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Abstract: An alternative to experiments is the use of numerical model tests, where the performances
of ships can be evaluated entirely by computer simulations. In this paper, the free surface viscous
flow around a bare hull model is simulated with three Computational Fluid Dynamics (CFD) soft-
ware packages (FINE Marine, ANSYS CFD and SHIPFLOW) and compared to the results obtained
during the experimental tests. The bare hull model studied is the Duisburg Test Case (DTC), de-
veloped at the Institute of Ship Technology, Ocean Engineering and Transport Systems (ISMT) for
benchmarking and validation of the numerical methods. Hull geometry and model test results
of resistance, conducted in the experimental facility at SVA Postdam, Nietzschmann, in 2010, are
publicly available. A comparative analysis of the numerical approach and experimental results is
performed, related to the numerical simulation of the free surface viscous flow around a typical
container ship. Further, a comparative analysis between the results provided by NUMECA, ANSYS
and SHIPFLOW is performed. Regarding the solution obtained, a satisfactory agreement between
the towing test results and the computation results can be noticed. The minimum mean error was
obtained through the SHIPFLOW case, 2.011%, which proved the best solution for the case studied.

Keywords: CFD simulations; container ship; hydrodynamic resistance

1. Introduction

In recent decades, freight transport has become particularly important, being one
of the most popular methods of transport. Container ships are being replaced by new,
faster ships with a much larger capacity due to market demand. Therefore, the study and
improvement of these ships are essential in order to achieve the required performance.

Ship resistance is a concept that is constantly being studied due to the changing
environment of ship navigation and the tendency to improve ship performance, but also
to improve the methods for resistance prediction. Testing the ships in towing tanks is the
most accurate solution for the prediction of resistance, but it is costly and takes a long time.
As technology has developed quite a lot and the computers have a much higher capacity,
the determination of the characteristics of ships has been oriented towards numerical
simulations [1].

Nowadays, Computational Fluid Dynamics (CFD) represents a standard design prac-
tice in solving the ship hydrodynamics problems worldwide [2,3]. Thus, various CFD
studies investigated the added resistance and ship motion in various sea state condi-
tions [4,5], in seakeeping [6] or to find the optimal hull form for resistance reduction and
operational efficiency [7,8]. The speed performance of eight commercial ships including re-
sistance and propulsion characteristics was evaluated using CFD results [9]. An increasing
number of studies have brought attention to the influence of the roughness of a ship’s hull,
and CFD modeling has also been used to predict the effects on ship resistance (see, for ex-
ample, [10]), while an uncertainty analysis was performed using CFD simulations for four
different ship models [11]. Novel CFD-based approaches were recently developed [12,13]
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to be used in conjunction with model test experiments. This has the potential to accurately
predict the full-scale resistance of a marine surface ship.

The Duisburg Test Case (DTC) model is a well-known container ship, and its char-
acteristics have been analyzed over the years in many research studies (such as [14–17]).
In this paper, the novelty is that the model was simulated with three CFD programs and
the simulation results were compared with the results of towing tests to determine the
most appropriate program for the analysis of this type of vessel so that the results obtained
will be as accurate as possible.

2. Case Study Ship

Several container ships have been developed over recent years: Duisburg Test Case
(University of Duisburg Essen-2012), KRISO Container Ship (Korean Research Institute),
JUMBO, MEGA JUMBO (SVA Postdam), Hamburg Test Case, etc. For this paper, the DTC
(Duisburg Test Case) was investigated. A comparative analysis of the numerical approach
and experimental results is performed in this study, related to the numerical simulation
of the free surface viscous flow around a typical container ship. Further, a comparative
analysis between the results obtained with three CFD software packages (NUMECA,
ANSYS and SHIPFLOW) is performed.

The main particulars of the DTC model and full scale are shown in Table 1 [18].

Table 1. Main characteristics of the Duisburg Test Case (DTC).

Main Particulars Units Model Full Scale

Length between
perpendiculars (m) 5.976 355

Waterline breadth (m) 0.859 51
Draught midship (m) 0.244 14.5

Trim angle (◦) 0 0
Volume displacement (m3) 0.827 173,467

Block coefficient (-) 0.661 0.661
Wetted surface (m2) 6.243 22,032
Design speed (knots) 3.244 25

The DTC hull (Figure 1) is a typical 14,000 TEU container ship with common shapes
and a bulbous bow [18]. The hull presents a large stern overhang and a large bow flare.
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3. Mathematical Model

The XCHAP solver (SHIPFLOW), the ISIS flow solver (NUMECA) and Fluent (ANSYS)
are based on Navier–Stokes equations [19–23]. These equations describe the pressure,
velocity and the density of the flow and they can be solved numerically.

The Navier–Stokes equations for an incompressible flow and the time continuity
equation can be described as follows:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂ (uiuj + u′′i u′′j )

∂xi
= Ri −

1
ρ

∂p
∂xi

+
∂

∂xj
(ν

(
∂ui
∂xj

+
∂uj

∂xi

)
) (2)

ν =
µ

ρ
(3)

where: ui—time average velocity components in Cartesian directions, xiCartesian coor-
dinates, t—time, Ri—volume force, p—time average pressure, ν—kinematic viscosity,
µdynamic viscosity, ρ—density.

Solving the mass conservation equation and Newton’s second law known as the
momentum conservation equation gives us the velocity and pressure field.

Mass conservation:
d
dt

y

D

ρdv = 0 (4)

Momentum conservation:

d
dt

y

D

ρ
→
Udv =

y

D

ρ
→
fvdv +

x

D

→
T dS (5)

where: D—fluid domain, dv—arbitrary control volume,
→
U—velocity,

→
fv—volume force

(normally gravity force),
→
T—constraints,

→
T = σ × →n , where σ is the constraint tensor,

→
n is

the unit normal vector, S—strain rate.
In general, flows around the hull of the ships are turbulent and a range of approxima-

tion models exists to describe the flow. In this paper, the k-ω SST model was used for the
comparation between NUMECA, ANSYS and SHIPFLOW. Further, a comparison between
the k-ω SST model (Shear-Stress Transport), k-ω BSL (base-line model) and EASM (Explicit
Algebraic Stress Model) was provided for the SHIPFLOW case.

The first model used, k-ω SST, tries to give better results than the k-ε model and k-ω
model [24], and in this case, the turbulent viscosity is related to the transport of turbulent
sheer stress. The equations for this model are presented below, where F1 is the blending
function:

For k:
∂(ρk)

∂t
+

∂

∂xj

(
ρUj k

)
=

∂

∂xj

⌈(
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+ α

ω

k
P− βρω2 + 2(1− F1)

ρσω2

ω

∂k
∂xj

∂ω

∂xj
(7)

where: k—turbulent kinetic energy k =
u′′i u′′j

2 , Uj—instantaneous velocity components in
Cartesian directions, Pinstantaneous pressure, α, β, β′, σω2 —modeling coefficients for k-ω
equations, ω—specific dissipation of turbulent kinetic energy, turbulent frequency, F1—the
switching function for handling the change between the ω and ε equations.
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The second model, k-ω BSL, is a blending model between k-ε and k-ω. The blending
function and the cross-diffusion CDkw can be written as

F1 = tanh


[

min

(
max

( √
k

0.09dω
,

500µ

ρd2ω

)
,

4ρσω2 k
CDkωd2

)]4
 (8)

CDkω = max

(
2ρσω2

ω

∂k
∂xj

∂ω

∂xj
, 10−20

)
(9)

where CDkω is cross-diffusion in the ω-equation.
The EASM model includes nonlinear terms [25]. The equation can be describes as
For stress tensor:

ρu′′i u′′j =
2
3

ρkδij − µT

(
Sij + a2a4

(
SikWkj −WikSkj

))
− a3a4(SikSkj −

1
3

Smn
2δij) (10)

For turbulent viscosity:

νT = max(−kα1,
0.0005k

βω
) (11)

where: δij—Kronecker’s delta, µT—turbulent dynamic viscosity, Sij—strain rate, Wij—
rotation rate, νT—turbulent kinematic viscosity.

4. Numerical Approach

Systematic calculations were carried out using three CFD software packages: FINE
Marine, ANSYS Fluent and SHIPFLOW.

FINE Marine is a CFD software dedicated to naval architecture and produced by
NUMECA. Through three modules, complete numerical solutions can be generated: HEX-
PRESS (mesh generator), ISIS-CFD (flow solver) [19] and CFView (post-processing of the
results). Moreover, the program includes the “Wizard” option that can guide you through
setting up the configuration and making the mesh.

ANSYS Fluent is a software capable of performing thermo-fluid-dynamic simulations
for industrial applications but can also be used in ship design. The Fluent module can be
used separately or integrated in the ANSYS Workbench module [20], an interface that helps
to obtain more efficient and flexible workflows where the user can change the geometry
and create the mesh.

SHIPFLOW is a CFD software produced by Flowtech International AB, which focuses
on numerical simulations and ship optimization. SHIPFLOW, similar to ANSYS, can be
used independently or together with the SHIPFLOW CAESES [21,22] interface that allows
an easy pre-processing of the hull’s characteristics, execution of solutions, post-processing
and detailed management of the parameters, as well as their change.

The same conditions were reproduced for all three programs. The domain is con-
structed by defining a box around the ship and is presented with the boundary conditions
in Figure 2. The size of the computational domain is based on the length of the hull and
extends [8,9] as follows: 1.5 length overall (Loa) in front of the ship’s hull, 3 Loa behind the
hull, 1.5 Loa on the side, 1Loa above the ship’s hull and 1.5 Loa below the model’s keel.

The mesh was generated using a FINE/Marine plugin called C-Wizard [19] and
HEXPRESS, the NUMECA grid generator [26,27]. The C-Wizard plugin is a helping tool
that guides you through the whole process of setting the mesh and solver parameters.

Grid refinement is one of the most important steps when referring to fluid dynamics
simulations [7,28,29], due to the major impact it has on the results obtained. A medium
mesh was chosen with an extra refinement of the wave field. The effect of refinement
around the free surface, based on wavelength, is to improve the accuracy of capturing the
bow wave and the wave pattern behind the ship.
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Figure 2. DTC—domain and boundary conditions.

The mesh generation, using HEXPRESS, involves five steps: initial mesh, adapt to
geometry, snap to geometry, optimize and viscous layers. The first step, initial mesh, is the
module where the domain bounding box is subdivided along the Cartesian axis and an
isotropic mesh is generated. In the second one, adapt to geometry, the cells go through
several processes of refinement in different regions by splitting the initial volumes. For
our case, a mix of refinement criteria was used (curve refinement for diametrical plan
deck and transom; surface refinement for shaft, deck, transom and hull; box refinement
for increasing the accuracy of the wave capturing (Figure 3)). In snap to geometry, the
mesh is snapped onto the geometry and in the optimize step, the mesh is fixed for negative,
concave or twisted cells and the quality of the mesh is increased. In the final step, to capture
the viscous effect, a number of twelve layers was defined for shaft, transom, hull and deck,
with a stretching ratio of 1.2.
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The grid generated in HEXPRESS was exported for use in ANSYS. One of the signif-
icant differences between the three CFD simulations is that, although the same network
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was used for the NUMECA and ANSYS simulations, for SHIPFLOW, the network was
automatically generated a medium mesh by the program via the XMESH module. Another
difference may be that the computer on which the network for NUMECA and ANSYS was
generated, although it had special capabilities, was not as efficient as the one on which the
network for SHIPFLOW was created, and therefore the network used for SHIPFLOW had
a larger number of discretization cells (1,742,262 cells—SHIPFLOW, versus 1,481,236 cells—
NUMECA/ANSYS; see Figure 4) but was performed using similar settings to the other
mesh grid.
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The setup for time configuration was chosen for a steady flow. The RANS flow
solver [19,22,23] was used for all simulations using the Volume of Fluid (VOF) method (free
surface capturing approach) and the k-ω (Menter Shear-Stress Transport [30]) turbulence
model. The k-ω Shear-Stress Transport (SST) turbulence model, adopted to calculate
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the vortex viscosity, is a popular model used for performance in near-wall treatment and
combines the k-ω turbulence model with the k-ε turbulence model. Further, this turbulence
model is recommended for all basic hydrodynamic computations.

The theory of the VOF method and the turbulence model are explained in [3,19–21].
VOF is a numerical method used to model the boundaries of the free surface, in which the
fixed network is designed for two or more immiscible fluids in which the position of the
interface between fluids is part of the unknown found by the solution methodology.

The body motions, heave and trim, are solved using a quasi-static method, surge is
imposed and sway, roll and yaw are fixed. The speed is defined in the center of gravity of
the ship and, for each simulated speed, the ship starts from the initial speed of 0 m/second
and the initial time of 0 s. The time step was set up to 0.02 s. The y+ parameter was set
automatic, and the range of y+ varied from 0.12 to 1.5.

5. Numerical Simulation Results

Resistance was computed in calm water conditions and six speeds were studied:
1.335 m/s, 1.401 m/s, 1.469 m/s, 1.535 m/s, 1.602 m/s and 1.668 m/s. These speeds
are correlated with the ship speeds used in towing tanks experiments. The results were
processed and analyzed using Tecplot (a data visualization and CFD post-processing
software [31]).

The computation was performed on parallel computers with four processors for the
NUMECA case and 10 processors for the ANSYS and SHIPFLOW cases. The real simulation
times for the solution to reach convergence were about 30 min for SHIPFLOW, around 2 h
for ANSYS and 24 h, reaching even 48 h, for NUMECA. The fact that the computations in
SHIPFLOW and ANSYS were made on parallel computers with more processors than the
one the NUMECA simulations were conducted on led to this considerable difference in
real time.

Upon completion of the numerical simulations using NUMECA, ANSYS and
SHIPFLOW, the total resistance was generated for all speeds. The results of the three
simulations were compared with the total resistance values available from model tests.
For each speed, the discrepancy between the test and simulation results was established
through the percentage error (PE), which is given by the following relationship:

PE =
|Rt− Rtsim|

Rt
100 (12)

As can be seen in Table 2 and Figure 5, a satisfactory agreement exists between the
test and simulation results. SHIPFLOW generated better solutions than ANSYS Fluent
and NUMECA, comparative to the model test regarding the simulation of the free surface
around the Duisburg Test Case hull. All simulation results were close to the values of the
towing test results. The solution obtained using SHIPFLOW has a lower error (see Table 2)
compared with NUMECA and ANSYS solutions. Comparative to SHIPFLOW analysis,
where the medium percentage error over the speed domain between the model test and
numerical simulation is about 2.01%, for the NUMECA case, the medium percentage error
is 2.16 and for the ANSYS case 2.98%.

Table 2. Percentage error between experimental test and each CFD simulation for Rt.

v (m/s) PE_NUMECA
Simulation (%)

PE_ANSYS
Simulation (%)

PE_SHIPFLOW
Simulation k-ω

SST (%)

PE_SHIPFLOW
Simulation k-ω

BSL (%)

PE_SHIPFLOW
Simulation EASM

(%)

1.335 3.29% 2.08% 4.92% 1.01% 3.93%
1.401 1.90% 1.68% 2.81% 3.12% 1.94%
1.469 2.36% 1.40% 1.62% 4.26% 0.76%
1.535 2.53% 2.90% 0.87% 5.13% 0.12%
1.602 1.55% 4.42% 0.66% 5.34% 0.29%
1.668 1.72% 5.44% 1.19% 4.52% 0.37%
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In order to observe the influence of turbulence, in SHIPFLOW, for the same speed
range, two more turbulence models were simulated besides k-ω SST, k-ω BSL and EASM.
In the case of turbulence models, the closest results to the test model were achieved by the
EASM model with a difference over the speed domain of 1.23%, compared to 2.01% in the
case of k-ω SST and 3.9% in the case of k-ω BSL.

As the speed increases, the resistance increases, due to the increase in its components:
frictional resistance and wave resistance. Therefore, the most conclusive difference for the
three cases can be observed at the highest speed, 1668 m/s, where the percentage error
is 1.19% for SHIPFLOW, 1.7% for NUMECA and 5.44% for ANSYS. It can be seen that
although in NUMECA and SHIPFLOW simulations, with the increase in the speed, the
solution stabilizes faster and the percentage error is smaller, instead for ANSYS at the
speed of 1.668 m/s, the highest percentage error resulted.

Since ANSYS is a software used lately in the naval industry when the resistance of
a ship or how it behaves in waves is required to be simulated, many users turn to use
SHIPFLOW or NUMECA, these being known as software dedicated to numerical simula-
tions in the naval field. On the other hand, for studying the free surface viscous flow around
a ship, using ANSYS seems to be more difficult to reproduce the conditions necessary, but
with a good knowledge of the software, the initial difficulties can be overcome. Through
this study, we also tried to present some options that we have when we want to perform
CFD simulations for ships.

Since the simulation results in SHIPFLOW are the most optimal, the obtained results
were processed in Tecplot for a better visualization and analysis of the obtained solution.
The three main factors that are important when studying a ship are: sinkage, trim and
resistance. The following figures (Figures 6–8) show the results for the force on the X-axis
(Fx (N)), trim (Ry1 (rad)) and sinkage (Tz0 (m)). The trim is the translation of the center of
gravity of the body along the Z-axis in the initial position of reference.
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In Figure 9, the wave height generated for all six speeds in SHIPFLOW and processed
in Tecplot is presented. As the speed increases, it can be seen that as the wave height
increases, the wave component is also more visible.
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In Figure 10, the total pressure is presented, and in Figure 11, the hydrodynamic 
pressure is presented, both processed in Tecplot for all numerical simulations. The 
pressure variation around the ship’s bulb is normal for this type of ship. The pressure 
around the ship is calculated through all the computational volume, from the inlet to the 
outlet. The total pressure contains both the influence of the static pressure and of the 
hydrodynamic pressure. Further, we can see that for steady flows, the initial acceleration 
waves cause time-dependent values which are explained in Reference [32]. 
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In Figure 10, the total pressure is presented, and in Figure 11, the hydrodynamic
pressure is presented, both processed in Tecplot for all numerical simulations. The pressure
variation around the ship’s bulb is normal for this type of ship. The pressure around the
ship is calculated through all the computational volume, from the inlet to the outlet. The
total pressure contains both the influence of the static pressure and of the hydrodynamic
pressure. Further, we can see that for steady flows, the initial acceleration waves cause
time-dependent values which are explained in Reference [32].
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In Figure 12a, a comparison between the frictional resistance values from the CFD
simulations and experimental tests is presented, while in Table 3, the percentage errors
(computed following Equation (1)) between experimental tests and CFD simulations for
the non-dimensional frictional resistance coefficient Cf (calculated according to ITTC 57),
non-dimensional total resistance coefficient Ct and frictional resistance Rf (N) are presented.
From Figure 12 and the PE values presented in Tables 3–5, a good agreement between the
model tests and CFD simulations for all parameters can be observed.
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Figure 12. Comparison between model test and CFD simulation with SHIPFLOW: (a) frictional
resistance; (b) frictional resistance coefficient; (c) total resistance coefficient.

Table 3. Percentage error between experimental test and CFD simulation with SHIPFLOW for the
Frictional Resistance (Rf).

v (m/s) PE_Rf_k-ω SST (%) PE_Rf_k-ω BSL (%) PE_Rf_EASM (%)

1.335 5.46% 0.70% 5.33%
1.401 5.04% 1.24% 4.91%
1.469 4.88% 1.40% 4.74%
1.535 4.55% 1.80% 4.41%
1.602 4.25% 2.35% 4.04%
1.668 4.13% 2.39% 3.92%

Table 4. Percentage error between experimental test and CFD simulation with SHIPFLOW for
Frictional Resistance Coefficient (Cf).

v (m/s) PE_Cf_k-ω SST (%) PE_Cf_k-ω BSL (%) PE_Cf_EASM (%)

1.335 2.46% 3.88% 2.37%
1.401 2.04% 4.46% 1.88%
1.469 1.86% 4.62% 1.73%
1.535 1.55% 5.01% 1.39%
1.602 1.24% 5.57% 1.01%
1.668 1.08% 5.64% 0.89%

Table 5. Percentage error between experimental test and CFD simulation with SHIPFLOW for Total
Resistance Coefficient (Ct).

v (m/s) PE_Ct_k-ω SST (%) PE_Ct_k-ω BSL (%) PE_Ct_EASM (%)

1.335 1.88% 0.90% 0.90%
1.401 0.28% 1.17% 1.17%
1.469 1.48% 2.40% 2.40%
1.535 2.28% 3.30% 3.30%
1.602 2.48% 3.48% 3.48%
1.668 1.93% 2.78% 2.78%

6. Conclusions

Due to population growth and economic development, maritime transport has in-
creased, and faster and safer transport solutions have led to find container ships with an
optimized design according to these requirements. The current trend is to replace existing
ships with new ones, which can carry a much larger cargo and can reach their destination



J. Mar. Sci. Eng. 2021, 9, 62 15 of 16

faster. Therefore, this type of ship must be investigated and tested in order to optimize and
improve ships.

Systematic calculations were carried out, for six different speeds, aiming to determine
the characteristics of ship resistance. The hull studied was the Duisburg Test Case, a bench-
mark container ship used for validation of numerical methods and the results of the towing
test are publicly available.

Three numerical simulations were carried out in order to determine the accuracy of
the NUMECA, SHIPFLOW and ANSYS software packages in relation to the model test.
The results are presented in this study and they show that more accurate solutions were
obtained using SHIPFLOW, instead of using NUMECA or ANSYS simulations, leading to a
medium percentage error of 2.01%. The results of numerical simulations can be improved
by increasing the time steps and by changing the precision of the mesh, which would
increase the accuracy of the results of the total resistance.

One of the reasons why the simulation results in SHIPFLOW had the lowest range
of errors is that the grid used had a larger number of cells, which is allowed due to the
superior capabilities of the computer on which the simulation was performed. Another
reason why these differences between computations appeared, although the methodology
was largely the same for all three software packages, is the use of default values for
some parameters, such as relaxing factors. Further, the differences in results between the
model and CFD simulations arise from the idealization of mathematical equations, as well
as their limitations. The conditions imposed by the software solutions used to achieve
convergence also play an important role in the development of these differences. As future
work, a sensitivity study will be performed in which the extent to which some parameters
can affect the accuracy of the results will be assessed.

In conclusion, Computational Fluid Dynamics (CFD) techniques are improving and
now are frequently used to augment, and occasionally replace, the experiments. When we
talk about CFD, we have a few advantages but also disadvantages compared to model
tests. Speed, easy way to change the configuration and parameters and lower price are the
main advantages, but the level of accuracy remains the main problem.
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