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ABSTRACT

The roll damping coefficient is essential when considering the viscous effect in the potential-based hydrodynamic analysis of
fishing vessels; it is an important factor in the roll motion response. The present study performs free roll decay simulations,
altering weight variables using Computational Fluid Dynamics (CFD) to investigate the correlation between the roll
damping coefficient and the weight variation of a fishing vessel. The time series of roll amplitude and roll damping
coefficient are compared, for varying vertical and longitudinal centres of gravity and radii of gyration in roll motion.
As the vertical centre of gravity increases, both the roll decay period and the roll damping coefficient also increase. The
roll decay period tends to increase with the increase in the radius of gyration during roll motion, while the roll damping
coefficient exhibits a decrease. A longitudinal centre of gravity has a limited effect on free roll decay characteristics.
The roll damping coefficients between the maximum and minimum combinations of weight variables show significant
differences. The findings of the present study could enhance the understanding of the safety of fishing vessels based on
their loading conditions. Consequently, future research could further improve the results obtained in the present study

by considering various hull shapes and speeds.
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INTRODUCTION

Ship motion is one of the critical factors affecting the safety
and stability of ships and offshore structures. In particular,
ship motion is more important for small vessels than for large
vessels because small vessels exhibit a larger motion response to
environmental loads. A ship's motion is typically estimated using
potential-based approaches or experiments. However, potential-
based approaches do not account for governing viscous effects,
which are essential when considering roll motion. Thus, an
additional damping coeflicient is required as an input to the
potential-based approach, to address viscous effects.
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In general, empirical methods are used to estimate viscous
roll damping coefficients. The most widely employed approach is
the empirical method proposed by Ikeda et al. [1], in which the
equivalent total damping coefficient is determined by summing
the contributions of friction, eddy-making, and wave-making
components. Ikeda’s extended roll damping study considered
the effect of appendages and forward speed on roll damping
[2-5]. Chakrabarti [6] also proposed a method for estimating
roll damping for ships and barges using an empirical method.

Roll damping estimations for naval ships (and ships in
general) were conducted in previous research, either through
experiments or by using Computational Fluid Dynamics (CFD).
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Previous research investigated methods for calculating the
roll damping coefficient using free roll decay motion [7-12]
or harmonic-excited roll motion [13-16]. The studies were
performed by considering the interaction between bilge keels
and other structures [17-20].

In addition to the previous research on general and naval
ships, roll damping studies for small vessels have mainly
been conducted through experiments. Haddara and Bass
[21] studied the characteristics of roll damping coefhicients
for three different (small) fishing vessels, and Chun et al. [22]
confirmed the effect of the bilge keel and central wing on the
roll damping characteristics of a small fishing vessel. Ali et al.
[23] investigated the roll damping characteristics of a fishing
boat with and without drift motion and highlighted the over
estimation of roll response in heavy seas. Ayob and Yaakob [24]
performed free roll decay simulations of the effects of devices
used to reduce roll motion in small fishing boats. Hasanudin
etal. [25] confirmed the influence of bilge keels on roll motion
in fishing boats and Katayama et al. [26] derived roll damping
coefficients for planning hulls. Recently, Zhang et al. [27]
performed experiments and CFED for roll damping estimations
with various hull forms of a trimaran vessel; they compared
the results of free roll decay curves between the results of the
experiments and CFD.

Most of the previous research on the roll damping coefficient
of small vessels focused on estimation methods and the effect of
appendages. To the best of our knowledge, there has only been
limited research into estimating the effect of weight location and
distribution on roll damping coefficients for small vessels. Zhou
et al. [28] derived roll damping coeficients for four different
types of ships by the CFD approach. They investigated the
effect of the Vertical Centre of Gravity (VCG) of the container
vessel on the roll damping coeflicient but did not consider
the small vessel and the variation of radius of gyration in roll
motion (Kxx). Hasanudin et al. [29] used Kxx for the sensitivity
analysis of the Generalized Reduced Gradient (GRG) method,
to optimise free roll decay results. However, they did not figure
out the effect of Kxx.

Moreover, the distribution and location of weight may differ
from the design criteria due to the situation and environment
of the work. These deviations may result in overloading or
improper loading of the weight on a fishing vessel, leading to
significant problems and serious accidents [30-32]. Therefore,
a study of roll motion characteristics, by changing the weight
of a fishing vessel, is required.

In the present study, we investigate the roll damping
characteristics of a small fishing vessel by altering weight
variables. Free roll decay simulations are conducted using
CFD with altered weight locations and distributions, and
the differences in roll damping coefficients are assessed.
Based on the results, our aim is to identify and compare
the weight variables that have the most significant influence
on the roll damping coefficient. In addition, the change in
metacentre, a critical factor for the safety of fishing vessels, is
investigated, based on the results obtained from the free roll
decay simulation.

FISHING VESSEL AND CONDITIONS

In the present study, a 4.99 ton Korean standard fishing vessel
was employed. The shape of this fishing vessel is presented
in Fig. 1. A box keel was attached to the baseline and other
appendages were not considered. The main particular loading
conditions of the fishing vessel are presented in Table 1. The
speed of the vessel was set to zero. The initial radius of gyration
in roll motion was assumed to be 0.35B. The added mass
moment of inertia in the roll axis was derived at the natural
period of roll motion.

(a) Front view

(b) Side view

(c) Perspective view

Fig. 1. Hull shapes of fishing vessel

Tab. 1. Main particulars and loading conditions of fishing vessel

Description Symbol | Value Units
Length between perpendicular Lgp 11.2 m
Breadth B 33 m
Depth D 1.55 m
Displacement A 20.8 ton
Draft at midship d 0.69 m
gttt enreotgmivfon | 106 | ager | m
Vertical centre of gravity from baseline VCG 1.323 m
Radius of gyration in roll motion Kxx 1.155 m
g/i[fzifie;grlc height in transverse GM, 0.440 m
Hydrostatic stiffness of heave motion C33 | 342993.16 | N/m
Hydrostatic stiffness of roll motion C44 927.581 | N-m/°®
Hydrostatic stiffness of pitch motion C55 | 50897.063 | N-m/°
;\;li(sled mass moment of inertia in roll Add 6.937 ton-m?
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Tab. 2. Analysed cases by weight variables of the fishing vessel

VCG Kxx LCG
Case (Xslélé) Case Value Case (;]E gl é)
VCGl1 0.90 Kxx1 0.25 LCG1 0.90
VCG2 0.95 Kxx2 0.30 LCG2 0.95
VCG3 1.00 Kxx3 0.35 LCG3 1.00
VCG4 1.05 Kxx4 0.40 LCG4 1.05
VCG5 1.10 Kxx5 0.45 LCG5 1.10

In order to investigate the effects of weight location and
distribution, various weight positions along the longitudinal and
vertical directions were considered. The VCG was adjusted by
5% and +10% from the original VCG, and the LCG was varied
by +5% and +£10% from the original LCG. Simultaneously, the
trim change of the fishing vessel, due to the LCG change, was
taken into account. The Kxx was varied from 0.25B to 0.45B at
intervals of 0.05B. The analysed cases for the VCG, Kxx, and
LCG variations were defined as VCGI to VCG5, Kxx1 to Kxx5,
and LCG1 to LCGS, respectively, as shown in Table 2.

NUMERICAL APPROACH

GOVERNING EQUATIONS

The governing equations for unsteady incompressible viscous
flow are the continuity and Navier-Stokes equations used to
solve the free roll decay of the fishing vessel. These equations
can be presented in a Cartesian tensor form as:

0
(5;41) 0 "
%(Pﬁl)"'a_xj(Pﬁlﬁ/):
op 0 opit
a‘z ax [P‘( pu, SZ’)] Bx( pui;)+pg; 2

where x; are the Cartesian coordinates, i, are the corresponding
velocity components, t is the time and p, p, 4 and g are the
pressure, density, viscosity and gravity, respectively.

A Reynolds stress term of — puju; was derived by employing
the realisable k—¢ turbulence model, which was applied in
previous studies [10, 12, 15]. k is the kinetic energy per unit
mass and is the turbulent dissipation, making it suiTable for
interactions between external incompressible flow and
complex geometry. The transport equations of the realisable
ke turbulence model for k and € can be written as:

55 (PR) 45 (pku) =
)

51+ (peu) = - [(u+£) -] +

%] +G+G—pe-Yyu+S, @)

pCISe—psz— Ciep GG+ S. (4)
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where C, = max[0.43, y/(n+5), n = S(k/e), S = V25;S;; and G
represents the generation of turbulence kinetic energy due to
the mean velocity gradients, calculated in the same manner as
the standard k-¢ turbulence model.

The pressure-velocity coupling and the overall solution
procedure were based on the semi-implicit method for the
pressure-linked equation-consistent (SIMPLEC) algorithm.
The SIMPLEC second-order scheme was used for pressure
and convection terms, while a second-order central difference
scheme was applied to diffusion terms. The volume of fluid
(VOF) method was employed to simulate free-surface flow.
To realise fishing vessel motions, the dynamic fluid body
interaction (DFBI) method was applied. Analysis was performed
using Star CCM+ software.

ROLL DAMPING ESTIMATION METHOD

The free roll decay simulation was performed to derive the
roll damping coeflicient of the fishing vessel. The equation of
motion for the free roll decay simulation can be expressed as:

I$+ Bd+ Chp =0 (5)

where I, B and C are the mass and added moment of inertia,
damping coefficient and restoring coefficient of roll motion,
respectively. ¢, ¢ and ¢ are the acceleration, velocity and angle
of roll motion, respectively.

Considering the non-linear viscous effect in the free roll
decay simulation, the equation can be written as follows:

1¢+ B+ BP|p|+ Cop=0 6)

where B, and B, are the linear and quadratic damping,
respectively.

The free roll decay simulation was performed as shown
in Fig. 2. The simulation was initiated with a forced initial
heeling angle of the fishing vessel and then the fishing vessel was
released at the designated time. The roll motion subsequently
decays due to fluid forces until the fishing vessel reaches an
equilibrium state. The roll damping coeflicient was determined
using the relative decrement method, utilising the peak values
from the time history of the roll angle [18]. The extinction curve
could be fitted using the mean amplitude A; and the decrement
of the amplitude divided by the mean amplitude difference D;
of roll amplitudes, as shown in Fig. 3.
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Fig. 2. Schematic of free roll decay simulation
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Fig. 3. Example of decay decrement analysis
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The linear and quadratic roll damping coefficients were
obtained by the coeflicients p and ¢ that fit the decrement data
points through the least-square method.

I
B=L£L =2l (10)
B,=3q5 =34l (1)

where T} is the decay period.
The equivalent linear damping can be written as:

B,=B/+ Bq13—6%“ =2(p + qcpa)ITd (12)

where ¢, is the amplitude of roll motion.
The equivalent linear damping coeflicient can be non-
dimensionalised by the critical damping coeflicient (B, = 2VIC).

(=5 =5 (p + q4.) (13)

COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITIONS

The computational domain and boundary conditions are
presented in Fig. 4. The overset mesh technique was applied
to realise free roll decay motion of the fishing vessel. Thus,
the cylindrical part (including the fishing vessel and the
rectangular part of the overall computational domain) were
set as rotating and stationary parts, respectively. The symmetry
boundaries were located at the bottom, top and side faces of
the computational domain. Velocity inlet and pressure outlet
boundary conditions were considered for inflow and outflow
boundaries, respectively. No-slip boundary conditions were
defined on the surfaces of the fishing vessel.

Stationary part

Fig. 4. Computational domain and boundary conditions

The computational domain was structured with dimensions
of 4L, 3L, and 1L along the length, breadth, and height directions
of the fishing vessel, respectively. These dimensions were
based on previous research [8] and adjusted to account for
the difference in ship speed by positioning the fishing vessel at
the centre of the computational domain and increasing the size
of the computational domain in the width direction of the ship.

GRID SYSTEM AND VALIDATION

The grid distribution applied in the present study is presented
in Fig. 5. The Cartesian cut-cell method, with a prism mesh layer
near the wall of the fishing vessel, was applied to improve the
accuracy of the simulation. This arrangement consisted of six
prism layers with an expansion ratio of 1.3. The minimum grid
spacing near the fishing vessel, with a wall y+ value close to 5,
was approximately 0.003 m. Grids were concentrated near the
rotating part and free-surface, and the mesh size was gradually
increased as it moved to the outer boundary.

A grid dependency test was conducted using three different
grid configurations to assess the impact of grid systems on free
roll decay calculations. Three different systems; coarse, medium
and fine grids, with 2.0, 4.5, and 6.0 million grids, were applied,
respectively. The grid distributions of the three systems are
compared in Fig. 6. To verify the differences between grid systems,
the time series of roll angle during free roll decay calculations were
compared. The results of the grid dependency test showed that
the difference in time series of the roll angle is negligible between
the medium and fine grid system, as shown in Fig. 7. Therefore,
the medium grid system was employed in further studies.

Fig. 5. Grid distributions

Fig. 6. Grid distributions of (a) Coarse, (b) Medium and (c) Fine grid system
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Fig. 7. Results of grid dependency test

To validate the numerical configurations, a comparison of
roll damping coeflicient for a box type barge was conducted.
The shape of the box type barge applied was defined in
previous research [33] and is presented in Fig. 8. The averaged
decay time, linear and quadratic damping coefficients were
compared with the experimental results. The present results
give good agreement with the experimental results, as shown
in Table 3. Therefore, the numerical conditions and grid system
employed in the present study are suiTable for the free roll
decay simulation.

lg%‘ftﬂ’ o ~

ww9t

Fig. 8. Hull shape of the barge model for validation

Tab. 3 Validation for the barge model with previous data

Item Present Kim et al. [33] | Absolute difference
T, 1.2 1.2 0.0
P 0.0527 0.0531 0.0040
q 0.0065 0.0019 0.0046
G 0.839 0.845 0.006
RESULTS AND DISCUSSION

EFFECT OF VCG VARIATION

First of all, the results of the free roll decay simulation were
investigated according to the variation of VCG. The analysed
cases from VCG1 to VCGS5 (as defined in Table 2) were employed
and the results of the time histories of roll angle are presented
in Fig. 9. After the free roll decay commenced, the 1% and 2
peaks showed no significant differences in the roll period and
amplitude. It was subsequently confirmed that the free roll
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decay period increases with an increasing VCG. The increase in
VCG is associated with the decrease of metacentre, leading to
an increase in period, which is related to the generally known
‘natural roll period’ of the vessel (w, = VAGGM;/I).

The difference in roll amplitude, along with the change in
decay period, becomes more remarkable as the decay simulation
progresses. The roll amplitude decreases with increasing VCG
and this becomes clear after a specific time. The difference in roll
amplitude between VCG1 and VCGS5 becomes approximately
two times greater after the 7™ peak. The decrease in roll
amplitude can be attributed to the variation in the roll moment
arm with the increase in VCG.

In order to quantitatively assess the difference in roll damping
with VCG change, the roll damping coefficients are derived
using the time histories of free roll decay simulation. The roll
damping coeflicient and damping period obtained from the
time histories of free roll decay simulation are shown in Fig. 10.
The horizontal axis represents the VCG cases, the left vertical
axis represents the damping coefficient, and the right vertical
axis represents the amplitude of the period. In addition, the
linear and quadratic components of non-dimensionalised roll
damping coefficient are also presented.
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Fig. 9. Comparison of time histories of roll amplitude with different VCGs
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Fig. 10. Comparison of relative roll damping coefficients with different VCGs

Fig. 11. Instantaneous contours of vorticities and velocity vector fields
at the Ist peak in the longitudinal plane () of (left column) and (right column)

The roll decay period increases with an increasing VCG, as
shown in Fig. 9. The linear damping coefficient increases with an
increasing VCG but the rate of increase slows down with higher
VCG. Quadratic damping shows a tendency to decrease with
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Fig. 11. Instantaneous contours of vorticities and velocity vector fields at the st peak in the longitudinal plane (y-z) of x=0.25Lsp (left column)
and x=0.75Lgp (right column)

an increasing VCG but the amplitude of quadratic damping is
not significant. As a result, the tendency of the equivalent linear
damping is similar to that of the linear damping coeflicient.

To investigate the correlation between the damping coeflicient
and period of free-roll decay simulation and flow characteristics,
the flow field around a fishing vessel was examined. The contours
of stream-wise vorticity and velocity vectors in the y-z plane
at the 1% peak are shown in Fig. 11. VCG1, VCG3, and VCG5
were selected as representative cases.

When a fishing vessel is in the 1* peak, the vessel is in the
maximum negative rotational direction, which leads to the
generation of positive vorticity in the opposite direction to
the fishing vessel’s rotation. Large vortices are generated at the

corners and box keel of fishing vessels. In the plane close to the
bow, the shape of the box keel is reduced and the corner angle
increases. This leads to a decrease in the vorticity around the
box keel. It can be confirmed that the overall difference in the
flow field is not significant because the roll amplitude and period
are not markedly different at the 1* peak, as shown in Fig. 9.
In contrast, the differences in flow characteristics relating
to the variations in VCG become apparent after several time
periods. The instantaneous flow fields at the 6™ peak under each
VCG condition are shown in Fig. 12. At the 6™ peak, the vessel
is in the maximum positive rotational direction and negative
vorticity is located around the fishing vessel. The magnitude
and distribution of vorticity at the 6™ peak are smaller than
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Fig. 12. Instantaneous contours of vorticities and velocity vector fields at the 6th peak in the longitudinal plane (y-z) of x=0.25Lgp (left column)
and x=0.75Lgp (right column)

that of the 1* peak. This is because the roll motion is reduced as
free-decay progresses sufficiently, resulting in smaller vortices
forming around the vessel.

In the case of VCGI, the decay of roll motion is relatively
insufficient compared to other VCG conditions at the 6% peak
(Fig. 12(a)). As a result, it has a relatively large wake structure
around the fishing vessel. On the other hand, the size of the
wake structure on the portside of the fishing vessel in the case
of VCG3 is smaller than that of the case of VCG1 (Fig. 12(b)).
Finally, the wake structure generated on the portside disappears
in the case of VCG5 (Fig. 12(c)). This is because a large wake
structure does not develop but is sufficiently dissipated due to
the increased decay period when the VCG is high at the same
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peak, as shown in Fig. 9. Consequently, the flow field around
a fishing vessel under different VCG is related to the change
in decay period.

EFFECT OF KXX VARIATION

The time series of roll amplitude, as a result of the free
roll decay simulation with Kxx variation, is shown in Fig. 13.
Differences in roll amplitude are observed after the initial peak.
As Kxx increases, the roll peak also increases and this tendency
does not change, even after the decay has sufficiently progressed.
The roll period is shown to follow the same tendency as Kxx.
The increase in Kxx implies that the vessel’s natural period



also increases. This correlation, between roll amplitude and
Kxx, can be attributed to the relationship whereby a larger Kxx
corresponds to an increase in angular momentum.

The free roll decay period and damping coefficients, as
a function of Kxx, are shown in Fig. 14. As shown in Fig. 13,
the decay period increases linearly with increasing Kxx. On the
other hand, the roll damping coefficient is decreased as Kxx
increases. This is attributed to the large angular momentum,
despite the increase in period. Similar to VCG variation, the
quadratic damping coeflicient is smaller than the linear damping
coeficient. As a result, the non-dimensionalised roll damping
coefficient follows the tendency of the linear damping coefficient.

The stream-wise vorticity distributions on multiple y-z planes
around the hull are depicted in Fig. 15. The analysed cases of
Kxx1, Kxx3, and Kxx5 at the 1% and 2" peaks are selected as
being representative. Both peak periods have relatively larger
magnitudes of vorticity at Kxx1, where Kxx is the smallest
condition.

Kxx5 has a large roll amplitude, as shown in Fig. 13, but
the magnitude of the vorticity structure is not high due to the
relatively long period. For Kxx1, which has a relatively short
period, the vorticity magnitude is relatively high.

EFFECT OF LCG VARIATION

Fig. 16 shows the time histories of roll amplitude with
different LCGs. In contrast to the results of free roll decay for
variations in VCG and Kxx, the effect of LCG is limited. As the
decay progresses, the effect of LCG is subtly observed. The roll
period increases as LCG decreases. In the case of roll amplitude,
the difference due to the variation in LCG is also minor. These
changes are identified in the damping coefficient and roll period
shown in Fig. 17. In the case of roll damping coefficient, there

¢ ()
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Fig. 13. Comparison of time histories of roll amplitude with different Kxx
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Fig. 14. Comparison of relative roll damping coefficients with different Kxx

is a small increase with LCG increase but it is significantly
smaller than the difference due to variations in VCG and Kxx.
As aresult, the change in LCG does not have a significant impact
on the free roll decay characteristics.

(b) 2nd peak

Fig. 15. Contours of vorticities and velocity vector fields of Kxx1 (left column), Kxx3 (middle column), and Kxx3 (right column)
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COMPARISON BETWEEN THE MAXIMUM AND
MINIMUM COMBINATION OF WEIGHT VARIABLES

Based on the results of the free roll decay simulations for
different values of VCG, Kxx, and LCG, additional free roll
decay simulations were performed for the combinations of
variables that have the greatest and smallest effects on the
damping coefficient. The combination of VCG1 and Kxx5
(VCG1-Kxx5) was selected as the case with the smallest roll
damping coefficient, while the combination of VCG5 and Kxx1
(VCG5-Kxx1) was selected as the case with the largest roll
damping coefficient. LCG variation was excluded due to the
limited effect of LCG. The results of the free roll decay for the
two combinations are shown in Fig. 18. The results show that the
roll amplitude of the combination with the largest roll damping
coefficient (VCG5-Kxx1) decays relatively quickly, while the roll
amplitude of the combination with the smallest roll damping
coefficient (VCG1-Kxx5) decays relatively slowly. In the case
of a non-dimensionalised roll damping coefficient, VCG5-
Kxx1 and VCG1-Kxx5 showed 0.125 and 0.0318, respectively,
and the periods showed differences of 0.581 s and 0.685 s. The
maximum difference of roll damping coefficient between the
two cases is about 10%.

INFLUENCE OF DYNAMIC EFFECTS ON GM

Typically, the GM; in a calm sea is derived from hydrostatic
values, including the vertical centre of buoyancy (VCB),
displacement, the second moment of inertia of the water plane
area, and the VCG. However, the GM;; value can also be affected
by dynamic effects, due to the roll motion of the vessel. Thus, GM,;
in a calm sea obtained from hydrostatic values and denoted as
GM,_C, is compared with that estimated using the roll natural
period from the decay simulation (GM;_E), as shown in Fig. 19.
The difference between GM,_C and GM,_E shows an increasing
tendency as the VCG increases (Fig. 19(a)). This can be attributed
to the dynamic behaviour of the fishing vessel as VCG increases,
leading to an increase in the period (Fig. 10). Changes in Kxx
do not directly affect the GM;_C but the resulting changes in
Td indirectly influence GM.._E, as shown in Fig. 19(b). As Kxx
increases or decreases, T4 also changes (Fig. 14), leading to
a gradual increase in the difference compared to the GM,;_C.
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Fig. 16. Comparison of time histories of roll amplitude with different LCGs
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CONCLUSIONS

In the present study, the characteristics of free roll decay
are assessed for fishing vessels with different weight variables.
Free roll decay simulation is performed by CFD calculation,
considering weight variables of the vertical and longitudinal
centre of gravity and radius of gyration in roll motion.
Time series of roll amplitude and roll damping coefficient
are compared to assess the effect of weight variables. As the
vertical centre of gravity increases, the roll decay period and roll
damping coeflicient increase. The roll decay period increases
as the radius of gyration in roll motion increases but the roll
damping coefficient decreases. The effect of the longitudinal
centre of gravity is limited to the period and damping coefficient
of roll decay. The difference in roll damping coefficients between
the maximum and the minimum combinations of weight
variable is about 10%. Additionally, the difference between the
estimated GM obtained from the roll damping period and the
GM derived from hydrostatic values is compared. The results
of this study may provide information on the changes in the
safety of fishing vessels depending on the loading condition.
Therefore, the additional assessment of the characteristics of
free roll decay with various hull shapes and speeds should be
supplemented through future research.
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