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Benchmarking tests are commonly carried out to verify the accuracy of a CFD code, e.g., testing
turbulence models, numerical schemes, or implementation of boundary conditions. In this study,
benchmarking tests of FINE /Marine CFD code was done to verify ship resistance calculations' results
by comparing them with available experimental data and results of earlier numerical studies. The
FINE /Marine CFD code solves the Reynolds-averaged Navier-Stokes (RANS) equations with
appropriate boundary conditions, including modeling of free surface effects. The flow around the DTMB
5415 hull was considered, which advanced in calm water at Fr= 0.248. Simulation results show that
the predicted wave contours are consistent with the experimental data. Further, the wave contours and
calculated pressure distribution on the hull surface are in good agreement with the results of earlier
numerical studies. The total friction, viscous pressure, and wave-making resistance coefficients
denoted as Cr, CF, CVP, and Cw, respectively, are in fairly good agreement with the experimental data and
the results of earlier numerical studies.
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1. Introduction

Computational fluid dynamics (CFD) have been widely used to study various physical phenomena. Some examples are
the study of heat transfers, aerodynamics, and hydrodynamics. While these areas appear different, their main characteristics
are almost identical, thus lending themselves to standard solution procedures. Another area of similarity is their inherent
tendency to require large amounts of computational effort. Because realistic CFD simulations usually demand the use of fine
three-dimensional computational grids incorporating many hundreds of thousands, or even millions, of cells. In addition,
compressible flows with heat transfers generally involve at least seven flow variables. If reactive or multi-phase flows are
being simulated, the number of variables involved can increase significantly. While funds to purchase appropriate calculation
instruments are limited, the computing demand continues to increase. Scientists and engineers are often forced to decide
what instruments to give maximum results while offering the best value for their money.

The importance of CFD as a primary tool for analyzing and designing fluid dynamics problems nowadays is
unquestionable. In its present state, CFD is at the same level as the state of the art of an experimental approach or a theoretical
analysis. To ensure the accuracy and applicability of a CFD code, it is essential to test and verify its results by conducting
benchmarking tests. Benchmarking tests can be used, for example, to test new codes for the turbulence models, to conduct
grid independence tests, to test different numerical schemes, or to test different boundary conditions.

In ship hydrodynamics, potential and viscous flow models are often used to simulate and examine the flows around
ships. Potential flow codes based on the boundary element method are commonly used to study the generation of waves at
the free surface [1,2], Available potential flow codes usually utilized the Rankine source method to analyze the interactions
between ship hulls and the incoming sea waves or to simulate wave resistance problems [3], In addition, free-surface
problems, such as the calculation of wave-making resistance, can also be simulated utilizing viscous flow codes. Two major
approaches are widely applied to the free surface computations in these codes, namely, the so-called interface-tracking
method, e.g., a moving mesh [4], and the interface-capturing method, e.g., the volume of fluid method (VoF) [5],
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Table 1. Principal dimension of the DTMB 5415[6]
Principal Dimension Full Scale
LPP 142 m

142.218 m
19.06 m
6.15 m
0.248
0.507
8424.4 m3

LWL
B
T
Fr
CB
Displacement

Table 2. Test condition for the DTMB 5415 model scale by INSEAN [7, 8]
Principal Dimension INSEAN Scale 1:24,830

LPP 5.719 m
5.726 m
0.768 m
0.248 m
0.248
0.507
0.554 m3

LWL
B
T
Fr
CB
Displacement

This study aims to benchmark tests of the FINE /Marine CFD code following procedures and guidelines recommended
by the International Towing Tank Conference (ITTC) [9],For that purpose, the free-surface flow around the bare hull of the
DTMB (David Taylor Model Basin) 5415 ship was simulated utilizing the FINE /Marine CFD code. The DTMB 5415, designed
in the 1980s, was a preliminary design of a Navy surface combatant [6], The 22nd ITTC Conference has recommended the
DTMB 5415 combatant as a benchmark case for CFD computations of ship resistance and propulsion [10], The principal
dimensions of the DTMB 5415 are tabulated in Table1. Furthermore, Table 2. tabulated the DTMB 5415 model tests condition,
performed by the David Taylor Model Basin in Washington D.C. and the Instituto Nazionale per Studied Esperienze di
Architettura Navale (INSEAN) in Rome, Italy [7, 8] . The benchmark was done by comparing the FINE /Marine CFD results
with experimental data [11-14] and numerical results from earlier studies [15, 16] available in the literature.

2. Methods

2.1. FINErM/Marine free-surface flow solver

The FINE /Marine CFD code solves the incompressible Reynolds-averaged Navier Stokes (RANS) equations. The solver
applied a finite volume method for the spatial discretization and the discretization of the transport equations. Considering
an incompressible multi-phase flow of viscous fluid under isothermal conditions, the mass, momentum, and volume fraction
conservation equations are represented in Equations (1-3) as follows:

(1)

(2)

(3)

In Equations (1-3), l/is the domain of interest, or a control volume, bounded by a closed surface Smoving at the velocity
Ud with a unit normal vector n directed outward. U and p represent, respectively, the velocity and pressure fields. Further,

and are the components of the viscous stress tensor and the gravity vector, whereas is a vector whose components
vanish, except for the jcomponent, which is equal to unity, is the r-th volume fraction for fluid i and is used to distinguish
the presence (c,- = 1) or the absence (c,- = 0) of fluid i.

The two-equation k- SST turbulence model (SST stands for shear stress transport) was applied in the present study [17],
This turbulence model combines the k- model for the flow in the inner boundary layer and the k- model for the flow in
the outer region of and outside of the boundary layer. The transport equations for the SST k- model are as follows:

(4)

(5)
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In Equations (4-5), represents the generation of turbulence kinetic energy due to mean velocity gradients, while
Represents the generation of . and Represent the dissipation of k and due to turbulence, respectively. Further,
and represent the effective diffusivity of k and , respectively, while Represents the cross-diffusion term. This
turbulence model gives accurate predictions of the onset and the amount of flow separation [18],

An interface capturing technique, i.e., the VoF method [19] approach, was used to model the free surface. The water-to-
air interface was recovered from the volume fraction [20], The VoF method defines a scalar field representing the volume
fraction of water in a cell. This field is equal to 1 when the cell is fully occupied by water and equals 0 when the cell is full of
air. Cells on the interface have a value of in the range between 0 and 1, 0 < <1. The fluid properties are defined with
interpolation between water and air using as weight [21] as follows:
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(6)

(7)

The VoF field is advected by the velocity field U, given by the following equation:

(8)

Equations (6-8) are the equations for the two-phase VoF solvers implemented in the ISIS-CFD flow solver. It was
developed by the EMN (Equipe Modelisation Numerique) [22], The solver utilizes a finite volume method to build the spatial
discretization of the transport equations. The face-based method is generalized to two-dimensional, rotationally symmetric,
or three-dimensional unstructured meshes for which an arbitrary number of consecutive faces bounds non-overlapping
control volumes. The flow solver can deal with multi-phase flows and moving grids.

The velocity field is obtained from the momentum conservation equations, and the pressure field is extracted from the
mass conservation equation, or continuity equation, transformed into a pressure equation. In turbulent flows, additional
transport equations for modeled variables are solved in a form similar to that of the momentum equations, and they can be
discretized and solved using the same principles. Incompressible and non-miscible flow phases are modeled through
conservation equations for each volume fraction of the phase.

2.2. Geometrical modeling, meshing, and boundary conditions

Figure 1. shows a 3-D CAD model of the DTMB 5415 hull form. To ensure that the numerical model represents the
prototype accurately, the hydrostatic characteristics of the model were verified using those of the prototype [23], Table 3.
summarizes the verification results, showing that the differences between model and prototype for all parameters
considered are less than 3%, indicating accurate geometrical modeling results.

I

Figure 1. A 3-D CAD model of the DTMB 5415 hull form

Table 3. Comparison of the ship hydrostatic characteristics between the prototype and the 3-D numerical model
Prototype CFD model
(DTMB 5415) (Present study) error [%]

Percent
Parameter
Displacement [ton]
Wetted surface area WSA [m2]
Block coefficient CB
Midship coefficient CM_

8424.4
2972.6
0.507
0.821

8520.0
3055.0
0.510
0.820

1.13
2.77
0.59
-0.12

Figures 2 show a mesh of the computational domain with the DTMB 5415 model in it. The mesh was generated using
the FINE™/Marine plugins called C-Wizard [24] and F1EXPRESS, the NUMECA grid generator. The C-Wizard plugin guides the
users through the process of configuring the mesh and solver parameters. The domain is constructed by defining a box
around the ship, and the size of the computational domain is based on the ship's length. Due to symmetry, only half of the
ship was simulated.
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The boundary conditions of the computational domain as seen on Figure 2. are as follows [25], The inlet was located at
1.01upstream from the vessel. The outlet was located at 3.0 L behind the vessel. The sidewall was located at 1.51aside from
the vessel, where L is overall at the waterline. The boundary conditions at the inlet, outlet, and sidewall were all prescribed
as free stream far-field velocity. The bottom and top walls were located at 1.501below the vessel and 1.01above the vessel,
respectively, where the boundary conditions were defined as prescribed pressure. The boundary condition on the ship hull
was prescribed as no-slip, where a wall function was utilized. Further, the heave and pitch motions were resolved in the
simulations.
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SI MIX A

.
Figure 2. Computational domain with the ship model in it (left) and mesh of the DTMB 5415 hull form, zoomed in near the

bow (right)
2.3. Grid independence tests

To determine the optimum grid size (number of cells) and to investigate the convergence of the numerical solution, tests
were carried out such that the numerical results complied with the grid-independence criterion [26], In these tests, the
coefficient of total ship resistance Cr was calculated using an increasing number of cells in the simulations. The number of
cells in the latter simulation of two subsequent simulations was approximately twice that of the former. A percent error was
defined to quantify the difference in Cr between the latter and former simulations. The results are tabulated in Table 4. and
plotted in Figure 3.

Table 4. and Figure 3.Figure 3. Coefficient of total ship resistance Cras function number of cells used in the simulation
show that the value of Cr decreases monotonically with an increasing number of cells in the simulations, which is expected
to reach an asymptotic value as the number of cells tends to infinity. The number of cells of 3,436,188 3.4x106 (run number
5) is considered as the optimum number of cells with a percent error of 0.728%, which is much smaller than 2% as
recommended in the literature [26],

Table 4. Coefficient of total ship resistance Cr calculated using an increasing number of cells in the simulation

Run number n Number of cells N Percent error [%]Cr
4.56 x 10-3
4.36 x 10-3
4.19 x 10-3
4.15 xlO-3
4.12 x 10-3
4.11 x 10-3

284001
448560
980384

1443101
3436188
6908848

1
2 -4.397

-3.905
-0.954
-0.728
-0.243

3
4
5
6

Number of cells ( 106)

Figure 3. Coefficient of total ship resistance Cras function number of cells used in the simulation
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3. Results and Discussion

Figure 4. shows comparisons of wave contours at Fr= 0.248 obtained from the experiments reported by Larsson [12],
the numerical results obtained by Ahmed and Soares [15], and from the present study. Figure 4. shows that the wave contours
from the present study are consistent with the experimental data and the numerical results from Ahmed and Soares [15],

To explore the details of the wave contours. Figure 5. shows plots of the wave elevation along a line parallel to the ship
(y/L = 0.324) obtained from experiments [11], the numerical results by Ahmed and Soares [15], and from the present study.
Figure 5. shows that the results from the present study are consistent with the experimental results and are in good
agreement with the numerical results of Ahmed and Soares [15],

1.0 1.0
INSEAN-MGSHIPExperiment (INSEAN)

0.80.8
y/Ly/L

0.60.6

0.40.4
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Figure 4. Wave contours at Fr = 0.248: (a) Experiments [12]; (b) predicted using INSEAN-MGSHIP [12]; (c) predicted from
[15]; (d) predicted from present study
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Figure 5. Water elevation along y/L=0.324 at Fr = 0.248 obtained from experiments [11], Ahmed and Soares [15], and the
present study
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(b)(a)

/A¥SYS AIMSYS

<?' .<!•' f+ to1' °f v* toe to1 toc >*- cf' Ae cf
.*• >ÿ >•,v N- V V v V A ' V V

(C) (d)

Figure 6. Pressure distribution on the hull surface at Fr = 0.248: (a, b) Present study utilizing FINE /Marine and (c, d)
Reported by Ahmed and Soares [15]

Figure 6(a) and (b) show the pressure distribution on the hull surface of the DTMB 5415 at Fr= 0.248 calculated using
FINE / Marine. In contrast, Figure 6(c) and (d) show the pressure distribution reported by Ahmed and Soares calculated
using Ansys CFX [15], A high-pressure region is observed in the bow and sonar dome due to the stagnation pressure. At the
bow and the sonar dome, the pressure decreased aft from the stagnation region, and the presence of a low-pressure region
is observed. This correlates with the increase of fluid velocity in this region due to the curvature of the hull geometry.

Further downstream from the bow region, the pressure increases again due to the effect of hull geometry. Downstream
of this position, the pressure decreases slightly again and extends over the entire region of the hull midpart due to nearly
the constant cross-section shape in this part of the hull. Figure 6. shows that the calculated pressure distribution from the
present study is in good agreement with that reported by Ahmed and Soares [15],

To gain more insight into the ship resistance, it is helpful to decompose the total ship resistance coefficient Cr into
friction CF, viscous pressure Cvp, and wave-making resistance coefficients (Cw). In this regard, Hughes [27] introduced a
method for the ship-model correlation where the total resistance is assumed as the sum of friction resistance, form
resistance, and wave resistance. The values of CF is calculated from the ITTC 1957 formula (Equation 9), and Cwis calculated
from Equation (10) as follows:

(9)

(10)

Further, the viscous-pressure resistance coefficient Cw>is calculated from the following relation:

(11)

The form factor (1 + k) was determined utilizing Prohaska method [28], resulting in (1 + k) 1.15 or k 0.15 [29],
Table 5 summarizes the values of Cr, CF, CVP, and CM/ from experiments [13], earlier numerical studies by Ahmed and

Soares[15], Ahmed et al. [16] and the present study.Table 5shows that the Crand Cwobtained in this study are approximately
1.89% and 12.09% smaller than those obtained from the experiments [13], and 3.49% and 13.04% smaller than those reported
by Ahmed et al. [16], The CF and Cvp are in better agreement with the results from the experiments and the numerical study
by Ahmed and Soares [15] than the Crand Cw-

The benchmark reported in this study considers the calculation of ship resistance at a relatively low Froude number,
namely Fr= 0.248. A benchmark study of high-speed crafts is recommended for future research, especially at Froude numbers
Fr > 1. A phenomenon such as the so-called numerical ventilation should be considered [30], When the speed increases, the
volume of air diffused below the ship's hull also increases due to the expected high trim of the vessel.
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Table 5. Comparison between experimental and numerical resistance components of the DTMB model 5415
CFD Percentage Error

Resistance
coefficients

Experiment [13] Ahmed and Ahmed et al. Present
_Soares [15] [16]

Experiment Numeric
Study

4.23x10-3
2.88x10-3
0.43x10-3
0.91xlO-3

4.33x10-3 4.33x10-3
2.91X10-3
0.48X10-3

4.15X10-3 -1.89%
2.90X10-3 0.69%
0.44X10-3 2.33%
0.80X10-3 -12.09%

CT -4.16%
-0.34%
-8.33%
-13.04%

CF
CVP

0.92x10-3Cw

4. Conclusions

The FINE /Marine CFD code was applied to simulate the viscous flow around the DTMB 5415 hull at a relatively low
Froude number, Fr = 0.248. The simulation results for the wave contours, pressure distribution, and resistance coefficients
were compared with available experimental and numerical data in the literature. The wave contours predicted by
FINE /Marine agree well with the wave contours predicted in earlier numerical studies and are consistent with the
experimental results. The calculated pressure distribution on the hull surface obtained in this study is in good agreement
with that reported in earlier studies. Further, the calculated resistance coefficients Cr, CF, CVP, and Cw are in fairly good
agreement with the experimental data and the numerical results from earlier studies. The above observations indicate that
the FINE /Marine CFD code can give a reliable and fairly accurate prediction of the flow around a ship hull at relatively low
Froude numbers. Further study is recommended for the benchmark of ship resistance calculation at high Froude numbers.
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