Journal of Marine Science and Application (2022) 21: 56-70
https://doi.org/10.1007/s11804-022-00295-6

RESEARCH ARTICLE

Numerical and Experimental Investigation of the Aero-Hydrodynamic Effect on
the Behavior of a High-Speed Catamaran in Calm Water
Ali Ebrahimi1, Rouzbeh Shafaghat1, Ali Hajiabadi1 and Mahdi Yousefifard1
Received: 04 April 2022 / Accepted: 07 July 2022
© Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
In this paper, the effect of water and air fluids on the behavior of a planing catamaran in calm water was studied separately
in calm water by using experimental and numerical methods. Experiments were conducted in a towing tank over the
Froude number range of 0.49–2.9 with two degrees of freedom. The model vessel displacement of 5.3 kg was implemented
in experimental tests. Craft behavior was evaluated at the displacements of 5.3, 4.6, and 4 kg by using the numerical
method. The numerical simulation results for the hull’s resistance force were validated with similar experimental data. The
fluid volume model was applied to simulate two-phase flow. The SST k-ω turbulence model was used to investigate the
effect of turbulence on the catamaran. The results showed that in the planing mode, the contribution of air to pressure
resistance increased by 55%, 40%, and 60% at the mentioned displacements, whereas the contribution of air to friction
resistance was less than 15% on average. The contribution of the air to the total lift force at the abovementioned displacements
exceeded 70%, 60%, and 50% in the planing mode but was less than 10% in the displacement mode. At the displacements
of 5.3 and 4 kg, the area under the effect of maximum pressure moved around the center of gravity and caused porpoising
longitudinal instability at the Froude numbers of 2.9 and 2.4, respectively. However, at the displacement of 4.6 kg, this
effect did not occur, and the vessel maintained its stability.
Keywords Planing catamaran; Calm water; Experimental and numerical methods; Pressure resistance; Friction resistance;
Purposing longitudinal instability

1 Introduction
Although the force exerted by the air on a vessel’s hull
is less considered than that exerted by water, given the
considerably lower density of air than water, aerodynamic
forces cannot be ignored in some instances. In high-speed
catamarans, the contribution of aerodynamic forces to ves‐
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sel behavior is significantly increased due to the geometric
form of the vessels at high speeds. Accordingly, the simul‐
taneous effect of aero-hydrodynamic forces on vessel be‐
havior, which has been rarely researched, must be investi‐
gated. Ward et al. (1978) analyzed the dynamic behavior
and performance of catamaran planing in full-scale size.
The vessel had two demihull planings and a main body
with a foil cross-section. Chaney and Matveev (2014) pre‐
sented a mathematical model for calculating hydrodynamic
and aerodynamic forces and moments. Then, they studied
the movements and dynamics of catamaran planing with a
middle foil. Yengejeh et al. (2016) proposed a mathemati‐
cal model based on the combination of theoretical and ex‐
perimental methods to evaluate the dynamic forces exerted
by the two fluids of water and air on model vessel move‐
ments in the acceleration phase. Zaghi and Matveev
(2011) investigated the effect of the distance between
demihulls on the hydrodynamic components of a catama‐
ran by using experimental and numerical methods. Their
results showed that the distance between demihulls was in‐
versely related to hydrodynamics components, such as re‐
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sistance, trim, and sinkage. Kazemi Moghadam et al.
(2015) introduced a tunneled vessel by retaining the geo‐
metric features of the Kogar planing vessel. They studied
the effect of tunnel geometric parameters on reducing ves‐
sel resistance. De Luca et al. (2016) investigated the accu‐
racy of two organized and unstructured meshing modes
for numerically simulating a high-speed vessel’s two de‐
grees of freedom. They showed that the unstructured mesh
results were more accurate than experimental results.
Bari and Matveev (2017) utilized the potential flow
method to investigate the hydrodynamic behavior of a cat‐
amaran with asymmetric demihulls. Kazemi and Salari
(2017) analyzed the hydrodynamic components of a highspeed vessel under two weighted conditions by using ex‐
perimental and numerical methods. De Marco et al. (2017)
calculated the different hydrodynamic characters of a
stepped planing hull. They applied dynamic and nondy‐
namic meshing modes in simulations. The simulation re‐
sults obtained by implementing dynamic meshing were
in good agreement with the experimental data. Mansoori
et al. (2017) numerically studied the effect of the intercep‐
tor appendage on the trim of a planing vessel. Their results
demonstrated that using an interceptor with a height ex‐
ceeding 60% of the boundary layer caused negative trim
and a severe increase in resistance force. Song et al. (2018)
analyzed the effect of adding interceptors and stern flaps
separately and simultaneously on the performance of a plan‐
ing vessel. Their findings demonstrated that the combina‐
tion of the two appendages reduced resistance and optimized
the floating trim. Srinakaew et al. (2019) calculated the form
factor of a catamaran vessel through computational fluid dy‐
namics by taking into account different distances between
demihulls. Zou et al. (2019) experimentally investigated the
longitudinal stability of a planing vessel under two condi‐
tions: with and without a stern flap. They found that the
craft equipped with a flap had good stability under planing
conditions. Najafi and Nowruzi (2019) used experimental
and numerical methods to study the effect of different forms
of transverse steps on the lift force, resistance, and the num‐
ber of movements of the vessel at two degrees of freedom.
Ghassemi et al. (2019) studied the effect of adding trim
tab appendages to optimize vessel trim by using Savitsky’s
method. They assumed that the center of pressure and the
center of gravity were in the same direction. Sajedi et al.
(2019) applied experimental and numerical methods to study
the hydrodynamic parameters of a high-speed vessel added
with stern-wedges. Bi et al. (2019) analyzed the effect of
the geometric parameters of the hydrofoil installed on the
vessel bow to improve hydrodynamic performance. Kaze‐
mi Moghadam et al. (2019) studied the effect of adding hy‐
drofoil to the bottom of a high-speed catamaran to reduce
the resistance force under the imposition of different
weight conditions. Sajedi and Ghadimi (2020) investigat‐
ed a planing vessel’s behavior under three conditions: bare

hull, hull with steps, and hull with stern wedges. Their re‐
sults illustrated that adding transverse steps reduced resis‐
tance force at low speeds and that stern wedges decreased
craft movements. Suneela et al. (2021) studied the contri‐
butions of the hydrodynamic components to the spray rails
of a high-speed vessel under two conditions: with and with‐
out an interceptor. Honaryar et al. (2021) investigated the
effect of interference on a high-speed catamaran in semi‐
displacement and planing modes. They reduced resistance
and trim by 15% and 30%, respectively, by optimizing the
distance between two demihulls. Wheeler et al. (2021)
used a numerical method to analyze the behavior of a plan‐
ing vessel with different bow shapes in two various load‐
ing modes.
Most of the past studies investigated the hydrodynamic
characteristics of crafts under different conditions and not
the effect of aerodynamic characteristics on vessel behav‐
ior. However, given that racing boats are designed to move
at high speeds, these vessels exit the water, and their hull
areas that are exposed to the air increase with the increase
in speed. In this case, aerodynamic components have an
undeniable effect on vessel performance. Therefore, inves‐
tigating the effect of water and air fluids on craft behavior
separately is necessary. Accordingly, in the present study,
experimental and numerical methods were applied sepa‐
rately to study the effect of two-phase fluids on the behav‐
ior of a high-speed catamaran. The vessel hull consisted of
two demihull planings and a main hull with foil cross-sec‐
tions that have an essential role in producing hydrodynam‐
ics and aerodynamics lift force. First, the resistance force
of the model at the displacement of 5.3 kg was obtained
through experimental methods. Then, the role of water and
air fluids on the number of dynamic components, such as
pressure resistance, friction resistance, trim, sinkage, and
lift force craft, were calculated by developing a numerical
method. The Froude number range of 0.49–2.9 was consid‐
ered to encompass various modes of motion (displacement,
semidisplacement, and planing). The effect of the displace‐
ments of 5.3, 4.6, and 4 kg on vessel longitudinal stability
was investigated through numerical simulations. The cen‐
ters of gravity of the mentioned weights were 30%, 40%,
and 35% of the vessel length from the stern.

2 Problem definition
A planing hull catamaran was investigated in this study
(Figure 1). The geometry of this vessel consisted of the
main hull (with an airfoil cross-section and low aspect ra‐
tio) and two demihull planings. The main hull and two
demihull planings produce significant aerodynamics and
hydrodynamics lift forces, respectively. The principal par‐
ticulars of the model craft are given in Table 1.
Three displacements of 5.3, 4.6, and 4 kg with the cen‐
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Froude numbers of 0.49–2.91. In the experiments, the hori‐
zontal component of the resistant force of vessel forward
motion was measured at a constant speed by using a dyna‐
mometer (in kilograms force) (Table 3). In all the tests, the
heaving and pitching movements of the vessel were free,
and the tests were carried out with three degrees of free‐
dom (heaving, pitching, and forward speeding). During the
experiments, the resistance force increased with the in‐
crease in the Froude number. At the Froude number of 2.91,
porpoising longitudinal instability occurred because of the
combination of heaving and pitching movements.
Figure 1

View of the vessel under investigation
Table 2

Table 1

Principal characteristics of the vessel
Particulars

NIMALA towing tank specifications
Size

Particulars
Size

Length of the canal (m)

400

1 000

Width of the canal (m)

6

Breadth B (mm)

300

Depth of the canal (m)

4

Length between perpendiculars LPP (mm)
Demihull breadth BD (mm)

80

Maximum velocity of the carrier (m/s)

Inner deadrise angle βInner (°)

90

Density water (kg/m3)

Outer deadrise angle βOuter (°)

14.5

Displacement Δ (kg)

5.3, 4.6, 4

LCG from the transom

(30%, 40%, 35%) LPP

Draft T (mm)

48, 51, 46

Static trim (°)

1.26, −1.3, 0.6

ters of gravity of 30%, 40%, and 35% of the stern length
of the vessel, respectively, were considered for the vessel.
The distance of the center of gravity from the stern of the
vessel was chosen such that it was located at the site of the
transverse stairs and between the two steps. The resistance
force for the displacement of 5.3 kg was calculated through
the experimental method. Then, by using the numerical
method, the dynamic components and vessel behavior in
all weighted states were investigated and analyzed.

3 Problem definition
Experimental study data were applied to validate the nu‐
merical results. Experiments were carried out in the Na‐
tional Iranian Marine Laboratory (member of the Interna‐
tional Towing Tank Conference (ITTC)). The main charac‐
teristics of the towing tank are presented in Table 2. The
tests were performed by following ITTC recommendations
(ITTC 2002). The vessel model for testing was installed
under the carriage, which consisted of two dynamometers
capable of measuring longitudinal, transverse, and torque
forces. Figure 2 shows a view of the equipment mounted
on the vessel tested at the Froude number of 1.55. This
model was tested with the displacement of 5.3 kg and
LCG of 30% of the length waterline from the stern at the

18
1 002

Kinematic viscosity water (m2/s)

9.67 × 107

Water temperature (°C)

21

Figure 2 View of the vessel under investigation
Table 3

Results of the tests conducted on the vessel model

Length Froude number

Total resistance (N)

0.49

7.26

0.98

9.61

1.55

12.75

1.94

-

2.43
2.91

-

Unstable

Uncertainties in the experimental analysis were studied
in accordance with the guidelines provided by the ITTC
(2014a). Accordingly, in the uncertainty analysis of mea‐
sured resistance, the following variables were considered:
• Hull geometry
• Calibration of measuring equipment (dynamometer)
• Water temperature
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• Towing speed
• Measured results
The geometric model studied in this experiment was made
of fiberglass (Figure 3). The built vessel model was com‐
pared with a model designed by using software in accor‐
dance with ITTC recommendations. ITTC criteria state that
the model hull tolerances for breadth and depth should be
within ±1 mm, and the tolerances for model length should
be within 0.05%LPP or 1 mm, whichever is larger. Trans‐
verse sections were taken at certain longitudinal distances
from the hull to measure the model error. Then, the size of
the model was measured at different locations. The mea‐
surements showed errors of less than 1 mm, indicating the
accuracy of the constructed model. Moreover, the equip‐
ment was calibrated in accordance with standards, and the
accuracy of its performance has been proven many times
in various experiments. The density and viscosity of water
were determined in accordance with ITTC standards on
the basis of water temperature. The experiments were re‐
peated five times at each speed to calculate the resistance
force. The uncertainty analysis results of total resistance at
different length Froude numbers are presented in Table 4.
The results showed that the uncertainty of resistance force
was less than 1% at different length Froude numbers.

fect of water and air fluids was evaluated in terms of pa‐
rameters, such as resistance, trim, sinkage, and lift force.

4.1 Governing equations
In this study, water and air fluids were considered New‐
tonian and incompressible. Accordingly, the continuity
and momentum equations governing flow were defined as
follows:

ρ

∇·V = 0

( )

(

∂V
+ ∇ = ∇p + ∇· é μ ∇·V + ∇·V
ë
∂t

(

vT =

(
(

a1 k
max a 1 ω ; SF 2

(

(

+2 1 − F 1

Table 4 Summary of the uncertainty analysis of total resistance
measurement
Length Froude number

U c' (RT) (%)

0.49

0.98

0.98

0.84

1.55

0.79

4 Numerical study
In this study, Siemens PLM Star CCM+ 2021.2 soft‐
ware was applied to analyze the aerodynamics and hydro‐
dynamics of vessel behavior. This software uses the finite
volume method to solve governing equations. Simulations
were performed at different displacements and speeds on
the basis of the RANS solver. Moreover, the numerical re‐
sults were compared and validated with experimental data.
Then, with the development of the numerical study, the ef‐

T
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View of the vessel under investigation

)

In these equations, V is the velocity vector, ρ is the fluid
density, and µ is the dynamic viscosity coefficient. A suit‐
able turbulence model should be used to model flow. Ac‐
cordingly, in the present study, the SST k-ω turbulence
model was implemented with the following equations (Bi
et al. 2020):

∂ éê
∂k
Dρk
μ + σk μt
=
Dt
∂x j êë
∂x j

Figure 3
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k
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In the mentioned equations, the constant coefficients of σω,
σk, and β are the result of combining the constant coeffi‐
cients of the two models of k- ɛ and k- ω turbulence. The
constant coefficients of ϕ1 and ϕ2 were determined in ac‐
cordance with Table 5.
φ = φ 1 F 1 + φ 2 (1 − F 1 )

(8)
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Table 5 Constant coefficients in turbulence model equations
ϕ2

ϕ1

a 1 = 0.31

a 1 = 0.31

σ k2 = 1

σ k1 = 0.85

σ ω2 = 0.856

σ ω1 = 0.5

β 2 = 0.082 8

β 1 = 0.075

β * = 0.09

β * = 0.09

k = 0.41

k = 0.41

σ k2
β
γ 2 = 2* − ω2
β
β*

γ1 =

Figure 4 The main dimensions of the computational domain

In this equation, V and l represent the speed and the wetted
keel length, respectively. Furthermore, the time step is a
function of the grid density to keep the CFL number con‐
stant (greater than 1).

β 1 σ ω1 k 2
−
β*
β*

4.3 Boundary conditions
The volume of fluid (VOF) method was applied for free
surface modeling. This method describes the geometry sur‐
face between the two phases in the form of the following
equation:
∂α
+ ∇· (Vα ) = 0
∂t

(12)

α is the volume fraction that is considered as 0 and 1 for
water and air fluids, respectively. The density and viscosi‐
ty characteristics of the two fluids were calculated on the
basis of the α value in accordance with two relationships
in the form of the following equations:

(

)

(13)

(

)

(14)

ρ ( α ) = αρ a + 1 − α ρ w

μ ( α ) = αμ a + 1 − α μ w

The specified boundary conditions are shown in Figure 5.
The inlet, side, bottom, and top boundaries were taken as
the velocity inlet, and the outlet boundary was considered
as the pressure outlet. Simulation was performed symmet‐
rically in accordance with vessel hull symmetry and fluid
flow. The hull of the vessel was considered rigid (no-slip
wall). As a result, the body surface was considered under
no-slip wall boundary conditions.

4.2 Computational domain and time step
The computational domain size was determined to comply
with the minimum ITTC criteria (ITTC 2014b) (Figure 4).
Accordingly, the computational domain was extended 2.5L
to the front of the bow, which was considered an inlet bound‐
ary. The distance from the stern to the outlet boundary was
determined to be 12L to ensure the absence of reverse flow
and to model the wake created behind the vessel well. The
distances of the free surface from the top and bottom of
the domain were 2 and 3 times the vessel length, respec‐
tively. In addition, the distance from the sidewall of the
computational domain to the vessel was 3L to ensure that
the lateral boundary did not affect vessel behavior. The
time step used in the simulations as a function of vessel
speed and wetted length was determined in accordance with
the ITTC (2014c) and is given in Equation (15).
∆t = 0.01~0.005

l
V

(15)

Figure 5 Boundary conditions of the computational domain

4.4 Grid generation
Figure 6 shows the meshing of the different parts of the
computational domain. Carrica et al. (2007) demonstrated
that in the simulation of vessel movements, applying dy‐
namic mesh increases the accuracy of computations. Fur‐
thermore, Begovic et al. (2015) showed that employing un‐
structured meshing in dynamic mesh (overset region) and
structured meshing in other parts of the computational do‐
main (background region) reduces mesh number and com‐
putational time. Accordingly, the present study used a dy‐
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Figure 6

Computational domain meshing

namic meshing (overset) technique with unstructured hex‐
agonal meshing around the vessel. Given the VOF model
and significant waves created behind the vessel, mesh‐
ing was considered fine on the boundary between the two
phases.
As the hull speed increases, air diffusion under the hull
increases because of high trim values. This phenomenon
causes an error in the numerical ventilation problem. Nu‐
merical ventilation is a well-known problem encountered
in the modeling of planing hulls by using the VOF model.
This problem may lead to an unwanted drag reduction of
up to 30% (Avci and Barlas 2018). Gray-Stephens et al.
(2019) and Samuel et al. (2021) investigated different
methods for solving numerical ventilation errors. In this
study, the two methods of the modified HRIC scheme and
mesh refinement were used simultaneously in accordance

Figure 7

Visualization of mesh refinements 1 and 2

with the research conducted by Gray-Stephens et al. (2019)
to prevent numerical ventilation error. In this research,
two methods of mesh refinement were used. Refinement 1
focused around the ship’s bow as shown in Figure 7(a),
and refinement 2 focused around the ship as illustrated in
Figure 7(b).
Prismatic layer mesh was used to simulate the boundary
layer near the wall (vessel body). The value of the prismat‐
ic layer meshing components was determined on the basis
of the appropriate y+ value for the proper simulation of tur‐
bulence. The ITTC recommendations (ITTC 2014d) state
that when the wall function is implemented, the y+ value
can be between 30 and 300. The value of y+ was less than
100 at all different speeds and weight modes. The y+ value
at each point of the craft at the Froude number of 1.55 and
displacement of 5.3 kg is shown in Figure 8.
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hi
> 1.3
hi + 1

(17)

Then, the average of the apparent order of the method takes
the following form:
p avg =
Figure 8 Values of y at different points of the craft at the Froude
number of 1.55 and displacement of 5.3 kg
+

( )

q p = ln

4.5 Mesh independency study
This simulation investigated the effect of mesh size at
four levels of meshing from coarse to fine. Studies were
conducted at the displacement of 5.3 kg and the Froude
number of 1.55. Table 6 compares the results of the numer‐
ical method with the experimental results obtained in dif‐
ferent meshing modes. The results showed that with the in‐
crease in the number of meshes, the stability of problemsolving first increased. However, from the third case on‐
ward, increasing the number of meshes had no significant
effect on the results, and the solution became independent
of the number of meshing’s. Accordingly, the third mode
of meshing, namely, the base of the meshing, was consid‐
ered to have sufficient accuracy in problem-solving and to
reduce computational time.

Base size
Overset Background
Experimental

Numerical

Number of
mesh

ϕ 32
txt =

11.277

11.85

4

11.964

7

172 × 104

12.45

3.12

4

12.55

2.34

0.43LPP

0.25LPP

0.31LPP

72 × 10

0.18LPP

0.22LPP
0.15LPP

-

380 × 10

The grid convergence method was used to evaluate mesh
sensitivity, as suggested by Celik et al. (2008). The meth‐
od used to estimate discretization error was based on the
extrapolation method reported by Richardson (1911). This
method determines the uncertainty of numerical results
by using the results of three different meshings. In the
first step, the mesh dimensions were calculated by using
Equation (16).
é1 n ù
h i = êê ∑V i úú
ëN i = 1 û

p avg
21

(

ϕ1 − ϕ2

)

r −1
p
21

| ϕ2 − ϕ3
e 32
a = |
| ϕ2

Error
(%)

34 × 104

0.35LPP

0.12LPP

RT
(N)

-

-

(r

|| ϕ 23
ext − ϕ 3
e 32
ext = |
23
| ϕ ext

12.75

-

( )
p
r 21
−s
p
−s
r 32

1
3

(16)

The dimensions of the mesh at each stage should be such
that Equation (17) is established as

(18)

(19)

In Equation (18), the parameters r21 and r32 indicate the grid
refinement factors that are determined by 2 . Moreover,
ε32 = ϕ3 – ϕ2, ε21 = ϕ2 – ϕ1, and ϕk denotes the solution on
the kth grid. φ is the key variable in problem-solving. In
this simulation, this variable was the resistance value. The
relative extrapolation error value was determined in accor‐
dance with Equations (19) to (23).

Table 6 Calculated resistance in different meshing
Results

( )|

( )|

1
ln | ε 32 /ε 21 | + q p
ln r 21

GCI 32
fine =

)

(20)

|
|
|

(21)
||
|
|

(22)

1.25e 32
a
p
r 32 − 1

(23)

avg

These parameters were calculated for the considered hydro‐
dynamics resistance and are shown in Table 7.
Table 7 Discretization error for hydrodynamics resistance based on
the grid convergence method
Items

Total resistance

r21

2

r23

2

ϕ1

12.55

ϕ2

12.45

ϕ3

11.964

pavg

5.304

ϕ

12.582

32
txt

e 32
a

0.797

e 32
ext
GCI

0.259
32
fine

0.325
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4.6 Comparison of numerical and experimental
results

Table 8 Comparison of experimental and numerical results at the
displacement of 5.3 kg
Resistance force (N)
Displacement
Froude number
Error (%)
(kg)
Experimental Numerical
0.49

7.26

7.07

3.03

0.97

9.61

9.22

4.36

1.55

12.75

12.45

3.12

1.94

-

14.22

-

5.3
2.43

-

15.89

2.91

Unstable

Unstable

-

5 Results and discussion
An analysis of the results of dynamic parameters, such
as resistance force, lift, trim, and sinkage, is provided in
this section. The results for the abovementioned displace‐
ments different Froude numbers are presented. Moreover,
the pressure distribution at the bottom of the vessel, wave
profiles, and the wetted surface in different modes are shown
and investigated. The studied vessel used the lift force ob‐
tained from water and air fluids to withstand the weight
force. Accordingly, the contributions of water and air flu‐
ids to vessel behavior in the simulations were calculated
and investigated separately. Accordingly, the contribution
of water and air fluids was studied in all simulations.

5.1 Resistance force
The resistance force caused by the fluid against a mov‐
ing craft, especially at high speeds, is one of the important
and effective parameters for increasing the velocity of highspeed vessels. The power required to reach high speeds in‐
creases with the increase in resistance force. Therefore, in‐
vestigating the dynamic behavior of each craft by chang‐
ing the speed is necessary. The resistance force at different
Froude numbers and the displacements of 5.3, 4.6, and 4 kg
are shown in Figure 9. The results showed that in all dis‐
placement modes, the resistance force increased with the

20
Total resistance (N)

The numerical simulation results for the displacement of
5.3 kg were compared with similar experimental data for
validation (Table 8). A comparison of the resistance force
results showed that the maximum error at all studied speeds
did not exceed 4.36%. Therefore, numerical simulation has
good accuracy and correctly predicts the trend of resistance
variations with the increase in the Froude number.

Case 1
Case 2
Case 3

15
10
5

0

1

Fr

2

3

Figure 9 Resistance of the force at different Froude numbers

increment in the Froude number. The vessel was stable at
the displacement of 5.3 kg up to the Froude number of
2.43 and then experienced longitudinal instability. More‐
over, the vessel was stable at the displacement of 4.6 kg up
to the Froude number of 2.9. The vessel was stable at the
displacement of 4 kg up to the Froude number of 1.95 and
suffered from instability at high Froude numbers. The con‐
tributions of water and air fluids to frictional resistance at
different Froude numbers and the mentioned displacement
are presented in Figure 10. The results illustrated that the
frictional resistance of the air increased with an increase in
the Froude number and the reduction in the wetted surface
of the hull. However, given that the density and viscosity
of water are considerably higher than those of air, the fric‐
tional resistance of water was higher than that of air at all
Froude numbers. In general, the contribution of air to the
creation of frictional resistance was less than 15%. Figure 11
displays the contribution of water and air fluids to pressure
resistance. Accordingly, the pressure resistance caused by
the two water and air fluids decreased and increased with
the increase in Froude number and vessel position in the
planing motion mode, respectively. Therefore, at the men‐
tioned displacements, air pressure resistance in the planing
mode increased by 55%, 40%, and 60% relative to those in
the displacement mode.

5.2 Trim and sinkage
This work investigated the dynamic behavior of a craft
at two degrees of freedom, namely, heaving and pitching.
The trim (tumbling around the longitudinal axis) and sink‐
age (linear motion in the vertical axis direction) diagrams
at different Froude numbers are shown in Figure 12 and
Figure 13, respectively. At the displacements of 5.3 and
4 kg, the vessel trim decreased until the Froude number of
1.5 and then increased. At the displacement of 4.6 kg, the
vessel trim increased until it reached the planing mode
(Fr = 1), then decreased until the Froude number of 1.5,
and subsequently increased. At the displacements of 5.3
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Figure 10 Contribution of water and air fluids to frictional resistance at the displacements of 5.3, 4.6, and 4 kg

Figure 11

Contribution of water and air fluids to pressure resistance at the displacements of 5.3, 4.6, and 4 kg
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Figure 12 Vessel trim at different Froude numbers and the displace‐
ments of 5.3, 4.6, and 4 kg

Figure 13 Vessel sinkage at different Froude numbers and the
displacements of 5.3, 4.6, and 4 kg

and 4 kg, vessel sinkage increased up to the Froude num‐
ber of 1.95. Its slope then decreased, and it further declined.
Moreover, at the displacements of 5.3 and 4 kg, vessel
sinkage increased with the increase in Froude number and
the change in vessel motion from displacement to planing.

5.3 Wetted surface
The wetted area is the vessel hull area that has been im‐
mersed in water. In ships, especially high-speed planing
vessels, the wetted surface is directly related to the overall
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hydrodynamics drag. The wetted surface changes at differ‐
ent Froude numbers in accordance with vessel behavior.
The ratios of the area of the dry and wetted surface to the
surface area of the hull are shown in Figure 14. During
planing movement, the wetted surface of the vessel at
different displacements decreased with the increase in the
Froude number and vessel exposure, and the majority of
the surface of the hull was exposed to air. At the three dis‐
placements of 5.3, 4.6, and 4 kg under these conditions,
the wetted surfaces of the vessel reduced in the planing
mode relative to those in the displacement mode by 20%,
15%, and 25%, respectively. The wetted surfaces of the
vessel in the displacement (Fr = 0.48), semidisplacement
(Fr = 0.98), and planing (Fr =1.94) motion modes at dif‐
ferent weights are illustrated in Figure 15. The wetted sur‐
face of the vessel decreased with the increase in the Froude

number of the wetted surface.

5.4 Lift force
In displacement mode, the buoyancy force held almost
all vessel weight forces. More than half of the vessel weight
force was held in planing mode by the dynamic forces
caused by two water and air fluids. The lift forces at the
different Froude numbers at the displacements of 5.3, 4.6,
and 4 kg are presented in Figure 16. In planing mode, the
wetted surface of the vessel decreased with the increase in
Froude number and thus increased the lift force contribut‐
ed by air. The results showed that the contributions of air
to the creation of lift force in planing mode were 60%,
50%, and 70% for the mentioned displacements. However,
the contribution of air to the creation of lift force in the dis‐
placement mode was less than 10%.

Figure 14

Surface exposed to the flow of water and air fluids at different froude numbers

Figure 15

Wetted surface of the vessel bottom in motion modes
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Figure 16 Contribution of water and air fluids to lift force at the displacements of 5.3, 4.6, and 4 kg

5.5 Wake created by the vessel

Max wake height (m)

0.045
0.040
0.035
0.030
0.025
0.020

Δ = 5.3 kg

0.015

Δ = 4.6 kg

0.010

Δ = 4 kg

0.005
0

1

2
Fr

3

4

(a) Maximum height of the created wake
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Max wake amplitude (m)

As a high-speed vessel moves in the water, it builds up
a wake behind the vessel hull. The range of the wake creat‐
ed behind a vessel varies at different speeds. Figure 17
shows a schematic of the amplitude and height of the wake
created behind the vessel. Figure 18 presents the highest
height and amplitude of the wake created behind the ves‐
sel at different Froude numbers and displacements. The
penetration rate of the vessel stern in water decreased with
the reduction in trim. Therefore, due to the continuity of
the water fluid, the height of the wake created behind the
vessel decreased. Moreover, by increasing the Froude num‐
ber, the speed of the flow behind the transom caused the
wake to occur at a distance far from the stern. Figure 19
shows the wake created behind the vessel at different dis‐
placements and in the modes of displacement (Fr = 0.48),
semidisplacement (Fr = 0.98), and planing (Fr = 1.94).
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Figure 17

Schematic of the amplitude and height of the wake
0

5.6 Wave pattern around the craft
Figure 20 shows the wave pattern created by the vessel at
the displacements of 5.3, 4.6, and 4 kg in the motion modes
of displacement (Fr = 0.48), semidisplacement (Fr = 0.98),
and planing (Fr = 1.94). The length of the wake created
behind the vessel increased with the rise in the Froude
number. Longer waves dissipated later than shorter waves.
Accordingly, the wave pattern created behind the vessel
lengthened and narrower. As a result, it can be said that
“narrowed with the increase in speed. Therefore, the length

1

Fr

2

3

(b) Maximum amplitude of the wake created behind the vessel
Figure 18 The specification of the wake created behind the vessel

and angle of the wave pattern created by increasing the ve‐
locity have direct and inverse relationships, respectively.

5.7 Pressure distribution
The pressure distribution on the vessel bottom was ana‐
lyzed in two different longitudinal plates. The placement
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of these plates on the vessel bottom is shown in Figure 21.

Figure 21 Longitudinal sections on the bottom of the vessel

Figure 19 Wake created behind the vessel in motion modes, a: dis‐
placement (Fr = 0.48), b: semidisplacement (Fr = 0.98), c: planing
(Fr = 1.94)

These two plates were considered at distances of 0 and
0.155 m from the vessel’s centerline.
The contour and diagram of pressure changes in the two
mentioned plates at the displacement of 5.3 kg in the mo‐
tion modes of displacement (Fr = 0.48), semidisplacement
(Fr = 0.98), and planing (Fr = 1.94) are shown in Figure 22
and 23. The stagnation line in the main hull approached
the stern with the increase in the Froude number and the
change in the vessel motion mode from displacement to plan‐
ing (Figure 22(b)). Moreover, the pressure increased on the
demihull’s bow, thus affecting the hull flow (Figure 22(a)).
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(a) Changes in bottom pressure on plane Y = 0.115
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(b) Changes in bottom pressure on plane Y = 0
Figure 20 Wave pattern created around the vessel at the displace‐
ments of 5.3, 4.6, and 4 kg

Figure 22 Changes in bottom pressure on plane Y = 0.115 and
plane Y = 0 in the modes of motion of displacement, semidisplacement,
and planing

Journal of Marine Science and Application

68

Furthermore, the steps of the bottom of the vessel separat‐
ed the flow and created a stagnation line on their back that
increased the pressure.

5.8 Porpoising longitudinal instability
The displacement of the center of pressure around the
center of gravity creates longitudinal instability in a vessel.
This instability is called porpoising instability. Porpoising
causes intermittent dynamic instability during heaving and
pitching movements. The oscillation range of the motion
of pitching and heaving for different displacements at the
Froude numbers of 2.4 and 2.9 are presented in Table 9. At

Figure 23
Table 9

numbers of 1.94 (stable conditions) and 2.9 (unstable con‐
ditions) for the mentioned displacements are presented and
compared in Figure 24. At the Froude number of 1.94, the
center of gravity was located at the displacements of 5.3
and 4 kg away from the maximum pressure zones. The
stagnation line moved backward when the speed and trim
were increased such that the area under maximum pressure
surrounded the center of gravity. Under these conditions,
the center of pressure moved around the center of gravity,
resulting in the creation of forces and dynamic moments,
ultimately causing the Porpoising instability. At the dis‐
placement of 4.6 kg, the vessel was stable at both of the
mentioned Froude numbers. In this case, the movement of
the center of pressure was not around the center of gravity,
and instability did not occur in the vessel. As a result, at
the displacement of 4.6 kg, the vessel performed well in
terms of longitudinal stability.

Pressure contour on the bottom of the craft in three modes

Average oscillation of pitching and heaving movements

Displacement
(kg)

LCG

5.3

30%LWL

4.6

40%LWL

4

35%LWL

Froude Pitch oscillation Heave oscillation
average (mm)
average (°)
number
2.4

Stability

Stability

2.9

0.5

15

2.4

Stability

Stability

2.9

Stability

Stability

2.4

0.3

10

2.9

1.2

13

the displacement of 5.3 kg, the vessel was stable at the
Froude number of 2.4 and became unstable with the in‐
crease in Froude number. Moreover, the craft was entirely
stable at the displacement of 4.6 kg and did not suffer
from porpoising instability. At the displacement of 4 kg,
vessel instability began at the Froude number of 2.4 and in‐
tensified with the increase in the Froude number of the os‐
cillations created during pitching and heaving.
The pressure contours of the vessel bottom at the Froude

Figure 24 Vessel pressure contour in the steady state (Fr = 1.94)
and the unstable state (Fr = 2.9)

6 Conclusions
This paper presents an experimental and numerical in‐
vestigation of the behavior of a high-speed catamaran plan‐
ing at the displacements of 5.3, 4.6, and 4 kg. The vessel
had two demihulls and a main hull with a foil cross-sec‐
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tion that produced lift force hydrodynamics and aerody‐
namics, respectively. Therefore, evaluating the effect of wa‐
ter and air fluids on the dynamic components of the vessel
was necessary. In the experimental study, the resistance force
of a catamaran planing at the displacement of 5.3 kg was
evaluated by considering the effect of water and air fluids.
In numerical studies, the results of numerical simulations
were first validated with experimental data. Therefore, for
evaluation with increased accuracy, vessel performance
was analyzed at the three displacements of 5.3, 4.6, and 4 kg
over the Froude number range of 0.49 to 2.9. The most sig‐
nificant results are as follows:
1) At all displacements, the frictional resistance of the
air in the displacement motion mode was low. However, in
the planing motion mode, frictional resistance reached ap‐
proximately 15%.
2) In the planing mode, air pressure resistance was ap‐
proximately equal to water pressure resistance and increased
by 55%, 40%, and 60% at the displacements of 5.3, 4.6,
and 4 kg, respectively.
3) The wetted surface of the vessel decreased with the in‐
crease in Froude number and the change in the mode of mo‐
tion from displacement to planing. Therefore, compared with
that in the displacement mode at the displacements of 5.3,
4.6, and 4 kg, the wetted surface of the craft in the plan‐
ing mode decreased by 20%, 15%, and 25%, respectively.
4) When the vessel was in the planing mode, increasing
the speed increased the air effectiveness of the lift force. In
the planing mode, the contribution of air to the creation of
lift force at the displacements of 5.3, 4.6, and 4 kg were
60%, 50%, and 70%, respectively.
5) The amplitude and height of the wake were directly
related to the speed and trim of the vessel, respectively.
Under these conditions, the speed of water increased due
to the creation of a water jet behind the vessel, causing the
wake to become concentrated in one direction and along
the vessel centerline. As the vessel speed increased, the wake
created behind the vessel elongated and narrowed.
6) The area under maximum pressure changed along the
vessel and approached the center of gravity as the velocity
increased and the trim changed. In some cases, by increas‐
ing the speed beyond a determined value, the movement of
the pressure center around the gravity center caused por‐
poising longitudinal instability.
The effect of the shape and position of transverse steps
on dynamic components and porpoising instability will be
considered in future work. Moreover, given that the main
hull of this vessel is in the form of a foil, future work will
examine the effects of foil components on vessel stability.
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