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interaction between the main hull and the side hull, which causes interference caused
by changes in flow velocity, pressure changes, and wave interactions generated by
each hull. The objective of this study is to analyze the resistance of trimaran and
pentamaran NPL-4b models with transom-symmetrical hull and separation distances,
specifically S/L ratios of 0.2, 0.3, and 0.4. Since a more limited base of experience exists
for multihull ships, experimental or numerical modeling techniques are essential for
designers. Numeric investigations were conducted using Numeca software, and
experiments were performed in a towing tank. Both methods follow ITTC procedures.
Furthermore, the numerical analysis with CFD simulation modifies the Navier-Stokes
equation using the turbulence model k-w SST to generate the RANS equation so that
unsteady fluid flow problems can be calculated. It can be implemented in predicting
resistance in Froude numbers (Fr) 0.2 to 0.6 at the systematic series of trimaran and
pentamaran hull shapes at the model scale. The simulation results were compared to
experimental data to validate the resistance of the ships. Overall, good resistance was
produced by the trimaran and pentamaran in the C configuration at an S/L ratio of 0.4
with a total resistance coefficient Cr of 6.60 x 10-3 and 7.37 x 103, respectively. The two
results are in good agreement, both methods have a discrepancy of 3.70 %.
Fluctuations influence the resistance in the wetted surface area (WSA), wave
CFD; EFD; Multihull; NPL-4b; Resistance interactions between hulls, ship velocity, and wave propagation in the aft hull.

Keywords:

1. Introduction

The requirements for faster sea transportation have continued to increase in the areas of military
and commercial applications. A new vessel should be designed to operate at the required speed with
minimal power requirements [1]. This can be achieved by enhancing ship hull design and transitioning
from monohull to multihull vessels, such as catamarans, trimarans, and pentamarans. Multihulls
composed of center and smaller side hulls, are designed to reduce resistance on multihull ships. The
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slender shape of the hulls allows them to exploit wave interference between the hulls and minimize
wave-making resistance conducted by Peng [2]. Multihull ships have the advantages of large internal
volume, large deck area, good transverse stability [3], and a wide range of possibilities for reducing
wave resistance by exploiting the arrangement of hull elements [4] and varying hull shapes [5].

Using monohull and multihull ships for passenger ferries experiences varying resistance levels.
Monohull ships produce more drag than multihull ships at high speed, one was conducted by Seif
and Amini [6]. However, certain conditions and speeds may be better for monohulls than multihulls,
see Utama et al., [7]. Nasirudin et al., [8] performed hull form optimization tests on a hard-chine
monohull using two different bow shapes, namely a conventional bow and an inverted bow, and
found that the average total resistance reduction of the inverted bow was about 5% compared to the
conventional bow. The catamarans are a popular type of multihull ship. Catamarans exhibit a distinct
hydrodynamic phenomenon known as viscous and wave interactions between the demihulls.
According to Utama et al., [9], the interference resistance between two ship hulls caused the
otherwise symmetrical water flow around the demihull to become asymmetrical. The viscous
interference factor B can determine the hull interference on a catamaran. Suastika et al., [10]
designed the foil system lifted the vessel and reduced its wetted surface area, this system impacts
the running sinkage and trim and lowers the height of waves (wash) at high speeds, resulting in
reduced wave-making resistance by 32%.

Although the catamaran has effectively minimized ship resistance for decades, the fast ferry
industry and navies still require unique hull forms that offer significantly more deck space and are
capable of operating at higher speeds than conventional hull forms. A trimaran is a form of multihull
ship that can meet these requirements. It has two side hulls on both sides of the center hull, which
can reduce ship resistance, Yildiz et al., [11] conducted tests on a single outrigger configuration across
a range of speeds up to a Froude number of 0.5. Nine different outrigger configurations were tested,
and the resulting wave profile on the center-hull and wave patterns clearly showed the impact of
interference between the center-hull and outriggers on the calculated resistance. The trimaran
creates a wider Wetted Surface Area (WSA) than conventional hull forms, where WSA increases
frictional resistance at low speed. Nevertheless, at high speeds, the slender hull form of a trimaran
provides less wave-making resistance [12]. The multihull concept, known for its potential for low
resistance at high speeds, is the subject of ongoing research. Previous research conducted by Yuliora
et al.,, [4] has explored various trimaran design configurations at five-speed variations utilizing
computational numerical formulations, and it was found that the maximum S/L ratio of 0.4 provides
a practical Cr value, especially at Fr 0.6. This is in line with research by Utama et al., [13], where the
Interference Factor (IF) of trimaran at separation distances position with S/L 0.4 is lower than at S/L
0.3.

The relative positioning of sidehulls to the mainhull is identified as a critical factor influencing
multihull performance, with sensitivity to separation distances and the potential for minimizing wave
resistance through shape modifications. The Pentamaran is a type of multihull ship that has recently
been developed, with a structure consisting of a main hull and four side hulls that can provide
stability. Therefore, it is necessary to analyze the pentamaran hull resistance to find out how effective
the hull is compared to other multihull hulls. According to Dudson and Gee [14], pentamaran ships
exhibit superior stability and seakeeping abilities while offering a more expansive deck space when
compared to monohull ships of the same displacement. Numerous studies have been conducted to
determine the optimal configuration of pentamarans. The Wigley hull form pentamaran model was
investigated by Yanuar et al, [15] to achieve this goal. Five asymmetric and symmetric hull
configurations were examined, with the symmetric configuration experiencing constructive and
destructive interferences in three separation variations, ultimately resulting in stabilization. Yanuar
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et al., [16] assessed the destructive effects caused by wave interference troughs of trimaran and
pentamaran with variation transom and non-transom on aft-hull, with experimental methods.
Sulistyawati et al., [17] using Michell's theory, compute various pentamaran configurations and
compare the results with Yanuar et al., [16] data, considering interference flow around the hulls. The
results are consistent with Michell's theory, especially at higher speeds. This validates the usefulness
of theoretical predictions, even when accounting for viscous factors at lower speeds.

The development of fast digital computers and accurate numerical algorithms has caused a
revolution in the study of fluid dynamics, specifically Computational Fluid Dynamics (CFD). With CFD,
analyzing a model with high precision is possible, but it requires a large amount of computer memory.
Nonetheless, the method is affordable, accurate, and has a short duration, according to Andersson
et al., [18]. Furthermore, Nazemian and Ghadimi [19] conducted a CFD simulation to investigate the
optimization of the trimaran hull shape. They applied the CFD software StarCCM+ to predict
resistance for the optimization of the trimaran side hull arrangement. The results demonstrated a
reduction in resistance of 6.9%.

CFD is particularly useful in analyzing flows around complex geometries where experimental
measurements might be challenging. However, the accuracy of CFD in predicting these complex flows
needs to be validated against experimental data. In summary, experimental methods serve as a
crucial validation tool for CFD simulations by providing visualization of real data for direct
comparison, ensuring the accuracy and reliability of the computational models. The synergy between
experimental and numerical approaches enhances the overall understanding of fluid dynamics and
supports the development of more robust simulation methodologies. Riyadi and Suastika's research
[20] indicates that CFD simulations accurately capture the physical phenomena observed during the
towing test, where CFD was able to provide detailed visualization of the wave patterns and the locally
high water overflow near the bow. Additionally, Ahmed and El-Ela [21] conducted an initial numerical
analysis to create the DTMB 5415-51 ship model, the validation of the model was followed by a
comparison with experimental results obtained from a towing tank to confirm its resistance.

The research addresses the contemporary demand for high-speed and fuel-efficient ships,
emphasizing sustainability in the maritime industry. Exploring novel hull configurations like trimarans
and pentamarans, known for their potential to reduce ship resistance due to their odd number of
hulls as proved by Yanuar et al., [22] and Wang et al., [23], the study investigates the hydrodynamic
advantages of these multihull designs. The complex hydrodynamic challenge introduced by the
interaction between the mainhull and sidehulls is a focal point, emphasizing the need to understand
and quantify this complexity for optimizing hull shapes and configurations to minimize resistance.

This study employs a comprehensive approach by integrating numerical and experimental
analysis. The numerical method utilizes CFD simulation with Numeca software, using the unsteady
RANS approach and the k-w SST turbulence model. The CFD simulation results have been validated
with several parameters: grid independence study, convergence study, y* value verification, and
numerical uncertainty analysis. The CFD results were validated with the EFD results on the towing
tank belonging to ITS Surabaya. This dual methodology follows ITTC formulas, standards, procedures,
guidelines, and recommendations, thereby increasing the overall reliability of the study. The ship
model was tested in calm water with Fr variations of 0.2 to 0.6 and S/L variations of 0.2 to 0.4, each
with an interval of 0.1. This study demonstrates the direct impact of separation distance on trimaran
and pentamaran resistance using the transom-symmetric NPL-4b series hull, especially analyzing and
visualizing CFD and EFD results. Furthermore, this study discusses the composition of total resistance
components, such as the wave resistance coefficient Cw, the friction resistance coefficient C¢, and
the viscous pressure resistance coefficient Cyp. The last information gained from this research has
practical implications for reducing drag and hydrodynamic complexity in trimarans and pentamarans.

54



CFD Letters
Volume 17, Issue 3 (2025) 52-76

2. Methodology
2.1 Hull Geometry Specification

The flow around the trimaran and pentamaran hull was simulated on a model scale. The length
of the waterline (Lwi) of the trimaran sidehull is established as half of the length of the mainhull.
While the displacement of the pentamaran sidehull is equal to half of the displacement of the
trimaran sidehull, this is done to ensure equal displacement. The NPL 4b series hull type was used for
the model data, with an L/B ratio of 9 and a B/T ratio of 2 [24], as presented in Table 1.

Table 1
General particulars of the trimaran and pentamaran

Sidehull Sidehull

Main feature Symbol  Unit Mainhull .

Trimaran Pentamaran
Length of water line Lwi m 0.800 0.400 0.272
Breadth B m 0.090 0.045 0.035
Draught T m 0.045 0.022 0.019
Wetted Surface Area WSA m? 0.054 0.014 0.012
Displacement A kg 1.285 0.160 0.080

The model's configuration is based on variations in separation distances (S/L ratio), which are
similar to previous observations [4]. Table 2 depicts the positioning of the sidehull to the mainhull.

Table 2
The configurations of trimaran and
pentamaran models

S/L S (m) Symbol
0.2 0.16 A
0.3 0.24 B
0.4 0.32 C

An illustration depicting the separation distance settings for trimaran (T) and pentamaran (P) can
be observed in Figure 1.

| —- R — pe———.
S S2 R S:
L L
c— e ——
1L
2
(a) (b)

Fig. 1. Separation distances position (a) Trimaran and (b) Pentamaran
In Figure 1, symbols S, S1, and S; are equivalent, and R has a value of 0.4 metersor %2 Land L =

Lwi. The scale used in the model is 1: 62.5 with configuration variations based on the S/L ratio, as
shown in Figure 2.
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Fig. 2. Trimaran and Pentamaran hull configurations (a) T-A, S/L=0.2 (b) T-B,
S/L=0.3 (c) T-C, S/L=0.4 (d) P-A, S/L=0.2 (e) P-B, S/L=0.3 (f) P-C, S/L=0.4

The blockage effect relates to the influence of tank boundaries and model dimension on the
accuracy of the resistance prediction so a blockage correction is necessary. This study utilized the
blockage correction formulations of the Tamura blockage correction from ITTC Procedure 7.5-02-02-
01 [25]. For the model with S/L ratio of 0.4 and at Fr 0.4, an AV/V blockage correction of 0.058 % was
obtained, consistent with the study of Srinakaew et al., [26]. This result is far too small; blockage
correction is not applied to all the experimental data.

2.2 Prediction of Resistance

Several factors influence the durability of multihull ships, such as the shape of the hull, as in a
study conducted by Fitriadhy et al, [27] by optimizing a catamaran hull. Furthermore, the
hydrodynamic interaction factor between the hulls is as done by Waskito et al., [28] for trimarans.
Yuliora et al., [4] conducted a study of the influence of separation distance, speed, and Froude
number on trimaran resistance then the scale effect factor as did Royce et al., [29], Wang et al,,
conducted a study of trimaran wave interference [23], trimaran model optimization techniques by
Zhang et al., [30], and finally experimental testing of pentamaran in the study of Yanuar et al., [31].
When a vessel travels at a consistent velocity in calm waters, it encounters opposition from the
friction between the hull and water. Additionally, the vessel expends energy to generate water waves
as it passes through a fluid that forms a boundary layer, a thin layer attached to the hull surface. Due
to the velocity gradient across the boundary layer, the fluid will shift, and the object experiences
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resistance in the tangential direction, called frictional resistance (R¢). The frictional resistance of
multihull ships depends on the wetted surface area (WSA) and the Reynolds numbers (Re). Viscous
form resistance is evaluated from the form factor (1+k). The effect of viscosity causes both frictional
resistance and viscous form resistance. The Froude hypothesis separates the total resistance into two
components, namely frictional resistance and residual resistance (Rg). Residual resistance by
definition, is obtained by subtracting the total resistance from the friction resistance. This residual
resistance includes wave-making resistance (Rw) and viscosity (viscous resistance Ry). Ship resistance
can be expressed as the coefficient of total resistance (Cr) Eq. (1).

Rt
=1 wsa
PV (WSA)

(1)
To calculate the coefficient of friction resistance (Cf) and coefficient of pressure resistance (Cp)
refer to Eq. (2) and Eq. (3).

Rp

- levz(WSA) (2)
Rp

Cp= levz(WSA) (3)

Rr is the total resistance, Rf is the friction resistance and Rp is the pressure resistance. The
resistance coefficient is a dimensionless parameter to measure a ship's resistance as it travels
through water. It is influenced by ship resistance, fluid density (p), wetted surface area (WSA), and
speed (V).

Besides the Cr and Cp components, several other ship resistance components affect the
coefficient of total resistance, such as the coefficient of viscous resistance (Cv), coefficient of wave
resistance (Cw), and coefficient of viscous pressure resistance (Cvp), using Eq. (4), Eqg. (5), and Eq. (6),
respectively.

Cy =0+k)Cp; (1+k)isform factor (4)
Cw =Cr—Cy (5)
CVP = CV - CF (6)

Further detail of Eqg. (6) can be seen in Molland et al., [32].
The coefficient of total resistance on the non-interference trimaran hull (unbonded) Cr,_n; @nd

interference (bonded) Cr, . . can be calculated by Eq. (7) and Eq. (8), respectively.

Cryy = Cryy * 207y (7)
Cry = Cry, ++ACr (8)
With C7,,,, the coefficient of total resistance on the mainhull, Cr, total resistance coefficient on the
sidehull trimaran or pentamaran, and the difference in resistance coefficients between non-

interference and interference is denoted by AC; for trimaran or pentamaran designs. Evaluation of
the calculated hydrodynamic interference effect for each configuration can be determined through
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the interference factor (IF) parameter. IF is calculated as the difference in total resistance between
three separate hulls and one bonded trimaran hull while easily expressing the difference as a ratio of
total resistance non-interference using Eq. (9).

Cr, .
/F=M—1 (9)

CTyriong

the fluctuation of the interference factor is proportional to the fluctuation of the total resistance
coefficient, where the smaller the Cr, the smaller the IF, which has been proven by Hafez and El-Kot
[33], and Yanuar et al., [22].

2.3 Numerical Setup
2.3.1 Governing equation

The Reynolds-Averaged Navier-Stokes (RANS) equation encapsulates the key principles of
conserving mass, momentum, and energy when simulating turbulent flows through Computational
Fluid Dynamics (CFD). The conservation laws are usually expressed in three distinct mathematical
equations, but for this specific study, the energy equation is excluded. The RANS equations for
Newton's incompressible viscous fluid are expressed as Eq. (10) — (11), found in reference [34]. The
initial equation pertains to the continuity equation.

V.[pU] =0 (10)

Momentum equation,
a = I
5 [PUl + V. {pUU} = —VP + [V.{T;; — pu'u}] + pg (11)

In Eq. (11) there is an additional term in the form of the divergence of the viscous stress, namely
—pu’u’, and is given the notation t® (Reynolds stress). For incompressible flow, T is defined in Eq.
(12).

= W = VU + (V0 =2 (k) | (12)

Ut is the turbulent viscosity and k is the kinetic energy of turbulence.

Turbulence modeling is a computational process utilized for calculating Reynolds stress and
solving systems of Eq. (10) — (11). In the k-w SST model, Menter [34] made modifications to the
turbulent viscosity ut by constraining its value using Eq. (13) to derive the equations for Eq. (12) and
ultimately Eq. (11).

_ paik
Mt

"~ Max (a;,V25¢F;) (13)

With a1 = 0.31, S is strain rate magnitude and F, = tanh (y2). In this study, it is modeled using free
surface modeling.
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2.3.2 Boundary conditions and meshing

The selection of boundary conditions and domain dimensions is adjusted to the selected problem
estimate. The specified boundary conditions include a moving hull body with a no-slip condition
imposed on the hull surface, improved: The surfaces have been subjected to the free-slip condition,
which is applied to the opening, bottom, and side walls. The hull center plane or mirror is a symmetry
condition; the flow velocity at the inlet is set as the tested speed; the outlet defined as hydrostatic
pressure is defined as a function of water level height. Additionally, the initial position of the free
surface is determined by defining the volume fraction function of the water and air at both the inlet
and outlet. the trimaran model on a model scale with a scale of 1: 62.5 from the actual size, the
boundary conditions are set for freshwater with a temperature of 28° C which has a density of water
(p) of 996.236 kg/m?3, The mass density and viscosity of water are determined according to the ITTC
Procedure 7.5-02-01-03 [35]. The specifics of boundary conditions and domain dimensions are stated
in Figure 3.

Pressure e

Obeni
outlet . pening

rd

Free
Surface

ol \H\
Extra refinement ™.
Of wave field

. - .
Trimaran  ™_ S \
e .

. Velocity
inlet

Bottom
Mirror

Fig. 3. Domain dimensions and boundary conditions

In this case, the mesh generation is carried out using the Hexpress module. First, import geometry
from the CAD model, prepare geometry so that the geometry is clean, define regions and boundaries,
and choose the type of mesh want to generate. In this study, the structured type was chosen (Figure
4(a)). Structured meshes typically consist of orthogonal quadrilateral (2D) or hexahedral (3D)
elements. This type of mesh allows for easy node enumeration and access to adjacent elements or
nodes without requiring connectivity information [36] (Figure 4(b)). Additionally, coordinates can be
accessed easily due to the consistent size of each element (Figure 4(c)). So, they are suitable for
complex geometry and require a higher resolution mesh. Second, a mesh quality check is done to
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ensure that the mesh meets predefined criteria, and mesh refinement is done to improve resolution
(Figure 4(d)). Stages that are no less important are defining boundary conditions within the mesh and
then exporting the mesh in a format compatible with Numeca's CFD solvers.

() | (@)
Fig. 4. Grid resolution in the meshing process (a) Structure mesh (b). Grid Generation (c) Grig topology
(d) Extra refinement of the wave field

2.3.3 Grid independence study

The quality or quantity of the grid mesh is fundamental to this CFD simulation convergence and
accuracy [37]. According to the Molland and Utama [38], the grid independence reaches the optimum
position if the difference resistance between several elements and the previous element is less than
2% In. Table 3 and Table 4 show the discrepancy of each configuration in grid independence in detail
and plotted in Figures 5(a) and 5(b).

Table 3
Grid independence Trimaran
T-A T-B T-C
Run -
Crx 10° ﬁ/c; (T-A) Crx10*  ACr(T-B) (%) Crx10®°  ACr(T-C) (%)
(]
1 7.93 - 7.64 - 7.60 -
2 7.49 5.88 7.22 5.72 7.06 7.52
3 7.03 6.54 6.75 7.01 6.65 6.28
4 6.91 1.64 6.68 1.07 6.60 0.74
5 6.81 1.47 6.61 1.00 6.56 0.59
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Table 4
Grid independence Pentamaran
P-A P-B P-C
Run ACr (P-A
Crx 103 ((y; (P-A) Crx 10° ACr(P-B) (%) Crx10° ACr (P-C) (%)
(1)
1 8.66 - 8.50 - 8.68 -
2 7.99 8.43 7.92 7.35 8.08 7.05
3 7.67 4,11 7.58 4.47 7.87 4.00
4 7.59 1.08 7.50 1.04 7.82 0.65
5 7.52 0.97 7.49 0.19 7.81 0.58
12 12
—B—T-A(S/L=0.2) —®—P-A(S/L=0,2)
—e—T-B(S/L=0.3) —@P-B(S/L=0,3)
104 —A—TC(5/L=04) 104 A PCIS/L=04)
8 - ‘\'":"'»\IQQ
81 - e A
e E
X 6- 7
- o
O
4
4
24
2+
O T T T T
0 T T T T 0,0 8,0x10° 1,6x10° 2,4x10° 3,2x10° 4,0x10°
S 6 6 6 6
0,0 8,0x10 1,6x10 2,4x10 3,2x10' 4,0x10 Number of Grid
Number of Grid
(a) (b)

Fig. 5. The graph of the grid independence (a) Trimaran and (b) Pentamaran models

Figure 5 shows that the greater the ratio of S/L, the greater the number of grids produced with
the same surface refinement composition, so it can be said that the greater the ratio of S/L, the
greater the number of grids needed to reach the grid independence. In this study the number of
mesh elements or grid 2,093,216 for the T-A model is quite optimal and accurate, where the number
of elements used in the computing shows that the condition that is grid independence Ct does not
change significantly again, meaning that the number of grids is effective enough to reduce computing
cost and time. The effective number of grids for T-B and T-C respectively is 2,335,416 and 2,587,968
grids, and the illustration can be seen in Figure 5(a). The same thing applies to the pentamaran grid,
the effective number of grids for P-A, P-B, and P-C are 2,271,572, 2,382,671, and 2,633,111 grids,
respectively in Figure 5(b).

2.3.4 Verification of y*

Verification of y* is required to generate a reasonable-quality grid for the turbulent flow model.
The y* value corresponds to the first node nearest the wall, known as y1* (y1* = pU<Yywal/H). Therefore,
for the model scale (equivalent to low-Re), y* should range from 30-50, whereas for high-Re it should
be between 50 and 300. Low Reynolds number modeling is suitable for the viscous sublayer and
accurately predicts flow conditions for y1* < 1. In contrast, the high Reynolds number model employs
an analytical function in the log-layer and is a better fit for y1*in the range of 30 to 300. For wall
function boundary conditions, y1* > 30 is acceptable, while no-slip conditions are recommended for
y1t < 1 [39]. The present study explores values of y* ranging from 48 to 56, as shown in Table 5.
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Table 5
Range of y+ values at C configurations
T-C P-C

Fr

y* (min) y*(max)  y*(min) y* (max)
0.2 0.09 43.87 0.01 55.98
0.3 0.03 54.46 0.05 54.22
0.4 0.05 46.95 0.14 46.86
0.5 0.23 48.17 0.23 48.21
0.6 0.39 49.01 0.22 48.80

(©
0 2 4 0.6 0.8 1

Y—I—
Fig. 6. The values of y*(a) y* value contour on the bottom of the starboard
side (b) y* value contour on fore-hull (c) y* Value contour on aft-hull
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2.4 Experimental Setup

The experiment was conducted in calm water following the guidelines of the International Towing
Tank Conference (ITTC) 1978 for analyzing ship resistance components. A towing tank test is
conducted in a tank measuring 50 m x 3 m x 2 m using an electric motor. The model is mounted with
aload cell transducer and connected to an acquisition data system to determine the model resistance
value, depicted by the strip chart recorder. Schematically it can be seen in Figure 7.

Control Room Tank

Resistance dynamometer

Voltage &Electric L—> amplifier

regulator © motor

gﬁ ‘ | » Load cell transducer
Q = Data q_ﬂ
™ | acquisition

Strip chart @ @
recorder

Camera-2 Camera-1

Towing carriage

»50m

Fig. 7. Top plane of the towing tank arrangement

Figure 8 shows a photo of the model in the towing tank in detail.

Fig. 8. Pentamaran Model in towing tank

The physical model of both the trimaran and pentamaran were constructed in a similar size,
shape, and configuration to the CFD simulation model data, with a fiberglass base material using a
three-dimensional printed mold. This towing carriage is powered by four electric motors. The speed
of the electric motor is determined by the applied voltage. The laboratory's electrical measurements
and calibration results demonstrate that a voltage of 2.5 volts applied to the motor will cause the
towing carriage to move at a speed of 1 m/s. The tests were conducted at Fr 0.2 to 0.6, so a 0.7 Volt
range from 1.4 to 4.2 Volts is necessary to operate the motor. The strip chart recorder records results

63



CFD Letters
Volume 17, Issue 3 (2025) 52-76

that are presented as a deviation graph with peaks and valleys. Calculation of curve deviation values
at all peak and valley points provides the total resistance.

2.5 Verification and Validation (V & V) Study
2.5.1 Uncertainty analysis in CFD V & V

In this research, the grid Convergence study is employed as a means of verification. Convergence
studies were conducted using three different mesh resolutions: coarse, medium, and fine. The
inflation layer remained constant during the entire analysis because the mesh resolution is based on
standard wall calculations, as given in Table 6.

Table 6

The mesh resolution details for T-A

Parameter Fine (1) Medium (2) Coarse (3)
Face sizing (m) 0.04 0.055 0.065
Number of Cells (NC) 2,701,110 1,483,959 884,680
Total resistance coefficient (x1073) (Cr) 6.622 6.659 6.801

To estimate errors and uncertainties for monotonic convergence (0 < Ri< 1), we apply generalized
Richardson extrapolation. Results show several oscillations for the convergence of oscillations (Ri <
1). However, for divergence (Ri > 1), the results are different and the error and uncertainty cannot be
determined (Ri is the convergence ratio). To report the quality of grid convergence, the grid
convergence index (GCl) is a standard method. Which is calculated at the refinement step. The GCl is
calculated for stages from grid 3 to 2, and from 2 to 1, where e is the error between the two grids
and Fs is the safety factor (Fs=1.25). The recommended value for the refinement ratio ri is V2.

The numerical uncertainty of the CFD model is based on the data in Table 6. To estimate the grid
error, this paper uses the Richardson extrapolation method for grid convergence as done by Zingg et
al., [40], and Celik et al., [41], where the grid convergence study was performed based on the ITTC
recommendations for uncertainty analysis [42]. The numerical uncertainty analysis is presented in
Table 7.

Table 7
The numerical uncertainty analysis for T-A
Outcome Equation Value
. . . €21= C12-Cn1 0.037
Diff f
ifference of estimation E17= Cra-Cra 0.142
Refinement ration r21= (NC2/NC1)Y3= r3= NC3/NC,1/3 1.3
Convergence ratio Ri= €21/ €32 0.260
Order of accuracy P=In(€32/ €21)/In(ri) 5.126
Crext21=(((r21°)Cr1)-Cr2)/(r21°-1) 6.659 x 1073
Ext lated val
xtrapolated value Crext-32=(((r32°)Cr2)-Cr3)/(r32P-1) 6.851 x 1073
. . ea21=|(Cr1-Cr2)/Cr1| 05%
Approximate relative error €332=| (Cra-Cr)/Cra| 1%
) €ext-21= | (CT,ext-21-C11)/Cr,ext-21 | 05%
Extrapolated relative error 0
€ext-32=| (Cr,ext-32-Cr2)/Cr,ext-32| 2.8%
. . CGla1=(Fs|e21]/Cr1) x 100% 0.9%
Grid convergence index (GCl) CGl32=(Fs|es2|/Cr2) x 100% 3.6%

64



CFD Letters
Volume 17, Issue 3 (2025) 52-76

Table 7 shows the extrapolated relative error ranging from 0.5 % to 2.8 %, with a convergence
ratio of 0.26, and CGlsne of 0.9 %. Despite this, the fine mesh was selected for the inquiry since it
offers a superior level of precision to the simulation, thereby reducing the amount of error that is
introduced throughout the investigation.

The results of the simulation, as presented in Table 7, indicate a simulation error (8s) of 0.5%. This
value is employed to compute the validation uncertainty (Uy) through the CFD validation procedure
at ITTC procedure 7.5-03-01-01, as delineated in Eq. (14).

UZ = U3 + Uy (14)

The Up is the experimental data uncertainty and the Usy is the simulation uncertainty. The
comparison error (E) is defined as the discrepancy between the observed data (D) and the simulated
values (S), as illustrated in Eq. (15).

E=D—-S=06p—(6sm— 6sn) (15)

With &p is the experimental data error, 6sm is the additive modeling, and &sn is the numerical
error. By using Eqg. (14) — (15), obtained Uv = +0.561 and E = £0.323 for the P-C model at Fr of 0.6, and
validation is achieved if |E| < UV [42].

2.5.2 Uncertainty analysis in EFD V & V

The dimensions of the towing tank must be reported, along with the results of any associated
tests. It is recommended that the dimensions be large enough to avoid any wall effects or blockages.
ITTC (7.5-02-02-01) [25] provides a formula for correcting blockages, one of which is the Tamura
formula, as outlined in Eq. (16).

3
AV Lls 1 A
v 0,67 m [B] (-Frz) » M= (16)

The maximum sectional area of the model is denoted by Ax, while the sectional area of the tank
is designated by A. The length of the ship is expressed as L, while the breadth of the ship is
represented by B. Finally, Fr denotes the Froude number. Table 8 presents verification of the blockage
correction for each model and speed.

Table 8
The blockage correction
Blockage correction (%)

Fr T-A P-A T-B P-B T-C P-C

0.2 0.069 0.087 0.052 0.066 0.043 0.054
0.3 0.073 0.092 0.055 0.070 0.045 0.057
0.4 0.079 0.100 0.060 0.075 0.049 0.062
0.5 0.088 0.112 0.067 0.085 0.055 0.069
0.6 0.103 0.131 0.078 0.099 0.064 0.081

Table 8 illustrates that the blockage correction percentage is minimal, with an average of 0.093%
for configuration A, 0.071% for configuration B, and 0.058% for configuration C. This indicates that
the dimensions of the ship model for the towing tank are appropriate and do not influence the test
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results. The results of the towing tank test or EFD can be validated through the use of uncertainty
analysis. In this study, uncertainty analysis was conducted on the total resistance of the T-C model
when Fr was 0.2 to 0.6. The total resistance data was obtained from repeated tests at each speed. As
guided by ITTC recommendations (7.5-02-02-02) [43], and (7.5-02-02-02-01) [44], the results of the
Rt uncertainty can be seen in Table 9.

Table 9
The uncertainty of Ry
Model Urr (%)
Fr=0.2 Fr=0.3 Fr=0.4 Fr=0.5 Fr=0.6
T-C

$0.171 +0.163 +0.047 +0.074 +0.128

The mean Rr at all speeds is 779.65 N or 6.813 x 1073 in Cr. The uncertainty in resistance for each
speed is £0.017, £0.016, £0.004, £0.005, and +0.008, respectively. The uncertainty in Ry is expressed
in percent in Table 9, which presents the speed variations. Based on the data in tables 8 and 9 whose
values are relatively small, the verification and validation of the EFD results are achieved. The
methodology employed in this study is consistent with that employed by Park et al., [45] in their
research on the KVLCC2 ship. In this context, the standard uncertainty (U) is defined as the
uncertainty due to measurements, expressed as the standard deviation (I1SO, 1995) [46].

3. Results and Discussion
3.1 The Comparison of Trimaran and Pentamaran Resistance

The total resistance of the trimaran and pentamaran in Cr are shown in Figure 9. Configuration A,
with an S/L ratio of 0.2 at low Fr, generates a smaller Ct than other configurations. However, for Fr
values larger than 0.4, the increase in the S/L ratio is proportional to the decrease in Cr, this result is
in line with the discussion by Yildiz et al., [11] and Yanuar et al., [47]. Overall, trimaran produces a
smaller Cr than pentamaran, especially at Fr 0.3. It has an average discrepancy of 41.94%, the largest
compared to other speeds, which is only 5-11% between trimaran and pentamaran. Each can be seen
in Figure 9(a) and 9(b).

11,0 11,0
] A TA ] A pA
10,5 o T-B 10,5 ‘E} 5 P-B
) o T-C ) e P-C
10,0 10,0
9,5 9,5 )
9,0 9,0 =
mg 1 o ma 1 ¢
X 85 X 85
N ] A N ]
o A o
8,0 ] 8,0
| ] .
7,5 7,5 ] g
(6} 7,0
7,0 - ] A
6,5 x 8 6,5
6,0 6,0 T r r r
0,2 0,3 0,4 0,5 0,6 0,2 0,3 0,4 0,5 0,6
Fr Fr
(a) (b)

Fig. 9. The total resistance coefficient (a) Trimaran and (b) Pentamaran
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Figure 9(a) shows an increase in Crup to Fr 0.4, but it decreases again at Fr 0.5 to 0.6. This happens
because when Fr 0.2-0.3, the wave has not yet formed, and the total resistance is dominated by
friction resistance due to viscous factors, whereas at Fr 0.4, the wave has formed and dominates the
total resistance. However, the decrease in Cr at Fr 0.5 to 0.6 is caused by wave interference, which
occurs and results in cross-flow, which is increasingly away from the stern area of the trimaran. This
indicated a reduction in the total resistance of the trimaran, which was discussed by Luhulima et al.,
[48]. In contrast to the trimaran, Figure 9(b) shows an increase in the Cr of the pentamaran up to Fr
0.3, but it decreases slowly again at Fr 0.4 to 0.6. This occurs because, at Fr 0.3, waves have formed
due to intense wave interactions between the hulls. Furthermore, waves with high pressure or
energy are increasingly moving away from the stern area of the pentamaran, and this results in a
decrease in Ct due to a decrease in Cw at Fr 0.5 to 0.6. This result is in line with research by Hu et al.,
[49]. In more detail, Figure 10 shows the composition of the total resistance coefficient consisting of
wave resistance, friction resistance, and viscous pressure resistance for each trimaran and
pentamaran configuration.

N Cw ] Ce ] Cvp - Cw Ce Cyp

T-C ] Fr=0.6 P-C ] Fr=06

o 1 2 3 4 5 6 7 8 9 10 11 0O 1 2 3 4 5 6 7 8 9 10 11
C;x 10° C;x 10°
(a) (b)

Fig. 10. The comparison of Cr components in each configuration (a) Trimaran and (b) Pentamaran

Figure 10(a) illustrates trimaran resistance, at Fr 0.2 Cw comprises only 12.13% Cr and is
dominated by Cr at 70.15%. Cw proportionally increases until Fr 0.4 to 41.80% Cr, almost matching Cr
at 46.45%. However, at Fr > 0.4, Cw proportionally drops to 29.99% Cr, once again dominated by Cr
at 55.88%. Cvep composition remains stable at around 14.14% Cr under all conditions. Figure 10(b)
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illustrates pentamaran resistance, at Fr 0.2 the composition of Cris only 16.75%, dominated by Cr at
62.95%. As Fr increases to 0.3-0.5, Cw significantly increases to 44.24% Cr, almost the same
composition as Cr, which is 42.16%. However, at Fr 0.6, Cw decreases to 34.27% Cr, dominated by C
at 47.70%. The composition of Cyp remains stable in all conditions at around 15.41% Cr. The decrease
in wave resistance at Fr > 0.5 is caused by the decreased impact of waves on each hull and the
presence of wave breaking and spray. Some references, such as the study by Sulistyawati et al., [17],
analyzed the Cw and Ct components of a pentamaran ship. Du et al., [50] conducted a rapid study of
trimaran resistance estimation by describing the Cr and Cr components. Yildiz et al., [11] carried out
numerical and experimental studies on trimaran ships by considering the Cr and Cr components.
Those three studies did not fully describe the resistance components, namely Ct, Cw, Cr, and Cvp. TO
address this gap in the literature, this study presents a comprehensive numerical and experimental
investigation of trimaran and pentamaran resistance components.

3.2 Validation of Trimaran and Pentamaran Resistance

This section compares the experimental and numerical results under different speeds and
separation distances, and the characteristics of the experimental and numerical results are discussed.
The good agreement between the towing tank and CFD results enhances confidence in the numerical
model's predictive capabilities. However, discrepancies may provide valuable insights for refining the
simulation or understanding physical phenomena better.

A detailed explanation of the differences between the CFD and EFD results of the Cr trimaran and
the pentamaran is given in Table 10.

Table 10
Discrepancy of the Cr on CFD and EFD results
ACr (CFD - EFD) (%)

Fr T-A T-B T-C P-A P-B P-C

0.2 -3.627 -1.556 3.439 -4.080 -6.796 -5.576
0.3 -2.810 4.540 5.571 6.616 -3.524 -7.988
0.4 7.324 10.433 9.106 1.160 3.633 -3.774
0.5 5.963 8.711 8.682 5.259 6.715 5.255
0.6 4.910 7.625 6.797 2.555 1.856 4.578

The negative sign in Table 10 indicates that the EFD results are greater than the CFD results. An
interesting phenomenon observed in Table 10 is the fluctuation of the difference between each
model at each Fr. The trimaran at Fr = 0.4 exhibits the highest ACr (cFp - EFD) among the other Fr,
whereas on the pentamaran, the opposite occurs, with ACr (cFp - eFp) shows the lowest value at Fr =
0.4. This phenomenon can be observed in Figure 10, which depicts the formation of a wave system
at Fr = 0.4. It can be seen that the Cw component of the trimaran is highest at Fr = 0.4. Nevertheless,
at the pentamaran, when Fr = 0.4, the wave system begins to decrease in amplitude, followed by a
reduction in Cw. The total resistance calculation in the CFD method employs a fluid that has been
calibrated following fluid property recommendations from ITTC [35], which remains constant under
all conditions. In contrast, the EFD method permits alterations in fluid properties, such as those
resulting from temperature changes, and a microscopic examination of the towing tank revealed the
presence of a small quantity of material. The discrepancies in fluid properties between the CFD and
EFD methodologies, when the wave elevation fluctuates, are such that it is not possible to avoid
significant differences between the two methods.
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Figure 11 describes the total resistance coefficients for the trimaran (T) and pentamaran (P) were
measured with varying A, B, and C separation distances at Fr 0.2 to 0.6.
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Fig. 11. Comparison of the total resistance coefficient of the trimaran and pentamaran

in each condition
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Figure 11 illustrates that the trimaran has a smaller Cr than the pentamaran, with an average
discrepancy of 15.06%. It is important to note that there may be discrepancies between CFD and EFD
results in certain Cy conditions, with an average difference of 3.70%. For example, in the T-A, T-B, and
T-C configurations at Fr>0.4, the CFD results consistently show a higher Cr than the EFD results.
However, in the P-A and P-B configurations at Fr>0.4, the EFD values tend to be smaller than the CFD
results. In P-C, when Fr is less than 0.4, the Ct EFD results consistently show greater significance than
the CFD results. This difference occurs because the fluid definition in the CFD simulation is close to
the ideal fluid, incompressible, and inviscid. In contrast, during the experiment (EFD), the fluid was in
actual fluid condition with various additional components. However, at the solver stage during the
CFD simulation, the RANS equation with the k-w SST turbulence model solves this problem
approximately and exactly so that the fluid definition during the CFD simulation approaches the
actual fluid conditions. When wave interference has a positive impact on reducing total resistance,
especially at Fr 20.4, at that time, Ct EFD results tend to be smaller than CFD results. This is because,
in these conditions, the average percentage of Cw is only around 36.22% from Cr, and Cr reaches
50.90% of Cy, so assuming inviscid fluid in the CFD simulation provides a greater Cr value
representation than the Cr of EFD results, because inviscid fluids ignore viscosity, while Cr consists of
viscous resistance and form factor.

3.2.1 Visualization of the trimaran wave patterns of the CFD and EFD results

Figure 12 shows a visualization of the CFD and EFD results of the wave patterns generated by
each trimaran configuration at Fr 0.5.

CFD

Fig. 12. Visualization of wave patterns created by a trimaran at Fr = 0.5

Figure 12 demonstrates that the distance between the trimaran hulls affects the wave pattern.
The dominant dark blue and dark red colors on the stern and stern shoulders indicate a strong
interaction (T-A). The CFD results are consistent with the image capture of the EFD process. A stern
wave system is formed on the shoulder of the hull and at the stern of the T-C model, but it is not
visible due to interference from the stern system itself. A stern wave system formed on the shoulder
of the hull and at the stern of the T-C model, but it is not visible due to interference from the stern
system itself. When approaching the divergent wave system, the crest line turns back and finally
disappears in the divergent system, this aligns with Harvald's description [51]. The results of the EFD
recordings show that as the distance between the hulls increases, the cross-flow is formed at the
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stern, which moves further away. This leads to a decrease in wave resistance value because of the
reduced influence of waves between the hulls and the occurrence of wave breaking and spray.

3.2.2 Visualization of the pentamaran wave patterns of the CFD and EFD results

Figure 13 shows a visualization of the CFD and EFD results of the wave patterns generated by
each pentamaran configuration at Fr 0.5.

CFD

EFD

Fig. 13. Visualization of wave patterns created by a pentamaran at Fr=0.5

The pentamaran model produces a trend similar to that of a trimaran regarding the effect of
separation distance. However, in Figure 13, it can be observed that the meeting of the wave system
from the sidehull with a tandem formation parallel to the mainhull (or vice versa) occurs cross flow,
which produces a peak line that suddenly disappears in the next wave divergent system. This
phenomenon occurs from the stern shoulder to the stern. This phenomenon has a significant
interference impact on each hull, particularly the P-A model, which generates more significant
pressure in the stern area than the P-B and P-C models. This is consistent with the results of EFD
recordings, where cross-flow appears to form further from the stern as the separation distance
increases.

3.3 Interference Effects

Interference is defined as the difference between the total non-interference resistance and the
interference of multihull ships, as stated by Sahoo et al., [52] and Zhagi et al., [53] . Interference
effects can be expressed by the interference factor (IF) at Eq. (9). The interference factor contributed
positively to reducing resistance, where the smaller the IF means the smaller the interference effect
that occurs between the trimaran or pentamaran hulls and then produces minimum resistance. The
IF graph for each trimaran and pentamaran model is shown in Figure 14.
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Figure 14 depicts T-C with Fr 0.6, showing the minimum IF because the separation distance is
more significant than T-A and T-B. There are several aspects of the interference effect [54], namely;
(a) Interaction of Kelvin waves generated by each ship hull, (b) changes in the wetted surface area
(WSA) of individual hulls due to wave patterns generated by each hull and the pressure gradient that
each hull creates over the other hull. Similar to the trimaran, the interference factor of the
pentamaran decreases significantly at Fr > 0.3 and reaches its minimum at Fr 0.6. Additionally, P-C
produces the smallest value at Fr > 0.2 than P-A and P-B. Hump and hollow phenomena may occur
at a certain speed in a multihull vessel due to the interference of waves generated by each hull.
Constructive wave interference produces a hump, adding to wave resistance, while destructive wave
interference creates a hollow, potentially reducing wave resistance. Therefore, the optimal
configuration for a multihull vessel is one with the lowest Interference Factor (IF) as explained by
Souto-Iglesias et al., [55].

The occurrence of wave breaking around the hull of the interference trimaran or pentamaran
(bonded) makes this assumption too low in calculating the wave resistance component. Wave
breaking is tough to measure directly, so it can only be visually observed, for example on the trimaran
and pentamaran wave height contour in Figure 12 and Figure 13. Wave breaking occurs in the
forward part of the hull (bow), and interference occurs in the midsection. Interference is affected by
the S/L distance; the more significant the S/L distance, the less interference will occur, and
conversely, the smaller the S/L distance, the more interference will occur; this only occurs at high
speeds when Fris 0.5 and 0.6.

4, Conclusion

In summary, this study extensively investigates the resistance characteristics of the trimaran and
pentamaran configurations. This study utilized a comprehensive approach by integrating numerical
and experimental analysis. The numerical method employs CFD simulation with Numeca software,
using the unsteady RANS approach and the k-w SST turbulence model. The CFD results were validated
with the EFD results from the towing tank at ITS Surabaya. This dual methodology followed the ITTC
formulas, standards, procedures, guidelines, and recommendations, thereby increasing the overall
reliability of the study.

The results show that the trimaran consistently outperforms the pentamaran, exhibiting a smaller
total resistance coefficient (Cr) with an average difference of 41.94%, particularly notable at Fr 0.3.
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Configuration A, which features a low S/L ratio of 0.2 at a low Froude number (Fr), yields a smaller Cr
than other configurations. An increase in friction resistance is observed up to a Froude number (Fr)
of 0.4, followed by a decrease from 0.5 to 0.6. Notably, at Fr 0.2-0.3, friction resistance dominates
the total resistance due to viscous factors, while at Fr 0.4, wave formation becomes the dominant
factor contributing to the total resistance. The decline in total resistance at Fr 0.5 to 0.6 is attributed
to wave interference causing cross-flow, especially away from the stern area of the trimaran.

The detailed component analysis shows that at Fr 0.2, wave resistance (Cw) for the trimaran
accounts for only 12.13% of Cr, with friction resistance (Cr) dominating at 70.15%. Cw increases
proportionally until Fr 0.4 but decreases to 29.99% at Fr > 0.4. In contrast, the pentamaran at Fr 0.2
has Cr at 16.75%, with Cr dominating at 62.95%. Cw increases to 44.24% at Fr 0.3-0.5 but decreases
to 34.27% at Fr 0.6. The interference factor of the pentamaran decreases significantly at Fr > 0.3 and
reaches its minimum at Fr 0.6. T-C with Fr 0.6, showing the minimum IF because the separation
distance is more significant than T-A and T-B. Additionally, P-C produces the smallest value at Fr > 0.2
than P-A and P-B. The interference factor for wave resistance varies with S/L. As the separation
distance between the hulls increases, the IF value becomes smaller. This is due to the height of the
wave elevation being smaller, so there is a decrease in pressure between the hulls as the separation
distance increases. Comparisons between Computational Fluid Dynamics (CFD) and Experimental
Fluid Dynamics (EFD) results reveal that the trimaran consistently exhibits a smaller Cr than the
pentamaran, with an average discrepancy of 15.06%. On average, discrepancies of 3.70% are
observed between CFD and EFD results. The optimal configuration for a multihull vessel is one with
the lowest Interference Factor (IF).
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