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Abstract: The patrol boat is one of the critical aspects for archipelago countries, such as Indonesia, 
to supervise and maintain the sea border. Due to rough sea conditions, the patrol boat could lose its 
stability due to the loss of a self-righting roll moment in severe waves. One of the most challenging 
aspects is to ensure the sufficient stability of the patrol boat during rough conditions. Another chal-
lenge is to design a boat that has a self-righting moment during rolling in extreme conditions. This 
paper examines the design of an anti-capsize ship by improving the self-righting moment with dif-
ferent deck houses height. The rough condition is described when the boat experiences a roll angle 
of 170°. The principal dimensions of the patrol boat, i.e., Lpp, B, H, T, are 13.0 m, 4.2 m, 2.19 m, and 
1.15 m, respectively. Four different deck house heights are compared to obtain the best self-righting 
roll moment with a height increment of 0.1 m. The physical model is implemented with ship model 
1:27.4. In addition, computational fluid dynamics (CFD) is also used to support the proof of the 
existence of the self-righting roll moment. It is revealed that the center of gravity and buoyancy are 
essential parameters to acquire the self-righting moment. The height of the deckhouse improves the 
center of the metacenter, which influences the righting arm of ship stability. The results show that 
our ship design has a self-righting moment during heel at 180°. 
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1. Introduction 
The patrol boat is essential for archipelago countries such as Indonesia to supervise 

and maintain the sea border. Many violations have occurred in the past, such as illegal 
fishing in the Natuna sea and border violations with neighboring countries. This indicates 
that the patrol vessel is an essential tool in Indonesia as a maritime and archipelago coun-
try. Patrol vessels operate in the Exclusive Economic Zone (EEZ) area, and, sometimes, 
sea conditions will be rough. 

In harsh conditions, patrol vessels will experience strong winds and waves that affect 
the ship’s stability. The ship will also experience an extreme roll motion that can be over 
90°. In this situation, the vessel can be capsized due to the loss of a self-righting roll mo-
ment. 

A study of patrol vessels with interceptors was carried out with the CFD method and 
showed that the resistance could be decreased by adding an interceptor [1]. A study of 
the aerodynamic load on patrol vessels using computational fluid dynamics (CFD) was 
conducted with an OpenFOAM solver [2]. The study shows that CFD can provide reliable 
aerodynamic load predictions for high-speed vessels. An analysis of the survivability of 
ocean patrol vessels related to survivability, redundancy and technical endurance was 
performed using Monte Carlo analysis [3]. 
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The effects of side keels on patrol vessel safety in astern waves were studied by Mai-
mum et al. [4]. A study of the hybrid propulsion system Diesel Mechanical and Diesel 
Electric Propulsion (DMP and DEP) for a trimaran fast patrol boat was carried out by 
Windyandari and Wahyudi [5]. Moreover, a flat-hull ship was used as a patrol vessel in 
concept design [6]. A ship with a self-righting moment was studied for SAR purposes and 
patrol [7,8]. The study indicates that the capacity for a self-righting moment still exists in 
rolling above 180°. Rolling is one of the most dangerous motions on a ship; if the ship 
loses the self-righting moment during rolling, as a result, the ship will capsize. 

Many studies have been performed for ship rolling in extreme conditions, and nu-
merical methods such as computational fluid dynamics (CFD) are often used in ship sta-
bility. CFD prediction of full-scale ship parametric rolling in heading waves was per-
formed by Liu et al. [9]. The study showed that CFD has the capability to reproduce ships 
in the wave. 

The application of CFD to predict the roll response of damaged ships during quasi-
steady flooding in beam waves was conducted by Xu et al. [10]. Full-scale self-propulsion 
computations using a discretized propeller for the KRISO container ship KCS was carried 
out by Castro et al. [11]. The results showed that CFD had good agreement with the ex-
periment. 

CFD validation and grid sensitivity studies of full-scale ship self-propulsion were 
carried out by Jasak et al. [12]. Overset grids in OpenFOAM with application to KCS self-
propulsion and maneuvering were described by Shen et al. [13]. The study showed that 
the naoeFOAM-SJTU solver could reproduce the self-propelled phenomenon. Verification 
and validation of the flow around the KVLCC2 tanker at a model and full scale was per-
formed by Pereira et al. [14], and a numerical investigation of the 6-DOF seakeeping per-
formance of the KCS containership was performed by Lungu [15]. 

Prediction of the pitch and heave motions in regular waves for the DTMB 5415 ship 
using CFD was compared with the use of MMG [16], and the study showed CFD results 
similar to those of the MMG model. It can be concluded that CFD has good accuracy for 
ship hydrodynamics prediction. In this paper, a self-righting moment in rolling above 
180° was considered both in the physical model and CFD. 

The present work was conducted to study the effect of the self-righting moment in a 
high-roll-angle condition. In this condition, the ship undergoes dynamic conditions be-
cause of the change in the center of gravity and buoyancy. The ship could lose the self-
righting moment if there is a negative roll moment in the upright ship in the original con-
dition. 

The patrol vessel has a small breadth, making the self-righting roll moment smaller 
and linear with a breadth ratio. Moreover, patrol vessels operate in nearshore regions that 
sometimes experience rough conditions, which could lead to extreme roll motion. In this 
study, the patrol vessel was designed with a self-righting moment in rolling up to 180°. 
The design of the ship had four different heights of the deckhouse, with increments of 10 
cm to increase the roll moment in the heeling condition. 

One of the aims of this study was to select the ship design that has the highest right-
ing roll moment; thus, the ship can return to the upright position after heeling with the 
high angle. Another aim was to prove the existence of the self-righting roll moment on the 
boat by conducting an experimental test of the 1:27.4 physical model scale. Moreover, the 
numerical approach of computational fluid dynamics (CFD) was used to support the 
physical model results. 

2. Methods 
The physical model of the ship design was first created by modeling a ship with a 

basic design. Figure 1 shows the body plan of a ship for patrol dan search and rescue 
(SAR). The body plan indicates a view of the ship in the longitudinal (side and bottom 
view) and transverse view (front view). The ship was designed with a single chine to in-
crease the ship speed, which it used as a lift force due to the spray effect of water passing 
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the hull, which bends around the side of the ship. In this study, the ship was designed for 
fast patrol. This is another reason that chine was used in the ship. 

Table 1 indicates the principal dimensions of the ship, where LBP is the length be-
tween perpendiculars, B is the ship breadth, H is the ship height, and T is the ship draft. 
The ship dimensions were based on a Barracuda vessel (https://www.safehavenma-
rine.com/barracuda (accessed on 18 January 2022)) with a self-righting capability. The 
ship was designed for six passengers with six pieces of baggage and cargo. Detailed in-
formation of the ship’s general arrangement can be seen in Figure 2. 

The height of deckhouse variation was achieved with increments of 10 cm to increase 
the height of the ship’s metacenter. Figure 3 illustrates four deckhouses with a height in-
crement of 10 cm. The deckhouse was assumed to be watertight. This assumption was 
made to ensure that when the boat was heeling, water could not enter the boat and cause 
the ship to capsize due to flooding. 

Table 1. Principal dimensions of ship. 

Principal Dimension (Units in m) 
Lpp 13.0 m 

B 4.2 m 
H 2.19 m 
T 1.15 m 

 
Figure 1. Design of line plan of patrol vessel and SAR. 
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Figure 2. General arrangement of patrol vessel with 6 passengers. 

  
(a) (b) 

 
 

(c) (d) 

Figure 3. Variations in deck house height: 2.01 m (a), 2.11 m (b), 2.21 m (c) and 2.31 m (d). 

Table 2 describes the load case condition of the boat, used to calculate the heeling 
arm for several conditions—for instance, lightweight, zero cargo, half of the cargo and the 
full load condition. Table 3 shows the dimensions of the physical model of a ship. This 
model was tested in a mini towing tank in the Department of Naval Architecture, Univer-
sitas Diponegoro. 

Due to the limitation of the width of the tank, a scale of 1:27.4 was chosen in this 
study. Figure 4 shows a physical model of a ship with a solid ballast. Solid ballast 1262 gr 
was used to obtain a similar full-scale ship. Table 4 shows the calculation of the center of 
gravity of the ship model. The calculation of the center of gravity is shown in Table 5. It 
has a difference of 6.15% for longitudinal center gravity and 9.20 for the keel to gravity. 
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Table 2. Load case of ship condition for calculation of lever arm. 

Item Load Case 1 Load Case 2 Load Case 3 Load Case 4 
Passenger 0% 100% 100% 100% 
Passenger Baggage 0% 100% 100% 100% 
Cargo 0% 0% 50% 100% 
Diesel oil 0% 100% 100% 100% 

Table 3. Principal particulars of model with scale 1:27.4. 

Model Particular Dimension (cm) 
LoA 50 
Lpp 47.4 
B 15 
T 4.2 
H 8 

 

  
(a) (b) 

 

 

(c) (d) 

Figure 4. Physical modeling of ship with scale 1:27.4 with the highest deckhouse (a), hull form model 
(b), solid ballast (c) and ship model (d). 

Table 4. Calculation of the center of gravity and the total weight of the model. 

Item m (gr) F (N) LCG (cm) 
Moment LCG 

(N.cm) 
KG (cm) 

Moment KG 
(N.cm) 

Hull 377.00 3694.60 19.39 71,627.21 4.92 18,184.82 
Upper Deck 159.00 1558.20 22.13 34,484.52 11.57 18,022.14 
Load 726 7114.8 18.77 133,523.4516 2,63 18,726.1536 
Total 1262.00 5252.80 19.38 239,635.186 4,44 54,933.116 
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Table 5. Comparison of calculation of center of gravity. 

Item Full-Scale Ship Scaled Ship Difference (%) 
LCG 20.65 19.38 6.15% 
KG 4.89 4.44 9.20% 

Figure 5 illustrates the computational domain for CFD setup; the self-righting mo-
ment was simulated with roll decay analysis to prove that the boat could return to an 
upright condition after rolling at a high angle. In this study, roll decay simulation was 
conducted using commercial CFD software, Siemens Star-CCM+ version 16.04. 

Figure 5 shows the fluid domain size for this simulation, which is -Lpp × 2Lpp, -Lpp 
< y < Lpp and -Lpp < z < 0.4 Lpp. The size of the box for free surface refinement on the 
background region is -2Lpp × 2Lpp, -Lpp < y < Lpp, and -(1.2Hw × 0.5) < z < (1.2Hw × 0.5). 
For the overset region, the height of the box for free surface refinement is −0.5 m < z, 1.00 
m. This size covers the ship height. 

The finite volume method (FVM) was used to discretize the integral form of the Un-
steady Reynolds-Averaged Navier–Stokes (URANS) equations. A second-order convec-
tion scheme was used for the convective terms. For the time-domain solution, a first-order 
temporal discretization was used. The continuity and momentum were linked using a 
predictor–corrector scheme. The flow equations were solved in an uncoupled manner. 
The overall solution procedure was solved using the Semi-Implicit Method for Pressure 
Linked Equations (SIMPLE) algorithm. 

The turbulence effect in the boundary layer region was modeled using the Shear-
Stress Transport (SST) [17], which blends a k-ɛ model in the far field with a k-ω model 
near the wall. The all-y+ treatment scheme was used to treat the boundary layer region 
either for fine grids (when y+ < 5) or for coarse grids (when y+ > 30). To capture the free 
surface, the Volume of Fluid (VoF) method, introduced by Hirt and Nichols [18], was 
used. VoF defines two phases of the fluid (water and air) by assigning a scalar value of 0 
to air and 1 to water in each cell. Then, value of the interface between two fluid phases 
(the cells contain water and air) is 0.5. The flat wave modules with zero velocity were used 
to represent fluid in the computational domain without waves when the boat was at zero 
velocity. 

The dynamic fluid body interaction (DFBI) module was used to capture the two de-
grees of freedom of the boat in the roll decay simulation, which are roll and heave. This 
module computes the exciting forces, moment and gravitational force acting on the hull 
surface and solves the governing equation to determine the new position in each time 
step. 

Figure 6 shows the two regions, overset and background, that are used in this paper. 
Overlap refinement was employed between two regions to ensure that the roll decay sim-
ulation was smooth. Another refinement was located near to the free surface, called free 
surface refinement, to distinguish the water and air phases with high precision. 

For the generation of the mesh, the automatic mesh tool in Star CCM+ was employed, 
called a trimmed cell mesh, and a surface remesher. This tool uses the mesh Cartesian cut 
cell method. The total thickness of the prism layer around the hull surface is 1.095 × 10−3 
m, which is divided into six layers of prismatic cells with the stretching factor of 1.2 and 
results in the first layer of 1.104 × 10−4 m. 

The total cells of the generated mesh amount to 4,213,084 cells. For Grid Convergence 
Index (GCI) analysis, the generated mesh, later referred to as the fine mesh configuration, 
was coarsened with the refinement ratio √2, and then it was denoted the medium mesh 
configuration. The total cells of this configuration amounted to 1,592,881 cells. This con-
figuration was then coarsened again with the same ratio to achieve a coarse mesh config-
uration and resulted in a total number of cells of 709,885. 

The choice of time step in this study was based on the ITTC recommendation. It is 
recommended for periodic phenomena, such as roll decay, and the time step should be at 
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least 100 per period. In this case, the natural roll period is approximately 0.56 s. The min-
imum time step based on the ITTC recommendation is 0.0056. However, in this study, 
CFD simulation used a time step of 0.004 s, which was lower than the ITTC recommenda-
tion. 

 
Figure 5. Computational domain for self-righting moment in CFD. 

  

Figure 6. Two regions and the refinements and fine mesh configuration. 

Fourier series (FS) analysis was used to quantify the results of roll decay simulation, 
which considered the unsteady time series of roll amplitude. This analysis converted the 
time-domain results into frequency-domain results. It was undertaken for the three mesh 
configurations, which were fine, medium and coarse. Next, the roll response in the fre-
quency domain for different mesh configurations was compared. Each unsteady history 
φ(t) could be represented by a Fourier series in time, as shown in Equation (1). 

𝜑𝜑(𝑡𝑡) =  𝜑𝜑0 + �𝜑𝜑𝑛𝑛 . cos(𝜔𝜔𝜔𝜔𝑡𝑡 + 𝛾𝛾𝑛𝑛),    𝜔𝜔 = 1,2,3, …
𝑁𝑁

𝑛𝑛=1

 (1) 

where 𝜑𝜑𝑛𝑛 is the nth harmonic amplitude and γn is the corresponding phase, which can 
be determined by the following equations. 

𝜑𝜑𝑛𝑛 =  �𝑎𝑎𝑛𝑛2 + 𝑏𝑏𝑛𝑛2 (2) 
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𝛾𝛾𝑛𝑛 = arctan �
𝑏𝑏𝑛𝑛
𝑎𝑎𝑛𝑛
� (3) 

where 

𝑎𝑎𝑛𝑛 =
2
𝑇𝑇

 � 𝜑𝜑(𝑡𝑡) . cos(𝜔𝜔𝜔𝜔𝑡𝑡)𝑑𝑑𝑡𝑡
𝑇𝑇

0
 (4) 

𝑏𝑏𝑛𝑛 = −
2
𝑇𝑇

 � 𝜑𝜑(𝑡𝑡) . sin(𝜔𝜔𝜔𝜔𝑡𝑡)𝑑𝑑𝑡𝑡
𝑇𝑇

0
 (5) 

𝜑𝜑0 =
1
𝑇𝑇

 � 𝜑𝜑(𝑡𝑡)𝑑𝑑𝑡𝑡
𝑇𝑇

0
 (6) 

The 0th harmonic amplitude 𝜑𝜑0 is the average value of the time history of φ(t). Grid 
Convergence Index (GCI) analysis was used as a verification method. The formulae to 
calculate this index are shown in Equations (7)–(11). The verification study was carried 
out to quantify the numerical uncertainties of the CFD model. This index is based on Rich-
ardson extrapolation [19] and the method adopted according to Celik et al. [20]. 

𝑆𝑆1, 𝑆𝑆2 and 𝑆𝑆3 are the frequency-domain roll responses obtained from the fine, me-
dium and coarse configurations. 𝑅𝑅 is the convergence ratio, which is monotonic for 0 < 𝑅𝑅 
< 1, oscillatory convergence for −1 < 𝑅𝑅 < 0 and a divergent solution for 𝑅𝑅 < 1 or 𝑅𝑅 > 1. 𝑝𝑝 
is the order of accuracy. 𝑟𝑟 is the refinement ratio. 

ɛ21 = 𝑆𝑆2 − 𝑆𝑆1 (7) 

ɛ32 = 𝑆𝑆3 − 𝑆𝑆2 (8) 

𝑅𝑅 =
ɛ21
ɛ32

 (9) 

𝑝𝑝 =
1

ln 𝑟𝑟21
�ln �

ɛ32
ɛ21

� + 𝑞𝑞(𝑝𝑝)� 

where 
𝑞𝑞(𝑝𝑝) = ln�𝑟𝑟21

𝑝𝑝 − 𝑠𝑠 𝑟𝑟32
𝑝𝑝 − 𝑠𝑠� �, and 𝑠𝑠 = sgn(ɛ32 ɛ21⁄ ) 

(10) 

𝐺𝐺𝐺𝐺𝐺𝐺 = 1.25 �
𝑆𝑆1 − 𝑆𝑆2
𝑆𝑆1

� �𝑟𝑟21
𝑝𝑝 − 1��  (11) 

3. Results 
3.1. Experimental Study of Anti-Capsize Ship 

The upright moment in the ship is an important aspect of ship stability because, when 
no moment exists, the ship will capsize. In this study, the self-righting moment was in-
vestigated to design a ship with the capability of avoiding capsizing; as a result, the mo-
ment of ship stability was positive in all conditions. This condition can be achieved with 
an extremely low center of gravity, and another assumption is that the ship is watertight 
during the rolling condition. 

The calculation of the lever moment was conducted using strip theory; the ship was 
divided into sectional areas, and integration was performed using the Simpson methods. 
Figure 7 illustrates the lever moment of a ship in the light ship condition; in this situation, 
the ship only carries out the weight of the hull, without any passengers or accommoda-
tion. Red, black, green and purple indicate the first general arrangement (GA 1), second 
GA (GA 2), third GA (GA 3) and fourth GA (GA 4), respectively. 

Figure 7 indicates that the ship has a positive moment from 10° to 170° for all GAs. 
The boat has a zero moment when it is in the 0° and 180° conditions. GA 4 has the highest 
lever moment after 100°; this situation is caused by the ship metacenter being higher com-
pared to other deckhouse designs. The influence of the deckhouse causes the metacenter 
to become higher as the resulting lever moment becomes larger than before. 
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Figure 8 illustrates the lever moment for load cases without baggage, which is a sim-
ilar phenomenon as shown in Figure 7. All ship designs have a positive moment in all 
rolling conditions. In this situation, there is the addition of mass from the crew and bag-
gage; as a result, the center of gravity becomes larger compared to the first load condition. 
However, the ship still has a positive moment in all rolling conditions. 

The next loading condition ship was set with a scenario of 50% cargo (see Table 2). It 
can be seen in Figure 9 that the positive moment still exists in all designed ships, without 
any negative moment in the study of the lever moment. However, in the full load condi-
tion, the result indicates that the ship design with the lowest deckhouse fails to return to 
an upright condition when rolling 170° (see Figure 10). 

Figure 10 indicates the full load condition for the lever moment, and only the first 
design with the lowest deckhouse has a negative moment. The addition of mass creates a 
lower center of the metacenter and a larger center of gravity. Therefore, the lowest deck-
house fails as the center of gravity passes the center of the metacenter. On the contrary, 
the other three ship designs show positive moments, and the ship could return to the up-
right condition after rolling from a high roll angle. 

Verification was achieved with a physical model with 1:27.4 to prove that the ship 
has a positive moment in all conditions. In this study, only GA 4 was modeled in the la-
boratory to prove that our design has a positive moment in all rolling conditions. Figure 
11 illustrates the self-righting capsize test in the towing tank. A rope was used to roll the 
ship to 180°; then, if there was a positive moment, as a result, the ship could return to an 
upright condition. 

From Figure 11, the boat could return to an upright condition, and it is confirmed in 
Figure 10 that the ship has a positive moment in all rolling conditions. This physical model 
was tested in the full load condition. The lever moment is the lowest compared to other 
scenarios (see Figures 7–10). 

 

 
Figure 7. Righting lever for light ship condition. 
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Figure 8. Righting lever for ship stability for load case 2. 

 

 
Figure 9. Righting lever for ship stability for load case 3. 

 

 
Figure 10. Righting lever for ship stability for load case 4. 
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Figure 11. Physical model for self-righting moment at 180°. 

3.2. Numerical Computation of Anti-Capsize Ship with CFD 
In this section, CFD simulation is described to demonstrate the positive moment of 

the general arrangement (GA) 4 model under a full load (load case 4). Grid Convergence 
Index (GCI) analysis was carried out to verify that the CFD calculation had the minimum 
error. Figure 12 shows the CFD result of the roll amplitude in the time domain for coarse, 
medium and fine mesh configurations. 

 
Figure 12. CFD result of roll amplitude from roll decay simulation. 

The roll amplitude of the roll decay simulations for the fine, medium and coarse mesh 
configurations is shown in Figure 12. The initial roll condition was set as 170° to evaluate 
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whether the boat could return to an upright condition (0°). Based on the simulation, the 
boat was successfully returned to an upright condition. 

To quantify the time series of roll amplitude, Fourier series (FS) analysis was used. 
As mentioned in the Methodology, this method converts the time domain into the fre-
quency domain. However, the roll amplitude in Figure 12 is plotted from the initial con-
dition, which is 170°. There is a large difference from the initial condition (170°) to the first 
trough (around 30°). This may lead to an error in the FS analysis. Based on this reason, the 
roll amplitude that was used for FS analysis was taken from 0.75 s, with a roll amplitude 
of 0°. Figure 13 shows the time series of roll amplitude for FS analysis. 

 
Figure 13. Roll amplitude that was used for Fourier series (FS) analysis. 

Figure 14 and Table 6 describe the results of the FS analysis. Figure 14 illustrates the 
roll amplitude from the roll decay CFD simulation in the frequency domain for the coarse, 
medium and fine mesh configurations. The peak of the curve is a roll amplitude occurring 
at a natural roll frequency. Table 6 explains the value of roll amplitude at the peak of the 
curve in Figure 14. These amplitudes are then used as S1, S2 and S3 in Grid Convergence 
Index (GCI) calculation, as shown in Equations (7)–(11). 

 
Figure 14. Roll amplitude in frequency domain obtained from Fourier series analysis. 
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Table 6. Fourier series results. 

No. Mesh Size ωroll (rad/s) Troll (s) Roll Amplitude 
1 Fine 11.16 0.5630 12.753° 
2 Medium 11.18 0.5620 12.741° 
3 Coarse 11.20 0.5610 12.369° 

Table 7 presents the results of CGI calculation. The table indicates the total mesh for 
each configuration and also the refinement ratio for the mesh configuration, which is √2. 
Based on the roll amplitude obtained from FS analysis for fine, medium and coarse mesh 
configurations (S1, S2 and S3), the GCI can be calculated using Equations (7)–(11). The 
GCI result is quite low, at 0.0041%, indicating that the numerical error in this CFD simu-
lation is also small; thus, this CFD simulation is verified. 

Table 7. Grid Convergence Index (GCI) results. 

Total mesh fine configuration 4,213,084 
Total mesh medium configuration 1,592,881 
Total mesh coarse configuration 709,885 
Refinement ratio, 𝑟𝑟 √2 

 

Fine configuration solution (roll), 𝑆𝑆1 12.753° 
Medium configuration solution (roll), 𝑆𝑆2 12.741° 
Coarse configuration solution (roll), 𝑆𝑆3 12.369° 
Convergence ratio, 𝑅𝑅 0.033 
Convergence type Monotonic (0 < 𝑅𝑅 < 1) 
Order of accuracy, 𝑝𝑝 9.8394 
GCI (%) 0.0041% 

Figure 15 illustrates the CFD simulation in the full load condition for roll decay in a 
3D view. It shows the same phenomenon as Figure 11, in which the positive moment exists 
when the boat has a roll angle of 170°. As the simulation used the scale model, the time 
needed by the boat to return to its original position was relatively quick. It can be seen in 
Figures 12 and 14 that, at around 0.7 s, the boat has returned to an upright position. Based 
on the simulation, it is proven that the boat has a positive roll moment and is able to reach 
a stable position even from a heeling position of 170°. It should be noted that, in this sim-
ulation, the boat was considered watertight. 
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Figure 15. The results of CFD simulation of self-righting moment from 3D perspective. 

This CFD simulation used two phases, which were air and water. To capture the free 
surface between both phases, the Volume of Fluid (VoF) method was used. Figure 16 il-
lustrates the result of the volume fraction of air with a color scale from blue to red, or from 
0 to 1, in 2D view. The red color indicates that the volume fraction of air is 1, which is the 
phase that contains the air. When the volume fraction of air is zero, the phase does not 
contain the air phase. This means that the phase contains water (blue color). The free sur-
face, which is located between the two phases, has a volume fraction of air of 0.5. 
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Figure 16. Numerical simulation of two phases of CFD self-righting moment. 

From this study, it was clearly shown that the height of the deckhouse has an im-
portant impact in improving the height of the ship’s metacenter. It can provide additional 
buoyancy when the boat has a high heeling angle, such as 170°. When the ship heels to 
the right, the center of buoyancy moves downward and the center of gravity moves up-
wards; then, the center of buoyancy twists with the center of gravity, and the ship starts 
to return to an upright condition, as shown in Figure 16. This shows that the center of 
gravity must be very low as the center buoyancy starts to move and twist and gives a 
positive moment. The opposite occurs when the center of gravity is high: the center of 
gravity moves upwards, and the center of buoyancy starts to move downwards, and then 
it will begin to enter a new equilibrium condition with the center of gravity at the top and 
the center of buoyancy in the downward position, which causes the ship to capsize due to 
the negative moment. 

There have been few studies carried out for similar purposes and conducted on ship 
designs with anti-roll conditions without an additional device, and most studies have 
been conducted on ships capsizing due to waves, such as Liu et al. [21], who carried out a 
study on the interaction between the pure loss of stability, surf-riding and broaching. The 
pure loss of stability and surf-riding modes may cause broaching, indicating a similarly 
occurring condition and strong relation between these stability failure modes. Lin et al. 
[22,23] studied an anti-rolling device called Magnus anti-rolling, which employs swinging 
rotating cylinders based on the Magnus effect and can provide anti-rolling measures at 
any ship speed. Deng et al. [24] studied the effect of a bilge keel on ship stability using 
CFD. Many anti-roll devices have been developed to reduce ship roll in a wave; details 
can be found in [25]. 

4. Conclusions 
A study of an anti-capsize ship design was conducted with a physical model and 

numerical approach. Four different heights of deckhouse were selected to improve the 
center of the metacenter. The height of the deckhouse improves the center of the metacen-
ter and creates a positive roll moment. This research shows that the design of this ship has 
the capability of anti-capsizing due to the positive roll moment. The center of gravity and 
buoyancy are important parameters to obtain a self-righting moment in the heel condition. 
The center of gravity has to be in a very low position compared with an ordinary ship, so 
a self-righting moment exists during ship heeling in the roll condition. Three proven mod-
els have the capability of obtaining a self-righting moment, which was verified with one 
physical model and a numerical approach. In addition, the numerical approach showed 
the same phenomenon as strip theory and the physical model, whereby the ship has a self-
righting moment at a heel angle up to 180°. Future works considering the parametric 
study of ship dimensions need to be carried out to complement the present study. 
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Nomenclature 
Lpp Length between perpendiculars GZ Righting lever 
LoA Length overall t Time 
B Ship breadth  𝜑𝜑(𝑡𝑡) Fourier series in time 
H Ship height GCI Grid Convergence Index 
T Ship draft S Roll response 
LCG Longitudional center of gravity R Convergence ratio 
CG Center of gravity  𝑝𝑝 Order of accuracy 
M Center of metacenter  𝑟𝑟 Refinement ratio 
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