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Abstract. Bioaccumulation of the ship’s submerged region would increase the 

hydrodynamic volume and poses a major source of carbon emissions to the at-

mosphere. This accumulation of marine growth on the ship’s hull creates addi-

tional drag and demands more fuel consumption, predominantly leading to ad-

verse effects on the marine ecosystem. Anti-fouling coatings are one of the pri-

mary methods adopted for a smooth hull, however, the smoothness of the hull 

surface is significantly dependent on the type and the chemical composition of 

the coatings. The present paper investigates the effect of frictional drag on a flat 

plate under different composition of anti-fouling coatings, and effect of various 

biofouling conditions on a ship’s submerged hull. The numerical analysis of anti-

fouling coatings on the flat plate is conducted using CFD for seven cases, viz., 

smooth, sandpaper and five anti-fouling cases. However, six conditions of bio-

fouling are considered on the selected ship hull - smooth and five biofouling 

cases. To regenerate the appropriate roughness factor, the Colebrook-type rough-

ness functions are used from the literature. The effect of antifouling coatings and 

biofouling on the flat plate and ship’s hull is predicted and analyzed for various 

speeds of operation. The results from this work would assist to predict the re-

maining life and appropriate docking period, selecting the suitable antifouling 

coatings. This prediction would help in optimizing the fuel consumption with 

new CII requirements. 

Keywords: CFD, Antifouling coating, Biofouling, Hull roughness, decarboni-

zation 

1 Introduction 

Since most cargo is transported by sea, reducing frictional resistance would result in 

dramatic reductions in fuel consumption and carbon emissions. The regulations, such 

as the Energy Efficiency Design Index (EEDI) [1], Ship Energy Efficiency Manage-

ment Plan (SEEMP) [2], and the recommended practices such as the Energy Efficiency 

Operational Indicator (EEOI) [3] have been implemented in recent times to limit the 

harmful gases that are released to the marine environment from ships. It was reported 

one decade ago, the quantity of CO2 released from the shipping industry is about 870 
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million tons. Energy efficiency and Greenhouse Gas (GHG) regulations have thus been 

developed and implemented by the International Maritime Organization (IMO). Skin 

friction accounts for most of the total resistance (approximately 60% -70%) for most of 

the large commercial vessels [3]. In slow speed ships such as oil tankers, frictional 

resistance is nearly 80% percent of the total resistance while it is about 50% at high-

speed ships such as container vessels [4]. 

On ship hulls, microfouling develops rapidly, and several biofilms are persistent even 

under the strongest antifouling coatings [5].  As a result, surface roughness, frictional 

resistance, and fuel consumption increase.  According to [6], the increase in resistance 

due to micro-organism fouling is around 1-2%, whereas an accumulation of hard-

shelled organisms may cause an increase in resistance of up to 40%. According to 

Schultz, a frigate with a speed of 15 knots required a 21% higher shaft power when 

slime was present [7]. Heavy calcareous fouling, on the other hand, increased shaft 

power by 86%, whereas slime alone resulted in a 21% increase in shaft power. It was 

observed that microbial slime led to an increase of 10% to 20% in frictional resistance. 

It has been reported that the usage of Colebrook type of wall function [8] to predict the 

frictional component of resistance provides a better result. It is inferred from the liter-

ature; the selection of hull coating is important to reduce the biofouling and the com-

position of the paint scheme affects the resistance coefficient. The objective of the pre-

sent study is to validate the roughness conditions due to different anti-fouling coatings 

and bio-fouling stages with the published experimental data. 

2 NUMERICAL METHOD 

2.1 RANS Mathematical Formulation 

The simulation is modelled with free surface to replicate the experimental setup given 

in [8]. The literature experimentally discussed the effect of anti-fouling coatings on the 

flat plate. In the present simulation, RANS equation is used to model computational to 

estimate the effect of roughness and biofouling.  

 

2.2 Roughness Function 

Prediction of roughness functions are important in estimating the frictional resistance. 

The submerged region that is covered with specific roughness can be predicted using 

the boundary layer method [12] [13]. Roughness condition on the flat plate and tanker 

is verified theoretically using the roughness function ∆U+ and roughness Reynolds 

number, k+ [14]. For the candidate vessel, an appropriate roughness function model is 

fitted to the roughness function values [7] and modelled with the roughness function 

model in Siemens STAR-CCM+. 

2.3 Geometry and Boundary Condition 

The dimension of the flat plate is 1.52 m in length, 0.76 m in width, and 3.2 mm in 

thickness [9]. The free surface is 0.59 m from the bottom of the plate. The extension of 
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the domain and the boundary conditions chosen as per the ITTC recommendation [4]. 

A tanker (KVLCC 2) is selected for the current study, the principal particular of the 

vessel is available in [19]. The CFD setup for the vessel is selected within the recom-

mendation of ITTC [4]. 

2.4 Meshing and Grid Independence Analysis 

Since the study involves the capturing of roughness characteristics of the anti-fouling 

coatings and bio-fouling condition, it is important to precisely capture the boundary 

layer properties. Therefore, a grid independence study is carried out to analyze the so-

lution convergence. The cell grids are generated with trimmed hexahedral cells.  To 

capture the boundary layer, additional near wall prism layers are imposed around the 

plate and tanker. The number and thickness of the prism layer affects the wall Y+ func-

tion. Prism layers are selected to ensure the wall Y+, maintained at a value greater than 

30 to use standard wall laws for all Reynolds numbers [11] [17].  

Based on the different configuration of prism layers with the prism layer thickness 

0.015m, the change in wall Y+ and the CF value is predicted. Grid Convergence Index 

(GCI) is used to check the convergence of results based on Richardson extrapolation 

[15]. It is observed that, for more than 3 million cells, the results are minimally affected 

with an increase in cell density.   

The frictional resistance of the tanker is computed at a design speed of 15.5 knots for 

different mesh configuration and the solution is converged very well with a density 

corresponds to 1.6 million cells. Therefore, the corresponding fine mesh configuration 

is selected in all subsequent computations. Fine refinements are carried out near and 

around the plate, tanker, and the free surface. The computational domain of the flat 

plate and the tanker is shown in Fig. 1 and 2 respectively.  

 

  
Fig. 1. Computational domain – flat plate Fig. 2. Computational domain - ship 

Fig. 3 shows the wall Y+ values for the smooth plate at three Reynolds numbers. The 

wall Y+ values are maintained same for all rough condition simulations. Prism layer 

and prism layer thickness study is carried out for the most fouled condition (heavy cal-

careous fouling); thus, the prism layer is fixed with appropriate prism layer thickness. 

For this case, the length of ship is large and so the Y+ value. Prism layer is fixed at 8 

having less percentage error of 0.2%. Prism layer thickness at 0.8m were also carried 
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out in the heavy calcareous fouling with error of 0.001%. The prism layer thickness and 

prism layer requirement are validated on flat plate and tanker ship. From the validation, 

it is understood that Y+ value will reduce when the number of prism layer increases. 

  
(a) (b) 

 
(c) 

Fig. 3. Wall Y+ values on the smooth plate at (a) Re=2.8x106, (b) Re=4.2x106, (c) 

Re=5.5x106 

3 RESULTS AND DISCUSSION 

3.1 Estimation of Frictional Resistance  

Flat plate frictional coefficients are computed and compared with experiments for 

smooth, sandpaper and five different coatings such as silicon 1, silicon 2, ablative cop-

per, SPC copper and SPC TBT at Re=2.8x106, Re=4.2x106 and Re=5.5x106 respec-

tively.  For all cases, the comparison of friction coefficient values using CFD is well 

matched with the EFD results, and the error percentage ranges from 0.37%-1.58%, See 

Fig. 4 As the roughness amplitude increases, the CF values also increases but decreases 

with the increase in Reynolds’s number.  

 
Fig. 4.  Frictional resistance coefficient versus Reynolds number for   

antifouling coatings 
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The effect of roughness and Reynolds number is captured clearly by the CFD solver.  

Table.1 shows the results for 60-grit Sandpaper, where the roughness amplitude is al-

most 10 times than other cases. 

Table 1. Comparison of CF for 60-grit Sandpaper case 

 

Reynolds Number (Re) CF (CFD) CF (EFD) Error % 

2.8x106 0.006150 0.006048 1.66% 

4.2x106 0.006121 0.005941 2.94% 

5.5x106 0.006124 0.005949 2.86% 

 

The same computational setup and roughness conditions are used to generate and ana-

lyze the sandpaper roughness for the plate, and hence it is observed that the error per-

centage is slightly more than all other rough cases. 

 

3.2 Estimation of Roughness Condition  

To estimate the roughness parameters, the Reynolds roughness number, k+ is calcu-

lated using the experimental CF values [12]. Computation of k+ values is important to 

implement Schultz roughness function model, which provides the required ∆𝑈+ based 

on computed k+ value shown [8]. The k+ distribution on the surface of the plate ob-

tained from the CFD is verified with the calculated values. The k+ distribution on the 

plate with the SPC TBT coating and the comparison of the roughness height (k) with 

experimental data is shown in Fig. 5 and Fig. 6 respectively. 

 
 

(a) (a) 

 
 

(b) (b) 
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(c) (c) 

Fig. 5. k+ distribution on the plate coated 

with SPC TBT at (a) Re=2.8x106, (b) 

Re=4.2x106, (c) Re=5.5x106 

Fig. 6. Comparison of k with k+ at (a) 

Re=2.8x106, (b) Re=4.2x106, (c) 

Re=5.5x106 

The frictional resistance coefficients (CF) for the tanker are obtained for six different 

surface conditions over 12 knots, 15.5 knots and 18 knots ship speeds respectively.  The 

frictional resistance coefficient of the full-scale tanker model is therefore predicted as 

0.003518. Frictional resistance coefficients computed by CFD and obtained using the 

“ITTC 1957 model-ship correlation line”, at a ship speed of 15.5 knots are well matched 

with difference ~0.09%. This CFD approach can therefore be claimed to be validated 

and can be used for further investigations. The predicted CF values are reasonably reli-

able and consistent with those obtained using the similarity law scaling procedure [14]. 

The illustrative comparison of the CF values with Granville similarity are shown in 

Fig.7 and Fig.8 respectively, the error between Granville and CFD are within limits. 

  
(a) (a) 

  
(b) (b) 
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(c) (c) 

Fig. 7. Comparison of the CF values of the 

tanker for different hull fouling conditions (a). 

12 knots, (b). 15.5 knots, (c). 18 knots 

Fig. 8. Total resistance components CF 

and CR values at full scale (a). 12 knots, 

(b). 15.5 knots, (c). 18 knots 

The ship speeds 12 knots and 18 knots are compared for the increase in effective power. 

With the increase in the fouling rate, the effective power increases and hence the heavy 

calcareous fouling is more vulnerable against other cases, See Fig.9. However, the com-

parison between the ship speeds shows that, sailing ate slow speeds require more power 

in the fouled conditions, See Fig.10.   

  
Fig. 9. Effective power of the KVLCC2 due 

to different surface conditions at 12 and 18 

knots 

Fig. 10. Resistance of KVLCC2 due to dif-

ferent surface conditions at 12, 15.5 and 18 

knots 

4. CONCLUSION 

This paper discusses the CFD analysis on a flat plate and a tanker to estimate the rough-

ness effect due to different anti-fouling coatings and bio-fouling stages. The roughness 

condition estimation for the flat plate is compared with Colebrook-type roughness func-

tion. The results obtained are well matched with the experiments with an error percent-

age between 0.12% to 3.00%. The variation in the percentage difference may be due to 

implementing the same roughness parameters for all cases. The simulation with the flat 

plate is further extended to a tanker ship, where the hull is considered as a flat plate for 

evaluating the frictional component. The biofouling stages are modelled in the tanker 

hull to investigate the frictional resistance (CF) as per the Schultz roughness functions. 

The frictional resistance of the ship at various speeds are compared with the ITTC 1957 

rule. The simulation results of the frictional coefficient of the tanker is compared with 

Granville, the results shows a good agreement with the CFD and the literature. The 

effects of biofouling on the vessel’s effective power are evaluated and analyzed. For 
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deteriorated condition, the increase in effective power is not significant however, at 

heavy calcareous condition this increase is recorded almost ten times greater and affects 

severely on the vessel’s efficiency. With the latest amendments proposed by the IMO 

on ship’s energy efficiency, the significant variation in the fouling rate is alarming. The 

methodology and the validation procedure used in this current study would further as-

sist to estimate the higher fuel consumption rate and GHG emissions due to the marine 

growth on submerged hull.  
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