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Marine fouling, such as heavy slime, is the result of algae and other invertebrates 
settling and growing on the surfaces of planning hulls that are immersed in water. This 
may result in a range of serious and costly economic problems. The amount of 
resistance that planning hulls encounter when operating in maritime settings is an 
important aspect that considerably impacts the performance, energy efficiency, and 
operational expenses associated with these hulls. Because of this, the focus of this 
investigation will be on high-speed planning craft ships. In recent years, there has been 
a rise in the number of instances in which this sort of ship has been used for military, 
commercial, and recreational purposes. With the use of CFD analysis, the purpose of 
this study is to conduct an exhaustive investigation into the effect that the surface 
roughness of heavy slime has on the resistance of planing hulls. The results will be 
compared to a reference scenario, including a hydrodynamically smooth hull, to 
determine how much heavy slime affects resistance. According to the findings of this 
research project, the presence of heavy slime on the surface of a high-speed planing 
ship had a significant impact on the performance of the ship, particularly on the friction 
resistance, which saw an increase of up to 65% as a consequence of the presence of 
the slime. The results of this study will have substantial repercussions for ship 
designers, naval architects, and operators. The findings will provide them with useful 
information that will allow them to improve hull designs and devise effective tactics 
for fouling management. 
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1. Introduction 
 

The usage of high-speed planing boats for military, commercial, and recreational purposes has 
risen in recent years [1]. Typical operating speeds have increased due to the development of 
lightweight engines and propulsion systems. Material and structural research has resulted in the 
construction of stronger hulls, which are often the limiting factor for the operation of people aboard 
high-speed planning vessels [2]. Increased fuel consumption, which is dangerous for the environment 
and unfavorable for business, is a downside of these advancements. Carbon-based fuel is presently 
the sole viable option for ship propulsion, however alternatives such as wind and solar power are 
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being developed [3]. As a result, reducing fuel usage is critical for ship industries. As a result, ship 
industries have endeavoured to discover the optimal hull design, operation and maintenance 
procedures in order to either reduce operational costs or raise the company's profit [4-11]. 

Marine fouling, such as heavy slime, is caused by the settling and development of algae and 
invertebrates on the surfaces of submerged items, and it may cause a variety of significant and 
expensive economic difficulties [7,12,13]. One of the most well-known impacts of fouling is the 
reduction in the efficiency with which ships travel. Fouling may significantly enhance the roughness 
of a ship's underwater sections. This causes a significant increase in frictional resistance to movement 
through the water, resulting in a significant loss of speed or increased fuel expenditure to maintain 
the regular operating speed [14]. The resistance experienced by planing hulls during their operation 
in marine environments is a critical factor that significantly affects their performance, energy 
efficiency, and operational costs [15,16]. Assessing marine fouling and its impact on planing hull 
resistance requires a detailed understanding of the complex fluid dynamics involved. 

Academic and industrial communities have recently shown a heightened focus on the effect of 
marine fouling on hull performance in terms of ship resistance and propulsion. The desire to improve 
fuel economy is driving changes to ship hull design, positively affecting both the bottom line and the 
environment. The work focuses on four main areas to measure, understand, and predict: 
hydrodynamic forces in calm water and waves [17-19]. investigation on the roughness effect on ship 
resistance using Computational Fluid Dynamics (CFD) [20-23]. De Luca et al., [24] presented the 
findings of a thorough Verification and Validation campaign of resistance test simulations in still 
water employing Naples Systematic Series warped planing hulls. The research shows simulation 
uncertainty and comparison errors for various speeds and hull forms. This research used Star-CCM+ 
for all simulations. Song et al., [25] and Haase et al., [26] demonstrated that the CFD method might 
be used to accurately anticipate the impact of sand particle roughness on the frictional resistance of 
flat plates and the resistance of catamarans. 

This research intends to completely examine the impact of heavy slime surface roughness on 
planing hull resistance using CFD analysis. The research will apply state-of-the-art CFD methods to 
predict the flow around a planing hull with heavy slime surface roughness to do this [21,27]. In the 
study of ship hydrodynamics, potential and viscous flow models are widely used to simulate and 
investigate the flow patterns around ships. Potential flow programs using the boundary element 
approach are utilized to explore free surface wave production [28,29]. Potential flow programs used 
the Rankine source approach to study ship hull-wave interactions or simulate wave resistance [30]. 
Viscous flow programs may mimic free surface difficulties like wave-making resistance. These codes 
use two main methods for free surface computations: the interface-tracking technique (e.g., a 
moving mesh) and the interface-capturing method (VoF) [31,32]. To simulate planning vessel 
operations, the numerical simulations will evaluate various velocities, angles of attack, and trim 
angles. The parametric analysis will explore how heavy slime heaviness affects planing hull resistance. 
The data will be compared to a hydrodynamically smooth hull reference scenario to determine how 
much heavy slime increases resistance. The project will also examine heavy slime surface roughness 
fluid dynamics. The research analyzes flow topologies and pressure distributions to understand how 
heavy slime influences planing hull resistance. This information will help us understand the physics 
and devise techniques to limit heavy slime's impact on the planning hull. 

The findings of this research will have significant implications for ship designers, naval architects, 
and operators, providing them with valuable information to optimize hull designs and develop 
effective fouling control strategies. By quantifying the impact of heavy slime surface roughness on 
planing hull resistance, this study aims to contribute to enhanced performance, improved energy 
efficiency, and reduced operational costs in the maritime industry. 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 110, Issue 2 (2023) 124-137 

126 
 

2. Methodology 
2.1 Free-Surface Flow Solver 
 

This work uses CFD simulations with experimental and numerical data from prior studies to 
validate the research technique. The Planing Hull Model C seen in Figure 1 is characteristic of fast 
patrol boats and racing yachts [2]. The transom deadrise angle of this model is 22.5 degrees, and the 
L/B ratio is 4.3. Table 1 provides the primary dimensions of the specified model C. 
 

Table 1 
Principal dimension of the Planing Hull Model C [2] 
Principal Dimension Full Scale 

LPP (m) 2.0 
B (m) 0.46 
T (m) 0.09 
∆ (N) 243.40 
𝛽 (°) 22.5 
L/B 4.35 

 
The ISIS-CFD flow solver for EMN (Equipe Modélisation Numérique) uses the RANSE 

(incompressible unsteady Reynolds-averaged Navier Stokes equations). Using the finite volume 
method, the solver discretizes transport equations spatially. The face-based method is used to 
unstructured two-dimensional, three-dimensional, or rotationally symmetric meshes with non-
overlapping control volumes constrained by any number of constitutive faces. For incompressible 
multi-phase viscous fluid flow in isothermal conditions, Eq. (1) to Eq. (3) provide mass, momentum, 
and volume fraction conservation equations: 
 
𝜕

𝜕𝑡
∫ 𝜌 𝑑𝑉 + ∫ 𝜌(𝐔 − 𝐔𝑑).

𝑆
𝐧 𝑑𝑆 = 0

𝑣
          (1) 

 
𝜕

𝜕𝑡
∫ 𝜌 𝑈𝑖𝑑𝑉 + ∫ 𝜌𝑈𝑖(𝐔 − 𝐔𝒅).

𝑆
𝒏 𝑑𝑆 = ∫ (𝜏𝑖𝑗𝐼𝑗 − 𝑝𝐼𝑖).

𝑆
𝐧 𝑑𝑆 + ∫ 𝜌𝑔𝑖𝑆

𝑑𝑉
𝑣

     (2) 

 
𝜕

𝜕𝑡
∫ 𝑐𝑖 𝑑𝑉 + ∫ 𝑐𝑖(𝐔 − 𝐔𝑑).

𝑆
𝐧 𝑑𝑆 = 0

𝑣
          (3) 

 
In Eq. (1) to Eq. (3), 𝑉 is a control volume bordered by a closed surface 𝑆 moving at 𝐔𝑑 With a 

unit normal vector n pointing outward. 𝐔 and 𝜌 are velocity and pressure fields. 𝐼𝑗 is a vector whose 

components disappear except for the 𝑗 component, which is unity. The viscous stress tensor and 
gravity vector are 𝐼𝑗 and 𝑔𝑖, respectively. 𝑐𝑖 is the 𝑖-th volume fraction for fluid 𝑖 and indicates its 

existence or absence. 
The SST (shear-stress transport) model, developed by Menter [33-36], contains several 

advantageous features from earlier two-equation models. This model mixes model coefficients 
zonally and restricts eddy viscosity growth in fast strained flows. Zonal modeling makes use of the 
Wilcox's model close to solid walls and a formulation of the standard model at boundary layer edges 
and free-shear layers. By limiting turbulent shear stress to a constant multiple of the turbulent kinetic 
energy inside boundary layers (a realizability restriction), shear stress transport modeling impacts 
eddy viscosity. With this modification, flow prediction with significant unfavorable pressure gradients 
and separation is improved. The transport equations for the SST k-ω model are as follows: 
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𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗

(Γ𝑘
𝜕𝑘

𝜕𝑥𝑗

) + 𝐺𝑘 − 𝑌𝑘         (4) 

 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖) =
𝜕

𝜕𝑥𝑗

(Γ𝜔
𝜕𝜔

𝜕𝑥𝑗

) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔        (5) 

 
𝐺𝑘 generates turbulent kinetic energy owing to mean velocity gradients in Eq. (4) and Eq. (5), 

whereas 𝐺𝜔 Reflects the production of 𝜔. Turbulence causes 𝑘 and 𝜔 to dissipate, which are 
represented by 𝑌𝑘 and 𝑌𝜔, respectively. In addition, 𝐷𝜔 stands for the cross-diffusion term, whereas 
Γ𝑘 and Γ𝜔 Denote the effective diffusivity of 𝑘 and 𝜔, respectively. The beginning and magnitude of 
flow separation may be accurately predicted using this turbulence model [37]. 

The influence of wall roughness is considered in the current implementation by employing the 
equivalent sand particle roughness. 𝐻𝑟 In the turbulence model. Computation is always done on a 
smooth wall. Dirling's correlation, which ties sand grain roughness to mean roughness height 𝐻𝑟, is 
used to calculate the equivalent sand grain roughness 𝐻𝑟. 
 

𝐻𝑟 = 𝑎ℎ            𝑎 = {
0.0164 Λ3.780; Λ < 4.93

139.0 Λ−1.90; Λ > 4.93
         (5) 

 

Λ =
L

ℎ
(

𝐴𝑆

𝐴𝑃
)4/3              (6) 

 
In Eq. (5) and Eq. (6), 𝐻𝑟 represents the average roughness height. When there are 𝑁 roughness 

elements spread throughout an area 𝑆, the average distance between them is denoted by L = √𝑆/𝑁. 

Surface roughness, represented by 𝐴𝑃, is a surface normal to the flow direction that is projected onto 
a plane. This study represents marine fouling using heavy slime conditions based on Schultz [38] with 
detailed properties in Table 2 below 
 

Table 2 
Value of equivalent sand roughness height (𝐾𝑠) and coating 
roughness (𝑅𝑡50

) of heavy slime [38] 
Description of condition Heavy slime 

NSTM rating (NSTM 2002) 30 
𝐾𝑠 (𝜇𝑚)  300 
𝑅𝑡50

 (𝜇𝑚)  600 

 
2.2 Modeling, Meshing, and Boundary Conditions in Geometry 
 

Figure 1 and Figure 2 depict a 3-D CAD model of the designated model C hull form and mesh of 
the computational domain incorporating the designated model C. The geometry was generated using 
the FINETM/Marine modules C-Wizard and HEXPRESS, the NUMECA grid generator [39]. The C-
Wizard plugin guides users through mesh and solver parameter configuration. The domain is 
constructed by designating a frame around the ship, and the length of the ship determines the extent 
of the computational domain. Due to the ship's symmetry, only half of it was simulated. 
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Fig. 1. A 3-D CAD model of the designated model C hull form 

 
As can be seen in Figure 2, the computational domain has the following boundary conditions [40]. 

The inlet was positioned 1 L upstream of the model. The outlet was positioned 3.0 L aft, near the 
back of the model. The sidewall was located at a distance of 1.5 L from the waterline. Inlet, outlet, 
and sidewall boundary conditions were all set to the same free stream far-field velocity. Boundary 
conditions were established as a prescribed pressure, and the bottom and top walls were situated 
1.50 L below and 1.0 L above the model, respectively. A wall function was used as the no-slip 
boundary condition on the ship's hull. The simulations also fixed the heave and pitch movements. 
Per-patch roughness with varying roughness values has been applied to each wall-function patch. 
The heavy slime texture option with sand particle height definition characterizes the hull's surface 
below the waterline. In contrast, the deck's surface is hydrodynamically smooth, as shown in Figure 
2(b). 
 

 

 
 

(a) (b) 

Fig. 2. (a) Computational domain with the simulation model and (b) boundary conditions on the surface 
of the simulation model 
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2.3 Grid Independence 
 

Numerical experiments were conducted to ascertain the optimal grid size (number of cells) and 
to probe the convergence of the numerical solution to meet the grid-independence criteria [41]. In 
these simulations, the overall ship resistance (RT) was determined by raising the simulation's cell 
amount. Two further simulations resulted in a number of cells around 1.5-2 times larger than the 
original population. The time required to complete each simulation was compared to one another, 
and the resulting discrepancy was expressed as a percentage inaccuracy. 

Table 3 and Figure 3 show a consistently decreasing trend in RT as a function of simulation cell 
count, with the trend reaching an asymptotic value as the cell count approaches infinity. With a 
percent error of 0.02%, 2091569 cells (run number 6) are regarded as the optimal amount of cells, 
much below the 2% indicated in Hughes [42]. 
 

Table 3 
Total ship resistance (RT) is determined by increasing the simulation's cell count 
Simulation Cells Amount  RT (N) Percentage error [%] 

1 0.16 x 106  35.30  
2 0.28 x 106 34.45 -2.41% 
3 0.54 x 106 33.84 -1.75% 
4 1.01 x 106 33.60 -0.73% 
5 1.55 x 106 33.59 -0.02% 
6 2.09 x 106 33.60 0.02% 

 

 
Fig. 3. Total ship resistance RT as a function number of cells used 
in the simulation 

 
3. Results 
3.1 Validation Study 
 

To begin, the hydrodynamically smooth and heavy slime planning hull model C is fully analyzed 
at the total speed range to obtain the total resistance coefficient of the ship, where the simulation 
results in the total resistance of the ship 𝑅𝑇, which can be converted into the coefficient of the total 
resistance of the ship, or 𝐶𝑇, using a formula based on ITTC [43]. As shown in the formula below, 𝑆 is 

0.0 5.0x105 1.0x106 1.5x106 2.0x106

33.5

34.0

34.5

35.0

35.5

R
T

 (
N

)

Cells

 RT
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the ship's hydrostatic wetted surface area, 𝜌 is the water density under simulation conditions, and 𝑈 
represents the ship's speed. 
 

𝐶𝑇 =
𝑅𝑇

1

2
𝜌𝑆𝑈2

              (5) 

 
Table 4 and Figure 4 compare the numerical simulation results to the experimental data from 

Taunton et al., [2], where only one process validation parameter, total resistance, was examined. 
Other parameters, including dynamic trim and dynamic sinkage, will be covered in the following 
section. Comparison of CFD and EFD results reveals that the errors are substantial at both ends of 
the speed spectrum. The minimum error occurs when errors are significant at both ends of the speed 
spectrum. The greatest error occurs at midship velocities, whereas the high-speed range has a 
greater error rate and is inconsistent. 

Nevertheless, more research is needed to understand the discrepancies seen at greater speeds. 
It's possible that the inconsistency in the numerical model between cell size and ship speed causes 
the mistakes to become more pronounced at greater speeds, as is often the case with numerical 
simulations. When applied to ship resistance, the following study's criteria show that the resistance 
prediction is within a respectable level, with an average absolute error value of not more than 5%, 
which is more than acceptable for resistance simulations. 
 

Table 4 
Percentage comparison error between experimental and CFD for ship 
resistance coefficient 
Fr Experiment [2] CFD Percentage error 

0.91 6.39 x 10-3 6.25 x 10-3 -3.11% 
1.41 5.43 x 10-3 5.24 x 10-3 -5.68% 
1.84 4.68 x 10-3 4.49 x 10-3 -7.53% 
2.28 4.29 x 10-3 4.08 x 10-3 -7.44% 
2.72 4.27 x 10-3 4.00 x 10-3 -5.43% 

 

 
Fig. 4. Coefficient of total ship resistance CT as a function number 
of cells used in the simulation 
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3.2 Pitch and Heave 
 

The induced resistance is proportionate to the pressure created by the hull, which determines 
how the trim of the vessel is adjusted. The comparison of the trim at different Froude numbers is 
seen in the Table 5 and Figure 5. The overall trim in the model C planing hull follows the same pattern, 
although the value obtained from the experiment is higher than predicted by the CFD calculations. 
The range of trim angles is between 0.965° and 2.807°. The greatest trim angle discovered for CFD 
on heavy slime surface conditions and Fr 0.91 is 2.420°, whereas the maximum trim angle discovered 
from experimental data at the same Fr is 2.807°. The application of heavy slime to the surface of the 
ship leads to an increase in the trim value in comparison to hydrodynamically smooth, particularly at 
Fr < 1 around 14%, and declines with increasing craft speed, except at relatively low speed, which is 
following the findings of Ghassemi and Ghiasi [44]. 
 

Table 5 
Comparison of trim values between EFC and CFD of hydrodynamically smooth and heavy 
slime surface 
Fr Trim (deg) CFD-EFD 

percentage 
difference 
(%) 

Hydrodynamically 
smooth and heavy 
slime percentage 
difference (%) 

EFD CFD 

Hydrodynamically 
Smooth 

Heavy 
slime 

0.91 2.807 2.120 2.420 -24.47 14.15 
1.41 2.681 2.642 2.848 -1.43 7.77 
1.84 2.002 2.033 2.135 1.55 5.04 
2.28 1.746 1.384 1.437 -20.72 3.83 
2.72 1.739 0.965 0.996 -44.52 3.25 

 

 
Fig. 5. Pitch (deg) as a function of ship speed (Fr) 

 
The vertical oscillations experienced by a planing ship are referred to as the heave motion. This 

motion is caused by the ship's ability to skim over the water's surface. The dynamic sinkage, as 
measured by the heave of the planing hull mode C, is compared in Table 6 and Figure 6 between CFD-
EFD, hydrodynamically smooth surfaces, and heavy slime surfaces at five different speeds. There is 
less than a 5% margin of error between the two sets of findings, yet the dynamic sinkage values from 
CFD and EFD show the same pattern with rises in speed. For a Fr of 0.91, the surface of heavy slime 
has a heave value of 0.076 meters, which is 19% more than the smooth surface. However, for Fr 
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greater than 2, adding heave value is only around 5%. On the surface of heavy slime, there is a 
tendency toward a situation where the rise in heave value progressively declines with increasing 
speed. This phenomenon is referred to as the "heave value trend." In the case of a heavy slime 
surface condition, the presence of irregularities on the hull surface introduces additional 
hydrodynamic forces. This results in increased vertical accelerations and a less predictable heave 
motion pattern, which causes the value of heave motion to be greater than it would be with a 
hydrodynamically smooth surface. 
 

Table 6 
Comparison of heave values between EFC and CFD of hydrodynamically smooth 
and heavy slime surface 
Fr Heave (m) CFD-EFD 

percentage 
difference 
(%) 

Hydrodynamically 
smooth and heavy 
slime percentage 
difference (%) 

EFD CFD 

Hydrodynamically 
Smooth 

heavy 
slime 

0.91 0.021 0.023 0.025 4.96 17.78 
1.41 0.042 0.043 0.046 2.44% 10.68 
1.84 0.051 0.052 0.054 1.55 6.69 
2.28 0.053 0.053 0.055 1.40 4.84 
2.72 0.051 0.052 0.053 1.17 3.73 

 

 
Fig. 6. Heave (m) as a function of ship speed (Fr) 

 
3.3 Frictional Resistance 
 

The frictional resistance of the planing hull type C is illustrated in Table 7 and Figure 7, and it can 
be derived over a range of 5 different speeds and two separate surface conditions. These tables may 
be found below. Due to the fact that the values of the frictional resistance obtained via 
experimentation are not yet available, the table for the frictional drag calculation only includes the 
results from the CFD simulations. 

The findings that were presented in Table 7 and Figure 7 indicated that the increase in Rf of the 
planning hull model C due to heavy slime at a low ship speed of Fr 0.91 was predicted to be 21.08% 
and that it gradually increased in line with increasing speed to Fr 2.72, with the largest increase in 
frictional resistance of 65.65% compared to hydrodynamically smooth surfaces, this is consistent with 
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findings from studies conducted on Demirel et al., [45], which found that the larger the increase in 
ship speed, the greater the rise in frictional resistance. Because of this increase in the ship's friction 
resistance, there would be a large rise in the total ship resistance, increasing the quantity of CO2 
emission. The conclusions that have been drawn are consistent with the ones that Schultz [38] came 
to. It is vital to bear in mind that the increase in fuel consumption produced by the roughness of 
different marine coatings is still a major element when examining the amount of fuel a ship consumes 
since this is one factor that contributes to the overall amount. 
 

Table 7 
Percentage comparison between CFD frictional resistance of 
hydrodynamically smooth and heavy slime surface  
Fr Hydrodynamically 

Smooth 
Heavy Slime Percentage 

difference (%) 

0.91 20.468 24.782 21.08% 
1.41 38.448 51.088 32.88% 
1.84 58.472 87.063 48.90% 
2.28 87.246 137.537 57.64% 
2.72 121.192 200.755 65.65% 

 

 
Fig. 7. Frictional Resistance ship RF as a function of ship speed (Fr) 

 
Viscous stress vectors (fluid to the wall) are shown in Figure 8 from the planing hull model C on 

two different surface conditions, with the active vector quantity represented as an arrow at a 
particular mesh node of the hull from the planing hull model C. Figure 8 also includes the active vector 
quantity. The values for the vector magnitude of viscous stress are represented by the colors ranging 
from blue to red, with 0 being blue and 60 representing red. Figure 3(a) depicts a lighter green tint 
around the bow and the complete WSA surface, while Figure 3(b) depicts a blue hue that 
predominates more of the scene. In addition to the colour, the pattern vectors of viscous stress on 
heavy slime are more pointed than those on hydrodynamically smooth, which indicates that the 
frictional forces on the rough surface are more concentrated than those on the smooth surface. 
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(a) 

 
(b) 

Fig. 8. Visual comparison of viscous stress between heavy slime and 
hydrodynamically smooth (Fr=2.72) 

 
CFD investigation of the planing hull model C showed that the total resistance coefficient 

prediction is within an acceptable range, with an average absolute error of less than 5% compared to 
experimental data. The comparison showed errors at low and high speeds, with the biggest mistake 
at midship speeds. High-speed disparities reflect numerical model errors in cell size and ship speed. 
Trim research indicated that extensive slime on the hull surface caused larger trim angles than in 
hydrodynamically clean circumstances, particularly at lower speeds. Except at low speeds, trim value 
decreased with craft speed. Heave motion, which reflects the planing ship's vertical oscillations, is 
enhanced with heavy slime on the hull surface, especially at lower speeds. However, the heave value 
decreased as speed increased, demonstrating a "heave value trend" over the heavy slime surface. 
The heavy slime surface condition increased hydrodynamic forces, which increased vertical 
accelerations and made heave motion less predictable, emphasizing the importance of hull surface 
conditions. The planing hull model C has much higher frictional resistance under heavy slime surface 
conditions than hydrodynamically smooth surfaces. Heavy slime was anticipated to increase frictional 
resistance by 21.08% at low ship speeds, rising to 65.65% at Fr 2.72. Viscous stress vectors on planing 
hull model C showed considerable variations between hydrodynamically smooth and heavy slime 
surface conditions. The heavy slime surface had more pointed vectors, suggesting that frictional 
forces on the rough surface are more concentrated than on the smooth surface. This concentration 
of forces increases frictional resistance for the planning ship on heavy muck. Understanding these 
viscous stress patterns helps optimize hull design and coatings for ship efficiency and decreased 
resistance. 
 
4. Conclusions 
 

Planing hull model C has been properly simulated numerically using CFD with two distinct hull 
surface conditions: hydrodynamically smooth and heavy slime. The ship resistance coefficient values 
were comparable to experimental data to validate the simulation resistance results. Overall, the 
surface irregularity of a ship's hull with heavy slime affects the ship's performance, particularly in the 
frictional resistance, where there is a significant increase of up to 65% compared to ships with a 
hydrodynamically smooth surface, as indicated by n the surface of the heavy slime, the viscous vector 
patterns were more pointed—indicating that frictional forces are more concentrated on the uneven 
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surface than on the hydrodynamically smooth surface. This concentration of forces increases the 
ship's resistance to slipping on heavy sludge. Understanding these viscous stress patterns helps 
optimize hull design and coatings for increased ship efficiency and decreased resistance. 
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