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Abstract Ships are prone to large rollmotions in beam and oblique seas at encounter
frequencies near the design frequency of the vessel. The nonlinearity of roll damp-
ing and roll motion has been investigated in the past by various researchers. The
prediction of roll damping and roll motion of ships becomes difficult by simplified
approaches. Ship roll motion is highly influenced by viscous flow around the hull.
Vortex formation and its shedding from the hull and appendages have larger contribu-
tion to roll damping. Therefore, the popular approach for prediction of roll damping
and roll motion of ships is with the help of model experiments and more recently
URANS (Unsteady Reynolds-averaged Navier–Stokes)-based simulations. Free roll
decay experiments in calm water conditions give a good estimate of roll damping of
ships at natural frequency. The flow characteristics around the hull may not be the
same when the ship is moving at a forward speed. Hence, it is important to take into
consideration the effect of forward speed on roll damping obtained from free roll
decay of the ships. This paper addresses the effect of forward speed on roll damping
of a 1:100 (Froude) scaled container ship model. The model is 2.88 m in length,
0.345 m in beam and was loaded to a draft of 0.12 m; free roll decay experiments
at zero forward speed were carried out in a wave flume at Department of Ocean
Engineering, IIT Madras. The wave flume is 4 m wide, 90 m long and has water
depth of 2.5 m. The held-over free roll decay tests were carried out by subjecting
the model to known initial heel and releasing it. The roll angle was measured using
inclinometer via data acquisition CPU. The URANS-based simulations of the free
roll decay experiments at zero forward speed were carried out in a commercial com-
putational fluid dynamics (CFD) software and validated. The CFD model was then
used to carry out the free roll decay simulations at two forward speeds of the ship
model. The effect of forward speed on roll damping of the ship model was assessed
from the results of CFD simulations.
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1 Introduction

A seagoing vessel is expected to have lower amplitude motions for smooth operation
of shipboard tasks, better crew efficiency and passenger comfort. A stable vessel
also improves the fuel efficiency. It is desirable to understand the modes of motion
of a floating body and predict its stability at the design stage. The seagoing vessels
are prone to many environmental and man-made catastrophes. Extreme weather can
cause fatal wave andwind loads on a floating body causing it to collapse. Roll motion
is one of the major causes of accidents in slender floating bodies like ships. The other
modes of motion of a ship except roll motion have better stability. This is because
roll motion in ships suffers from both insufficient damping and restoring forces and
moments. Especially, for the wave loads near roll resonance the roll acceleration of
ships becomes highly undesirable and unsafe. The subject of roll motion and roll
damping of ships has been of importance for a long time. Roll motion being highly
nonlinear due to the dependence on the viscous flow becomes difficult for prediction.
The potential flow-basedmethods and solvers fail to explain the behaviour of ships in
roll. Various approaches and methods have been used by naval architects and ocean
engineers to predict and control roll motion of ships and ship-like floating vessels.
The most popular method used for the prediction of roll motion and roll damping is
through semi-empirical formulae, based on model tests and simplified theory related
to flow dynamics around the hull and appendages of the ships [1–3]. The important
outcome of this approach was the component-type roll damping where the total
damping is divided into various components [4–6]. This approach experiences a
setback due to various reasons, important one being drastic change in roll damping
with slightest change in the ship design [7]. The hull shape or design and the location
and orientation of the appendages like rudder, skeg, bilge keels and fins affect the flow
dynamics around the hull significantly causing variations in the roll damping. The
flow dynamics obviously changes with the ship moving at a forward speed and when
subjected to waves. A few early attempts to measure and simulate the flow around
hulls and sharp appendages like bilge keel and predict roll motion and damping can
be found in [8–13]. Recently, a lot of work has been done in this field with the use
of URANS simulations and the model experiments for validation purpose. Free and
forced roll oscillation studies of ship models are presented in [14–18]. URANS-
based simulations at design stage are proving to be a good option in understanding
roll motion of ships since roll motion has a strong dependence on viscosity effects
of the flow around the hull.

There are experimental and numerical studies which account for the effect of
forward speed on roll damping as reported in [17, 19, 20]. The roll damping of ship
changes with the change in forward speed. The overall roll damping improves with
the increase in forward speed since the hull lift component contributes to damping [4,
20]. This paper presents the experimental and numerical study of free roll decay of
a 1:100 scale container ship model. The experiments were carried out in calm water
without forward speed for an initial heel angle of 19°. The measured data was then
used to validate the URANS simulation of the free roll decay for same initial heel
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and zero forward speed. Thereafter, the free roll decay simulations were carried out
for two forward speeds of 0.734m/s (7.34 m/s or 14 knots at full scale) and 1.276m/s
(12.76 m/s or 25 knots at full scale) corresponding to Froude number (Fr) of 0.138
and 0.24 using the length between perpendiculars as reference. The validation of the
URANS simulations and the simulation-based study on the effect of forward speed
on roll damping are discussed.

2 Experimental Investigation

This section describes the facility, container ship model details and instruments used
to carry out the free roll decay experiments in calm water.

2.1 Facility

The experiments of free roll decay of the container ship model were carried out in
calm water condition in 4 m flume at the Department of Ocean Engineering, IIT
Madras. The flume is 4 m wide, 90 m long and has a water depth of 2.5 m. It is
capable of producing regular and irregular water waves with a flap type, hydraulic
wave-maker. The opposite end has a beach made of rubble stones which minimises
the wave reflection. Since no wave was used for free roll decay experiments, the
model was placed midway between the wave-maker and beach. The model was
subjected to initial heel of 19° and released to oscillate freely, and the roll motion
was measured.

2.2 Container Ship Model

The container ship model has a length overall (L) of 3.01 m and length between
perpendiculars (Lp) of 2.88 m. The beam (B) of the model is 0.345 m and a depth
(D) of 0.24 m at the midship. The mass properties of the light hull were measured
in laboratory using hanging experiments. The model was ballasted to a draft, d of
0.12 m using weights maintaining the roll radius of gyration, Kxx to be 36% of beam
and pitch radius of gyration, Kyy to be 21% of length between perpendiculars. The
vertical centre of gravity was calculated using hanging experiments of the light hull
and position of the ballast weights. It was also confirmed with the help of inclining
experiment in calm water. The hydrostatics from the CAD model was calculated
and compared with the measurements as shown in Table 1. The centre of gravity
and moment of inertia are reported in Table 2. Figure 1 shows the body plan of the
container ship. Figure 2a shows the photographic view of the hanging experiment of
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Table 1 Hydrostatics and ship parameters from measurements and CAD

Particulars Model (1:100) Prototype

Measured CAD Error %

Length overall
(L)

3.01 m 3.01 m – 301 m

Length between
perpendiculars
(Lp)

2.88 m 2.88 m – 288 m

Beam (B) 0.345 m 0.343 m 0.6% 34.5 m

Draft (d) 0.12 m 0.12 m – 12 m

Depth (D) 0.24 m 0.24 m – 24 m

Lp/B 8.397 8.397 – 8.397

L/B 8.725 8.725 – 8.725

Displacement,W 61.983 kg 62.951 kg 1.56% 61.983 tons

LCB (from
forward
perpendicular)

– 1.438 m – 143.8 m

VCB (BG) – 0.069 m – 6.9 m

LCF (from
forward
perpendicular)

– 1.585 m – 158.5 m

TCF – 0 m – 0 m

Block coefficient,
CB

– 0.531 – 0.531

Prismatic
coefficient, CP

– 0.599 – 0.599

BMT – 0.094 m – 9.4 m

BML – 5.388 m – 538.8 m

Table 2 Mass properties of container ship model

Draft, d (m) Displacement,
W (kg)

KG (m) GM (m) Ixx (kg-m2) Kxx /B Iyy (kg-m2) Kyy/Lp

0.12 61.983 0.139 0.024 0.9806 0.3646 22.02 0.207

the ship, and Fig. 2b shows the CAD model of the ship which was used in the CFD
simulations.

2.3 Instrumentation

The measurements were recorded in a CPU via a data acquisition instrument, Spi-
der8. A dual-axis inclinometer was used to measure angular displacements of the
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Fig. 1 Body plan of the container ship (full scale)

Fig. 2 a Photographic view of hanging experiment b CAD model of the container ship
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container ship. The microelectromechanical system (MEMS)-based inclinometers
have a sensor cell embedded in it. The sensor has a pair of electrodes: one is fixed
and the other is free to move on springs. The relative motion of the moving electrode
under gravity and the fixed electrode changes the capacitance between them. This
change in capacitance is sensed by the sensor and converted into angular displace-
ment. The inclinometer was calibrated in laboratory by inclining it to known angles
using a simple tilt stand set-up and recording the voltage output from it. The calibra-
tion constant was found to be 25.2 mV/deg. It has a range of ±80° with a resolution
of 0.01°.

A resistive wave probe was used for measuring the elevation of the waves radiated
from the model. The wave probe is 50 cm long and has two stainless steel rods
which act as electrodes. The resistance of the wave probe changes with the depth
of immersion of the probe which is reflected as change in voltage output. The wave
probe was calibrated by immersing it in calm water through specified depth intervals
and recording the corresponding output voltage. The voltage output so obtained
was converted intowave elevation through the calibration constant. Awavemeter was
used to amplify the signals from the wave probe before sending it to data acquisition
system.

2.4 Free Roll Decay

The held-over free roll decay experiments were carried out by holding the model at a
known initial heel of 19° and releasing it. The model was free to move in all degrees
of freedom, and particular care was taken to minimise the coupling effect between
the motions. The experiments were carried out in calmwater and zero forward speed.
The photographic view of the model installed in 4 m flume is shown in Fig. 3. The
experiments were repeated to check the reproducibility of the measurements. The
typical roll decay motion of the container ship model is shown in Fig. 4.

Fig. 3 Container ship model installed in 4 m flume
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Fig. 4 Roll decay of the container ship (ϕ0 �19°)

3 URANS Simulations

This section describes the computational domain,meshing and the solver details used
to carry out the free roll decay simulations in calm water at zero speed and at two
forward speeds as discussed earlier. The three-dimensional (3D) unsteady Reynolds-
averaged Navier–Stokes (URANS) simulations of the six-degree of freedom, free
roll decay were solved in a commercial software, STAR-CCM+ [21]. The averaged
governing equations of continuity and momentum in tensor form for incompressible
flow are given in Eqs. (1) and (2), respectively [22].

∂(ρūi )

∂xi
� 0; (1)

∂(ρūi )

∂t
+

∂

∂x j
(ρūi ū j + ρu′

i u
′
j ) � − ∂ p̄

∂xi
+

∂τ̄i j

∂x j
(2)

where ρu′
i u

′
j is the term representing Reynolds stresses, and τ̄i j is mean viscous

stress tensor. The simulations were solved using segregated flow solver with semi-
implicit method for pressure linked equation (SIMPLE) technique for pressure and
velocity coupling. Volume of fluid (VOF) method was used for multiphase flow with
free surface between air and water as fluids. Implicit unsteady time-stepping with
second-order upwind temporal discretization and a second-order upwind scheme for
convection was used. A variable time-step scheme based on the Courant number
(CFL number) was used with a minimum time-step size of 1e−6. The mean CFL
number of 0.5 and target maximum CFL number of 1 were used in the simula-
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tion. The convergence limit of 1e−4 and below was achieved for all the continuity,
momentum and turbulence variables with ten iterations per time step. The k-ω SST
model was used for turbulence modelling in all the simulations since it is suitable for
separated flows from near wall. The linear discretized equations were solved using
Gauss–Seidel iterative method in the algebraic multigrid (AMG) solver. The initial
fluid depth was defined in the flat-wave properties of the VOF wave model, which is
used to simulate surface gravity waves. The flat-wave model represents initial calm
water condition which can be initialized with current and wind velocities. The cou-
pled motion of the ship model under fluid forces and moments was simulated using
dynamic fluid body interaction (DFBI) model allowing free motion in six degrees.

3.1 Computational Domain and Boundary Conditions

The computational domain has similar dimensions as recommended by the ITTC
[23]. It extends one Lp on all four sides from the keel, deck, starboard and port at
midship of the container as seen in front viewof Fig. 5a. The domain extends up to one
Lp ahead of forward perpendicular (FP) and up to 2Lp behind aft perpendicular (AP)
along the ship length as seen in side view in Fig. 5a. The whole domain was divided
into two parts: inner moving region or overset region and outer stationary region. The
dimensions of the overset regions are also shown in Fig. 5a. It is 3B wide, 3D deep
and 1.5Lp long. Figure 5b shows the boundary conditions set for the simulations.
All the five sides of the cuboidal stationary domain are set as velocity inlet, and the
boundary behind the container ship model is set as pressure outlet. The velocity of
water or current can be specified as a vector in Cartesian coordinate system. For a free
decay simulation with zero forward speed, the velocity components are set to zero
and for simulations with forward speed the X-velocity of the current, i.e. velocity
along the ship length is input with a finite value. The two regions are linked with
an overset mesh boundary as shown in Fig. 5b. The ship model boundary was set as
wall with no-slip. Overset meshes also known as overlapping or chimera mesh are
used for a dynamic fluid body interaction (DFBI) simulations and have advantages
over remeshing or deformingmesh techniques for high amplitudemotions. The inner
overset/moving region was given an initial heel along the X-axis at centre of gravity
of the ship model before the simulation was started. Linear interpolation scheme was
adopted for the connection between the overset and stationary regions which is more
accurate but time-consuming.

3.2 Meshing

The meshing was carried out using the software’s inbuilt meshing models. Three
meshing models were chosen, viz. surface remesher, trimmer and prism layers. Sur-
face remesher is used to retriangulate the existing surface to optimise it for the volume
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(a) Domain dimensions

(b) Boundary conditions

Fig. 5 Computational domain

mesh being generated. It can be also used to alter themesh size on a particular surface.
The trimmer meshing model creates predominantly hexahedral cells in the domain,
and it trims or cuts off the hexahedral cell according to the surface of the boundary
in contact. The resulting mesh is hybrid composed of the structured hexahedral cells
and polyhedral cells near the boundaries. The mesh was locally refined near free sur-
face and bilge of the model using separate mesh blocks and surface remesher sizes.
Prism layer mesher generates orthogonal prismatic cells near the boundaries used
especially for walls with no-slip. It helps to simulate the near wall flow accurately
and resolve the boundary layer and separated flow near the walls. The thickness of
the prism layer and the number of cells is decided according to the wall y+ desired in
the flow simulation. In the present simulations, the average wall y+ was maintained
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Fig. 6 Computational mesh (fine mesh near free surface and near hull)

below 5with theAll y+wall treatment (i.e. wall functions used for low aswell as high
wall y+ values), which is a good limit to resolve the near wall flow and separation.

Figure 6 shows the mesh at cut plane along X-Z and Y -Z plane for container ship
model. The refinement of mesh can be seen near the ship model and free surface.
The total cell count for the present simulations is around 2.96 million comprising of
stationary region (0.54 million cells) and overset region (2.42 million cells).

4 Results and Discussions

The results from the experimental measurements and URANS simulations are dis-
cussed in this section. Initially, the simulation set-up was validated and compared
with the experiments for roll decay at zero forward speed, i.e. Fr �0. The simula-
tion set-up was then used to simulate free roll decay at forward speeds of 0.734 and
1.276 m/s corresponding to Fr of 0.138 and 0.24, respectively. Froude number, Fr,
is defined in Eq. (3), where V is the ship forward speed or the current speed in case
of simulations and g is gravitational acceleration.

Fr � V
√
gLp

(3)

4.1 Validation of URANS with Experiments

The comparison ofmeasured and simulated roll decay is shown in Fig. 7a forϕ0 �19°
and Fr=0, i.e. in calm water with zero speed. The URANS simulations were carried
out for a physical time of 20 s which covers at least ten roll cycles. The simulated
roll motion replicates the experimental measurement closely up to seven cycles, and
thereafter, there is slight decrease in motion as compared to experiment. Figure 7b
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shows the comparison of measured and simulated damping ratio, ζ plotted versus
mean decay angle, ϕm ((ϕn+ϕn+1)/2) obtained using logarithmic decrement method.
Table 3 shows the values of experimental and simulated roll natural period, Tn; ζ

and roll added mass, A averaged from first five ϕm. The first half cycle of the decay
motion was omitted in the calculation of values in Table 3. The roll natural period
compares well with a difference of 0.453% and damping ratio with a difference of
4.762% with experiments taken as reference. It can be seen the comparison between
experiments and simulations is reasonably good validating the simulation set-up; to
be used for further investigation of the effect of forward speed on roll damping.

4.2 Effect of Forward Speed on Roll Damping Using URANS

The simulations of free roll decay with forward speed were carried out by giving
the water current velocity in X-direction along the ship length. The ship model was
constrained in surge, sway and yaw motions allowing pitch, roll and heave in the
simulations with forward speed. The domain was initialised with the constant water
current velocity, and the model was given the initial heel of 19° and allowed to roll
freely. Figure 8a shows the roll motion obtained from the simulations at Fr �0,
0.138 and 0.24. It can be seen that the ship model subjected to forward speed decays

(a) Roll decay (b) Damping ratio versus mean
decay angle
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Fig. 7 Comparison from measurement and simulation (ϕ0 �19°, Fr=0)

Table 3 Validation of natural period, damping ratio and added mass obtained from initial five ϕm

Tn (s) ζ A (kg-m2)

Expt. 1.760 0.021 0.164

URANS 1.768 0.022 0.175

Difference % −0.453 −4.762 −6.707
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faster as opposed to the zero speed which is in confirmation with the results in [20].
The positive peak roll amplitude at the completion of third cycle is close to 12° for
Fr �0, 9° for Fr �0.138 and 5° for Fr �0.24 as can be seen in Fig. 8a. The roll
amplitude reduces to below 1.5° after sixth cycle for Fr �0.24, which is indicative
of improved roll damping with increasing ship speed. The variation of ζ versus ϕm

is shown in Fig. 8b for three Fr. It can be clearly seen that roll damping increases
with the increase in forward speed.

Table 4 shows the values of Tn, ζ and A averaged from first five ϕm for three Fr.
The roll damping increases by 81.82% for Fr of 0.138 compared with zero forward
speed, whereas the damping increases by 65% for Fr �0.24 as compared with Fr
�0.138. The roll natural period behaves differently, it increases slightly by 1% for
Fr �0.138 as compared with Fr �0, and then, it reduces by 6.89% for Fr �0.24 as
compared with Fr �0.138. Similar is the behaviour of roll added mass as shown in
Table 4.

Figure 9 shows the roll excitation moments at three Fr. It is observed that the
roll excitation moment reduces with increasing forward speed, both at the pressure
component (Fig. 9a) and shear component (Fig. 9b). Figure 10 shows the contours
of velocity in water at the centre plane along ship length after completion of first roll
cycle (see Fig. 8a). In the case of Fr �0, the flow velocities are due to roll motion
of the model, whereas in case of Fr �0.138 and 0.24, they are due to both the flow
speed andmotion of themodel. The increased flow velocities forFr �0.138 and 0.24

(a) Roll decay (b) Damping ratio versus mean
decay angle
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Fig. 8 Simulated free roll decay at three Fr (ϕ0 �19°)

Table 4 Comparison of natural period, damping ratio and added mass for three Fr

Fr Tn ζ A

0 1.768 0.022 0.175

0.138 1.786 0.040 0.198

0.24 1.663 0.066 0.041
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(a) Pressure (b) Shear (skin friction)
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Fig. 9 Roll excitation moment at three Fr (ϕ0 �19°)

Fr = 0

Fr = 0.138 Fr = 0.24

Fig. 10 Contours of water velocity at three Fr after first roll cycle i.e. t/Tn �1

cause lifting effect on the hull which contributes to both roll damping and restoring
moment of the vessel which needs to be studied in detail.

5 Conclusions

Experiments of free roll decay of a container ship were carried out at zero speed,
and the measured roll motion was used to validate the URANS-based numerical
simulation set-up. The numerical set-up was then used to simulate free roll decay
with two forward speeds. It was observed that the roll damping of the container
ship increases with forward speed. This was also observed in the past literature, and
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the main reason for increase in roll damping is the contribution from hull lift at
forward speed. The roll natural period and added mass increase for a forward speed
of 0.734 m/s as compared to zero forward speed, whereas roll natural period and
added mass decrease for the forward speed of 1.276 m/s as compared to 0.734 m/s
and zero forward speed.

Further, investigation on the variation of roll damping and roll natural period
needs to be studied by subjecting the ship to various speeds. Experiments can also be
conducted in towing tank for free or forced roll oscillation tests at forward speeds.
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