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Abstract 

An investigation on vertical motion characteristics of a ship towing system incorporated with symmetrical bridle towline configuration 

set a real challenge for the naval architect engineer. This paper presents a Computational Fluid Dynamic (CFD) approach to analyse 

heave and pitch motion performances in waves. Several towing parameters such as various towline length and towing’s velocity have 

been taken into account. Here, 1B (barge) is employed in the simulation; and designated as a towed ship. The results revealed that the 

subsequent increase of the towline lengths has been basically proportional with the increase of her heave motion; while inversely 

decrease in pitch motions. In addition, the effect of the extending towline length  = 1.0 to 3.0 resulted in insignificant effect to the 

towline tension. However, the increase of the towing’s velocity from 0.509 m/s to 0.728 m/s has led to significantly increase her heave 

motion and the towline tension by 40.46% and 24%, respectively; meanwhile, the pitch motion barge has sufficiently decreased by 

35.94%. This simulation has been beneficial for the towing operator to ensure a higher level of the safety navigation of ship towing 

system. 
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1. Introduction 

Development of the global economics and drastic 

growth of shipping industries leads to heavy congestion 

due to abundant of ships in the waterways which threaten 

the safety of towed barge. Towing system is less course-

keeping stable than the conventional single ships and it is 

dangerous when it runs in harsh environmental 

conditions. Therefore, an extensive investigation on 

towline tension is then required to observe the behaviour 

of towed barge using symmetrical bridle towline during 

towing operations.  

Several researchers have attempted various 

approaches to investigate the performance of the ship 

towing system in calm water. Inoue et al [1], Lee [2], 

Kijima et al [3], Fitriadhy et al. [4] and Fitriadhy et al. [5] 

analysed the towed barge by numerical approaches. Lee 

[2] studied the tension of the towline using different 

material of towline, polyester and nylon while the effect 

of the towline length, tow point location on barge and tug 

proposed by Fitriadhy et al [4]. Experimental approach 

was conducted by Im et al  [6] to investigate the effect of 

different towline configuration and employing active 

thruster to the barge. Im et al extended their research 

experiment using Computational Fluid Dynamics (CFD) 

for further validation.  

Since numerical calculation and experiment have 

limitation in accurately reflecting the effect of 

interference and viscosity that affect the motion of vessel, 

CFD is employed to analyze the effects of nonlinearities, 

such as generation of 3D vortices [6]; computed the sway 

force and yaw moment during drift and steady yaw 

motion and analysed the flow field around the barge. 

Nonaka et al. [7] determine the fluid motion around the 

hull of a vessel and the hydrodynamics force exerted on a 

drifting vessel as well as presence of strong nonlinearities 

and complex flowfield [7]. CFD approach had been 

widely applied in maritime technology field such as 

estimating the vessel performance [8-10], resistance [11-

15], and ship motions characteristics [16-21].  

The assessment of ship motion characteristics is 

carried out in calm water conditions, but evaluation of 

ship in waves is more realistic since sea-going ships sails 

through waves. The effects of waves alter the water 

particle kinematics around the ship hydrodynamic forces 

acting on it, resulting in change of ship motions as stated 

by Rameesha and Krishnankutty in 2018. Hence, for the 

safety of towed barge during towing operations, it is 

important to include wave effects on the motion of barge 

to assess the motion of barge during ocean going towing. 

Waves from different headings particularly induce 

motion responses of the vessels and this may limit the 
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operability of the towing process [22]. Nam [22], Das 

[23] and Lee [24] studied the barge motion characteristics 

in waves using CFD approach. Their studies show that 

CFD can interpret turbulent free surface considering the 

viscosity and prove that the pressure changes around the 

barge affect the motion characteristics of the barge.  

Thus, this paper presents a CFD simulation to predict 

heave and pitch motion performance of a ship towing 

system in waves incorporated with the symmetrical bridle 

towline configuration.  Several effects such as towline 

length and towing’s velocity have been mainly 

considered in the simulation. 1B (barge) is the symbol of 

the towed ship that employed in the simulation. Here, a 

commercial CFD so called Flow3D v11.2 is utilized by 

applying unsteady Reynolds-Averaged Navier Stokes 

Equation (RANSE).  Flow3D incorporates different 

technique (TruVOF) to capture the free surface and 

computes flow variable only within one fluid. The heave 

and pitch motion performances are then clearly discussed.  

2. Governing Equation 

The CFD flow solver on FLOW-3D version 11.2 is 

based on the incompressible unsteady RANS equations in 

which the solver applies the Volume of Fluid (VOF) to 

track the free surface elevation. The interface between 

fluid and solid boundaries is simulated with the fractional 

area volume obstacle representation favor method. This 

method computes open area and volume in each cell to 

define the area that is occupied by obstacle.  

2.1. Continuity and momentum equation 

The continuity and momentum equations for a 

moving object and the relative transport equation for 

VOF function are  
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where 𝜌 is the density of the fluid, �⃑�  is the fluid velocity, 

𝑉𝑓 is the volume fraction,𝐴𝑓 is the area fraction, 𝑝 is the 

pressure, 𝜏 is the viscous stress tensor, 𝐺 denotes gravity 

and 𝐹 is the fluid fraction. 

In the case of coupled GMO’s motion, Eqs.(1) and (2) 

are solved at each time step and the location of all 

moving objects is recorded and the area and volume 

fractions updated using the FAVOR technique. Equations 

(3) are solved with the source term (−
𝜕𝑉𝑓

𝜕𝑡
) on the right-

hand side which is computed as 

 

−
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where 𝑆𝑜𝑏𝑗  is the surface area, �⃑� surface normal vector, 

�⃑⃑� obj is the velocity of the moving object at a mesh cell 

and 𝑉𝑐𝑒𝑙𝑙  is the total volume of the cell [25]. 

2.2. Turbulence model 

The RNG turbulence model was used for the 

simulation of the exchange flow between open water and 

floating object since it accounts for low Reynolds number 

effects [26-28]. Applying the double averaging strategy 

to the transport equations for TKE and its dissipation rate 

produces the turbulence model for the flow.  The 

resulting equations are: 
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where Pk  is the shear production term of TKE, 𝑆 =

√2𝑆𝑖𝑗𝑆𝑗𝑖 is the modulus of the mean rate of strain tensor 

and 𝑆𝑖𝑗 =
1

2
(
𝛿𝑈𝑖

𝛿𝑥𝑗
+

𝛿𝑈𝑗

𝛿𝑥𝑖
) , 𝐵𝑘  is the buoyant production 

term of TKE, 𝑊𝑘 is the wake production tern of TKE, 𝑊𝜀 

is the wake production term in 𝜀, 𝜎𝑘  and 𝜎𝜀  are the 

turbulent Prandtl numbers for 𝑘  and 𝜀 , and 𝐶𝑖𝜀 , 𝐶3𝜀  and 

𝐶2𝜀
∗  are model coefficients. 

2.3. Body motion equation 

The body motion was analysed in a space-fixed 

Cartesian coordinate system, the global coordinate 

system. The governing equation of the six degree of 

freedom (DOF) of a rigid body motion can be expressed 

in this coordinate system as 
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The index C denotes the centre  of  mass  of the body,  

m denotes the  mass of the  body, 𝑣 𝑐 the  velocity vector, 

𝑀𝑐  is the tensor  of the moments of inertia, �⃑⃑� 𝑐  is  the 

angular  velocity vector, 𝑓  denotes the resulting force 

vector and �⃑⃑� 𝑐 denotes the resultant moment vector acting 

on the body [12]. The resultant force 𝑓  has three 

components; surface force, field forces and external 

forces: 

 

  𝑓 = ∫ (𝑇 − 𝜌𝐼). �⃑� 𝑑𝑆
 

𝑆
+ ∫ 𝜌𝑏�⃑� 𝑑𝑉

𝑉
+ 𝑓 𝐸     (11) 

 

Here, 𝜌𝑏 is the density of the body.  The only field 

force considered is the gravity, so the volume integral of 

above equation (right hand side) reduces to 𝑚𝑔 , where 𝑔 

is the gravity acceleration vector.  The vector 𝑓�⃑�  denotes 

the external forces acting in the body [29]. 
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2.4. Waves  

The model is based on Airy’s linear wave theory. The 

linear wave is assumed to come from flat bottom 

reservoir into the computational domain [30]. The linear 

wave theory is based on the following assumptions; fluid 

is incompressible, inviscid, irrational, two-dimensional 

flow and the wave amplitude (A) is small compared to 

the mean water depth (h) and wavelength (λ). With the 

assumption, the problem can be reduced to a linear 

potential flow problem. The free surface elevation 𝜂(𝑥, 𝑡) 

measured in the vertical direction from mean water 

surface, the velocity potential 𝜑(𝑥, 𝑧, 𝑡)  and velocity 

components in x and z directions 𝑢(𝑥, 𝑧, 𝑡) and 𝑤(𝑥, 𝑧, 𝑡) 

are obtained as  

 

𝜂 = 𝐴 cos(𝑘𝑥 − 𝜔𝑡 + 𝜙)     (12) 

𝜑(𝑥, 𝑧, 𝑡) = 𝑥𝑈 +
𝐴𝜔 cosh[𝑘(𝑧+ℎ)] sin(𝑘𝑥−𝜔𝑡+𝜙)

𝑘 sinh(𝑘ℎ)
   (13) 

𝑢(𝑥, 𝑧, 𝑡) = 𝑈 +
𝐴𝜔 cosh[𝑘(𝑧+ℎ)] cos(𝑘𝑥−𝜔𝑡+𝜙)

sinh(𝑘ℎ)
   (14) 

𝑤(𝑥, 𝑧, 𝑡) =
𝐴𝜔 sinh[𝑘(𝑧+ℎ)] sin(𝑘𝑥−𝜔𝑡+𝜙)

sinh(𝑘ℎ)
    (15) 

where 𝜙 is the phase shift angle, 𝑡 is time.  

The dispersion equation in terms of wave speed 𝑐 =
𝜔/𝑘 is given by   

 

(𝑐 − 𝑈)2 =
𝑔

𝑘
tanh (𝑘ℎ)                   (16) 

3. Simulation Conditions  

The CFD flow solver on FLOW-3D version 11.2 is 

based on the incompressible unsteady RANS equations in 

which the solver applies the Volume of Fluid (VOF) to 

track the free surface elevation. The interface between 

fluid and solid boundaries is simulated with the fractional 

area volume obstacle representation favor method. This 

method computes open area and volume in each cell to 

define the area that is occupied by obstacle. 

 

 

Figure 1. Body plan of barge 

 

 

 

Table 1. Principal dimensions of barge (1B) 

 

Description 

1B 

Full-scale Model 

Length, L(m) 60.96 1.219 

Breadth, B(m) 10.67 0.213 

Draft, d(m) 2.74 0.0548 

Volume, V(𝑚3) 1646.2 0.01317 

L/B 5.71 5.71 

Block coefficient,𝐶𝑏 0.92 0.92 

𝑘𝑦𝑦2/L 0.3266 0.3266 

𝑋𝐺 𝑎𝑏𝑎𝑓𝑡 𝑡ℎ𝑒 𝑚𝑖𝑑𝑠ℎ𝑖𝑝,(m) -1.04 -0.0208 

Table 2. Various towline length, 𝑙′ 

Towing velocity, 

𝑉𝑠 (m/s) 
Towline length, 𝑙′ Wavelength, λ/lpp 

 1.0  

0.509 2.0 1.0 

 3.0  

3.1. Principal data of ships   

The principal dimensions barge (1B) are presented in 

Table 1.  Her respective body plan is shown in Fig.1.   

3.2. Parametric studies  

Table 2 presents various towline length employed in 

the simulations. Towing’s velocity, 𝑉𝑠 is kept constant by 

0.509 m/s. Various towing’s velocity, 𝑉𝑠  used in the 

simulation are shown in Table 3 with fixed towline 

length, 𝑙′=1.0 L.  Towing point location is set to 𝑙𝑏
′ =0.5 

for both cases.  

Table 3. Various towing’s velocity, 𝑉𝑠.  

Towing velocity, 

𝑉𝑠 (m/s) 
Towline length, 𝑙′ Wavelength, λ/lpp 

0.509   

0.582 1.0 1.0 

0.655   

0.728   

 

Figure 2. Boundary conditions 
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Table 4. Various towing’s velocity, 𝑉𝑠. 

 

Figure 3. Meshing generation 

3.3. Computational domain and boundary conditions  

The computational domain uses a structured mesh that 

is defined in a Cartesian.  Referring to Fig.2, the 

boundary condition is mark in the mesh block 1 and mesh 

block 2.  The boundary condition at X-max boundary is 

wave, linear wave so that there is wave generated into the 

simulation.   In order to save computational time, wave is 

assigned to water at X-max boundary. As for X-min, Y-

max and Y-min boundary, outflow is assigned to prevent 

reflection while Z-min is symmetry and Z-max is 

specified pressure. The boundary conditions for this 

simulation are shown in Table 4. 

The meshing generation is created in Flow3D v11.2 

as shown in Fig.3. An extra refinement of the mesh called 

nested block is added to increase meshing resolution in 

this study.  The barge is coupled through a towline.  A 

virtual tug, a sphere model is assigned prescribed motion 

while barge as towed ship was set as coupled motion in 

X-translational, Z-translational and Y-rotational motions 

(surge, heave and pitch motions).  The barge was in 5° 

inclination arrangement initially.  The towline is set as 

polyester mooring line with spring coefficient of 7.347 

N/m2. 

Based on the applications of Flow3D v11.2, the 

average duration of every simulation was about 70-80 

hours (4 parallel computations) on a HP Z820 

workstation PC with processor Intel (R) Xeon (R) CPU 

ES-2690 v2 @ 3.00 GHz (2 processors) associated with 

the installed memory (RAM) of 32.0 GB and 64-bit 

Operating System. 

4. Results and Discussions 

Referring to Figs.4-7, the CFD simulation has been 

successfully carried out to predict the course stability of 

the towing system in various towline lengths and 

towing’s velocity. The simulations results of heave and 

pitch motion performances of the barge associated with 

the towline tension are presented.  

4.1. Effect of various towline lengths 

The characteristics of heave and pitch motion 

characteristics at various towline lengths have been  

displayed in Fig.4.  Here, the extending towline length 

from  = 1.0 to 3.0 resulted in the increase of the heave 

motion of the barge by 17.7%; meanwhile her pitch 

motion decreased 7.4%.  This could be explained the 

CFD simulation that the free surface elevation around the 

barge subsequently increased, which indicated by high 

pressure region (red color) as the towline extended up  

= 3.0. However, this extending towline was insignificant 

to the increase of the maximum towline tension about 

8.5% as the increase the towline from  = 1.0 to 2.0.  

 

Figure 4. Characteristics of heave and pitch motion of 1B associated with the towline tension at various towing’s velocity 

Boundary Mesh block 1 Mesh block 2 

𝑋𝑚𝑖𝑛 Wave Symmetry 

𝑋𝑚𝑎𝑥 Outflow Symmetry 

𝑌𝑚𝑖𝑛 Outflow Symmetry 

𝑌𝑚𝑎𝑥 Outflow Symmetry 

𝑍𝑚𝑖𝑛 Symmetry Symmetry 

𝑍𝑚𝑎𝑥 Specified pressure Symmetry 
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Figure 5. Free surface elevation, 𝑉𝑠= 0.509 m/s, 𝑙′=1.0 (a), 2.0 (b) and 3.0 (c)

4.2. Efect of various towing’s velocity 

The characteristics of heave and pitch motion 

performances with the symmetrical bridle towline model 

associated with dynamic towline tension in various 

towing’s velocity have been displayed in Figure 6. The 

subsequent increase of the towing’s velocity from 

=0.509 to 0.582 m/s and 0.655 m/s to 0.728 m/s resulted 

in the increment of heave motion by 24% and 29.9%, 

respectively. However, the pitch motion of the barge 

decreased by 35.9% as towing’s velocity increased from 

= 0.509 m/s to 0.728 m/s; meanwhile the towline 

tension increased by 24%. This can be explained by the 

CFD simulation (see Figure 7) that the heave motions at 

the maximum towing’s velocity of 0.728 m/s has been 

the highest ones due to the higher pressure phenomenon 

indicated by the subsequent increase of the red color at 

the aft region as compared to the towing velocity of 

0.582 m/s and 0.655 m/s. On the other hand, the effects 

of resonance and exciting forces due to the incoming 

waves have also contributed to the increase of the larger 

vertical motion responses of the barge (the towed ship)  

[20].  

 

Figure 6. Characteristics of heave and pitch motion of 1B associated with the towline tension at various towing’s velocity 

 

Figure 7. Free surface elevation , 𝑙′=1.0, 𝑉𝑠= 0.509 m/s (a), 0.582 m/s (b) 0.655 m/s (c) and 0.728 m/s (d)
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5. Conclusions  

The Computational Fluid Dynamics (CFD) analysis 

on the heave and pitch motion characteristics of barge 

incorporated with the symmetrical towline model has 

been successfully performed using Flow3D v11.2 

software. The effect of various towline length and 

towing’s velocity have taken into the simulation. The 

simulations results can be drawn as follow:  

• Basically, the extending towline length from  = 1.0 

to 3.0 results in the increase of the heave motion of 

the barge by 17.7%; while her pitch motion decreases 

by 7.4%.  It should be merely noted here that the 

towline tension exhibits insignificant effect when the 

towline length increases. 

• The effect of the towing velocity has led to increase 

the heave motion of the barge by 40.46%; and 

inversely decreases her pitch motion by 35.94% as 

the towing velocity increases from 0.582 m/s to 0.728 

m/s; meanwhile, the towline tension increases by 

24%. 
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