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Abstract. This paper introduces a RANS CFD methodology for the evaluation of tugboat
dynamics during pushing operations. Two- and three- dimensional methods that respectively
utilize “Dynamic Fluid Body Interactions - (DFBI)” and “Tug Force Equilibrium kinematics-
(TFE)” are assessed and compared with the aim to better understand the influence of fluid
modelling on ship dynamics. For the DFBI method, an unsteady RANS solver comprising of a
dynamic fluid body interaction module and a contact mechanics coupling algorithm are used to
predict the forces between a tugboat and an assisted ship. For the TFE method, a steady RANS
method is applied and contact actions are calculated as a sum of the hydrodynamic forces on the
hull and the propeller. Whereas DFBI accounts for the time variation of the contact forces, the
TFE is more rapid and could be used to derive operational decision support criteria. To
demonstrate the latter the TFE method is used to derive the pushing forces based on a set of 16
numerical simulations. It is concluded that irrespective of the model used the tugboat speed and
orientation may amplify the pushing forces. This effect could be prominent, especially at slow
speeds for which the sway force acts in opposite direction to the tug.

1. Introduction

Tugboats serve a range of berthing, salvage and ice-breaking shipping operations (see Figure 1) [1]. Yet,
accidents that involve tugboat operations in confined waters and fairways are broadly associated with
wrong decision making [2,3]. A review of accidents reported in the Baltic Sea area during the past two
decades [4,5] reveals that poor communication during tug operations and the lack of pilotage assistance
are the major causes of accidents between 1997 and 2011 [6]. To assess tug performance and safety
during ship handling operations, it is essential to understand the influence of operational conditions on
ship dynamics. This is particularly relevant for tug pulling and escorting operations for which the risk
of accidents due to tug-ship hydrodynamic interactions should be minimized [7].

Tugboat maneuvering dynamics have been tackled using numerical and experimental methods with
an eye on the hydrodynamic forces that act on the tugboat hull and appendages, the tug motions, and
trajectories at different speeds [8]. Well validated RANS CFD methods could enable the broad
derivation of improved hydrodynamic derivatives for use by modular maneuvering models [9]. An
example of these models is the Mathematical Model Group (MMG) presented by Piaggio [10]. RANS
CFD [11], potential flow (PF) hydrodynamics [12] or captive model tests [13,14] are distinct approaches
that may be used to better understand ship - tug dynamics. Recently, [15,16] explored uncertainties of
simulations as compared to experiments for the case where parallel and drifting tug operations interplay
at lateral and longitudinal positions of a tanker.
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Figure 1. Tugboats operations near ports and canals. (a) Tugboats assisting Ever Given [17]. (b)
berths clearing from ice [18]

To date, most of the studies conducted to model the direct contact between a tugboat and an assisted
vessel rely on the mathematical modular maneuvering models [19,20]. These models evaluate the hull,
propeller, rudder, and other devices separately in addition to the external forces e.g., wind and waves.
Ship-tug, propeller-hull, and propeller-rudder interactions are usually ignored. This paper pushes the
state of the art by introducing the potential use of CFD methods for the evaluation of the contact forces
applied on tugs during pushing mode assistance operations. Two- and three- dimensional methods that,
respectively utilize “Dynamic Fluid Body Interactions - (DFBI)” and “Tug Force Equilibrium
kinematics- (TFE)” are assessed and compared with the aim to understand the influence of fluid
modelling on ship dynamics. Throughout the simulations, it is assumed that the behavior of the tugboat
in oblique flow resembles the flow around a wet transom.

2. Theory

STARCCM+ was used for the numerical simulations [21]. The motions of the tugboat were simulated
using the DFBI integrated into the equations of motion for all forces and moments. The aim of this
process was to calculate accelerations in each time step.

2.1. Equations of Fluid Flow and Turbulence models

The flow was assumed turbulent, incompressible, and isothermal. The RANS method was adopted. The
velocity and pressure were decomposed into mean (@ and p) and fluctuating (u' and p") parts. The mean
flow velocities and pressures were obtained from the continuity and momentum equations

A 1
axi - ( )
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where p [kg/m?3] is the density, u [ kg/m.s] is the molecular viscosity, u; [m/s] is the velocity,

p [N /mz] is the pressure, 7;; = p (u{u]’) [N /mz] is the Reynolds stress tensor, and f; [N] is the body
force term. The appearance of the Reynolds stress term introduces nine additional unknowns to the
equations for which additional equations must be obtained. In this study, the k-omega-SST turbulence
model was used. This model is based on the combination of the k-® and the k-¢ models. The former
model was activated in the near wall region. The latter was activated in the outer region of the boundary
layer and the free shear layers. Implementation of the k-o-SST turbulence introduced two additional
equations for the turbulent kinetic energy k [m?/s?] and the dissipation rate w [m?/s3]. The Reynolds

stress term was replaced with the mean velocity gradients and Eddy viscosity ur [kg/m.s] as follows
ok, ok _ 0w ..o 00 . 0k ;
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In the above equations F; represents a blending function, which ensures that a k-o formulation is used
in the inner parts of the boundary layer and a k-€ behavior is achieved in the free-stream. The terms %,
0", v, X, 0, 0,2 are model coefficients and may also depends on F;.

In turbulent flows, the presence of viscosity affects the flow significantly near wall boundaries that
may be sources of perturbations and vortices. The inner boundary layer region is further divided into
three sublayers namely (a) viscous, (b) buffer, and (c) logarithmic. To capture the velocity gradient in
the viscous sublayer a y+ < 1 is needed. Thus, solving the flow through the viscous sub-layer is
computationally expensive. This challenge is overcome by using wall functions, i.e., by setting a y+
value for the first cell next to the wall (i.e., in way of either the viscous or the logarithmic sublayers) to
provide sufficiently accurate results. STAR-CCM+ utilizes the following blended wall function

17:an enti
u, =6 /W +(1 - 8)C) k> (5)

where u, is the frictional velocity, & is the blending function, an gential 18 the wall-tangential velocity
vector, y is the wall distance, and €, is the turbulence model coefficient. In this study 30 < y+ <
300~500 and y+ < 1 were set in way of the log-layer and the viscous sublayer, respectively [22].

2.2. Computations of Motions and Contact Forces

Unless constraints to the body motions are defined, STAR-CCM+ solves the translation and rotation of
the center of mass of the body at the earth-fixed coordinate system in all degrees of freedom. The
equation of motion for translation and rotation in the earth-fixed coordinate system is defined as

vy _ = az | — =
md—tb:F and M —+ & X Mo =H (6)

where I7b [m/s] is the velocity vector of the body, m [kg] is mass of the tugboat, and F [N] is external
force vector acting on tugboat and t is the time in seconds, @ [rad/s] the angular velocity vector,

M [kg.m?] is the inertia matrix of the body and H [N.m] is the external moment vector.

The contact force between the tugboat and the assisted ship is calculated with the contact coupling
mechanism embedded in the DFBI module of STAR-CCM-+. For the model to resemble a real contact,
the contact force depends on the distance between the tugboat and the boundary (ship hull) at which the
contact should be well idealized. The contact force is activated once this user-defined distance i.e., the
effective range, is reached (Figure 2). As the tugboat gets near to the ship hull, the contact force increases
until reaches a maximum value which stops the tugboat from moving further and avoid penetration. The
contact force is applied on the mesh faces of the tugboat and the ship hull and may be calculated as

Fr = Byl + Fif , By = df[ky(do — df) — kody] . Ty, and Fy = —plF, | tanh(k. V) (7)

where F, [N] and F; [N] is the normal and tangential component contact force, respectively; ar [m?] is
the face area vector, k; [N/m] is the elastic coefficient, k, [N.s/m] is the damping coefficient, dy [m]
is the effective range, d; [m] is the distance between the boundary face and the opposing boundary, 1
is the normal vector to the boundary face, u is the friction coefficient, k; is the ‘tanh’ coefficient, and
V; [m/s] is the tangential velocity of the face f.

Two main defects in the STARCCM+ contact coupling mechanism should be overcome to resemble
contact. At first, the contact force applied on the tugboat from the fluid cells is sensitive to the user-
defined effective range. A considerably large effective range may lead to excessive rebounding of the
tugboat after the first contact with the assisted ship. Thus, it should be adjusted at the start of the
simulation, to avoid the magnification of the contact force. The other defect is that the software cannot
model static friction when two bodies are in contact. Hence, regardless of the value of the tangential
component of the contact force between the two bodies, they may slide over each other and wrongly
idealize the loss of contact. To overcome the latter, a force is added at the center of gravity of the tug-



The 12th International Workshop on Ship and Marine Hydrodynamics IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1288 (2023) 012003 doi:10.1088/1757-899X/1288/1/012003

Effective

Figure 2. Contact coupling mechanism.

body which has the same magnitude, but opposite direction of the contact force, together with a counter
moment to oppose the contact moment generated on the tugboat. These forces and moments are activated
only when the contact force value is under the static friction value defined as
ﬁExt _ {—Ff for Fi < Ngtatic - Fu Land My, = {_Mf for Fy < Mstaric * Fn (8)
0 forFy > Nstatic - Fa 0 forF >Nstatic - Fu
where ﬁExt and Mg, are the counter force and moment respectively, and g4+ 1S the static friction
coefficient between the tugboat fenders and the assisted ship side shell is assumed as steel.

2.3. Propeller idealization
To avoid high computational costs, the propeller was substituted by a virtual disk model. The virtual
disk force is inserted as a source term in the momentum equations. As defined in STAR - CCM+ the

source term comprises of a volume force ﬁb distributed over the cylindrical virtual disk, with an axial
component f, and radial component f;g following the Goldstein optimum method [23] according to

r

= A, r*v1 —r*, and =A -L_r*,;where =l =B g =L 9
bx X bé [ h

!
r*(1-1p)+1y 1-1p, Rp Rp

where 7 is the radial coordinate, Ry is the hub radius, Rp is the propeller tip radius, and the radial

distribution of the body forces is r*. Both A, and A4 are constants computed from the propeller thrust

105 105
T an r A, =—" Ap = —.
a d to que Q as Ay 8 7TA(3RH+4RP)(RP—RH) and 6 8 TL'ARP(3RH+4-RP)(RP—RH)

represents the virtual disk thickness.

where A

2.4. Tug Force Equilibrium Model (TFE)

The TFE is a model that assumes that the tug while pushing an assisted vessel reaches a steady
equilibrium. Based on this idealization the contact force may be calculated as a summation of the
hydrodynamic forces acting on the tugboat as follows

XH+XP +XT:XC
YH + Yp + YT = YC (10)
NH+NP +NT‘=NC

where X, Y respectively represent the surge and sway forces, N is the yaw moment, subscripts H, P, R,
and C represent the forces of the hull, propeller, rudder and contact, respectively. With the TFE model,
the body is fixed and a steady CFD RANS simulation is conducted. Such idealization allows for reduced
computational costs in comparison to the DFBI simulation that is transient.

Results presented in this paper correspond to the case of a conventional tugboat with single screw
propeller and rudder configuration. The general particulars of the vessel are shown in Table 1. In 2D,
the model scale A = 1/25 and Fn = 0.0602 were used to reduce the computational effort. The data on
the propeller geometry and characteristics were limited to the propeller hub/tip diameters and the number
of blades. The propeller type chosen was a Wageningen B-series of an expanded area ratio Az /A, =
0.8 and pitch to diameter ratio P/D = 1.1. The performance curves used were based on [24] and are
shown in Figure 3. The pushing operational scenario shown in Figure 4 assumes the case whereby two
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tugboats are pushing the assisted vessel with the same force. Accordingly, the assisted vessel has a
constant heading. Both tugboats are moving with a constant velocity and a heading like the assisted
vessel.

Table 1. Tugboat general particulars.

Dimension Value Unit
Length overall (LOA) 32.9 m

Length between perpendiculars (Lpp) 30 m

Breadth molded 10 m

Depth molded 5.72 m
Maximum draft 4.75 m

Engine power 2880 KW
Bollard pull 39(382.5) tons (KN)
Maximum speed 14 (7.2)  Knots (m/s)

Estimated operational speed during pushing  2(1.03) Knots (m/s)

Ae/A0=0.8, P/D=1.1

0.8

—Kt |——KQ eta

© 0.6
()
e
© 04 \
g f—
p4
£ 02

0

0 0.5 . 1.5
Advance ratio (jl)
Figure 3. Propeller characteristics Figure 4. Pushing assistance scenario

Three cases of tugboat pushing operations were considered. In all cases, the influence of free surface
hydrodynamics was disregarded as vessel and tug speeds were low. For the first two cases, results were
based on a 2D model for which the assisted vessel was replaced by a rectangle and the propeller was
idealized by a user-defined thrust force. The purpose of the exercise was to test the ability of the
proposed DFBI model to predict the contact force as compared to a traditional equilibrium model. Figure
5 shows the domain dimensions for case 1 that utilizes the DFBI model in 2D. The tugboat overset
region is set as a 2 degrees of freedom (DOF) body while the plate overset region representing the
contact shell of the assisted ship is set as an 1 DOF body. The background region is assumed stationary.
Case 2 applies the TFE model in which both the ship and the tugboat are assumed stationary. The fluid
is flowing from the inlet and goes around the two bodies (Figure 6). Case 3 is based on a 3D idealization
for which a TFE model is used to predict the contact forces on the tugboat at different velocities and
drift angles (Figure 7). The tugboat has a zero heading while the inlet flow is set with an angle of attack
equal to the drift angle required for a simulation. Such modelling approach helps simplify the meshing
as compared to the case when the tugboat is rotated to a certain drift angle. Various boundary conditions
were set along the lines for 2D models and on surfaces in 3D models. Tables 2, show the boundary

conditions for each case. It is noted that V,, and BOspec are user-defined values of the flow velocity and

its direction, respectively. During modelling it was assumed that there is nothing predefined in way of
the overset boundaries.
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Table 2. : Boundary conditions

Region Line/surface name  Velocity Pressure MOtl.OIl .
specification
Case 1
Inlet V=0 Zero Gradient
Outlet - P=0 .
Background Starboard Side Symmetry Symmetry Stationary
Port Side Symmetry Symmetry
Tugboat Tug Overset - B - DFBI translation
Tugboat wall V =Vyau - (2DOF) (X, Y)
Plate Plate Overset - B - Translation 1
Plate Wall V =Vyau - DOF X
Case 2
Inlet V=", Zero Gradient
Outlet - P=0
) Starboard Side Symmet Symmet )
Domain Port Side Szmmetz Szmmetg Stationary
Tugboat wall V= Vwa” Zero Gradient
Plate Wall V= Vwa” Zero Gradient
Case 3
Inlet V=", Ospec  Zero Gradient
Outlet - P=0
Starboard Side V="V,- Ospec  Zero Gradient
Domain Port Side V =V, Ospec  Zero Gradient Stationary
Tugboat wall V =Vyau Zero Gradient
Bottom V=", Ospec  Zero Gradient
Top Symmetry Symmetry

Polyhedral and hexahedral volume meshes were considered. The polyhedral mesh consists of
arbitrary polyhedral-shaped cells. In this case, each individual cell has multiple neighbors. Hence,
gradients may be accurately approximated. Polyhedral idealizations provide smooth transition between
the prism layers and the rest of the volume mesh, albeit at the cost of larger number of cells as compared
to hexahedral meshes [25]. A polyhedral mesh allows for the affordable use of many cells and may
therefore be considered more appropriate for the 2D cases Figure 8. A hexahedral mesh is a template
mesh comprising of cells that cut through the input geometry and may be more useful in 3D idealizations
(Figures 9-10). Irrespective to the type of mesh used near to boundary walls layers of relatively small
orthogonal prismatic cells should be formed. In this study the number of prismatic layers, their thickness
and thickness distributions were controlled to achieve the desired range of y+ values as much as
practically possible. The overlapping mesh technique was employed for the DFBI model. The moving
bodies in such cases have an independent mesh domain that overlaps the main background domain. The
outer region of the overlapping domain may exchange the flow characteristics with the background
domain present at every step of the simulation.

For cases 1,2 there is a refined region along the length and width of 5 X Ly, of the domain. The cell
size in the refined region was set to be near or equal to the size of the overlapping mesh. In case 3, two
sub-regions were refined namely (a) a region along the length of the domain with width of 5 X L, and
a depth of Max.draft + 1m (same as in 2D cases) and (b) a cylindrical domain before and beyond the
location of the virtual disk. The latter idealization accounts for abrupt flow changes.
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around the hull for case 1 and Figure 10. Case 3 virtual disk refined region and prism layers
case 2.

3. Verification of computational models

In cases 1,2 the behavior of the DFBI and the TFE models was assessed and compared with the aim to
confirm that the TFE model idealizes accurately the contact forces. Hence, the results are discussed only
qualitatively and have not been compared to the 3D results. For case 3, the results are discussed
qualitatively and quantitatively. The main sources of error and hence uncertainty consisted of the
iteration error of the discretized equations, the grid resolution and the time step error for unsteady
simulations, and other residual sources of error. The study focused on verifying the model in terms of
the truncation error, i.e., the model is verified by assessing the mesh uncertainty of the simulations. The
tool applied made use of the Richardson extrapolation method [26]. A convergence study using multiple
solutions of different mesh resolutions with a uniform refinement ratio of V2 was carried out. Drift angle
and velocity were kept constant at 15 degrees and 2 knots, respectively. The solution parameter on which
the convergence study was performed has been the drag value. Three meshes were used with number of
cells and drag solutions as shown in Table 3.

Table 3. Mesh uncertainty data

Refinement ratio Base Size (m)  Number of cells Drag Unit  Solution symbol

4.5 14.1 million 2395 N Sy
V2 6.363 7.7 million 2450 N S,
9 4.1 million 2930 N S

The error estimate between the solution at the finest grid and the estimated exact solution S, at the
infinitesimal base-size was defined as

S, =5
P —1
where 1 is the refinement ratio, and p = 6.25 is the order of the curve. The error estimate was eventually
multiplied by a factor of safety of 1.25 to limit the simulation error to be U; = COpp = 1.256gp =
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8.89N. Although the error at the finest mesh is minimal, a medium mesh resolution (base size=6.36)
was used for the simulations to reduce the computation time.

4. Results and discussion

This section presents the results of the hull hydrodynamic, thrust and contact forces acting on the
tugboat for each studied case. Then, results of case 3 are used to form decision-making charts to be used
by tug masters. For cases 1,2, the simulation time was 100 seconds with a time step of 0.05 seconds.
The simulation scenario assumed that the tugboat is initially positioned at some distance from the ship.
During the first impact, the contact force dramatically increased. Eventually, the tugboat moved out of
the effective range due to rebounding, so the contact force diminished. The bounding and rebounding
actions lasted for 20 seconds until the tugboat reached a steady contact with the plate and almost constant
contact force values. After another 20 seconds, the contact forces started to change and fluctuate about
a mean value. The force summation (Figure 11) shows that despite the variation of the contact and
hydrodynamic forces the thrust force remained constant at zero. This means that any increase in the
hydrodynamic force can be followed by a contact force decrement in the same direction. This
observation supports the use of the TFE model in predicting contact forces. It also suggests that the
variation of the contact force can be linked directly to the change in fluid actions on the tugboat.

The contact force variation in both cases follows the same trend. This reflects the strong dependency
on hull forces. The mean forces show a difference of less than 2.5% (Figures 12, 13). The Y components
of contact forces from case 1 lag those of case 2 (Figure 13). This reflects ship dynamics during the
unsteady bounding / rebounding initial phase of contact that lasted for 20 seconds. For case 3, a set of
16 steady simulations over 2-5 knots and drift angles from 15 to 60 degrees were considered. Case 3
results are shown in Figure 14—18. A plot of the drag force against the drift angle for a range of velocities
is depicted in Figure14. The drag increased with increasing velocity. The differences in the drag forces
for the speed range considered at low drift angles was not significant. As the drift angle increased, this
difference was dramatically raised. The speed increased proportionally to drag.

Figure 15 displays the variation of the sway force with the drift angle at different velocities. The
sway force generally increased until the drift angle reached 45 degrees. After this point it decreased as
the speed increased. When the sway force acted in the negative direction, the pushing force increased.
Although the increase in the speed might cause a rise in the drag force and reduce pushing, it led to an
increase of sway forces in the negative direction. This means that from an operational perspective the
speed and drift angles should be kept at optimum levels to reach an ideal pushing force. The thrust
coefficient variation against the drift angle is shown in Figure 16. As expected, it declined by increasing
the speed, whereas it was slightly varied at the same speed with changing the drift angle. To get the
maximum thrust available for pushing, the speed must be kept to a minimum. Figures 17 and 18
demonstrate the variation of the components of the pushing forces.
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4.1. Stability Against Sliding

Stability against sliding was determined by studying (i) whether the contact force on the tugboat is
enough for sliding to occur and (ii) observing the variation of the critical angle at each velocity before
sliding. The sliding condition states that the x-component of the contact force must be lower than the y-
component multiplied by the static friction coefficient to avoid sliding X, <n - Y. Figures 19-22
demonstrate the range of stability against sliding using three friction coefficient values. The lower the
angle at the intersection of the sliding curve with the x-axis, the higher the stability range without sliding.
At low drift angles, the tugboat was unstable for the whole range of velocities. However, as the drift
angle increased, the Y-component contact force increased, and the X-component contact force decreased
until the critical angle of 45 degrees. Generally, speed increase widened the stability range against
sliding. This could be attributed to the fact that the critical angle decreased.

4.2. Tug Performance Charts

The pushing forces and sliding curves were used to generate the tug performance charts (see Figure 23-
26). The pushing force is presented in the polar coordinates (r,0) instead of the cartesian coordinates to
facilitate the decision making. At any point on the pushing force line, the r-component represents the
pushing force value in tons, while the 8-coordinate represents the drift angle. The straight lines shown
indicate whether the condition is stable against sliding or not. There are three different straight lines for
each of the friction coefficient values. The region on the right side of the straight line represents the
unstable area in which sliding will occur, and the tug master is recommended to use the rudder to return
the tugboat to its required position. The left side of the friction coefficient line is expected to be stable;
there is no need for the tug master to involve. The intersection point between friction coefficient lines
and the pushing force line represents the critical angle.
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Figure 26. Pushing performance at 5 knots

This paper presented an investigation on the pushing performance of tugboats during ship assistance
operations using CFD. The contact forces that act on the tugboat were predicted using two models. The
first model applied an unsteady RANS CFD method with DFBI module and the contact mechanics
coupling module in the STARCCM+ solver to simulate the contact between the two vessels and the tug
motions. The second model utilized the same solver with either a steady or unsteady RANS method but
without the DFBI and the contact mechanics coupling modules. A comparison of the contact forces
predicted between the two models showed that the DFBI might be more elaborative in capturing the
time variations of the contact forces. However, the tug force equilibrium model is more economic.
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A set of 16 steady RANS simulations was conducted with the aim to predict the mean values of the
contacts force acting on the tugboat and to develop decision-making charts. The simulations were
conducted for a range of drift angles from 15 to 60 degrees and a speed range from 2 to 5 knots. Overall,
the results demonstrated that the proper choice of orientation and speed of the tugboat might increase
the pushing force to levels of its bollard pull and even more as the hull forces in such cases are
supplementing the propeller forces. Comparison of results suggests that the DFBI model is able to
capture well the contact coupling mechanism and could be employed for the derivation of more detailed
decision-making charts for use in ship handling operations.
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