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A B S T R A C T   

Considering that the ship hydrodynamic behaviours differ by the ship types and dimensions, the effect of 
biofouling on ship resistance can also vary with different ships. In this study, Unsteady Reynolds Averaged 
Navier-Stokes (URANS) based towed ship models were developed to simulate the roughness effect of biofouling 
on ship resistance. A container ship (KCS) and a tanker (KVLCC2), representing slender and a full hull forms, 
were modelled with various scale factors and speeds. The CFD simulations were conducted with several fouling 
conditions by embedding the roughness function of barnacles into the wall-function of the CFD model (i.e. 
modified wall-function approach). The fouling effects on the resistance components, form factors, wake fractions 
and the flow characteristics were investigated from the simulations. Significant differences were observed 
varying with the hull types, lengths (scales) and speeds of the ships and it was concluded that these differences 
are dominated by two parameters; relative roughness height and the roughness Reynolds number.   

1. Introduction 

It is well established that the power and fuel consumption of a ship 
increases with the hull roughness. Hull roughness can be caused by 
various factors including mechanical causes (e.g. mechanical damage, 
sand-blasting, plate waviness, welds, mechanical damage to the marine 
coatings), chemical and electrochemical processes (i.e. corrosion), and 
finally the colonisation of biofouling, which is often the most critical 
(Tezdogan and Demirel, 2014; Townsin, 2003). The economic and 
environmental problems due to the increased hull roughness include 
increases in ship resistance, fuel consumption and greenhouse gas 
emissions. The mitigation measures are also associated with costly 
antifouling coatings and drydocking (Schultz et al., 2011). Therefore, 
accurate predictions of the impact of hull roughness on ship perfor-
mance are needed for the best choice of antifouling coatings and 
scheduling of hull cleaning (Uzun et al., 2019). 

The most prevalent method for predicting the roughness effect on 
ship resistance is the similarity law scaling of Granville (1958, 1978), 
which has been widely used over the decades by many researchers 
(Schultz, 2002, 2004; Schultz and Flack, 2007; Flack and Schultz, 2010; 
Schultz et al., 2011; Demirel et al., 2017a, 2019; Li et al., 2019; Uzun 
et al., 2020). However, this scaling method has several disadvantages as 
criticised by Demirel et al. (2017b). The most critical one is that, in this 

method, the frictional resistance of the rough hull is assumed to be equal 
to that of an equivalent length flat plate, and hence the 
three-dimensional (3D) effects are discarded. Accordingly, this method 
cannot predict the roughness effect on other ship resistance components 
which are closely related to the 3D hull shapes. Another arguable 
simplification is the uniform and constant distribution of the roughness 
Reynolds number, k+, and roughness function, △U+, along with the 
whole flat plate, which is not the case in the real world. 

On the other hand, there have been active efforts to model the 
roughness effect using Computational Fluid Dynamics (CFD). The 
advantage of using CFD is that the above-mentioned demerits of Gran-
ville’s flat plate approach can be avoided. In CFD simulations, the 3D 
effects can be taken into account and the simulations are free from the 
scale effect once they are modelled in full-scale. Also the local friction 
velocity, uτ, is dynamically computed for each discretised cell in the 
simulations, and therefore the dynamically varying roughness Reynolds 
number, k+, and corresponding roughness function, △U+, can be 
considered in the computations (Atlar et al., 2018). 

Accordingly, there have been recent studies using CFD simulations to 
investigate the roughness effect on ship resistance (e.g. Demirel et al., 
2014; Demirel et al., 2017b; Farkas et al., 2018; Farkas et al., 2019; Song 
et al., 2019a) and propeller performance (Owen et al., 2018; Song et al., 
2019b, 2020a), as well as ship self-propulsion characteristics (Song 
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et al., 2020b; Farkas et al., 2020a). Recently, Song et al. (2020c) 
extended the validation of the roughness modelling in CFD by 
comparing their method, which had been only validated against flat 
plates before, with a model ship towing test of Song et al. (2020d). The 
findings of Demirel et al. (2017b) and Song et al. (2019a) are especially 
important, as their results suggest that the hull roughness does affect not 
only the ship frictional resistance but also the other resistance compo-
nents, e.g. the viscous pressure resistance and wave-making resistance. 
This is certainly notable since it had been widely believed that the 
roughness effect on the wave-making resistance is negligible (e.g. 
Carchen et al., 2019). However, these findings cannot be generalised as 
these studies were conducted only for a single type of hull form (KCS). 

Considering that the ship hydrodynamic behaviours vary with 
different ship types and dimensions, the roughness effect can also vary 
with different ship forms. Recently, Farkas et al. (2019) observed dif-
ferences in the roughness effect on the form factors and the nominal 
wake between two different ship types (i.e. container ship and bulk 
carrier). Also, it is well established that the form factors of ships change 
by scales (Garcıá-Gómez, 2000; Min and Kang, 2010; Van et al., 2011; 
Dogrul et al., 2020). In this context, it is worth investigating the 
roughness effect on the ship hydrodynamic characteristics of different 
ships with variations of the scales and speeds. 

To the best of the authors’ knowledge, there exists no specific study 
investigating the roughness effect on the ship resistance of different hull 
forms with different scales and speeds. Therefore, the aim of this study is 
to fill this gap by performing a series of CFD simulations of different hull 
forms in different scales and speeds. In this study, Unsteady Reynolds 
Averaged Navier-Stokes (URANS) based ship models of a container ship 
and a tanker were developed. Each vessel was modelled in three 
different scales, namely model-scale, moderate-scale and full-scale. The 
modified wall-function approach was used with the roughness function 
of barnacles, determined by Demirel et al. (2017a), to represent the 
surface roughness of barnacle fouling. The simulations of each vessel 
(KCS and KVLCC2) in different scales were performed with a range of 
speeds. Finally, the effect of biofouling on ship resistance components, 
form factor and flow characteristics around the hulls were investigated. 

2. Background 

2.1. Roughness function and modified wall-function approach 

The surface roughness causes an increase in turbulence, hence the 
skin friction increases. The roughness effect can be observed as a 
downward shift of the mean velocity profile in the turbulent boundary 
layer. This downward shift is termed as the ‘roughness function’, △U+. 
The non-dimensional velocity profile in the log-law region for a rough 
surface is then given as 

U+ =
1
k

Iny+ (1)  

where Uis the mean velocity at the normal distance, y, from the wall, Uτ 

is the friction velocity defined as 
̅̅̅̅
τw
ρ

√
, τw is the wall shear stress, υ is the 

kinematic viscosity defined as the ratio of dynamic viscosity to the fluid 
density,μρ, ⋅κ is the von Karman constant and В is the log-low intercept. 

The roughness function, △U+ can be expressed as a function of the 
roughness Reynolds number, κ+, defined as 

k+ =
κUτ

υ (2) 

It should be noted that FXsimply vanishes in the case of a smooth 
condition. 

Demirel et al. (2017a) determined the roughness function of barna-
cles through towing tests of a flat plate covered with artificial barnacle 
patches with varying sizes (small, medium and big) and coverages 
(10–50%). From the experimental results, they observed that the 

roughness functions of the barnacles follow the Colebrook type rough-
ness function model of Grigson (1992) as shown in Fig. 1, given by 

△U+ =
1
κ

Іn(1+ κ+) (3) 

In this study, three representative surface conditions (S20%, M20% 
and B20%) were selectively used for the simulations rather than 
including all the surface conditions of Demirel et al. (2017a). Table 1 
shows the roughness length scales for the fouling conditions used in this 
study. 

Recently, Song et al. (2019a) employed this roughness function into 
the wall-function in the CFD model and conducted simulations of a 
towed flat plate to validate the modified wall-function approach. The 
simulation results showed good agreement with the experiment of 
Demirel et al. (2017a). In this study, the same modified wall-function 
approach with the same roughness function is used to investigate the 
effect of barnacles on KCS and KVLCC2. 

2.2. Resistance components 

The total resistance, RT, of a ship can be divided into two main 
components; the frictional resistance, RF, and the residuary resistance, 
RR, given by 

RT =RF + RR (4) 

The frictional resistance arises from the friction between the fluid 
and the hull surface while the residuary resistance is a pressure related 
resistance consisting of viscous pressure resistanceRVP, and wave- 
making resistanceRW, given by 

RT =RF + RVP + RW (5) 

The viscous pressure or also known as form drag is broadly assumed 
to be proportional to the frictional resistance (Lewis, 1988), with the use 
of form factor, κ, as given 

RVP = κRF (6)  

RT =(1+ κ)RF + RW (7) 

The resistance components can be normalised by dividing each term 
by the dynamic pressure, 12 ρV2, and the wetted surface area of the ship 
hull, S. The resistance coefficients can be defined as 

CT =CF + CR (8)  

CT =CF + CVP + CW (9)  

CT =(1+ κ)CF + CW (10)  

where, CT, CF, and CR is the coefficient of the total, frictional and 
residuary resistance, respectively. 

3. Numerical modelling 

3.1. Governing equations and physical modelling 

The proposed CFD models were developed based on the unsteady 
Reynolds-averaged Navier-Stokes (URANS) method using a commercial 
CFD software package, STAR-CCM+ (version 13.06). The second-order 
upwind convection scheme and a first-order temporal discretisation 
were used for the momentum equations. The overall solution procedure 
was based on a Semi-Implicit Method for Pressure-Linked Equations 
(SIMPLE) type algorithm. The shear stress transport (SST) κ − ω.turbu-
lence model was used to predict the effects of turbulence, which com-
bines the advantages of the κ − ω and the κ − ε turbulence model 
(Menter, 1994). A second-order convection scheme was used for the 
equations of the turbulent model. For the simulations where the free 
surface exists, the Volume of Fluid (VOF) method was used with 
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High-Resolution Interface Capturing (HRIC). 

3.2. Geometry and boundary conditions 

In order to investigate the effect of biofouling on different ships, the 
benchmark ship hulls of a container ship (KCS) and a tanker (KVLCC2) 
were used for the CFD simulations. Figs. 2 and 3 show the hull geome-
tries of KCS and KVLCC2, respectively, while Tables 2 and 3 depict the 
principal particulars of these vessels. As shown in the figures and the 
tables, KCS represents a fast container ship with a sharp bow-shape, a 
slender hull form and a relatively shallow draught (i.e. CB = 0.65, Fn =

0.26, LPP
T = 21.30), whereas KVLCC2 represents a slow tanker with a 

fuller bow-shape and hull form and a relatively deep draught (i.e. CB =

0.81, FX = 0.14, FX = 15.38). 
Table 4 shows the simulation cases used in this study. Each vessel 

was modelled in two different computational domain types, namely 
double-body and free-surface models, for the purpose of decomposing 
the resistance components. In a double-body simulation, the free surface 
is replaced by the symmetry boundary condition such that there is no 
wave-making behaviour and hence there exist only the viscous resis-
tance (i.e. RT = RV = RF + RVP). On the other hand, the free-surface 

simulations have the free surface and hence consider the wave-making 
behaviours such that the wave-making resistance is included in the 
total ship resistance (i.e. RT = RF = RVP + RW). The double-body sim-
ulations were modelled in three different scales (i.e. model-scale, mod-
erate-scale, and full-scale) while the free-surface simulations were 
modelled only in the full-scales of the vessel. In order to examine the 
effect of different ship speeds, the simulations were conducted at Froude 
number ranges of 0.130–0.282 for KCS and 0.083–0.156 for KVLCC2, at 

Fig. 1. Roughness functions for the fouling conditions and Colebrook type roughness function of Grigson (1992), adapted from Demirel et al. (2017a).  

Table 1 
Roughness length scales of the surface conditions, adapted from Demirel et al. 
(2017a).  

Surface 
condition 

Barnacle 
type 

Surface 
coverage,FX 
(%) 

Barnacle 
height,FX 
(mm) 

Representative 
roughness 
height,kG.(μm)

S20% Small 20% 1.25 63 
M20% Medium 20% 2.5 165 
B20% Big 20% 5 489  

Fig. 2. Geometry of KCS hull with a rudder.  

Fig. 3. Geometry of KVLCC2 hull with a rudder.  

Table 2 
Principal particulars and conditions of the KCS simulations, adapted from Kim 
et al. (2001) and Larsson et al. (2013).  

Main particulars Full-scale Moderate- 
scale 

Model- 
scale 

Scale factor, λ  1 10 31.6 
Length between the perpendiculars, 

LPP (m)  
230 23 7.278 

Length of waterline, LWL (m)  232.5 23.25 7.358 
Beam at waterline, BWL (m)  32.2 3.22 1.019 
Depth, D (m)  19 1.9 0.601 
Design draught, T (m)  10.8 1.08 0.342 

Length-depth ratio, 
LPP

T  
21.30 21.30 21.30 

Wetted surface area with a rudder, S 
(m2)  

9539 95.39 9.553 

Displacement, FX (m3) 52030 52.03 1.649 
Block coefficient, CB  0.6505 0.6505 0.6505 
Design speed, FX (m/s) 12.3456 3.904 2.196 
Froude number at the design speed, 

FnFX  
0.26 0.26 0.26 

Speed range used in simulations, FX 
(m/s) 

6.17–13.37 1.95–4.23 1.10–2.38  
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each scale. 
Fig. 4 illustrates the computational domain and the boundary con-

ditions of the double-body and free-surface simulations of KCS and 
KVLCC2. In terms of the free-surface simulations, the velocity inlet and 
the pressure outlet boundary conditions were applied for the opposite 
faces in the longitudinal direction. The top and bottom far-field 

boundaries were defined as velocity inlet. Symmetry boundary condi-
tions were used for the vertical centre and side wall boundaries as 
similarly used by Terziev et al. (2019a). The surface boundary condi-
tions of the hull and rudder were defined as no-slip walls. For the smooth 
surface condition, the smooth type wall-function was used, whereas the 
rough type roughness-functions, including the additional term of the 
roughness function were used for the fouling cases. The difference for 
the double-body simulations is that the Z = 0 plane is replaced with a 
symmetry plane such the simulation does not have the free surface. It is 
of note that all the simulations were conducted in fixed conditions (i.e. 
no sink or trim motions were allowed). 

3.3. Mesh generation 

Cut-cell grids with prism layer mesh on the walls were generated 
using the built-in meshing tool of STAR-CCM+ (version 13.06). Local 
refinements were made for finer grids in the critical regions, such as the 
bulbous bow, rudder, stern, and the region near the free surface (in case 
of the free-surface simulations), as shown in Fig. 5. The thickness of the 
first layer cell on the surface was chosen such that the wall y+ values are 
higher than 30 and also higher than the k+ values, as recommended by 
Demirel et al. (2017b), and Siemens (2018). It is of note that the same 
mesh was used for all the smooth and rough surface conditions, 
including the near-wall refinement. The mean wall y+ values at the 
design speed on the wetted surface area of the model, moderate, and 
full-scale KCS simulations were 39, 63, and 205, respectively while, 
those for KVLCC2 simulations were 66, 52 and 93, respectively. 

Table 3 
Principal particulars and conditions of the KVLCC2 simulations, adapted from 
Kim et al. (2001) and Larsson et al. (2013).  

Main particulars Full-scale Moderate- 
scale 

Model- 
scale 

Scale factor, λ  1 10 58 
Length between the perpendiculars, 

FX (m) 
320 32 5.517 

Length of waterline, FX (m) 325.5 32.55 5.612 
Beam at waterline, FX (m) 58 5.8 1.000 
Depth, D (m)  30 3 0.517 
Design draught, T (m)  20.8 2.08 0.359 
Length-depth ratio, FX 15.38 15.38 15.38 
Wetted surface area with a rudder, FX 

(m2) 
27467.3 274.673 8.165 

Displacement, FX (m3) 312622 312.622 1.602 
Block coefficient, FX 0.8098 0.8098 0.8098 
Design speed, V (m/s)  7.9732 2.521 1.047 
Froude number at the design speed, 

Fn  

0.142 0.142 0.142 

Speed range used in simulations, V 
(m/s)  

4.63–8.74 0.86–1.62 0.61–1.14  

Table 4 
Simulation cases.   

Double-body Double-body Double-body Free-surface 

Full-scale Moderate-scale Model-scale Full-scale 

KCS Scale factor, λ  1 10 31.6 1 
Speed range, V (m/s)  6.17–13.37 1.95–4.23 1.10–2.38 6.17–13.37 
Fn range  0.13–0.282 0.13–0.282 0.13–0.282 0.13–0.282 
ReL range  1.2–2.7 × 109 3.9–8.5 × 107 0.7–1.5 × 107 1.2–2.7 × 109 

Surface conditions Smooth, S20%, M20%, B20% Smooth, S20%, M20%, B20% Smooth, S20%, M20%, B20% Smooth, S20%, M20%, B20% 
KVLCC2 Scale factor, λ  1 10 58 1 

Speed range, V (m/s)  4.63–8.74 0.86–1.62 0.61–1.14 4.63–8.74 
Fn range  0.083–0.156 0.083–0.156 0.083–0.156 0.083–0.156 
ReL range  1.2–2.2 × 109 3.7–7.1 × 107 2.6–5.1 × 106 1.2–2.2 × 109 

Surface conditions Smooth, S20%, M20%, B20% Smooth, S20%, M20%, B20% Smooth, S20%, M20%, B20% Smooth, S20%, M20%, B20%  

Fig. 4. Computational domain and the boundary conditions of KCS and KVLCC2 simulations.  
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4. Results 

4.1. Verification and validation 

4.1.1. Verification study 
In order to estimate the numerical uncertainties of the CFD models 

and also to determine the sufficient grid-spacings and the time-step size 
(Δt), a verification study was performed by conducting the simulations 
with three different resolutions of mesh and time steps, namely fine, 
medium and coarse. Then, the spatial and temporal uncertainties (UGrid 
and UΔt) were estimated using the Grid Convergence Index (GCI) 
method (Celik et al., 2008). It is of note that although the GCI method 
was firstly proposed for spatial convergence studies, it can also be used 
to estimate the temporal uncertainties of the simulations (Tezdogan 
et al., 2015; Terziev et al., 2018, 2019b, 2020). 

Tables 5 and 6 show the spatial and temporal uncertainties of the 
KCS and KVLCC simulations, obtained from the grid and time-step 
convergence study. The spatial and temporal uncertainties were calcu-
lated based on the fine mesh and the fine time-step for each case. In this 

study, the fine mesh and fine time step were used for each case. 

4.1.2. Validation study 
In order to validate the CFD models used in this study, the total 

resistance coefficients, CT, obtained from the free-surface simulations 
were compared with CT values of KCS and KVLCC2 at the design speed. 
Although the free-surface simulations with fouling conditions were 
modelled only at the full-scale, model-scale free-surface simulations 
were additionally conducted in this subsection to be compared against 
the model test of Kim et al. (2001). Full-scale CT values were compared 
with other full-scale CFD studies available from the literature, as well as 
the extrapolated CT values based on the experimental data of Kim et al. 
(2001). It is of note that the CT of KCS was extrapolated using Froude’s 
2D scaling, while that of KVLCC2 was extrapolated using Hughes’ 3D 
scaling, as per the suggestion of Dogrul et al. (2020). 

The CT values of KCS and KVLCC2 from the different sources and 
methods are shown in Tables 7 and 8, respectively. The relative differ-
ences were calculated using the current CFD results as the reference 
values. The model-scale results for KCS and KVLCC2 showed good 
agreement with the experimental data of Kim et al. (2001), showing the 
relative differences of 0.35% and − 1.59%, respectively. In terms of 
full-scale simulations, both the KCS and KVLCC2 results from the present 
CFD showed good agreement with other full-scale CFD results in the 
literature showing relative differences (up to − 1.25%). However, the 
current KVLCC2 simulation showed a rather large difference with the 
extrapolated result (− 4.69%), as similarly observed by Dogrul et al. 
(2020) and Farkas et al. (2020b). 

4.2. Roughness effect on CF and CV 

In order to investigate the roughness effect on the frictional resis-
tance, CF, and viscous resistance, CV, the double-body simulations of 
KCS and KVLCC2 were performed. As mentioned earlier, the total 
resistance of the vessels calculated in the double-body simulations is 
assumed to be equal to the viscous resistance (i.e. CT = CV), while CF is 
calculated by simply considering the shear drag only in the simulations. 

Figs. 6 and 7 show the CF and CV values obtained from the KCS and 
KVLCC2 simulations, respectively, in different surface conditions 
(Smooth, S20%, M20% and B20%). As shown in the figures, the CF and 
CV values increase significantly due to the hull fouling. For the KCS 
cases, the percentage increase in the frictional resistance, %ΔCF, with 
the most severe fouling condition (B20%) are up to 93%, 89%, and 86%, 
at the model, moderate, and full-scales, respectively. And those of 
KVLCC2 are 79%, 74%, and 69%. One can notice that the %ΔCF values 
are larger for KCS than KVLCC2, while these values become smaller as 
the ship length increases. This can be explained by two factors; the 
relative roughness height, k/L, and the roughness Reynolds number, 
k+ = kUτ/ν, where, k, Uτ and ν are the roughness height, friction ve-
locity, and the kinematic viscosity, respectively. It is a well-known fact 

Fig. 5. Mesh structure of the computational domain of KCS and KVLCC2 sim-
ulations (free-surface models). 

Table 5 
Spatial and temporal convergence study of the KCS simulations.   

Double-body Double-body Double-body Free-surface 

Full-scale (λ = 1) Moderate-scale (λ = 10) Model-scale (λ = 31.6) Full-scale (λ = 1) 

Spatial convergence  No.Cells RV (N)  No.Cells RV (N)  No.Cells RV (N)  No.Cells RT (N)  
Coarse 524,829 591,515 435,628 878.15 229,144 36.083 1,005,230 768,434.74 
Medium 695,031 581,901 596,259 875.50 316,815 35.978 1,407,062 767,334.76 
Fine 963,216 578,655 815,837 870.96 479,982 35.954 2,019,668 765,293.29 

UGrid (Fine)    0.246%  0.909%  0.013%  0.481% 
Temporal convergence  Δt (s)  RV (N)  Δt (s)  RV (N)  Δt (s)  RV (N)  Δt (s)  RT (N)  

Coarse 0.04 577,156 0.04 870.55 0.04 35.947 0.04 766,944.79 
Medium 0.02 577,717 0.02 870.66 0.02 35.948 0.02 765,097.03 
Fine 0.01 578,655 0.01 870.96 0.01 35.954 0.01 765,293.29 

UΔt (Fine)    0.302%  0.023%  0.005%  0.036% 
Utotal    0.389%  0.909%  0.014%  0.483%  
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that the skin friction over a rough wall increases with the k/ L values 
(Moody, 1944; Demirel et al., 2019). Therefore, even with the same 
fouling condition, the roughness effect on CF is stronger for smaller 
vessels due to the larger k/L ratios. 

On the other hand, considering the significant changes in ship 
lengths, the changes in %ΔCF with the scale is relatively small. For 
example, while the ship length of KVLCC2 increases 58 times (i.e. the k/
L ratio becomes 58 times smaller), the %ΔCF reduces by 10% only. This 
can be attributed to the fact that the k+ values increase due to the 
increasing ship speeds with the scale at the same Fn. Therefore, higher 
k+ values result in stronger roughness effects in the turbulent boundary 
layer, which diminishes the decreasing trends of %ΔCF due to the rapid 
changes in the k/L ratio. Fig. 8 compares the k+ values on the hull of KCS 

and KVLCC2 at their design speed (constant Fn) with the B20% fouling 
condition. The k+ values appear to be higher with larger scales and also 
higher for KCS due to the higher speeds. 

When it comes to the viscous resistance, CV, similar trends were 
observed. For the KCS cases, the percentage increase in the viscous 
resistance, %ΔCV, due to the most severe fouling condition (B20%) are 
up to 88%, 87%, and 84%, at the model, moderate, and full-scales, 
respectively. And those of KVLCC2 are 78%, 74%, and 71%. It can 
also be found that the differences between CV and CF are larger for 
KVLCC2 than KCS (including the smooth surface condition), which 
signifies larger viscous pressure resistance, CVP, and hence larger form 
factor values, 1+ k. 

4.3. Roughness effect on form factor 1+ k 

Fig. 9 compares the form factors, 1+ k, of KCS and KVLCC2 with the 
different surface conditions. The 1 + k values were calculated using the 
CF and CV values obtained from the double-body simulations, as 1+ k =

CV/CF. As shown in the figure, the roughness effect of barnacles on the 
1 + k values showed different trends for KCS and KVLCC2. For the KCS 
cases, the 1 + k values decrease due to hull fouling and these decreases 
become more significant as the hull size increases. The reduction in the 
form factor implies that the increase due to hull fouling is more signif-
icant for CF than CVP. 

On the other hand, differences were found in the KVLCC2 cases, 
although the roughness effect on the 1 + k values of KVLCC2 showed a 
different trend at each scale. In the model-scale (λ = 58), the 1 + k values 
increase with the presence of hull fouling. The roughness effect on 1 + k 
become minor at the moderate-scale (λ = 10) and finally the 1 + k values 
decrease at the full-scale (λ = 58). These different trends indicate that 
the roughness effect of CVP is more significant than that of CF at small 
scales but the effect of CF becomes dominant as the hull size increases, 
which agrees with the KCS cases. 

These differences in the roughness effect on the form factors can be 
more clearly seen in Fig. 10 which compares the percentage increase in 
the frictional and viscous pressure resistance components, %ΔCF and 
%ΔCVP. The y = x line was drawn together for comparison, which in-
dicates that %ΔCF and %ΔCVP are equal along the line. For KCS, the 
results shown in Fig. 10 are located under the y = x line, which means 
that the roughness effect of CF dominates to that of CVP and the results 
move to the right-bottom side as the scale increases suggesting that this 
dominance becomes stronger with larger hull sizes. When it comes to the 
KVLCC2 case, the results for the model-scale (λ = 58) simulation are 
found above the y = x line, showing the dominance of the roughness 
effect of CVP over CF, but move to the right-bottom side of the graph as 
the scale increases, similarly to the KCS case. The general trend in these 
differences can be summarised that as the scale increases, the roughness 
effect of CF becomes more important than that of CVP for both the 
vessels. 

Table 6 
Spatial and temporal convergence study of KVLCC2 simulations.   

Double-body Double-body Double-body Free-surface 

Full-scale (λ = 1) Moderate-scale (λ = 10) Model-scale (λ = 31.6) Full-scale (λ = 1) 

Spatial convergence  No.Cells RV (N)  No.Cells RV (N)  No.Cells RV (N)  No.Cells RT (N)  
Coarse 712,288 782,485 598,405 1,192.16 578,599 9.289 1,525,249 803,512.69 
Medium 1,068,217 775,411 917,246 1,189.64 800,617 9.269 2,267,933 800,629.00 
Fine 1,571,155 772,577 1,371,184 1,188.14 1,104,198 9.259 3,543,146 788,229.32 

UGrid (Fine)    0.347%  0.283%  0.149%  0.781% 
Temporal convergence  Δt (s)  RV (N)  Δt (s)  RV (N)  Δt (s)  RV (N)  Δt (s)  RT (N)  

Coarse 0.08 771,365 0.08 1,188.23 0.04 9.259 0.08 801,500.37 
Medium 0.04 771,774 0.04 1,188.09 0.02 9.258 0.04 788,930.44 
Fine 0.02 772,577 0.02 1,188.14 0.01 9.259 0.02 788,446.66 

UΔt (Fine)    0.135%  0.003%  0.001%  0.003% 
Utotal    0.373%  0.283%  0.149%  0.781%  

Table 7 
values of KCS obtained from present CFD and other sources and methods.Fn =

0.26  

Ship Source or method CT  Relative 
difference 

Model- 
scale 

Present CFD 3.544E- 
03  

EFD of Kim et al. (2001) 3.556E- 
03 

0.35% 

Full-scale Present CFD 2.107E- 
03  

CFD of Dogrul et al. (2020) 2.113E- 
03 

0.26% 

CFD of Farkas et al. (2020b) 2.081E- 
03 

− 1.25% 

CFD of Demirel et al. (2017) 2.097E- 
03 

− 0.49% 

Extrapolation based on EFD of Kim 
et al. (2001) 

2.084E-3 − 1.13%  

Table 8 
values of KVLCC2 obtained from present CFD and other sources and meth-
ods.Fn = 0.142  

Ship Source or method CT  Relative 
difference 

Model- 
scale 

Present CFD 4.176E- 
03  

EFD of Kim et al. (2001) 4.110E- 
03 

− 1.59% 

Full-scale Present CFD 1.806E- 
03  

CFD of Dogrul et al. (2020) 1.806E- 
03 

− 0.03% 

CFD of Farkas et al. (2020b) 1.795E- 
03 

− 0.63% 

Extrapolation based on EFD of Kim 
et al. (2001) 

1.722E- 
03 

− 4.69%  
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4.4. Free-surface simulations 

4.4.1. Roughness effect on CT 
In order to investigate the roughness effect on the total resistance, 

CT, full-scale free-surface simulations of KCS and KVLCC2 were con-
ducted with varying speeds for the smooth and fouling (S20%, M20%, 
B20%) surface conditions. Figs. 11 and 12 show the CT values of KCS and 
KVLCC2, respectively, with and without the presence of hull fouling. 
Significant increases in CT were recorded for both the ships. The per-
centage increases, %ΔCT due to the most severe fouling condition 
(B20%) for KCS and KVLCC2 were up to 66% and 78%, respectively. It is 
interesting to note that the KVLCC2 case shows higher %ΔCT values 
although they have smaller %ΔCF as shown in section 4.2. This can be 
explained by the fact that KVLCC2 has a higher contribution of the 
frictional resistance in the total resistance than KCS due to slower speed 
(lower Fn). 

Another interesting feature is to note that the %ΔCT values of KCS 

show a decreasing trend with the ship speed while those of KVLCC2 
show the opposite. In order to find the rationale behind these differ-
ences, the total resistance components were divided into different 
components and discussed in the following sections. 

4.4.2. Roughness effect on CF and CR 
The total resistance coefficients, CT, were decomposed into the 

frictional resistance coefficients, CF, and the residuary resistance co-
efficients, CR, by simply dividing the total drag acting on the ship into 
the shear and pressure force components. Figs. 13 and 14 show the CF 
and CR values of the full-scale KCS and KVLCC2 models, respectively, in 
the smooth and fouled (S20%, M20%, B20%) hull conditions. It is of 
note that the CF values in Figs. 13 and 14 are from the free-surface 
simulations and these values can be slightly different (~1%) form the 
CF values of the double-body simulations (Figs. 6 and 7) mainly because 
of the changes in the wetted surface area due to free surface elevations. 

Both the KCS and KVLCC2 simulations showed significant increases 

Fig. 6. CF and CV of KCS with different hull conditions at model (λ = 31.6), moderate (λ = 10) and full-scale (λ = 1).  

Fig. 7. CF and CV of KVLCC2 with different hull conditions at model (λ = 58), moderate (λ = 10) and full-scale (λ = 1).  
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in CF due to the hull fouling as already observed in Figs. 6 and 7, while 
some differences were observed on CR of KCS and KVLCC2. The CR 
values of KVLCC2 show significant increases due to the hull fouling and 
these increases are consistent with the varying speeds. On the other 
hand, the CR values of KCS showed relatively small increases with hull 
fouling at low speed. These increases become smaller as the speed in-
creases and eventually turn into decreases at higher speeds. Together 
with this feature, the increasing dominance of CR in CT for the KCS case 
can be related to the decreasing %ΔCT values of KCS as the speed in-
creases as shown in Fig. 11. 

In order to understand the rationale of the changing trends of the 
roughness effect on CR, the residuary resistance values were further 
decomposed into the viscous pressure resistance, CVP, and the wave- 
making resistance, CW and discussed in the following section. 

4.4.3. Roughness effect on CVP and CW 
The CR values were decomposed into CVP and CW using the form 

factor values obtained from the double-body simulations as 

CVP = kCF (11) 

Fig. 8. k+ on the hulls of KCS and KVLCC2 with B20% fouling condition.  

Fig. 9. of KCS and KVLCC2 for different surface conditions.  

S. Song et al.                                                                                                                                                                                                                                     



Ocean Engineering 216 (2020) 107736

9

CW =CR − CVP (12) 

Figs. 15 and 16 show the CVP and CW values of KCS and KVLCC2, 
respectively, with the smooth and fouled (S20%, M20%, B20%) hull 
conditions. In terms of CVP, both the KCS and KVLCC2 cases show sig-
nificant increases due to the hull fouling (up to 52% and 74% for KCS 
and KVLCC2 respectively). On the other hand, differences were also 
found on CW between the two hull types. 

For the KCS case, the CW values have relatively high contributions in 
CR and increase sharply as the speed increases and eventually become 
dominant over CVP. The roughness effect on the CW values of KCS is 

negligible at the lowest speed but becomes more pronounced as the ship 
speed increases (which can be related to the higher k+values at higher 
speeds). The CW values of KCS show decreases due to hull fouling. And 
the magnitudes of decrease become larger as the dominance of CW in-
creases. Consequently, for the fouled KCS cases, the decreases in CW 
cancel the increases in CVP and eventually the CR values start to decrease 
at higher speeds. 

On the other hand, the CW values of KVLCC2 have minor contribu-
tions and remain rather consistent with the speed. Accordingly, for 
KVLCC2, the roughness effect on CR follows the trend of CVP. It is 
interesting that at the high speeds, the roughness effect causes increases 

Fig. 10. vs %ΔCVP due to the fouling conditions of KCS (left) and KVLCC2 (right).  

Fig. 11. of KCS with different hull conditions.  
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in CW unlike the KCS case. However, these changes in CW are too small 
(i.e. ΔCW/  CT<0.5%) to draw any reliable conclusion on their effects, 
considering that the estimated numerical uncertainty of CT of the free- 
surface KVLCC2 simulation is larger than these changes 
(Utotal=0.78%). It is of note that the numerical uncertainty of the CW 

values (UCW =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∂CW
∂CT

UCT

)2
+

(
∂CW
∂CV

UCV

)2
√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

U2
CT

+ U2
CV

√

), for the KCS 

and KVLCC2 simulations at the design speeds are 2.36% and 54.6%, 
respectively. 

This observation suggests that the roughness effect on the wave- 

Fig. 12. of KVLCC2 with different hull conditions.  

Fig. 13. of KCS with different hull conditions.  
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making resistance can differ by the hull forms and also by the speed. 
These differences can be correlated with many different factors (e.g. the 
block coefficient, and the Froude number, Fn). Further investigations 
with sufficient variations are required to understand better the corre-
lations between these factors and the roughness effect on. CW 

4.5. Roughness effect on the flow field 

4.5.1. Velocity field 
Figs. 17 and 18 show the axial velocity contours around the KCS and 

KVLCC2 hulls, respectively, in different scales with the smooth surface 
conditions and the most severe fouling conditions (B20%). The mean 

Fig. 14. of KVLCC2 with different hull conditions.  

Fig. 15. and CW of KCS with different hull conditions.  
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axial velocity was normalised by dividing the velocity with the advance 
speed of the ship (Vx/Vship). As shown in the figures, for both the hull 
forms at the respective scales, the roughness effect brings significant 
changes in the velocity field around the hulls. As expected, the smaller 
sizes with fouling showed larger wake regions due to the decelerated 
flow velocity at the stern. The roughness effect on the wake field can be 
more clearly seen in Fig. 19, which compares the axial velocity contours 
behind the hull on the propeller plane (x = 0.0175Lpp). 

In order to quantify the increases in the stern wake, the nominal 
wake fractions, wn, were calculated by surface averaging the local wake 
fraction, w’

x = (Vship − Vx)/Vship, on the propeller disc (i.e. the disc 
where the propeller will be located). Figs. 20 and 21 compare the wn of 
the KCS and KVLCC2, respectively, with the smooth and most severe 
fouling conditions (B20%). The inner and outer circles represent the hub 
diameter and propeller diameter. For both the hull forms, the hull 
fouling resulted in significant increases in the wn values. The percentage 
increases in the wn of KCS due to the hull fouling at the model, moderate 
and the full-scale are 53%, 54%, and 45%, while those for the KVLCC2 
case are 35%, 43%, and 43%. 

4.5.2. Boundary layer thickness 
Another notable feature of the fouling effect is observed in Figs. 17 

and 18 is the increase in the boundary layer thickness, especially on the 
hull bottom as well as on the aft end region. The increases in the 
boundary layer thicknesses can be seen more clearly in Figs. 22 and 23 
where the boundary layers are represented by the axial velocity contours 
limited to Vx/Vship = 0.9. The figures vividly show the growth in the 
boundary layer thickness due to the hull fouling (B20%) for both the 
ships at all the scales. These arguments in the boundary layer thickness 
that can be related to the presence of hull fouling reflect on to the 
frictional and viscous pressure resistance as discussed earlier. 

4.5.3. Pressure field 
Figs. 24 and 25 illustrate the surface pressure distribution on the 

stern region of KCS and KVLCC2, respectively, in both the smooth and 
fouled (B20%) conditions. The pressure was normalised by dividing it by 
the dynamic pressure (1/2ρV2

ship). For both the ship types in all the 
scales, reduced pressure magnitudes at the stern were observed with the 
presence of surface fouling, i.e. reduced pressure recovery. Corre-
spondingly, the decreased stern pressures bring increased viscous 

Fig. 16. and CW of KVLCC2 with different hull conditions.  

Fig. 17. Axial velocity (Vx/Vship) around KCS hulls in different scales with smooth and B20% surface conditions (on.y = 0.006Lpp plane)
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pressure resistances, as shown in Figs. 15 and 16. 

4.5.4. Wave elevation 
Fig. 26 compares the Kelvin wave around the KCS hull with and 

without the surface fouling at low and high speeds. While considerable 
differences were observed between the smooth and fouled (B20%) hulls 
at the high speed (Fn = 0.282), almost no effects were noted at the low 
speed (Fn = 0.13). These speed dependant effects of the roughness on 

Fig. 18. Axial velocity (Vx/Vship) around KVLCC2 hulls in different scales with smooth and B20% surface conditions (on.y = 0.006Lpp plane)

Fig. 19. Axial velocity (Vx/Vship) behind KCS (left) and KVLCC2 (right) in different scales with smooth and B20% surface conditions (on x = 0.0175Lpp plane).  

Fig. 20. Local wake fraction, wx’, at the propeller plane of KCS in different scales with smooth and B20% surface conditions.  
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the wave elevations are in agreement with those on the wave-making 
resistance, CW, of KCS as shown in Fig. 16, where the effect was negli-
gible at the low speed whereas the effect becomes substantial as the 
speed increases. 

Likewise, as shown in Fig. 27, the roughness effect on the Kelvin 
wave around the KVLCC2 showed correspondences with the roughness 
effect on the CW values, also shown in Fig. 17. For both the low and high 
speeds, the free surface elevations around the KVLCC2 hull showed 
almost no differences regardless of the presence of hull fouling. 

4.5.5. Concluding remarks 
In the study presented here, URANS based CFD simulation models of 

two different types of hulls and sizes were developed to investigate the 
effect of the ship type and scales on the resistances of these ships in the 
presence of fouling. The CFD simulations were performed using the 
benchmark ship hulls of a container ship (KCS) and a tanker (KVLCC2). 

For the representation of the roughness effect due to hull fouling, the 
modified wall-function approach was used with the roughness function 
of barnacles. 

Spatial and temporal convergence studies were performed using the 
Grid convergence Index (GCI) method, to estimate the numerical un-
certainties of the proposed CFD models and to determine sufficient grid- 
spacings and time steps. 

By using two different computational domain types (i.e. double-body 
and free-surface) the ship resistance was decomposed into its individual 
components. The results showed that the hull fouling causes significant 
increases in the frictional resistance and the viscous resistance regard-
less of the hull forms and scales (i.e. sizes). On the other hand, while the 
form factors of KVLCC2 showed a different trend at each scale, those of 
KCS consistently showed decreases with hull fouling. Differences be-
tween the effects of the hull types were also found through the roughness 
effect on the wave-making resistance. Whereas the wave-making 

Fig. 21. Local wake fraction, wx’, at the propeller plane of KVLCC2 in different scales with smooth and B20% surface conditions.  

Fig. 22. Boundary layer represented by slices limited to axial velocity (Vx/Vship = 0.9) around KCS hulls in different scales with smooth and B20% surface conditions.  
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resistance of KVLCC2 showed almost no differences regardless of the 
presence of the hull fouling, KCS showed considerable roughness effects 
on the wave-making resistance at the high speed. In contrast, this effect 
was negligible at the low speed of KCS. Finally, the effect of hull fouling 
on the flow characteristics around the hulls was examined that included 
the velocity field downstream of the hulls and nominal wake flow at the 
propeller planes, boundary layer thickness and pressure distribution on 
the hulls and the Kelvin wave patterns. 

The study provided several important findings including the first 
investigation into the different features of roughness effect for different 
hull forms, ship size and speeds. However, to establish a more 
comprehensive understanding of the correlations of the roughness effect 
with various factors such as block coefficient, Froude number, etc., the 
study should be further extended with sufficient variations of hull forms, 

scales and speeds. 
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