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a b s t r a c t

In recent years, oil prices have continued to be low owing to the development of unconventional re-
sources such as shale gas, coalbed methane gas, and tight gas. However, shipping companies are still
experiencing difficulties because of recession in the shipping market. Hence, they devote considerable
effort toward reducing operating costs. One of the important parameters for reducing operating costs is
the frictional resistance of vessels. Generally, a vessel is covered with paint for smoothing its surface.
However, frictional resistance increases with time owing to surface roughness, such as that caused by
fouling. To prevent this, shipping companies periodically clean or repaint the surfaces of vessels using
analyzed operating data. In addition, studies using various methods have been continuously carried out
to identify this phenomenon such as fouling for managing ships more efficiently. In this study, numerical
simulation was used to analyze the change in the resistance performance of a ship owing to an increase
in surface roughness using commercial software, i.e., Star-CCMþ, which solves the continuity and Navier
eStokes equations for incompressible and viscous flow. The conditions for numerical simulation were
verified through comparison with experiments, and these conditions were applied to three ships to
evaluate resistance performance according to surface roughness.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The recent development of unconventional resources, such as
shale gas, coalbed methane, and tight gas, has sustained low oil
prices, as shown in Fig. 1. However, despite the decrease in trans-
port cost due to low oil prices, economic recession has reduced the
quantity of transported goods, which has led to severe financial
difficulties for shipping companies. Therefore, various methods are
being considered to reduce the operating costs of these companies.

One of the efficient and direct methods of reducing operating
costs is to reduce the fuel oil consumption of ships. Typical mea-
sures include reducing the operating speed of ships, retrofitting
bulbous bows with an optimized shape, and optimizing the trim or
operating route of ships for efficient operation.

Generally, while a ship is operating, it is subject to air resistance
above the waterline and seawater resistance below the waterline.
In the case of typical merchant ships, the frictional resistance on the

hull surface comprises as much as 70% of the total resistance (ABS
(American Bureau of Shipping (ABS), 2013)). To reduce such fric-
tional resistance, the vessel is covered with paint for a smooth
surface. However, fouling or other damages can occur to the pain-
ted surface over time, which increases frictional resistance. In
particular, fouling occurs during the construction stage and oper-
ation of the ship. For this reason, fouling on either the hull or the
propeller must be removed for preventing decrease in speed during
sea-trial (ISO15016; 2002 (ISO 15016, 2002)).

Shipping companies conduct periodic cleaning or repairing of
ships by analyzing operation data to prevent the increase in fric-
tional resistance due to fouling. In addition, various studies are
being carried out to identify such a phenomenon and develop more
efficient methods of managing ships.

One of the representative research methods is a plate experi-
ment in basin, where various types of paints are applied to a
smooth plate and the increase in resistance according to surface
roughness or paint type is analyzed (Candries et al. (2001), Paik
et al. (2013), Izaguirre Alza et al. (Izaguirre Alza et al., 2010),). In
addition, the occurrence pattern of fouling in relation to the types
of paint is evaluated through a basin experiment, in which a plate
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exposed to seawater for a considerable time is used to evaluate the
impact of fouling on the increase in resistance (Schultz (2004),
Schultz (2007)). However, the experimental method remains to be
a plate experiment because of the limitations related to repre-
senting surface roughness, and thus, statistical data of the surface
roughness of actual ships are used and measurement is conducted
on an actual ship (Kwon et al. (Kwon and Choo, 1996), Kwon
(2003)). A frictional resistance graph, which considers surface
roughness, is used to apply the results of a model to a full-scale ship
(Granville (1958); Granville (1987)).

In recent years, numerical simulation has attracted more
attention as an alternative to the experimental method. Numerical
simulation is used to comparatively verify the plate experiment,
which is a representative experimental method, and it is applied to
ships to identify the change in resistance performance (Demirel
et al. (2014), Demirel et al. (2017), Usta and Korkut (2013)).

In this study, we used a numerical simulation method, which
was adopted in various manners, to analyze the change in resis-
tance performance according to the increase in surface roughness.
The results of the simulation were verified through comparison
with the results of the plate experiment of Schultz (2004). The
verifiedmethod was applied to three vessels (1000, 3600, and 8600
TEU container ships) to evaluate the change in resistance perfor-
mance according to surface roughness.

2. Surface roughness

The increase in surface roughness due to fouling varies consid-
erably depending on climate and regional conditions. Surface
roughness is affected by the types of paints. Typically, surface
roughness increases by 40 mm =year for controlled depletion paint,
and 20 mm =year for self-polishing copolymers (SPCs) (Sulaiman
(Sulaiman et al., 2010)).

To consider the increase in the surface roughness of ships, the
International Towing Tank Conference (ITTC) incorporated the
model-ship correlation coefficient into methods such as ITTC-57
and ITTC-78. However, these two methods are not sufficient for
identifying the impact caused only by surface roughness because
they correct the difference between the resistance for amodel and a
full-scale ship. Townsin (1985) attempted to solve this problem by
improving ITTC-78 and proposing a method of considering the
Reynolds number, as shown in Eq. (1) below.
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where LPP is the length between perpendiculars and Ks is the
average hull roughness (AHR). ITTC recommends 150 mm as the
value of Ks, if no particular value is measured.

In the case of using a measuring device for roughness, the hull
roughness measured at each measuring point (Rtð50Þ) is the

difference between the maximum and minimum values, which are
measured in a 50mm on hull surface. As shown in Eq. (2), the mean
hull roughness (MHR) is the average of each Rtð50Þ, and as shown in
Eq. (3), MHR can be expressed by a representative value of AHR for
indicating hull roughness. Here, Rtð50Þ is recommended to be
measured at least three times. n is the number of measurements,m
is the number of measuring points, and w is the weight function.
Even though weight can be considered according to the measured
part of a hull, a value of 1 is generally applied (Carlton (2012)).

MHR ¼ 1
n

Xn

i¼1

Rtð50Þi (2)

AHR ¼
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(3)

Granville's similarity law is used to correlate a model and a full-
scale ship. This law considers a graph of the frictional resistance of a
plate with a smooth surface, as shown in Eq. (4), and uses variables
calculated from Eqs. (5) and (6) to correct the graph to another
graph of frictional resistance that includes roughness. The point of
intersection between the corrected graph and the graph obtained
using Eq. (7) is considered as the frictional resistance for the model
size. This frictional resistance is expanded to a full-scale ship
(Granville (1958), Granville (1987), Schultz (2007), Demirel et al.
(2014)).

Here, the value of DU
0þ is �2.5. Subscript r denotes the calcu-

lation result including surface roughness, while s denotes the
calculation result for a smooth plate. Dis: is distance between
smooth frictional line and roughness frictional line, k is the von
Kaman constant, Ut is frictional velocity, n is kinematic viscosity,
and Lplate is the dimension of the model, which is the length of the
model ship in this study (Granville (1987)).
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3. Numerical simulation

In this study, the continuity equation and momentum equation
were used as the governing equations to model three-dimensional
unsteady incompressible viscous flow, as shown in Eqs. (8) and (9).

vUi

vxi
¼ 0 (8)

Fig. 1. Price of crude oil per barrel.
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where U is the average velocity vector, x is the coordinate system, t
is the time, r is the density, p is the pressure, and m is the coefficient
of viscosity. ru0

iu
0
j is the turbulent shear stress, which is determined

using a turbulence model, and B is the body force. This study
applied the SST k� u turbulence model, which is a modified
version of the k� u turbulence model and was proposed by
Menter (1994). In addition to the k� εmodel, the SST k� umodel
is the most widely used in engineering problems. Numerical
calculation was conducted by applying the k� u model to the in-
ternal flow inside the boundary layer and the k� ε model to the
external flow outside the boundary layer.

The abovementioned governing equations were discretized us-
ing the finite volume method. The 2nd order upwind scheme was
applied to the diffusion and convection terms. The 2nd order im-
plicit method was applied for time integration, and the time
increment was 0.01 s. For pressureevelocity coupling, the semi-
implicit method for pressure-linked equations was applied.

The roughness height, which was provided by Star-CCMþ, was
considered for surface roughness, as shown in Eq. (10). Here, the
value of k is 0.42, E is the coefficient of the wall function, whose
value is 9.0, and f is the roughness coefficient, which is distin-
guished according to the roughness, as shown in Eq. (12). C is zero,
D is 0.253, Rþ is the roughness parameter, Rþsmooth is 2.25, Rþrough is
90, and a is calculated using Eq. (13) (CD-adapco (CD-adapco,
2014)).
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3.1. Initial and boundary conditions

In this study, we used a plate with the same dimensions as those
used in the experiment (Schultz (2004)). The length, thickness, and
depth of the plate were 1.52m, 0.32mm, and 0.76m, respectively.
The forepart and after part consisted of semicircular entrance and
run parts, each with a radius of 1.60mm. Only half of the thickness
of the plate was modeled to prevent an increase in the number of
cells in the numerical simulation, which could increase calculation
time. The dimensions for the remaining parts were the same, and
the symmetry boundary condition was applied.

In the calculation domain for the numerical simulation, the
length, breadth, and height directions were set as 6.0 L, 1.5 L and

3.5 L respectively, as shown in Fig. 2(a). Here, L is the length of the
plate. The boundary conditions provided by Star-CCMþ, which is
commercial software, were adopted for each boundary. As shown
in Fig. 2(b), velocity inlet is used for the inlet boundary, pressure
outlet for the outlet boundary, symmetry for the center boundary,
no-slip wall for the plate, and free-slip wall for the remaining parts.
In addition, the wall functionwas applied to consider the boundary
layer.

The conditions of the numerical simulation were verified by
conducting the numerical simulation of a plate with a draft of
0.59m, two velocities (2.0m/s, 3.8m/s), and two surface roughness
conditions (85 mm, 129 mm). In the case of the numerical simulation
of ship dimensions, the conditions verified by the numerical
simulation of the plate were used to analyze four roughness con-
ditions (50 mm, 100 mm, 150 mm, 200 mm).

3.2. Grid system

As shown in Fig. 3, the grid system for the numerical simulation
consisted of approximately 4.8 million cells that were created using
surface remesher, prism layer, and trimmer grid, which are auto-
meshing methods provided by Star-CCMþ. Five layers were
generated in the normal direction to the plate surface to consider
the viscous flow field around the plate, and the entrance and run
parts of the plate contained more cells than the central part. In
addition, the accuracy of the free surface was considered by ar-
ranging cells closely around the free surface. The minimum size of a
cell was set to be 1.5E-03 m to 3.0E-03 m depending on inflow
velocity, and Yþ was less than 50 for the entire area of the plate. It
was based on the results of the validation study in Demriel et al.
(Demirel et al., 2014) and the recommendation of CD-adapco (CD-
adapco, 2014). Also numerical simulation was performed to vali-
date the grid dependency as shown in Table 1.

4. Results

4.1. Numerical simulation of smoothed plate

Before surface roughness was applied to the numerical simu-
lation, the analysis conditions and grid system were verified by
performing the numerical simulation of a smooth plate. Frictional
resistance coefficients were compared in this manner. Table 2 and
Fig. 4 present the results.

These results produced a qualitative trend that was similar to
the experimental results of Schultz (2004) under each velocity and
roughness condition. Quantitative comparison showed agreement
between the results with a difference of less than approximately
1%. In addition, the results of the numerical simulation were closer
to the experimental results than to the calculations of Demirel et al.
(2014).

Here, the nondimensional velocity profile shape obtained using
Eqs. (17)e(20) in the direction normal to the plate (x =L ¼ 0:3) is
shown in Fig. 5. In the case of the smooth surface, Yþ follows the
law of the wall below approximately 600; as a result, it represents
the log area of the inner layer accurately. In the case of the nu-
merical simulation considering surface roughness, as shown in Eq.
(20), DUþ increases with frictional resistance, because of which the
graph tends to shift downward (Schultz (2007), Demirel et al.
(2014), Seok et al. (2015)).

Yþ ¼ y� Ut

n
(17)
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Ut ¼
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(19)

Uþ ¼1
k
ln
�
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where y is the distance in the normal direction, tu is the magnitude
of shear stress, F is the coefficient of a smooth wall, which has a
value of 5.0, and DUþ is the roughness function, whose value is zero
for a soft wall.

DUþ depends on roughness parameter that is defined kinematic
viscosity, frictional velocity and equivalent sand-grain roughness
height (r) as shown in Eq. (21). Effect of roughness is applied inwall
function as shown in Eqs. (10)e(13) using the Rþ calculated by Eq.
(21). As mentioned above, roughness affects are ignored in the
hydraulically smooth regime (Rþ � Rþsmooth) because it is damped
out by fluid viscosity. However, form and viscous drag affects to the
skin friction as roughness increases.

Rþ ¼ rUt

n
(21)

The Star-CCM þ uses a mechanism of roughness height limit for
the roughness. It is that Yþ tends to zero a solver artificially reduces
the roughness height. So take care that distance from each wall-

Fig. 2. Computational domain and boundary conditions.

Fig. 3. Grid system of numerical simulation.

Table 1
Results of grid dependency test.

Velocity (m/s) CF (E-3)

EFD CFD

Yþ <10 Yþ <50 Yþ <100

2.0 3.605 3.959 3.581 3.521

Table 2
Comparison of frictional resistance coefficient (RD is Relative difference between EFD and CFD (Present)).

Velocity (m/s) Surface roughness (mm) CF (E-3) RD (%)

EFD CFD (Demirel et al., 2014) CFD (Present)

2.0 0.0 3.605 3.632 3.581 �0.37
85.0 3.663 3.729 3.671 0.22
129.0 3.783 3.776 3.815 0.85

3.8 0.0 3.226 3.185 3.239 0.40
85.0 3.426 3.481 3.427 0.03
129.0 3.500 3.551 3.520 0.57
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adjacent cell centroid to the wall should be larger than the wall
roughness height.

Thus, when the abovementioned conditions were applied to the
numerical simulation for analyzing a plate, the results were in
agreement with the experimental results from qualitative and
quantitative perspectives. As a result, the analysis conditions used
for the plate were considered appropriate for ships, and thus, they
were applied to the numerical simulation in the next stage.

4.2. Numerical simulation of ship

For the analysis of resistance performance according to surface
roughness for a ship, three different container ships of 100m,
200m, and 300m class were selected; their specifications are
presented in Table 3. Before the simulation conditions verified by
the plate analysis were applied to the ships, a numerical simulation
of a smoothed hull was conducted using the CN_2 (KRISO container
ship (KCS) 3600TEU) model developed by Korea Research Institute
of Ships and Ocean Engineering (KRISO). The result of the simula-
tion was compared with that of an experiment to examine for
simulation conditions such as boundary condition, grid system.

As shown in Table 4, the results of the numerical simulation
conducted using the KCS model show that resistance coefficients
are similar to those obtained through experiments, and the total

(CT Þ and residual resistance (CR) coefficients have differences of
approximately 1% and 2%, respectively (Kim et al. (2001)). Here, the
frictional resistance (CF ) coefficient was calculated using the ITTC-
57 method. As shown in Fig. 6, the trends inwave pattern and wave
elevation are similar to experimental results. Consequently, the
simulation conditions applied to the plate were considered to be
appropriate for ships, and therefore, they were applied to the nu-
merical simulation considering the variation in surface roughness.

As the surface roughness of the model ship was expected not to
exceed 250 mm according to the inspection of dry docking (5 year)
for a ship and the annual increment in the roughness of SPC paint,
four conditions of surface roughness were considered, i.e., 50 mm,
100 mm, 150 mm and 250 mm. As shown Fig. 7, the total number of
cells of grid system was approximately two million and the time
increment was 0.02 s.

In the results of the numerical simulation considering surface
roughness, which are presented in Table 5, it is observed that total
resistance increases with surface roughness. CN_1, which had a
higher block coefficient (Cb), shows a larger variation in residual
resistance, while the residual resistance for CN_2 and CN_3 does
not change significantly. However, the rate of increase in residual
resistance is less than that for frictional resistance, and it is negli-
gible. As shown in Fig. 8, the wave pattern around the container
ships shows a partial difference according to surface roughness.
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C F
x
10

-3

0 40 80 1203.0

3.2

3.4

3.6

3.8

4.0
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C F
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Fig. 4. Results of plate simulation.

Fig. 5. Non-dimensional velocity profile at x =L ¼ 0:3.
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The Granville similarity law as mentioned earlier was used to
compare the results with those of Townsin's method considering
the increase in resistance for full-scale ships. The result of the

comparison is presented in Fig. 9. As shown in Fig. 9(a), the result
for CN_1 agreed with Townsin's calculation for a roughness of
50 mm. However, the quantitative difference between these results
increased with roughness. As shown in Fig. 9(b), the results for
CN_2 showa similar trend toTownsin's calculation across the entire
roughness conditions, and a quantitatively similar result is ob-
tained, except for a roughness of 250 mm. As shown in Fig. 9(c), the
values for CN_3 are smaller than Townsin's result across the entire
area; however, both results show a similar increasing trend ac-
cording to roughness. The result for CN_3 was the closest to the
calculation of Townsin for a roughness of 150 mm.

Fig. 9(d) shows the results for CN_1 to CN_3 in the same graph.

Table 3
Principal particulars of model ship.

Item Model ship

CN_1 (1,000TEU) CN_2 (3,600TEU KCS) CN_3 8,000TEU

Scale ratio 1/18.5 1/31.6 1/41.6
Speed (m/s) 2.152 2.196 2.153
Froude number (Fn) 0.255 0.260 0.247
LBP(m) 7.274 7.279 7.755
Breath(m) 1.220 1.019 1.096
Draft(m) 0.400 0.342 0.313
Wetted surface area (m2) 11.320 9.512 9.627
Displacement (m3) 2.353 1.649 1.569
Cb 0.667 0.643 0.593

Table 4
Comparison of total resistance coefficient with experiment for validation (RD is
Relative difference between EFD and CFD-Present).

Resistance Coefficient EFD CFD-Present RD (%)

CT 3.56E-03 3.59E-03 0.84
CR 0.73E-03 0.75E-03 2.74
CF 2.83E-03(ITTC-57) e

Fig. 6. Comparison of numerical simulation with experiment for validation.

Fig. 7. Grid system of container ship.
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The increase in frictional resistance estimated using numerical
simulation is smaller than that obtained using Townsin's method,
and the difference between these two methods increases with
roughness. We used curve fitting to identify the gradient of each
result for the two methods. It was observed that when roughness
was approximately 150 mm or below, the gradient of the results
obtained using both methods was similar and frictional resistance
increased. Moreover, when roughness was above 150 mm, the
gradient of the results obtained using numerical simulation
decreased, and thus, quantitative difference increased. Such a
quantitative difference may be attributed to the fact that Townsin's

method was applied to every type of ship and the container ships
with a relatively lower block coefficient had high frictional
resistance.

5. Conclusion

In this study, we conducted numerical simulations, which apply
computational fluid dynamics, to analyze the variation in resistance
performance according to the surface roughness of a ship. The
numerical simulation for a smooth plate was used to verify the
conditions of numerical simulation through comparison with
experimental results and the results of existing research, quanti-
tatively and qualitatively.

In addition, the conditions and method verified by the plate
analysis were applied to three ship models (CN_1, CN_2, CN_3) to
analyze the variation in resistance performance for four conditions
of roughness (50 mm, 100 mm, 150 mm, 250 mm ). Based the results of
numerical simulation, Granville's similarity law was used to esti-
mate the resistance performance of a full-scale ship.

5.1. Numerical analysis of plate

In the numerical simulation of plates, the relative error between
the results for the smooth plate and rough plates (surface rough-
ness 85 mm, 129 mm) and experimental results was less than 1%. In
addition, in the case of the plate, the nondimensional velocity
profile measured on the side surface in the normal direction
satisfied the law of the wall so that DUþ increased with surface

Table 5
Resistance coefficient of numerical simulation.

Roughness (mm) Resistance coefficient (E-03) CN_1 CN_2 CN_3

50 CF 3.002 3.010 3.087
CR 0.730 0.598 0.478
CT 3.732 3.608 3.565

100 CF 3.078 3.090 3.156
CR 0.737 0.600 0.478
CT 3.815 3.689 3.633

150 CF 3.180 3.196 3.255
CR 0.748 0.603 0.476
CT 3.928 3.799 3.731

250 CF 3.211 3.227 3.285
CR 0.745 0.603 0.476
CT 3.956 3.830 3.761

Fig. 8. Wave pattern around container ship for roughness conditions.
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roughness, which resulted in a decrease in Uþ.

5.2. Numerical analysis of ship

A numerical simulationwas conducted for model ships (CN_1 to
CN_3) under four roughness conditions (50 mm, 100 mm, 150 mm,
250 mm). According to the simulation results, the total resistance
increased with roughness. Residual resistance showed a lower rate
of increase than frictional resistance, and the difference between
the rates of increase depended on the block coefficient. In addition,
based on the numerical simulation results, Granville's similarity
law was applied to estimate the increase in the frictional resistance
of an actual ship. The estimated increase in frictional resistance
showed a partially quantitative difference and a generally similar
trend compared to the calculation of Townsin.

Thus, we could confirm the applicability of the numerical
simulation and correlation method to a full-scale ship to solve the
problem of surface roughness. However, as mentioned above, a
further quantitative comparison with ships such as tanker are
required to analyze the effect of block coefficient. Also additional
research is required to investigate the model-full scale correction
method, numerical analysis of full scale ship, and a method of
considering local surface roughness.
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