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ABSTRACT: An open source CFD solver has been adopted to calculate ship resistance and flow field at the
propeller position of the KVLCC2 hull. The SST k–ω viscosity model used to predict the forces around hull.
Free surface is captured using the VOF (volume of fluid) method. The ship hull is free to perform heave and
pitch motions, so the trim effect on the hull resistance is also considered. The output results include resistance
and flow field at the propeller position, which are compared against experimental data and also other numeric
results. Iterative and parameter convergence studies are conducted using systematic parameter refinement to
estimate numerical errors and uncertainties on resistance results. It is found that the ship resistances, velocity at
the stern and wave profile around the hull are in a very good agreement against experimental data.

1

INTRODUCTION

Computational fluid dynamic approaches are based
on the solution of Reynolds Averaged Navier-Stokes
equation (RANS) overcoming the potential flow limitations. RANS predictions in addition to providing the
ship motion and resistance information, can also predict flow field information, which is useful for ship
design optimization. Flow field prediction around the
ship hulls using RANS started in the 1980s, and most
studies focused on the flow field in steady state.
This paper focus on CFD calculations of the resistance of the KVLCC2 hull in 1/58th model scale. This
hull has been used as benchmark by various authors
and there are several investigations performed both
experimentally and numerically on this ship model.
Experiments on this model in towing tank were done
by Van et al. (1998). Resistance calculation in calm
water and also wave pattern in towing tank was measured by Kim et al. (2001) which is one of the best
validation cases for CFD simulations for this hull. Guo
et al. (2010, 2013) worked on both experimental measurement and CFD calculations of resistance in calm
water and also in waves. Malin (2013) also studied
calm water simulations in both FINE/Marine and StarCCM+, and these results were then compared to results
achieved in simulations that included different kinds of
waves. To obtain the distribution of turbulence statistics, Lee et al. (2003) focused on flow information in
the stern and wake regions of ship model in a wind
tunnel.
One of the challenging subjects in CFD simulations
is the selection of the turbulence model. Three types
of turbulence models namely RSM, k–ε models and
k–ω models were tested by Svennberg (2000) to identify the flow behavior around the KVLCC2 hull.

The RSM and SST models gave the best results in
comparison with experiments.
One of the main sources of benchmarks for CFD
computations is the Gothenburg 2000 workshop,
which was an international benchmark workshop for
computational fluid dynamics applied to ship flows.
For resistance coefficient prediction the k–ε models, k–ω models, RSM and algebraic stress models
were used, which shows that based on various viscous models ship resistance is different. (Larsson
et al., 2003).
In the past, most researches were performed in
steady state conditions, while in recent years there are
more efforts on simulations with waves. For instance,
Deng et al. (2009) investigated short waves cases for a
container ship and Deng, et al. (2010) studied the resistance in waves for a KVLCC2 hull using the ISIS-CFD
flow solver.
Most of the studies did not consider the effect of
free surface flow, while in this study the free surface
effect is considered to predict the flow field around
the ship hull. Here an open-source solver is used to
predict forces and moments for the ship hull for the
straight course while the flow passes along the hull.
Also the flow fields for the KVLCC2 at different positions are studied and compared against experiments
data, and finally trim and heave effects on results
investigated. The outputs include hull resistance, wave
profiles around the ship hull and among computational
domain as well as numerical convergence study on
resistance results.
2

NUMERICAL METHODS

OpenFOAM contains a suite of numerical tools to
solve the fluid behavior around a ship hull. The present
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study used RANS based LTSInterFoam and interDyMFoam solvers which are widely used for evaluation of
hull form resistance and ship motions. The VOF (Volume of Fluid) method is used as a scalar indicator
function to represent the phase of the fluid in each
cell. The governing equations are shown as follows:

Figure 1. Grid around KVLCC2 hull.

where ui , uj are average speed components, ρ is the
density of fluid, P is the average pressure, γ is the
coefficient of kinematic viscosity, gi is the gravity
acceleration, and ∂x∂ j ρúi új is the Reynolds stress. The
unknown term of Reynolds stress can be solved by
using additional equations. The SST k—ω model is
applied with free water surface model by the VOF
method. The LTSInterFoam solver (local-time stepping interFoam) in OpenFOAM, first maximizes the
time-step according to the local Courant number and
then processes the time-step field by smoothing the
variation in time step across the domain to prevent
instability due to large conservation errors caused
by sudden changes in time step. The InterDyMFoam
solver, which uses a VOF (volume of fluid) phasefraction based interface capturing approach, with mesh
motion is also used, to consider the effect of trim and
heave motions in the present simulations.
3

GRID GENERATION

Four different mesh sizes are used to investigate grid
convergence, using 0.4M, 0.7M, 1.1M and 2.1M cells.
As the ship hull model is a complicated one, it is
difficult to refine the mesh systematically for each
direction. Here the mesh is refined for four cases as
systematically as it can be.
It should be also noted that the main region that is
refined is the free surface, or the interface between the
air and water. This is possibly the most important one,
because of how these two fluids interact due to the
difference in their properties. Figure 1 and 2 present
the grids generated by snappyHexMesh tool in OpenFOAM for the case with 1.1M number of cells which
is selected for this study. The distance y+ at the walladjacent cell is kept in the range of 20–40 and the mesh
is produced with snappyHexMesh tool in OpenFOAM.
The computational domain is shown in Fig. 2. Only
half of the ship is modeled, in order to exploit the
symmetry of the flow. The domain extent as follow:

where Lpp is the length between perpendiculars. The
water level fixed at z = 0.3586 which is equal to the
scaled model draft.

Figure 2. Grid on computational domain.

‘Velocity inlet’ is provided at the inlet boundary
condition, ‘Pressure outlet’ is provided at the outlet
boundary. For the other boundaries include bottom,
sides and atmosphere ‘Symmetry’ boundary is used.
To see if the simulation have converged the residuals of
the total resistance coefficient are examined and plotted in figure 3 and it shows that resistance calculations
converged after 3000 seconds.

4

CONVERGENCE STUDY

The convergence study of the RANS simulations is
very important for the application of CFD methods
due to the diverse methods for numerical simulations, complex geometries and also free-surface effect.
Verification and validation methods are used in this
study to estimate errors due to the iteration, mesh and
other parameters changing. Verification methods are
proposed based on Richardson extrapolation.
As the grid size and time step decrease to zero,
the discretization error should tend to zero. A procedure where the grids are refined systematically is
often referred as a grid convergence study, which can
decrease the level of discretization error of the numerical result. The application of grid convergence and
iterative convergence analysis on KVLCC2 calm water
results will be discussed here.
The total resistance of a ship hull is decomposed
into frictional resistance and viscous pressure resistance. In this study, the free surface effect is taken into
account and the total resistance on ship hull is calculated using different grids. Table 1 shows the total
resistance around hull using different grids.

386

Table 3. Verification study of resistance coefficient.
Grid

RG

rG21

rG32

PG

δRE,G1

FS

UG

Case 1,3,4 0.40307 1.4683 1.1717 7.626 0.00739 1.25 0.00924
Case 2,3,4 0.28307 1.2006 1.1717 8.371 0.02541 1.25 0.03176

Figure 3. Total resistance convergence study.
Table 1.

CT × 103

Hull resistance at Fn = 0.142 using different grids.
Case 4

Case 3

Case 2

Case 1

Coarse
4.616

Medium
4.291

Fine
4.199

Finest
4.160
Figure 4. Grid convergence of the total resistance.

Table 2.
cases.

RG

Convergence ratios for each three cases among four

Table 4. Verification study of resistance coefficient.

Case 1,2,4

Case 1,3,4

Case 2,3,4

Case 1,2,3

0.09352

0.40307

0.28307

0.42391

Ct

It is obvious from the table 1 that the ship resistance decreases with increasing mesh. From case 3 to
2, 5 × 105 number of cells are increased while the estimated error decreases 2.23%. From case 2 to 1, with
the two times more increase in the number of cells, the
estimated error decreased to 1%, which shows a good
accuracy.
It should be noted that the mesh refinement is not
uniform as the ship hull is very complicated and the
mesh refined around the hull and free surface locally.
4.1

Grid convergence study

In this part, the grid convergence study is performed
for the ship resistance coefficient at the design speed.
Here, verification methods by Stern et al. (1998) are
used. As there are four grid cases given here, any three
of them can be chosen for the convergence study. For
each three cases the relevant convergence ratios are
shown in Table 2.
The results for convergence ratios show that for any
combination of the grids there are monotonic convergence as RG (convergence ratio) is between 0 and 1, so
the generalized Richardson extrapolation can be used
to calculate numerical uncertainty UG .
In this study the methodology by Stern et al. (2004)
is applied on two groups of results which give the
results in Table 3.
The first combination group gives an order of accuracy equal to PG = 7.626, while the second grid group
gives PG = 8.371.

PG

∅0

US

UG

6.590

3.9

0.20%

2.33%

Uncertainty is estimated using the generalized
Richardson extrapolation with safety factor. The exact
value for the safety factor should be decided by experience; in this study Roache (1994) recommendation
for safety factor has been used (1.25).
As the experimental uncertainty data is not available, in this study the convergence study of numerical
results is used to verify the numerical model.
As the ship hull model is a complicated one, it is
difficult to refine the mesh systematically for each
direction. Here the mesh refined for four cases as
systematically as it can be.
Numerical results of total resistance coefficient versus the refinement ratio hi /h1 are shown in Figure 4.
Curves fitted to results on total resistance to obtain
extrapolated solution ∅0 .
The observed order of accuracy for the finest combination groups, the extrapolated solution, standard
deviation, and uncertainty are all listed in Table 4.

4.2 Iterative convergence study
KVLCC2 hull is a complex geometry, so the solution residual drop to 10−4 range for the finest grid.
For iterative error and uncertainty estimation the ship
resistance plotted against history time of simulation.
The iterative history of total resistance coefficient for
finest mesh is shown in Figure 5.
From time history it can be seen that the amplitude results decreased with the iteration increase.
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Figure 5. Ship resistance coefficient time history for case 1.
Figure 8. Wave profile at y/Lpp = 0.2993.

Figure 6. Free surface wave elevation along the hull.
Figure 9. Velocity field at x/Lpp = 0.9825
OpenFOAM, Right-Experimental).

(Left-

x/Lpp = 0.85

(Left-

Figure 7. Wave profile at y/Lpp = 0.0964.

The solution is mixed convergence/oscillatory iterative
convergent. The iterative error can be defined by

Figure 10. Velocity field at
OpenFOAM, Right-Experimental).

As is shown in figure 1, the maximum solution
envelope is SU = −4.1458 and the minimum is SL =
−4.1632, so the iterative error can be calculated as

5

RESULTS AND DISCUSSION

In this study to model the free surface in viscous flow,
the surface capturing method (VOF) is used. The wave
elevation around the ship is given in figure 6. Experimental data by Kim, et al. (2001) has been used for
validation of numerical results here.
From figure 6, it is obvious that the differences
between EFD and CFD results are very small and it can
be concluded that LTSInterFoam is suitable to model
free surface. Also the wave cuts in two more places
are shown in figures 7 and 8. It is clear that the wave
profile is predicted well near the ship, while it is not
good for far regions and it is reasonable as the mesh is
coarse in these regions.
Moreover, the flow field at the propeller position
is studied in this paper. As the flow field is important

Figure 11. Velocity profile at propeller position along
z/Lpp = −0.05075.

while the propeller is working it has an important role
in prediction of turbulent flow around the ship. The
velocity contour in the propeller position compared
against experimental data shows a good agreement.
Figure 9 shows the axial velocity contours at the
propeller position.
For further investigation the flow near the propeller
plane at x/L pp = 0.85 is given in figure 10 which
shows numerical results compared to EFD.
Figure 11 indicates the mean velocity profile components at the propeller position. The velocity profiles
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Table 5. KVLCC2 hull resistance at Fn = 0.142 using
different grids.

Mesh sizes
CT × 103
Error%

Case 4
Coarse

Case 3
Medium

Case 2
Fine

Case 1
Finest

420220
4.616
12.311

676110
4.291
4.403

1170128
4.199
2.165

2140260
4.160
1.201

a small effect on KVLCC2 resistance. It can be concluded from these results for current case, dynamic
trim and sinkage are not important for the results.

6

Table 6. KVLCC2 resistance, sinkage and trim comparison
against model test.
OpenFOAM OpenFOAM
Model
LTSInterFoam interDyMFoam tests (Guo)
Speed [m/s]
Froud Number
Sinkage [mm]
Pitch [degrees]
Resistance [N]

1.047
0.142
–
–
18.23

1.047
0.142
−5.210
−0.112
18.22

1.047
0.142
−6.419
−0.126
18.20

CONCLUSIONS

Numerical simulations of KVLCC2 hull in calm water
have been performed. Results include ship total resistance, flow field at the propeller position and two more
positions in the stern and wave patterns around the hull.
The ship hull was free to heave and pitch and three
types of grids are studied in this paper. The following
conclusions are extracted:
The total resistance and flow field at the propeller
field is predicted well and the wave profile around the
hull is well captured in the simulation. The wave field
around the hull is well captured, while it is not so good
for far regions but the mesh is coarse in these regions.
By comparing results using two types of solvers,
LTSInterFoam and interDyMFoam it can be concluded
that the trim and sinkage have small effect on the
resistance and can be neglected. As the LTSInterFoam
is faster, they are preferable for this specific case
(KVLCC2) hull in forward speed.
A systematic analysis of numerical convergence of
the resistance of the KVLCC2 hull is performed as
well as an iterative convergence study.
The three finest groups of grids provide smaller
accuracy in comparison with the other group. The
order of convergence approaches the theoretical one,
as the grids get fine enough, which shows that the
OpenFOAM results are convergent. Also from the time
history of the total ship resistance it is clear that the
amplitude of the solution envelope decreases as the
iteration number increases.

Figure 12. Wave pattern in calm water, Fn = 0.142.
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