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Abstract

Hull roughness, attributed to factors such as corrosion, the degradation of marine coatings, and, notably,
biofouling colonisation, leads to increased fuel consumption, thus entailing significant environmental and
economic penalties. While this issue on commercial ships is well documented in recent studies, the specific
impact on the speed of warships has received limited attention. To fill this gap, this research quantifies the
resistance and power penalties, as well as the speed reduction under various fouling scenarios, and explores
the resultant changes in flow characteristics around the hull. For this purpose, full-scale simulations of a
naval ship, specifically the DTMB 5415, utilise the unsteady Reynolds Averaged Navier-Stokes (URANS)
method. A modified wall function model was incorporated into the numerical model to accurately simulate
the effects of surface roughness.
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1 Introduction

International Maritime Organization (IMO) has approved a revised initial strategy to raise the 2050 carbon
emissions reduction target in the shipping industry from 50% to 100% compared to 2008 (IMO, 2023). As
IMO’s Greenhouse Gas Strategy is adjusted upward, it is important to optimise the energy efficiency of ships.

There are several methods to enhance the energy efficiency of ships, including hull shape optimisation (e.g.
Choi, 2015; Hakim et al., 2023; Seok et al., 2019; Tran et al., 2023; Trimulyono et al., 2023), route
optimisation (e.g. Taskar and Anderson, 2020; Zis et al., 2020), keeping the hull surface free from hindrances
(e.g. Comas et al., 2021; Degiuli et al., 2023; Demirel et al., 2019; Farkas et al., 2021; Schultz, 2007) and the
use of environmentally friendly engine types and fuel (e.g. Arifin et al., 2022; Brynolf et al., 2016; Felayati
etal., 2021a, 2021b; Tuswan et al., 2023), etc. Together, these measures can collectively make a significant
contribution to energy saving and environmental impact reduction in the shipping industry.

One of the effective strategies to prevent the decrease in ship efficiency is to maintain a smooth hull surface.
The hull roughness of a ship increases over time due to various factors, such as corrosion and biofouling.
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Increased hull roughness has effects such as speed penalty at constant power and additional fuel consumption
to maintain a constant speed (Townsin, 2003). Both have negative economic and environmental impacts
through increased fuel consumption and atmospheric emissions, including greenhouse gas (GHG). IMO
emphasises the need for research on biofouling and operates research initiatives such as the Glo Fouling
Partnership, and International Towing Tank Conference (ITTC) also created a new section on biofouling in
the most recent, 29" Resistance & Propulsion Committee report (ITTC, 2021). According to a report
published by the Marine Environment Protection Committee (MEPC), one of the committees within IMO,
there is interest in biofouling, including reducing greenhouse gas emissions through biofouling management
(IMO, 2021). Accurately predicting the increase in resistance caused by biofouling is crucial to achieving
this goal.

One approach to predicting the impact of roughness on ship resistance is Granville's similarity law scaling
(1958, 1978), which has garnered widespread acceptance among researchers over the years (Schultz, 2002,
2004; Schultz and Flack, 2007; Monty et al., 2016; Pullin et al., 2017; Utama et al., 2021; Demirel et al.,
2017b,2019; Song et al., 2023). This method efficiently predicts the impact of roughness on the skin friction
of a flat plate by utilising the surface's roughness function—a premise widely regarded as logical and
corroborated by its alignment with other advanced methods. This method is quick, robust, and in good
agreement with other high-fidelity methods.

Schultz et al. (2011) studied the increase in resistance and required shaft power of battleships and found that
this could result in additional expenditures of $54 million per year. This sheds light on the significant
economic losses incurred by warships. However, the above study only confirmed the increase in resistance
and required shaft power due to increased roughness. An increase in the roughness of a battleship not only
increases fuel consumption due to increased resistance but also has a significant impact on survivability due
to a decrease in ship speed. Monty et al. (2016) predicted the drag on a fouled full-scale ship using
experimental results. To achieve this, they employed a modified method for predicting the total drag of a
spatially developing turbulent boundary layer (TBL).

However, its assumption of a flat plate limits its applicability, as it does not account for the three-dimensional
effects crucial for understanding the full spectrum of roughness impacts on the ship resistance components
that are inherently tied to the vessel's three-dimensional hull shape. Thus this method only concerns the
frictional resistance, while recent studies claim the roughness effect on other resistance components (Demirel
et al., 2017a, Song et al., 2019a). The limitations inherent in Granville's flat plate method have been
effectively addressed using Computational Fluid Dynamics (CFD). Offering a significant advantage, CFD
transcends these restrictions by enabling simulations that, when performed at full scale, are free from scale
effects. Furthermore, CFD simulations are capable of calculating local frictional velocities for each
discretised cell. This allows for the incorporation of varying roughness Reynolds numbers and their
respective roughness functions directly into the computations, providing a more nuanced and accurate
analysis of roughness effects (Demirel et al., 2017a). It has the disadvantage of being more time-consuming
compared to the similarity law scaling, whereas this drawback has been compensated by the recent advances
in the computing power and CFD techniques.

With the predictability of roughness effects via CFD, numerous researchers have employed this technology
to explore the impact of biofouling on various aspects of ship performance. This includes studies on ship
resistance (e.g., Demirel et al., 2014; Demirel et al., 2017a; Farkas et al., 2019a; Song et al., 2019b) and
propeller performance (e.g., Owen et al., 2018; Song et al., 2019a; 2020b), as well as investigations into ship
self-propulsion characteristics (e.g., Song et al., 2020a; Farkas et al., 2020).

These studies offer significant insights into employing CFD for examining the effects of roughness. However,
the bulk of research on roughness effects predominantly concentrates on merchant vessels, such as the KCS
and KVLCC2. In comparison, investigations into the impact on naval ships have been relatively limited.

To the best of the authors’ knowledge, there exists no CFD study investigating the roughness effect on naval
ships’ hydrodynamic performance. Especially from the perspective of a surface combatant, the speed penalty
can be of greater importance than the increase in fuel consumption and greenhouse gas emissions. Thus, this
study aims to address this gap by conducting CFD simulations on a benchmark ship hull of a surface
combatant: the David Taylor Model Basin (DTMB) 5415.
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The present study conducted CFD simulations under various roughness conditions. The roughness function
determined by Demirel et al. (2017a) was embedded into the wall-functions of the CFD model to represent
the surface scenario proposed by Schultz (2007). The simulations were performed with a range of speeds.
Finally, the effects of biofouling on ship resistance components and flow characteristics around the hulls
were investigated.

Methodology
2.1  Approach

Fig.1 illustrates the methodology employed in the current study. The Simcenter STAR-CCM+ (ver. 15.06)
was utilised for the CFD simulations on a full-scale naval ship (DTMB 5415). The fouling conditions
described by Schultz (2007) were applied to the simulations using the modified wall-function approach,
incorporating the roughness function model proposed by Demirel et al. (2017a). Through these full-scale
CFD simulations, the impact of different hull conditions was investigated regarding the increase in resistance
and powering, as well as the speed reductions.

Fouling scenarios of
Schultz (2007)

Modified wall-function
approach

—

;—‘

Simcenter STAR-CCM +

Resistance & Speed penalty

< Fig. 1 Diagram illustrating the flow of research >

2.2 Numerical modelling
2.2.1 Governing equation

The proposed CFD model was developed based on the Reynolds-averaged Navier-stokes (RANS) method
using a commercial CFD software package, STAR-CCM+. As in the following two equations, the averaged
continuity and momentum equations for incompressible flows may be given in tensor notation and Cartesian
coordinates (Ferziger and Peric, 2002).
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!

Pt = —puéuj = (4)

Where the p isdensity, u isthe averaged velocity vector, P is the averaged pressure, u is the dynamic
viscosity, —pu;u; is known as the Reynolds-stress tensor, S;; is a strain-rate tensor and 7;; is the
specific Reynolds stress tensor.

The computational domains were discretised and solved using a finite volume method in the CFD solver.
The second-order upwind convection scheme and a first-order temporal discretisation were employed for
the momentum equations. The entire solution procedure is based on the semi-implicit method for the
Pressure-Linked Equations (SIMPLE) type algorithm, which is composed of the continuity equation and
the momentum equation and obtains the predicted velocity field that satisfies the continuity equation
through pressure correction. The Shear Stress Transport (SST) k-w was utilised to consider the effects of
turbulence. For the simulation’s free surface, the Volume of Fluid (VOF) method was used with High-
Resolution Interface Capturing (HRIC).

2.2.2  Modified wall-function approach

This study utilised surface scenarios suggested by Schultz (2007) in Table 1, including Smooth, Typical
anti fouling (AF) coating, Heavy slime, and Small calcareous fouling conditions. Within this context, k;
denotes the equivalent sand-grain roughness height, which represents the k, of the sand-grain surface
that has the same effect as the corresponding surface and is not a value measured on the surface. The
modelling of these representative hull conditions was achieved using the roughness function proposed by
Demirel et al. (2017a), as in equation (5).

0 - k* <3
1 sin Eilog(lﬁﬁ)
AU+ = {In(0.26k*) [2 108(5) ] > 3<k*<15 e (5)
1
—In(0.26k") -  15<k*

As shown in Fig. 2, Equation (5) agrees with observations in the entire regime of k* values.
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< Fig. 2 The proposed CFD roughness function model together with the roughness functions Demirel et
al. (2017a) >

Table 1

A range of representative coating and fouling conditions Schultz (2007).

Description of condition NSTM rating ks (um) Rtsy (um)
Hydraulically smooth surface 0 0 0

Typical as applied AF coating 0 30 150
Deteriorated coating or light slime 10-20 100 300

Heavy slime 30 300 600

Small calcareous fouling or weed 40-60 1000 1000

Medium calcareous fouling 70-80 3000 3000

Heavy calcareous fouling 90-100 10000 10000

2.3 Geometry and boundary conditions

This study utilised both model and full-scale DTMB 5415. The model scale DTMB 5415 was employed to
validate against experimental data in its bare hull condition. Furthermore, the roughness effect was
investigated using the fully appended full-scale DTMB 5415. Fig. 3 illustrates the hull geometry of the vessel,
(a) is the hull in a bare hull condition without appendages, and (b) is the ship in a fully appended condition
with rudder, strut, and bilge keel attached. Table. 2 represents the principal particulars.

Table. 3 shows the simulation cases used in this study. Both model and full-scale conducted free-surface
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simulations have the free surface and hence consider the wave-making

(a)

<Fig. 3 Geometry of the benchmark ship hulls of a navy surface combatant, DTMB 5415

Table 2

(@) Bare hull, (b) Fully appended >

Principal particulars and conditions of the DTMB 5415 simulations, adapted from Olivieri et al (2001).

Main particulars Full-scale Model-scale
Scale factor, A 1 24.824
Length between the perpendiculars, Ly, (m) 142.0 5.720
Beam at the waterline, B,,; (m) 18.9 0.76
Design draught, T (m) 6.16 0.248
Wetted surface area without a rudder, S (m?) 2949.5 4.786
Displacement, V (m?) 8636.0 0.549
Block coefficient, Cg 0.506 0.506
Table 3
Simulation cases
Double-body Free-surface
Full-scale Full-scale Model-scale
Scale factor, 4 1 1 24.824
Speed range, V(m/s) 7.48-15.30 7.48-15.30 1.501-3.071
F, range 0.20-0.41 0.20-0.41 0.20-0.41
Re, range 1.06x 10°-2.18x 10° 1.06x 10°-2.18x 10° 8.55x 10°-1.75% 107

Surface condition

Smooth, Anti-fouling coating, Heavy slime, Small calcareous fouling
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(a) Double-body simulation (a) Free-surface simulation

< Fig. 4 Computation domain and boundary condition of DTMB 5415 simulation >

Fig. 4 illustrates the computational domain and boundary condition of the double-body and free-surface
simulations. Computational domain is a block with a length of 5L, a width of 2L and a height of 4L.
The velocity inlet boundary condition was imposed at the computational domain's upstream (positive x-
direction), top, and bottom walls. The side boundaries (the two opposite faces at the y-direction of the
domain) were set as symmetry conditions, and the downstream (negative x-direction) was modelled as
a pressure outlet condition. In the double-body simulations, the Z=0 plane is replaced with a symmetry
plane, eliminating the free surface. It's important to note that all simulations were conducted under fixed
conditions, meaning no sinkage or trim motions were allowed.

2.4 Mesh generation

Mesh generation was carried out utilising the STAR-CCM+ built-in automatic meshing facilities. Trimmed
cell meshes were employed to create high-quality, flow-aligned hexahedral cells. Moreover, local
refinements were applied to enhance the mesh quality in critical regions, including the area surrounding the
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hull and the Kelvin wake region.

In this study, target y* values were set to 80 for the model and 500 for the full scale. To achieve these y*
values, the prism layer meshes were used for near-wall refinement, and the thickness of the first layer cell
on the surface adjusted accordingly (Kim et al., 2023b; Song et al., 2024b). Fig. 5 shows the volume meshes
of the domain.

< Fig. 5 Mesh generation of the computation domain of DTMB 5415 >

3 Results
3.1 Verification and validation study
3.1.1 Verification study

A verification study was performed to ensure that the proper grid spacing, and time step were selected.
Discretisation error estimation was performed using the Grid Convergence Index method (Celik et al, 2008).
Tables. 4 and 5 show the results of the spatial and temporal convergence study of DTMB 5415 simulation.
The spatial and temporal uncertainties were calculated based on the fine mesh and fine time step for each
case. For accurate results, the fine mesh and fine time step were used in this study.

Table 4

Spatial and temporal convergence study of the Model-scale DTMB 5415 simulations. key variable: Cr

Model-scale (1 = 24.824)

(?gr?:/l:rlgence No. Cells Cr
Coarse 622,365 6.513E-03
Medium 1,206,746 6.584E-03
Fine 2,486,593 6.597E-03
Ugriq(Fine) 0.0392%
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Temporal Time step Cr
convergence
Coarse 0.02 6.527E-03
Medium 0.01 6.590E-03
Fine 0.005 6.597E-03
Up¢(Fine) 0.0146%
Table 5

Spatial and temporal convergence study of the Full-scale DTMB 5415 simulations. key variable: Cr

Full-scale (A = 1)

S(I))r?:/i:rlgence No. Cells Cr
Coarse 862,973 5.786E-03
Medium 1,682,139 5.548E-03
Fine 3,256,735 5.503E-03
Ugyia(Fine) 0.2515%
commsence Time step Cr
Coarse 0.16 5.466E-03
Medium 0.08 5.495E-03
Fine 0.04 5.503E-03
Uy, (Fine) 0.2315%

3.1.2 Validation study

The validation study was conducted by comparing C; value from the model-scale CFD simulation with the
model test of Olivieri et al (2001) and CFD simulation results of Yaakob et al., (2015) and Firdhaus et al., (2021).
The C; value of DTMB 5415 simulations and model test of Olivieri et al (2001) were shown in Fig. 6. The
simulation results, as depicted in Fig. 6, exhibited remarkable consistency with the experimental data.
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< Fig. 6 Comparison graph of CFD simulation and model experiment results >

3.2 Roughness effects on resistance component
3.2.1 Total resistance coefficient, Cr

To explore the impact of roughness on total resistance, Cr, simulations were conducted on the DTMB 5415.
Fig. 7 illustrates the C; value with and without the presence of hull fouling. It is evident from the Fig. 7
that hull fouling leads to a notable increase in Cy; values. The figure demonstrates that accounting for the
effect of hull roughness with typical anti fouling (AF) coating leads to the marked difference in the C; value,
with an increase of 4.7% at the operation speed (30 knots). Additionally, the percentage increase in the total
resistance, i.e. %Cr, for the Heavy slime and Small calcareous fouling surface conditions at the operation
speed is 15.4% and 23.7% respectively. The data indicate a more pronounced increase in the ship’s total
resistance at lower speeds compared to higher speeds. This trend can likely be attributed to the increasing
dominance of frictional resistance as a component of total resistance at reduced speeds. Surface roughness
is understood to predominantly affect frictional resistance rather than other types of resistance. The impact
of surface roughness on frictional resistance will be examined in greater detail in the subsequent section.
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< Fig. 7 Total resistance coefficient, Cy, of DTMB 5415 with different hull conditions at full-scale >

3.2.2 Frictional and Residual resistance coefficient, Cr and Cg

The total resistance coefficients, Cj, were disaggregated into the frictional resistance coefficients, Cr, and
the residuary resistance coefficients, Cg, by dividing the total drag acting on the ship into the shear and
pressure force components. Fig. 8 and 9 depict the frictional resistance, Cp and residuary resistance
coefficients, Cg, obtained from the simulations. These values were directly derived from the full-scale
DTMB 5415 simulation, considering shear (i.e. friction) and pressure (i.e. residuary) force components.

As shown in the Fig. 8, Cr values of the full-scale DTMB 5415 in smooth and fouled hull conditions
(Typical anti fouling (AF) coating, Heavy slime, and Small calcareous fouling) experienced significant
increases due to hull fouling. The predicted increase in the Cr values of DTMB 5415 at operation speed
was predicted to be up to 85.7% under the most severe fouled conditions (Small calcareous fouling).
Additionally, as depicted in Fig. 8, increases in frictional resistance diminish as speed increases and
eventually transition into decreases at higher speeds. As shown in Fig. 10, the roughness function of Demirel
et al. (2017a) used in this study reaches the fully rough regime when k* > 15. However, Fig. 8 indicates
that this is not the case. This discrepancy arises because the resistance coefficient was calculated using the
same wetted surface area (WSA) for each ship speed. Fig. 11 reveals that the WSA near bow, where the local
skin friction is higher than other regions, increases at high speed. Therefore, although the fully rough regime
was reached in all cases, it can be inferred that this result is due to the variation in WSA. Conversely, Fig. 9,
shows that the increase in Cr values of DTMB 5415 exhibited relatively small increases and eventually
transition into decreases at higher speeds. These trends, along with the increasing dominance of C; and Cy
for the DTMB 5415 case, can be correlated with the decreasing %AC; values of DTMB 5415 as the speed
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increases, as shown in Fig. 7. The results represented in Demirel et al., (2017a), the %ACg is from 10.9%
to 76.9% for KCS. It is of note that the overall trends of Cr and Cgr for DTMB 5415, tend to resemble
those of a container ship (i.e. KCS) rather than a tanker (i.e. KVLCC2), as investigated by Demirel et al.,
(2017a) and Song et al. (2020c). In order to understand the rationale of the changing trends of the roughness
effect on Cy, the residuary values were further decomposed into the wave-making resistance, Cy,, and the
viscous pressure resistance, Cyp and discussed in the following section.

Ce
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- 9 55.4%
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< Fig. 8 Frictional resistance coefficient, Cr, of DTMB 5415 with different hull conditions at full-scale >
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< Fig. 9 Residuary resistance coefficient, Cg, of DTMB 5415 with different hull conditions at full-scale >
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< Fig. 10 Roughness function model of Demirel et al., 2017a >
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<Fig. 11 k™ on the hulls of DTMB 5415 with small calcareous fouling condition >

3.2.3 Wave-making and Viscous pressure resistance coefficient, Cy, and Cyp

The residual resistance coefficient, Cg, can decomposed into wave-making resistance coefficient, Cy,
and viscous pressure resistance coefficient, Cyp. For the calculation of Cy, and Cyp, the double-
body simulations were performed. In the double-body simulation, the free surface is replaced with the
double-body flow, representing the flow with a flat-water surface (Larsson and Raven, 2010). As a
result, the free-surface effect is neglected so that total resistance, Cr, is equal to viscous resistance,
Cy.

Fig. 12 illustrates the Cy, and Cyp values for the full-scale DTMB 5415 under smooth and fouled
conditions (AF coating, heavy slime, and small calcareous fouling). For Cyp, the DTMB 5415 shows
percentage increases due to hull fouling, with %ACy,p values of 3.59%, 12.4%, and 19.0% for AF
coating, heavy slime, and small calcareous fouling surface conditions, respectively, at the operational
speed. For the DTMB 5415, Cy, values significantly contribute to Cr and increase sharply with
speed, eventually becoming dominant over Cyp. The overall trend is similar to KCS, but there are
differences in increase/decrease rate. These differences can be attributed to various factors, (i.e. block
coefficient, appendages, higher F,). However, the increase in the dominance of Cy, remains the
same. Consequently, for the fouled DTMB 5415, the decreases in Cy, counteract the increases in
Cyp, eventually leading to a decrease in Cy at higher speeds.

14
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< Fig. 12 Wave-making and Viscous pressure resistance coefficient, C,, and Cyp, of DTMB 5415 with
different hull conditions at full-scale >

3.3 Speed penalty

For merchant ships, increased fuel consumption due to increased ship resistance is a major concern. However,
in the case of warships, not only the increase in fuel consumption but also the speed reduction is an important
factor to consider. For this purpose, the speed penalty at the operation speed was analysed, and in the
calculation, the speed penalty was calculated based on the typical anti fouling (AF) coating conditions, not
the smooth condition, to represent the ship speed reduction due to surface contamination during operation.
Fig. 13 illustrates the increase in the P; of the DTMB 5415 due to a biofouling. The increased in Py
because of biofouling can be expressed by

CT,rough - CT,AF coating

%APg = c x 100 - (6)
T,rough

Similar to that used by Tezdogan et al., (2015) and Demirel et al., (2017b).

To estimate the speed penalty due to the biofouling, an effective power curve is generated for each speed,
and the reduced speed is determined for the constant P; value of the AF coating. This is similar to the
method used by Farkas et al., (2020a).

As can be seen in Fig. 13, the effective power continuously increased with increasing fouling rate. The results
presented in Fig. 13 indicate that the increase in the Py of DTMB 5415 due to Heavy slime and Small
calcareous fouling at operation speed was predicted to be 10.4% and 16.6% respectively. Fig. 14 shows the
decrease in speed due to increased resistance compared to the typical anti-fouling (AF) coating, there was a
decrease in ship speed of 4.33% for heavy slime and 6.67% for Small calcareous fouling. This can act as a
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major flaw in the warship’s speed performance.
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< Fig. 13 Estimation of the percentage increase in the effective power due to different surface conditions >
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< Fig. 14 Speed penalty of DTMB 5415 (baseline: AF coating condition) >
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3.4 Roughness effects on the hydrodynamic characteristics

3.4.1 Turbulent kinetic energy

Fig. 15 displays the contours of turbulent kinetic energy for DTMB 5415 under smooth and small calcareous
fouling conditions. It is evident from Fig. 15 that turbulent kinetic energy rises with increased surface
roughness, attributed to the presence of biofouling attachment. This increase in turbulence subsequently
results in an elevation of local skin friction coefficient, as illustrated in Fig. 16 (Farkas et al., 2020a).

Turbulent Kinetic Energy (J/kg)
0.0000 0.40000 0.80000 1.2000 1.6000 2.0000

< Fig. 15 Turbulent kinetic energy of the DTMB 5415 for smooth and Small calcareous fouling

(Fn = 0.41,30knots) >

Smooth

Small calcareous

Local Skin Friction Coefficient
0.0000 0.002000 0.004000 0.006000 0.008000 0.01000

< Fig. 16 Distribution of Local skin friction coefficient, C; for smooth and Small calcareous fouling conditions
(Fn = 0.41,30knots) >

3.4.2 Velocity field

Fig. 17 presents the axial velocity contours around the stern of the DTMB 5415 under smooth surface
conditions and the most severe fouling conditions (Small calcareous fouling) at the operational speed (30
knots). The mean axial velocity was normalised by dividing the local velocity by the ship’s advance speed
(Vx/Vsnip), and the contours were captured on the y = 0 plane. As depicted in the figure, the roughness
effect induces significant alterations in the velocity field around the hulls. Surface roughness causes a
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deceleration of the flow velocity around the ship’s stern, consequently expanding the wake field. This
phenomenon is further highlighted in Fig. 18, which provides a comparison of axial velocity behind the hull
in the propeller plane (x = 0.9346Lpp). This observation is consistent with the findings of recent studies
(Farkas et al., 2020a; Song et al., 2019a).

Smooth

Vx/Vs

0.0000 022500 045000 0.67500 0.90000

<Fig. 17 Axial velocity (Vy/Vsp;p) around the stern in full-scale DTMB 5415 (Fn = 0.41, 30knots) >

Vx/Vs
0.0000 0.18000 0.36000 0.54000 0.72000 0.90000

< Fig. 18 Axial velocity (V;/Vp;p,) at propeller plane in full-scale DTMB 5415 (Fn = 0.41, 30knots) >

3.4.3 Boundary layer thickness

Another notable feature of the fouling effect, as depicted in Fig. 19, is the augmentation in the boundary
layer thickness, particularly noticeable on the hull bottom and the aft end region. Fig. 19 illustrates that the
wake contours are influenced by surface roughness. In the rough case (small calcareous fouling), the wake
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velocities are reduced, leading to an enlargement of the wake region due to surface roughness (Song et al.,
2020c; Farkas et al., 2020b). The decelerated flow surrounding the hull bears implications for the ship’s
propulsion efficiency, as it influences the wake fraction encountered at the propeller section.

0.72000 0.90000

<Fig. 19 Boundary layer representation around the hull (V; /V;,=0.9) (Fn = 0.41, 30knots) >

3.4.4 Nominal wake

Fig. 20 represented the mean wake fraction, w,, of the DTMB 5415 with the smooth and rough cases. The
wake fraction is defined as follows.

w, =1- Vx/Vship = (7)

The mean nominal wake fraction, w,,, was calculated by integrating the local wake fraction, wy, over the
propeller disk region. In Fig 20, the inner circle represents the hub diameter while the outer circle
corresponds to the propeller diameter. The increase in mean nominal wake fraction due to the biofouling can
be up to 82% at operation speed. This observation aligns with the findings of recent studies (Farkas et al.,
2019b; Song et al., 2019b). However, there is a variation in values, according to a previous study the
increment of the nominal wake for KCS and KVLCC2 were 45% and 43% respectively (Song et al., 2020c).
This is likely attributed to the difference in hull form (i.e., open skeg). Based on this finding, it might be
anticipated that the rise in wake fraction could offset the adverse impact of hull fouling on the ship's
resistance by enhancing hull efficiency. However, the slowed inflow at the propeller section also impacts
propeller efficiency by changing the propeller advance coefficient. Therefore, to validate the impact of
roughness on ship propulsion performance, further investigation is warranted through CFD simulations
under self-propulsion conditions.
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Smooth Local Wake Fraction Small calcareous

0.0000 0.07000 0.14000 0.21000 0.28000 0.35000

<Fig. 20 The mean wake fraction, wy,,, at the propeller plane of DTMB 5415 (Fn = 0.41, 30knots) >

Conclusion

With the aim of quantifying the resistance and speed penalty on a naval ship due to biofouling, we performed
a URANS analysis with the benchmark ship hulls of a surface combatant, DTMB 5415.

To confirm the roughness effect in the resistance components of the ship and the decrease in ship speed
according to the degree of roughness, four of the representative hull conditions presented by Schultz (2007)
were used. To model the representative hull conditions, the roughness function model obtained by Demirel
et al. (2017a) was adopted and embedded into the wall-function of the CFD model so that the surface
boundary condition of the hull can represent the effect of biofouling.

Spatial and temporal convergence studies were conducted using the Grid Convergence Index (GCI) method
to estimate the numerical uncertainties of the proposed CFD models and to determine appropriate grid
spacings and time steps.

For the validation of the simulation, model-scale DTMB 5415 with bare hull condition simulation was
conducted. The results obtained from the simulations showed good agreement with the experimental results
of Olivieri et al. (2001) and CFD simulation results of Yaakob et al., (2015) and Firdhaus et al., (2021).

The ship resistance was decomposed into its components by using two different types of computational
domains: double-body and free-surface. The results showed that the hull fouling causes significant increases
in frictional resistance at varying speeds. For example, at operation speed, the increase in frictional resistance
due to Small calcareous fouling condition was approximately 85.7% compared to smooth condition.
Furthermore, the speed penalties were estimated to be 4.33% for heavy slime and 6.67% for small calcareous
fouling, compared to typical anti-fouling coated conditions.

The effect of surface roughness on velocity distribution around the hull has been explored. It was observed
that the surface roughness increases the boundary layer thickness and enlarges the wake region. Especially
due to the increase in wake region in the stern of the ship, it was found that up to an 82% increase in nominal
wake fraction can occur, which is likely to affect the propulsion performance of the ship.

The significant contribution of this study lies in broadening the scope of biofouling research to encompass
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warships. However, the research has limitations that are not addressed in the current work. Specifically, in
this simulation, the surfaces of the hull are assumed to be uniformly rough. In reality, the surfaces of actual
ships are not uniform owing to the uneven accumulation of biofouling. This discrepancy can result in
inaccurate predictions of resistance, suggesting a need for heterogeneous modelling of the hull surface, as
indicated by Song et al. (2021) and Ravenna et al. (2022). Additionally, there is potential for extending the
technology for modelling roughness effects to include ship manoeuvring characteristics, as highlighted by
recent CFD studies by Kim et al. (2023a) and Song et al. (2024a). Consequently, future studies could focus
the impact of hull roughness on the manoeuvring performance of warships.
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