, the latter gives a quite large
free-surface rise along the hull. This disagreement can be partially explained by ventilation of the sensors
in the bow area, indirectly confirmed by a larger experimental error bar near the bow. Ventilation leads to
more dry conditions for the probes and so to an underestimate of the wave elevation. The two results fit
quite well at �� � ���, when the 2D+t model is able to capture the bow splash phenomenon. Similarly
as for �� � ���, also in this case the experiments are less repeatable near the bow. The stern wave
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disturbance is predicted correctly by the nonlinear method for both the speeds. The 3D RPM results
agree better with the experiments at the smaller speed, when the nonlinearities are less important and the
three-dimensional effects are stronger. At the larger �� the agreement is still satisfactory but a smoother
bow rise-up and a deeper trough near the stern are predicted as a consequence of the linear formulation.

In (LUGNI et al, 2004) the stern and downstream flows were not properly described when the transom
was dry while it was assumed wet. As explained before, here the real transom flow condition has been
properly reproduced using the false body technique. In figure 5 the results of this technique are compared
with those obtained using a wet transom. By the comparison of the two data sets with the experimen-
tal results, right plot of figure 5, the importance of the proper trim, sinkage and wetness conditions is
highlighted. The role of these parameters had already been estimated with the 2D+t theory.
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Figure 5: Left: Comparison between 3D RPM results without (top) and with false body (bottom). Right:
Experimental results.

The steady wave patterns at �� � ���� ��	� ��� and 0.8 are reported in figures 6 and 7 where the ex-
periments are compared with the 2D+t and 3D RPM results, respectively. For the smallest ship-length
Froude number shown, the linear 3D computations capture correctly the phasing of the wave pattern and
give reliable quantitative information in the bow area and along the ship hull. The 2D+t results agree
fairly well with the experiments along the hull in terms of the phasing of the wave system generated. The
predicted amplitudes are close to the measurements near the bow but underestimate them going down-
stream. A global extension of the lobes (contour lines with constant elevation) is observed, not shown
by the measurements. The comparison slightly improves behind the stern, suggesting the relevance of
nonlinearities in the wake and the need of handling the dry stern condition. In this context, the 2D+t
theory assumes that the flow leaves tangentially the transom stern in the downstream direction. This
approximation appears suitable to capture the transom flow behavior. OHKUSU and FALTINSEN, 1990
showed that theoretically the 2D+t theory should not be applied for ship-length Froude smaller than 0.4
since the method neglects the transverse wave system generated by the ship. The latter is important at
such speeds while becomes less important than the divergent system at higher speeds. FALTINSEN,
2000 defined a local Froude number ��� � ��

�
�, with � the longitudinal distance from the ship bow,

and used it to estimate the goodness of the 2D+t theory for the ship bow waves prediction. A similar
local Froude number should be introduced for the transom waves, with � defined as longitudinal distance
from the stern. For a given ��, the 2D+t results can be considered suitable within the region where ���
is sufficiently large, say greater than ���. Obviously such region enlarges as the ship speed increases.
The local bow Froude number is reported in the figures. According to our results, the 2D+t model gives
reliable results for �� at least larger than 0.5 and they are globally better than the ones from the 3D
RPM code. This is due to two factors: the transverse waves become progressively less relevant and the
importance of nonlinearities increases. The linear results underestimate the peaks and troughs along the
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Figure 6: Contour lines of the mono-hull steady wave pattern. From top to bottom and from left to right:
�� � ���� ��	� ��� and ���. In each plot the experiments (bottom) are compared with the 2D+t results
(top). ��� � ��

�
�, with � the longitudinal distance from the bow.

hull and in the wake. However the dimension of the lobes of the global wave system is reproduced quite
nicely while the 2D+t results show a wider extension of the lobes even at the largest speed.

The steady wave patterns for �� � ��� and 0.6 are reported in figures 8 and 9 where the experiments
are compared, respectively, with the 2D+t and 3D RPM predictions. The linear 3D code is more able
to capture the global picture of the wave field along the vessel, showing that the transverse waves play
still a role. However, for both the speeds, it does not quantify correctly the free-surface disturbance
due to the ship forward motion. This implies that nonlinear effects matter. The 2D+t theory shows a
wide extension of the lobes near the bow, similarly to the mono-hull case, and it has a relevant phase
difference with respect to the experiments at the lower Froude. Despite this, even at �� � ��� the peaks
and troughs are closer to the measured values than the results obtained with a linear method. Top picture
of figure 10 shows the experimental wave field behind the transom for the mono-hull at �� � ���. The
dry transom causes the formation of a hollow just behind the vessel. The water reaches a minimum value
and then rises to form a rooster tail developing into a divergent breaking wave system. The mono-hull
transom flow features have been thoroughly investigated by LANDRINI et al, 2001 due to the practical
relevance of the resulting breaking phenomena. These lead to vortical structures responsible of the visible
signature left downstream by the ship. In their study, the authors used the 2D+t theory. The transom was
enforced to be dry. A nonlinear BEM solver, as used in the present study, was adopted to simulate the
flow evolution until the incipient wave breaking and a Smoothed Particle Hydrodynamics (SPH) method
was initialized by the BEM to handle the post-breaking evolution of the wave system. In the bottom of
the figure 10, the results obtained by using just the BEM 2D+t method for �� � ��� are given. As we
can see, the 2D+t formulation is able to reproduce the flow scenario behind the transom: hull hollow,
rooster tail and incipient breaking divergent wave system. Nevertheless, since the plunging jet is cut to

331



Figure 7: Contour lines of the mono-hull steady wave pattern. From to bottom and from left to right:
�� � ���� ��	� ��� and ���. In each plot the experiments (bottom) are compared with the 3D RPM results
(top). ��� � ��

�
�, with � the longitudinal distance from the bow.

Figure 8: Contour lines of the catamaran steady wave pattern. Left: �� � ���. Right: �� � ��	. In
each plot the experiments (bottom) are compared with the 2D+t results (top). ��� � ��

�
�, with �

the longitudinal distance from the bow.

avoid the occurrence of impact on the underlying water, the energy of the wave system is focused close
to the crest of the divergent wave. Differently, in the physical phenomenon the breaking causes a spatial
spread of the wave energy.

The previous discussion has shown as the 2D+t theory gives useful information for the wave pattern
around both the mono-hull and the catamaran. The results are reliable especially behind the stern, while
in the aft part of the vessels they give a qualitative indication of the flow features. This suggested the
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Figure 9: Contour lines of the catamaran steady wave pattern. Left: �� � ���. Right: �� � ��	. In each
plot the experiments (bottom) are compared with the 3D RPM results (top). ��� � ��

�
�, with � the

longitudinal distance from the bow.
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Figure 10: Mono-hull: transom stern wave field at �� � ���. Experimental picture (left) and contour
lines of the steady wave pattern predicted by 2D+t theory (right). ��� � ��

�
�, with � the longitudinal

distance from the transom.

possibility of using the 2D+t model for investigating numerically the flow pattern around a trimaran.

The ship arrangement considered is shown in figure 11 together with the relevant geometrical parameters
for the main hull and the outrigger.
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Figure 11: Main geometrical features of the analyzed trimaran.
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The latter have been identified through a study of the stability properties of the vessel.

In the following, we discuss the preliminary results obtained for the calm water tests at ��=0.5 and 0.6.

The influence of the outriggers on the ship wave field at �� � ��� is analyzed in figure 12 through the
comparison of the steady wave pattern generated by the trimaran with the wave system due the main hull
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Figure 12: Steady wave pattern of a monohull and of a trimaran at Froude number 0.5. Left: contour
plots of the wave height. Right: three-dimensional view.

only. At this Froude number the main effects are concentrated near the ship, in particular in the regions
between the center-hull and the outriggers and at transom. For ��� � ��� the two wave patterns are
instead quite similar. In the inner areas between the main and the side hulls, there is a complex interaction
between the outrigger bow wave and the shoulder wave coming from the main hull. In the downstream
region the flow differences with respect to the mono-hull case become even more significant. Here, the
wake developing at each side hull interacts with the one shed from the main hull and this leads to: (a) a
lower height of the rooster tail (see right figure 13) similar as for the catamaran, (b) a second rooster tail
behind the side-hull, and (c) kind of local ïslandsäre formed where main-hull diverging transom wave
is reached by the ones caused by the outriggers. These flow areas are characterized locally by high
steepness, with the occurrence of breaking phenomena.

X/L

Y
/L

0.5 0.6 0.7 0.8 0.9
-0.2

-0.1

0

0.1

0.2

Fr = 0.5

Trimaran

Monohull

"island"

Figure 13: Contour plots of the wave height behind the transom at �� � ���.

Similar results are obtained for the �� � ��	, as shown in figures 14 and 15. The former figure gives
both three-dimensional views and contour plots of the wave patterns generated by the mono-hull and
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trimaran.
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Figure 14: Steady wave pattern of a monohull and of a trimaran at Froude number 0.6. Left: contour
plots of the wave height. Right: three-dimensional view.
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Figure 15: Contour plots of the wave height behind the transom at �� � ��	.

In this case, beyond ���=0.26 the wave pattern is almost unaffected by the presence of the outriggers.
The highest interactions interest the wakes released by the different hulls in the trimaran arrangement.
The height of the rooster tail is further reduced with respect to the �� � ��� case. So its flow region
is not characterized by any breaking phenomenon. The side-hull transom waves develop in a spilling
breaker just behind the stern.

Further investigation of the interaction phenomena connected with the trimaran arrangement is presently
under development and will be discussed at the conference.

A more detailed analysis of the flow scenario behind the transom stern for several hulls arrangement
is given in figure 16. There the longitudinal wave cut obtained through the 2D+t theory along the
centre-line of the different configuration are shown. The left picture (relatively to the mono-hull) shows
that the rooster tail height is not affected by the Froude number while both its horizontal width and
the extension of the hollow increase with the speed. The hollow extension can be measured as the
longitudinal distance between the transom position and the location where the free surface becomes zero.
The wave elevation downstream a catamaran demi-hull transom (see central part of figure 16) shows a
quite different behaviour. Except for the smaller speeds, showing an increase of the hollow extension

335



with the Froude number, the hollow width is not particularly affected by the speed. The rooster tail
height is lower than the corresponding value for the mono-hull. It shows a non monotonic but rather
limited variation with the Froude number. This demi-hull wave behaviour behind the transom is due to
the presence of the other demi-hull. The arrangement of the two demi-hulls causes three rooster tails
downstream the catamaran, respectively, in correspondence of the demi-hull transom sterns and of the
catamaran centre-line (cf. 2D+t contour plots in figures 8). Finally, in the trimaran configuration the hull
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Figure 16: Cut of the steady wave pattern along the centre-line of the demi-hull transom stern. � is the
longitudinal distance from the transom. Left: mono-hull, center: catamaran, right: trimaran.

hollow of the main hull resembles the one obtained for the mono-hull. The height of the rooster tail is
influenced by the interaction with the side hull. The higher is the Froude number, the lower is the height
of the rooster tail. The interaction continues downstream with a wavy profile.

It is important to understand if the main responsible mechanisms are connected with the hydrodynamic
interaction between the demi-hulls or if they are related to the demi-hulls interference only. The latter
means the diffraction caused by one demi-hull on the waves generated by the other demi-hull is negligible
and the catamaran wave pattern is just given by the sum of the wave fields produced by each demi-hull
as if the other was not there. In LUGNI et al, 2004 it has been evidenced that the interference is not
the governing mechanism. The interaction between the two demi-hulls plays a fundamental role. This
interaction is mainly nonlinear as evidenced both by difficulties of the linear solution in capturing the
first peak and by the phase shifting existing between the linear and nonlinear results accounting for the
demi-hull interaction.

As previously discussed, the 2D+t model enforces a dry transom stern condition independently from the
forward speed. In reality the flow at the transom stern can be quite complicated at sufficiently small
Froude numbers, involving partial or full ventilation phenomena. A detailed discussion of this phenom-
ena can be found in LUGNI et al, 2004.

CONCLUSIONS

The steady wave pattern around semi-displacement mono-hulls, catamarans and trimarans has been in-
vestigated numerically by using a nonlinear 2D+t method. In particular the cases relatively to the mono-
hull and catamaran have been studied also through a linear 3D RPM code. For these ones, a dedicated
experimental activity has been performed and the measurements have been compared with the numerical
results. The mono-hull model has been shaped identically to a catamaran demi-hull to investigate the in-
teraction between the demi-hulls of the catamaran and the related influence on the rooster tail developing
from the transom stern. The physical investigation was focused on the wave-field features at the bow,
along the hull, in the area between the two catamaran demi-hull, and downstream the transom stern. The
influence of the Froude number has been analyzed in a wide range. For the mono-hull and the catamaran,
the 3D RPM simulations are able to capture the wave pattern along the hull to handle the stern and wake
flows by adopting a false body in case the transom is dry. At ��  ��	 the nonlinearities become relevant
and the linear method can fail in modeling some details of the flow. The opposite trend is shown by the
2D+t results. These are not satisfactory at the smaller Froude due to the relevance of the transverse wave
pattern. For �� greater than 0.6 they fit well with the experiments. The stern and wake flows are properly
described since a dry transom condition is enforced. For the catamaran, the same trend is observed but
the 2D+t theory gives globally the best agreement at smaller speeds than for the mono-hull. For both
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geometries this model predicts a wide extension of the lobes near the bow region. This is not observed
in the measurements. The 2D+t model has been used to investigate the physical mechanisms causing the
flow features downstream the transom, and to quantify the related influence of the interaction between
the catamaran demi-hulls.

The comparison between the numerical and experimental data has shown the reliability of the 2D+t
results and suggested the use of such model also for the trimaran configuration. In this case the main-
hull has been assumed identical to the mono-hull tested in the experiments and the effect of the outriggers
on the evolution of the stern waves has been investigated.

Future work will be focused on the experimental study of the trimaran configuration. The experimental
data will be used for a better understanding of the physical phenomena. The trim and sinkage measured
in the physical model will be used for the numerical simulations, as already done for the catamaran. It is
likely that the introduction of this parameters will deeply influence the evolution of the waves interactions
between the hulls and behind the stern. Seakeeping tests will be performed to evaluate the influence of
the incident wave on the mean trim and sinkage.

As done for the catamaran, the trimaran configuration will be studied also through a linear three-
dimensional Rankine Panel Method. A dedicated error analysis of the tests has been performed con-
firming a general reliability of the measurements.
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