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This study considers the ship Lucy Ashton, a benchmark case providing
full-scale measurements of total ship resistance and boundary layer
thickness. A series of CFD simulations was carried out for several different
scales and Froude numbers, with the aim of reproducing experimental
data on ship resistance and the boundary layer. The results
showedagreement with the measurements, with ship resistance predictions
within £5% and realistic boundary layer profiles along the hull. Based on
these findings, practical formulas for boundary layer thickness and base
mesh cell size were derived. Although these formulas were developed
considering only the Lucy Ashton case, they represent a promising basis
for application to other ships, particularly at model scale. Further studies
are recommended to confirm their reliability for different fullscale hull

forms.
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1. INTRODUCTION
1.1 CFD mesh

Computational Fluid Dynamics (CFD) has become very
useful tool in the last decade for improving ship
hydrodynamics and reducing operational costs in the
shipping industry. CFD enables detailed analysis of ship
hull and propeller performance, directly addressing
economic and regulatory pressures to minimize fuel
consumption and therefore, improve energy efficiency.
In addition to the CFD (numerical) approach commonly
used for the analysis of ship energy efficiency,
analytical methods are also available [1], [2].

Parametric mesh studies in ship CFD are essential
for ensuring accuracy while optimizing computational
efficiency. Research shows that mesh generation and
resolution directly impact simulation results. When
studying ship resistance, researchers have successfully
used multiple mesh configurations ranging from coarse
to fine grids, comparing results to validate the compu—
tational approach [3]. Similarly, analysis of mesh reso—
lution effects demonstrates that mesh configuration
directly impacts numerical results in velocity fields,
with finer meshes showing convergence improvements
of up to 6.4% [4]. One comprehensive study conducted
over 50 iterations of heaving sphere simulations by
varying mesh configurations and simulation parameters,
achieving good agreement with experimental data while
maintaining computational efficiency through axisym-—
metric exploitation [5]. In resistance prediction studies,
parametric analysis has revealed that wavelength ratio
significantly influences the pattern of resistance in
waves, with added resistance behaviour varying non-
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linearly with wave height [6]. Grid-independence stu—
dies are essential to establish which mesh configurations
provide adequate accuracy, and modern approaches
increasingly employ machine learning to guide
parametric optimization searches efficiently [7]. Grid
sensitivity (or grid convergence) studies evaluate how
variations in mesh resolution affect simulation results.
The standard approach uses Richardson extrapolation
methods to assess mesh convergence. In ship hydro—
dynamics, researchers typically conduct systematic grid
convergence studies based on multiple grid resolutions
to predict uncertainties in numerical solutions [8]. A key
protocol involves performing sensitivity analyses on
each operating condition, with particular attention paid
to critical flow regions like the free-surface and wake
fields in the propeller plane. When conducting grid
refinement studies, researchers evaluate sensitivity for
each operating condition separately. For example, in
full-scale ship trials, grid refinement sensitivity is
systematically assessed for each power setting, and
time-step effects are also evaluated for the selected
grids. The simulated results showed good agreement
with test data, illustrating the capability of numerical
methods to determine ship performance at full scale[9].
Studies investigating ship resistance and self-propulsion
often verify grid convergence through comparison with
experimental data, examining the influence of factors
like mesh density, time steps, and turbulence models
[10]. The free-surface region and wake flow require
particular mesh refinement. Grid independence studies
should assess both overall domain resolution and local
refinement at critical areas [11]. Additionally, research
on ship design operations in confined waters has utilized
detailed grid independence checks at different design
stages to optimize both accuracy and computational
efficiency [12].

A comprehensive study by [13]. developed best
practices for self-propulsion simulation of ship models
in calm water. Extensive convergence studies were
carried out to examine effects of various propeller mod—
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elling methods and parameters, including non-dimen—
sional wall distance, grid resolution/distribution, and
turbulence model selection. The study examined both
bare-hull resistance and propeller open-water perfor—
mance initially, then applied two different propeller
modelling methods: a simplified body-force method and
a detailed propeller modelling approachto predict wake
fraction and propeller performance behind the hull. The
difference in accuracy between these methods was
quantified through convergence studies, allowing rese—
archers to establish best modelling practices. Validation
was performed on the KRISO Container Ship (KCS)
model, where the effective wake fraction determined
from CFD was compared with experimental effective
wake fraction data. A detailed numerical study on full-
scale ship self-propulsion performance demonstrates
how grid convergence is incorporated into validation
procedures [14]. The research included simulations
using RANS method with both double-model and
Volume-of-Fluid (VOF) models for scale effect
analysis. Verification of grid convergence was perfor—
med through global mesh refinements, and a series of
sea trials were conducted to collect reliable data for
validating predictions. The study demonstrated that grid
convergence studies are critical for understanding hull-
propeller interaction, where boundary layer separation is
the main source of wake variation. Notably, the research
found that simplification of free surface treatment does
not only affect wave-making resistance of the bare hull
but also induced drag, which can produce up to 5%
uncertainty in power prediction. A numerical study of
two-propeller hydrodynamic performance demonstrates
systematic grid convergence methodology [15]. The
research conducted standardized mesh and time-step
convergence studies following ITTC recommendations.
The hydrodynamic results for the KP505 propeller were
compared with experimental data to validate the
reliability of the method. Over 40 propeller
arrangements with varying transverse and longitudinal
spacing were then simulated. The study revealed that
the high-speed wake generated by the upstream
propeller  significantly affects the downstream
propeller's hydrodynamic performance, with this
interaction diminishing as transverse spacing increases.
An uncertainty quantification study of self-propulsion
analyses with RANS-CFD examined a small-size
product/oil tanker at model scale [16]. The methodology
involved open water propeller predictions and model
scale computations for minimum two different loadings
to determine the self-propulsion point and respective
parameters. To expedite computations, cases were
solved using a single-phase approach. Resistance
predictions were compared with experimental findings,
and uncertainty associated with thrust prediction was
quantified. The comparison between CFD predictions
and full-scale sea trials conducted on the subject ship
indicated that CFD computation could predict
performance with sufficient accuracy at acceptable
computational cost. A study on Flettner rotors as wind-
assisted propulsion demonstrated grid convergence
methodology for preliminary design assessment [17].
RANS-based CFD evaluated aerodynamic performance
of various rotor configurations. A grid convergence
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study was conducted as part of the CFD results verifi—
cation process. Initially, isolated 2D and 3D rotors at
model scale were simulated for various operating
conditions. A cargo ship fitted with Flettner rotors was
then simulated to compute resistance and evaluate rotor-
to-rotor interaction, demonstrating how grid conver—
gence studies enable confidence in subsequent design
evaluations.

These examples demonstrate that grid sensitivity
studies are essential at every stage of ship CFD analysis,
from preliminary design through validation against sea
trials. The studies consistently show that proper mesh
convergence procedures establish confidence in propul—
sion performance predictions, enable accurate scale
effects analysis, and support design optimization with
quantified uncertainty bounds.

1.2 Boundary layer

The boundary layer forms on the ship's hull surface
because of the fluid's viscous effects, causing the fluid
velocity to change from zero at the solid surface to the
value of the undisturbed flow velocity. The exact
characteristics of the boundary layer depend on factors
such as the Reynolds number, ship geometry, speed and
fluid properties. Its study is crucial for determining the
frictional resistance coefficient, which represents a
significant component of the ship's total resistance. It is
known that when the hull is subjected to water flow,
turbulent flow occurs and consequently, the boundary
layer that forms is called the turbulent boundary layer.
The boundary layer thickness is defined as the position
where the flow velocity reaches 99% of the undisturbed
flow velocity, measured from the wall where the flow
velocity is zero [18].

Research in the field of boundary layer velocities
dates back more than 120 years [19-21] and initially
focused on pipe flow. It was concluded that the velocity
near the wall during turbulent flow varies with 1/7
power of the distance from the wall. It should be noted
that this exponent holds only for smooth pipes (up to Re
= 10[1), but for larger Reynolds numbers, it decreases to
1/10. However, in the case of rough pipes, the exponent
for increasing relative roughness rises from 1/7 to 1/4
[22]. As early as 1927, Prandtl proposed an expression
for the thickness of the turbulent boundary layer in

pipes [20]:
6 037
X Reic/5

Q)

For flow over a flat plate, the following expressions
were obtained [23]:

o 0.16
xR &
ex
or [24]:
o 0382
s 3
ex

Since a ship has an extraordinarily complex geo—
metric structure, the turbulent boundary layer that forms
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is highly irregular in shape [25]. In 1948, one of the first
formulations for the boundary layer thickness on ships
appeared [26,27]:

_ 5.5x

JRe

By the 1970s, research emerged focusing on met—
hods for solving three-dimensional turbulent boundary
layer flow on ships [28] which later led to the
organization of the first workshop in 1980 [29]. The
greatest challenge when solving flow around a ship's
hull arises in the stern region where flow separation
occurs [30]. In [31] authors conducted experiments in a
wind tunnel on a 10ft long Wigley hull to study the flow
in the boundary layer and a wake over the stern. Study
by [32] presents experimental results from towing-tank
tests examining propeller-hull interaction using the
Series 60 C, = 0.6 hull form. Measurements included
mean-velocity and pressure fields for conditions both
with and without a propeller. Data were collected
upstream, downstream and in the near-wake region,
alongside surface-pressure distributions, wave profiles,
resistance and self-propulsion tests. Results highlight
key differences in flow behaviour when a propeller is
present. The interaction between the propeller and the
hull’s boundary layer and wake is analysed using a
propeller-performance program, revealing that most
interaction effects stem from the propeller’s response to
the three-dimensional non-uniform inflow.

Boundary layer phenomena are critical in maritime
applications as they affect resistance, propulsion set and
manoeuvrability. Accurate simulation of these pheno—
mena requires sufficiently refined and well-structured
meshes that capture the near-wall effects effectively.
The advances in mesh generation techniques have
notable implications for maritime CFD analyses. In [33]
authors discussed how the future landscape of CFD will
rely on high-performance computing and improved
mesh adaptability, proposing that real-time simulations
will depend on the efficiency and quality of generated
meshes. This interdependence inherently calls for inno—
vative solutions to align meshing techniques with
complex geometries and fluid interactions in maritime
settings.

One critical challenge in ship hydrodynamics is
managing the significant difference in boundary layer
thickness between model-scale and full-scale ships. A
novel approach to address this is the Boundary Layer
Similarity (BLS) model, where only the stern part of the
hull is extracted and lengthened to make its boundary
layer thickness equivalent to that of a full-scale
ship [34]. CFD simulations of energy-saving fin perfor—
mance demonstrated that the BLS model is capable of
predicting full-scale performance through model-scale
simulations, with flow fields affected by fins showing
similar characteristics to those of full-scale ships

Different turbulence models have varying capabi—
lities for capturing boundary layer characteristics. Rese—
arch comparing eight turbulent viscous models revealed
that model selection significantly affects the prediction
of pressure distribution, velocity distribution, and
boundary layer characteristics around ship hulls [35].

)

“
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The boundary layer separation around the hull is a
primary source of wake variation and affects propeller
performance. Research on full-scale ship self-propulsion
demonstrated that the difference in hull boundary layer
separation is the main source of wake characteristics
[14]. This finding links boundary layer behaviour
directly to propulsive efficiency. In shallow water
operations, the boundary layer interactions become even
more complex; studies found that the ship's mano-—
euvring characteristics in shallow water are linked to
complex interactions between the hull wake, boundary
layer, propeller, vortices, and the seabed [36].

Currently, the literature does not provide specific
guidance on the mesh resolution of the near-wall region
for ship applications. The need for such guidance arises
from the fact that CFD software often requires this
value as an input when generating the mesh. Three key
parameters are commonly used as inputs when defining
the mesh in the near-wall region: the prism layer total
thickness, the number of layers and either the aspect
ratio or the thickness of the first layer. The number of
layers determines how many individual mesh layers are
included within near-wall region. A higher number of
layers can improve the resolution of the velocity profile
but may increase computational costs. Conversely, too
few layers may result in insufficient resolution,
compromising simulation accuracy.

Some studies provide guidance on the appropriate
size of the base cell. The base cell size plays a
significant role in defining the overall mesh structure
and balancing computational efficiency with solution
accuracy. In the study that involves estimating the
resistance of a catamaran using CFD software [37] it is
suggested that a grid size of about 6.0%o. of the waterline
length can be used as the mesh size for the catamaran
surface. The study [38] identifies that a grid size of
0.34% of the waterline length optimizes resistance
prediction accuracy without increasing computational
cost and resistance results remain stable with y* values
between 11.5 and 200. Additionally, while the grid dist—
ribution ratio has minimal impact under these condi—
tions, a smaller ratio is recommended for improved
accuracy.

This study focuses on the Lucy Ashton benchmark,
selected due to the availability of extensive
experimental data, including resistance measurements at
multiple model scales, full-scale resistance data, and
boundary layer thickness measurements. Results from
the Workshop are summarized in [39], while other
research based on this ship are presented in [40],
[41].Lucy Ashton, a former paddle steamer built in
1888, was extensively modified after 1949 for full-scale
resistance experiments, including hull fairing and the
installation of four jet engines to provide steady, well-
controlled thrust. The experimental database originates
from 1950s sea trials conducted at multiple speeds and
under different surface conditions; for the workshop, the
smoothest configuration (faired seams with aluminium
paint) was adopted as the reference case, without
roughness modelling in CFD. Ship speed and boundary-
layer characteristics were measured using pitot logs
mounted at two longitudinal positions along the hull.
The measured velocity profiles confirmed the expected
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growth of the boundary layer downstream and yielded

frictional resistance estimates consistent with direct

resistance measurements.

Based on the results of conducted Lucy Ashton
case, the objectives of this study are defined as follows:
e To analyze the boundary layer thickness of the

Lucy Ashton case through CFD results and

compare its variation with Reynolds number against

classical theoretical formulations (1-4);

e To determine an appropriate distribution of layers
in the near-wall region for accurate CFD resolution
of flow close to the surface;

e Formulation of an expression for the base cell size
in the mesh;

e Validation of the developed methods using experi—
mental data from the Lucy Ashton ship in various
model scales and full scale.

2. METHODOLOGY
2.1 Case description

The Lucy Ashton case is particularly well suited for
addressing the points outlined above due to the
availability of experimental data. This includes total
resistance measurements from model tests at six
different scales and across multiple speeds A = [21.167,
15.875, 11.906, 9.525, 7.938, 6.35], total resistance data
for several speeds in full scale (A = 1), and boundary
layer thickness measurements at a speed of 10.18 knots,
taken at 49% of the ship length from the stern along the
centerline. The basic data and dimensions of the Lucy
Ashton ship are provided in the following Table 1.

Table 1. Ship particulars

where Jyi is the prism layer total thickness, Y, is the
thickness of the first cell layer, SF is the stretch factor
and nj,, is the number of layers, representing four
unknown quantities. Since there are no recommen—
dations for the prism layer total thickness of complex
geometric shapes, recommendations for boundary layer
thickness in pipes or flat plates (1-4) are usually used,
where x is the length of the ship at the waterline (L,;)
and Re is the Reynolds number based on the length at
the waterline. This region is defined prior to running the
simulation and does not need to match the actual
boundary layer thickness for a specific ship. This is the
reason why the same symbol is used for the total prism
layer thickness (J,i) and boundary layer thickness (9).
There are no direct recommendations for determining
the thickness of the first cell layer, but there is a
relationship  between this parameter and the
dimensionless thickness of the first cell layer, .

y = (6)

where " is the friction velocity and v is the kinematic
viscosity of water. The kinematic viscosity can be
determined based on the temperature of the water at
which the experiments were conducted. In this case, it
was determined based on known values for density and
dynamic viscosity (given in Table 2).

Table 2. Water and air properties

Full scale Model scale
p, [kg/m’] 1026.02 998.8
p, [kg/m’] 1.225 1.242
1, [Pas] 1.22E-03 1.27E-03
1, [Pas] 1.79E-05 1.77E-05

L,, [m] 58.1
Ly, [m] 59.49
B [m] 6.4
T [m] 1.584
H [m] 2.1844
WSt [M°] 417
A [t] (sw) 390
Cy [-] 0.685
CD ['] 0.705
Ch [-] 0.972

2.2 CFD setup and simulation conditions

The initial speeds considered for the CFD analysis in
this study are the same as those used in the workshop,
with Fr = [0.130, 0.173, 0.219, 0.260, 0.304] for the
full-scale ship and Fr = 0.219 for the model scale. For
the CFD calculations, the software STAR-CCM+
developed by Siemens was used. In wall-resolved mesh
generation, three key parameters are commonly defined
to control the near-wall discretization: the number of
prism (inflation) layers, the near-wall (first-layer)
thickness and the total prism layer thickness. There is a
mathematical relationship between these three para—
meters, which is based on geometric progression:

Y, (1 —SF1ay )

S =————L 5
pltt 1-SF (%)
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The friction velocity can be determined using the
following expression:

u = [ @)

where 7, is the wall shear stress (viscous force stress on
the wall or ship hull), which can be determined using
the following expression:

1
7w =5Cr Pt ()

where Cy is the coefficient of viscous resistance and u is
the free-stream velocity of water (i.e., the speed of the
ship). The coefficient of viscous resistance, according to
the ITTC 1978, is determined by the following formula
[42]:

CV:(1+k)CF ©)

where k is the form factor and Cp is the friction
coefficient for an equivalent flat plate, which can be
determined using the ITTC formula [42]:
0.075
Cp=rs (10)
(logRe-2)
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Form factor is extracted with Prohaska’s method as
indicated in the [43]. If data for the form factor is not ava—
ilable, empirical formulas given in [44] can be used, or re—
commendations provided in [45]. Also, CFD double body
simulations can be used to determine the form factor [46].

2.3 Mesh parameterization

Based on the current guidelines and recommendations
[47], which emphasize that y* should remain within the
range of 30 to 100 for CFD simulations in ship hydro—
dynamics if wall functions are used, the question arises
of how to determine the parameters used as input for
setting up such simulations. This study demonstrates
one possible approach to defining these parameters. In
addition to y", there is a specified SF in [47] to be 1.2
and number of layers (7,y) to be 15, but in this research,
an investigation is extended to cover a range of SF' from
1.2 to 1.4 and the range for nj, from 7 to 25. An
additional reason for extending the ranges lies in the
author’s experience: simulations aimed at predicting the
resistance of complex ship forms for certain ship types
either failed or required excessive computational time
due to poor mesh quality, which resulted directly from
using a fixed number of layers in the near-wall region.
Removing prism layers near the hull, according to the
author’s observations, led to unreliable results that did
not match experimental measurements. Moreover, key

parameters, such as y*, would fall outside the limits

defined by official ITTC and IACS guidelines.
By extending (6) and multiplying by L,,/Fr:

+ *
y Ly ulL,

L wE 7wl _ (g 11
WFr vA f( ) (i

A graphical representation of the dependency

y+Lwl

for ships of different scales can be obtained.
YWFr

+

L
Similarly, the dependence yY FWI (Fr) for ships of the
r

same scale but at different speeds can also be plotted:

y+Lwl _ u LWZ

YWFr vA =g(Fr) (12)

The functions f{A) and g(F7) can be represented in
the form aA” and cFr¥, respectively, where the
coefficients a, b, ¢ and d are determined by using loga—
rithmic transformation and linear regression with the
least squares method:

5[ )T i)
(13)

1

a = exp 7

1

13 () (3 (A0

,zj[m(j)-lny;l”(j)Z/(W(/))'zj(lny;llw(j)]} (14)

b=
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Y (v Ly )= X Fr ()

c=exp ; (15)

dzzz}[lnﬁ(j) .m%lw(j) _}Z{h’( A Z{h‘%w (j)D
15w Sy

where [/ is the number of speeds (£r) i.e., number of
scale factors in specific case. For Lucy Ashton case, /=7
for Fr=idem=0.219 and /=5 for A=idem=1. Counter j
goes from 1 to /.

Based on the prism layer total thickness, stretch
factor, the number of layers and using the geometric
sum formula for finite number of array elements, the
first layer thickness can be evaluated.

Spiie (1= SF)

(16)

p=—"7—""—- 17
R
From (11) and (12), " can be expressed as:
Y, F Y, F
+:1_rf(/1):1_r.a.gb (18)
Lwl Lwl
-4 -4
=1 g(Fr):—1 e Fré (19)
Lwl Lwl

The thickness of the last layer (Y),s) can be exp—
ressed as:

Yigst =Y - SF ay (20)

When the size of the base cell (BS) is taken to be
equal to the size of the last cell in the prism layer
divided by zone refinement factor (ZR), the following
relationship applies:

BS =Y, / ZR @21)

Zone refinement is a factor that depends on the
degree of fineness of the local mesh. Zonal refinement
is essential for achieving accurate predictions of hydro—
dynamic forces by concentrating mesh resolution in
regions near the hull and in wave-making zones, where
flow gradients are highest. This approach optimizes
computational efficiency, enabling detailed analysis of
complex geometries and advanced turbulence models
without prohibitive resource costs.

Figure 1 illustrates the refinement zones, paramet—
rically defined as functions of the principal dimensions
(Lpp, B, T). The volumetric dimensions of these refine—
ment zones are provided in Table 3 together with
domain size (refer to the end of the paper). All dimen—
sions in Table 3 are specified with respect to the global
coordinate system, located at the aft perpendicular and
the keel centerline. Positive values are oriented in the
positive x-axis direction, i.e., toward the bow. In this
manner (Table 3), the zones are defined for half of the
ship, which can be applied in cases where the ship is
symmetric, as in the present case. Table 4 presents the
relative percentages of the base cell size along the x, y,
and z directions, respectively.
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Table 3. Domain and zone refinements dimensions

Aft edge Fore edge Aft Side Fore Side Bottom extrusion Top extrusion

Domain —35-Ly,/2 2-Ly/A 2-Lyy/A 2-Ly/4 —2-Ly/2 05-L,/4

Free surface refinement | —3.5-L,, /4 2Ly, /2 2Ly, /A 2-L,, /A 09-T/4 1.1-T/A

Stern refinement —015-L,,/2 | 02-L,, /2 0.6-B/A 0.6-B/1 -02-T/2 1.3-T/2

0.6-B/A—0.15

Fore refinement 09-L,,/4 1.05-L,,/4 0.6-B/A L,/ 2+ tan(20) 02-T/A 1.3:T/4
. el ) 3L/ A ) . .

Fine cone refinement 1.5 Ly, /2 1.5 Ly, /2 tan(20) 0.8-B/A 0.7-T/A 1.3-T/4
_ . . 1.5 Lyy! 2 . . .

Coarse cone refinement 2.25- Ly, /4 1.8 Ly, /2 tan(20) 2-B/A 05-T/4 1.5-T/4

..

Figure 1. Zone refinements
Table 4. Zone refinements — Relative from base cell size

ZR [% BS]
X y z
Domain 600 600 600
Free Surface 50 50 12.5
Stern refinement 12.5 12.5 12.5
Fore refinement 3.125 3.125 3.125
Fine cone refinement 12.5 12.5 6.25
Coarse cone refinement 25 25 12.5

In this specific case, it is applied that the degree of
fineness of the last cell in the near-wall region is four,
which means that the dimension of the last cell in the
near-wall region is 6.25% of the base cell dimensions,
i.e., itis 1/20] times smaller.

The baseline equation for estimating the prism layer
total thickness is given as (1), while assuming that the
near-wall region thickness (i.e. prism layer total
thickness) is equal to the boundary layer thickness and it
was applied in first iteration. Alongside it, there are
three other (17), (18) or (19) and (20) and five unknown
variables (', Y;, SF, Miay, Viast), the system is not closed
and cannot be solved analytically. However, since the
ranges for y', SF andn,y are defined, the system of
equations can be solved by adding one additional
condition. For a constant Fr and different scales, the one
condition is that the product Y4 should remain
approximately constant across scales. This condition
ensures that the physical size of the last layer in the
near-wall region remains consistent in real dimensions
across different scales, thereby maintaining similar wall
resolution. In contrast, for constant scale and varying
Fr, the last cells’ sizes in the near-wall region i.e., the
base cell size should remain approximately constant (BS
~ const.). In this way, one solution is selected for each
scale or for each Fr. The resulting solution defines mesh
parameters BS, y*, Y, and Niay, 1.€., the full prism layer
setup needed to generate an appropriate mesh.

The cell size in each case will be different (for
different speeds or scales), so an additional analysis was
performed to potentially develop a simple formula for
determining its dimensions. The idea is to come up with a
formula in the form BS = f(L,,, r, 4, m) where r is

250 = VOL. 54, No 2, 2026

refinement level which according to [48] equals V2 (or

2, 22 ,...) and m is the scaling parameter, which is
sought such that it provides the largest cell dimension
without significantly affecting the results. Specifically, m
will be determined as a local minimum or maximum of
the A(4) where / is approximated function for specific Fr:

h(A)=BS-2/(Ly,-7) (22)

Thus, the suggested simple expression for the size of
the base cell dimension will be in the form:

BS=(L,y 1) -m' (23)
where:

Lif & (/1) =0andh (/1) < 0 (local maximum)
s=q-1ifh (/1) =0andh (/1) > 0 (local minimum)
0, otherwise

and m is the local minimum or maximum of the function /.
2.4 Validation and boundary layer evaluation

As an output from the CFD analysis, two parameters are
selected: the total resistance of the ship (Rycrp) and the
dimensionless boundary layer thickness dcpp/L,/(Re).
An acceptable solution is considered to be the total
resistance value that lies within £5% (or less if possible)
of the measured value during experimental testing.

In CFD simulations, for all cases, velocity profiles
were determined at 20%, 30%, 40%, 49%, 62% and
80% of L,, along the centre line. At 100%L,,, the boun—
dary layer thickness is considered to be zero. The boun—
dary layer thickness at each defined longitudinal posi—
tion (%L,,) was taken as the vertical distance from the
ship’s hull where the velocity reaches 99% of u,, with
u,being the free-stream velocity. An illustrative repre—
sentation of the determined velocity profiles is shown in
Figure 2. The dots in Figure 2 denote the calculated
boundary layer thickness at each cross-section. The re—
sulting set of points can be approximated using a n"
degree polynomial via least squares regression, where
the residual sum of squares (RSS) is minimized. Subse—
quently, the maximum value of the polynomial within
the ship’s length boundaries is identified and adopted as
the boundary layer thickness for the entire ship.

| M—%—%—*Ml
0% 0%  30%  40% 2% 100%

Figure 2. Boundary layer thickness evaluation
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The boundary layer thickness determined by the
CFD analysis is considered good if it is within the range
of values obtained during the experiment or as close as
possible. According to the notes from [49] it was often
difficult to obtain satisfactory readings in the boundary
layer and many of them are discounted, so this was the
reason why only for one speed, the data about velocity
profile is available. If the two conditions mentioned
above (for total resistance and boundary layer thickness)
are not met, the simulation setup parameters are
adjusted until the results are considered valid, i.e., until
both conditions are satisfied for all considered speeds
and all scales (11 cases in total). The entire process is

iterative and based on the principle of trial and error,
adjusting the boundary layer thickness formula accor—
ding to the results of the CFD analysis. Since the Lucy
Ashton ship is relatively small by today’s standards
(58.1m), additional simulations were conducted with
extrapolated ship dimensions using factors of 0.5, 0.18
and 0.12, for several speeds according to the matrix
shown in the following table (Table 5). The “0” symbols
indicate the originally conducted simulations corres—
ponding to the cases defined through the workshop,
while the “x” symbols indicate the additional simula—
tions to extend the boundary layer formula to cover the
range of the largest ship ever built (The Seawise Giant).

’ Lucy Ashton case I
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The ratio dcpp/L,(Re) was found in the form of e -
Re", where e and & were determined in the same way as
coefficients a, b, c and d (see (13-16)).

Table 5. Conducted simulation cases

In Table 6 are shown values obtained with (7-10). In
Table 7, initial values for defining near-wall region
parameters are providedfor F7=0.219 at different scales.
Table 8 and Table 9(corresponding to Tables 6 and 7)
also provide initial values for defining near-wall region

A Fr=0.13 | Fr=0.173 | Fr=0219 | Fr=0.26 | Fr=0.304 parameters but for the full-scale ship at different Fr.
21.167 X 0 X In Figure 4 the graphical representation of evaluated
15.875 o function f{4) = a-4 " is shown in accordance with data
11.906 o from Table 7.

9.525 0
=938 o 40E107 ¢
6.35 X o X 3sE07 |
1 0 0 0 ) o :
05 x X X 30407
0.18 X X X _
5 . " " F25E07 |
%2.0&07 -

After conducting new simulations, the boundary
layer thickness formula was further calibrated until the

3657122841405

conditions for completing the calibration were met. The 1.OF+07

algorithm for determining the boundary layer thickness soE06 |

formula based on data for the Lucy Ashton ship is given T

in the Figure 3 (refer to end of paper).The dashed arrow 0.0R+00 . ; o o ) “5'"" """""" 20" .

in the same figure shows the possible calibration of
other parameters during a single CFD calculation. Other
parameters include domain size, turbulence model and
its parameters, boundary conditions, solver, time step

Figure 4. Graphical representation of evaluated (11) — (Lucy
Ashton case Fr=0.219)

and others, which may affect the results. It is important
to note that in the calculations for this study, these
parameters were not changed compared to how they

In Figure 5 graphical representation of evaluated
function g(Fr)=c:Fr is shown in accordance with data
from Table 7.

were defined for the Lucy Ashton workshop case and in
previously published paper by authors [41].

Based on algorithm in Figure 3 (refer to the end of LIE107 - X
paper), a short code is developed in MATLAB software
for evaluation of y*, SF, Ny and BS. As noted in Figure
3, range for y' is defined to be from 60 to 200. This is 9.0F+06
because, in a computational mesh, y" is evaluated at the
centre of the first cell — corresponding to half of its
thickness — rather than at the cell boundaries, which 2701406
represent the full cell thickness.

The numerical models, boundary conditions, grid .
uncertainty analysis, and post-processing procedures 50406 L
were performed in accordance with the methodology
described in the paper [41].

12E107

1.0E+07

33434962 470932

8.0E+06 | X

ZYA [m]

y L,

6.0E4+06

40E106

3.0E+06 : ! :

3. RESULTS 0.08 0.13 0.18 0.23 0.28 0.33
) Fr[

The results obtained according to the methodology Figure 5. Graphical representation of evaluated (12)- (Lucy
defined in the previous chapter are presented below. Ashton case A =1)

Table 6. Initial values for near-wall region setup obtained with (7-10): (Lucy Ashton case, Fr=0.219)

Al-] k-] V [m/s] Re[-] Crurrex10” [-] Cx10° [-] 7, [Pa] u” [m/s]
21.167 0.029 1.136 2511991 3.8739 3.9863 2.571 0.05073
15.875 0.035 1.312 3867554 3.5639 3.6886 3.172 0.05635
11.906 0.034 1.515 5954677 3.2896 3.4014 3.9 0.06249
9.525 0.042 1.694 8321652 3.0981 3.2282 4.627 0.06806
7.938 0.046 1.856 10938061 2.9538 3.0897 5.314 0.07294

6.35 0.051 2.075 15287850 2.7904 2.9328 6.305 0.07945

1 0.058 5.228 261594245 1.821 1.9266 27.018 0.16227
Table 7. Initial values for near-wall region setup obtained with MATLAB code: (Lucy Ashton case, Fr = 0.219)

2] J [m] VLY Fr[-] SF[-] Miay[-] v Y)[m] Yiage[m]
21.167 0.02311 512086 1.20 7 35 0.00179 0.00534
15.875 0.02889 758417 1.24 7 44 0.00198 0.00718
11.906 0.03610 1121320 1.30 8 37 0.00151 0.00950
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9.525 0.04292 1526621 1.29 9 38 0.0014 0.01073
7.938 0.04943 1963082 1.28 9 48 0.00168 0.01213
6.35 0.05876 2673162 1.28 10 48 0.00152 0.01404
1 0.24372 37073875 1.29 19 36 0.00056 0.05523
Table 8. Initial values for near-wall region setup obtained with (7-10): (Lucy Ashton case, A =1)
Fr[-] V [m/s] Re [-] Crirrex10° [-] C,x10° [-] 7, [Pa] u [m/s]
0.130 3.104 155284255 1.9567 2.0702 10.23 0.09985
0.173 4.130 206647508 1.8805 1.9896 17.411 0.13027
0.219 5.228 261594245 1.8210 1.9266 27.018 0.16227
0.260 6.207 310568510 1.7794 1.8826 37.212 0.19044
0.304 7.258 363126257 1.7428 1.8439 49.825 0.22037
Table 9. Initial values for near-wall region setup obtained with MATLAB code: (Lucy Ashton case, A =1)
Fr ['] 0 [m] erLwl/Yl/‘L ['] SF ['] nlav['] y+['] Yl [m] Ylast[m]
0.130 0.26355 4995928 1.29 17 43 0.00102 0.06004
0.173 0.25249 6517776 1.29 18 41 0.00076 0.05735
0.219 0.24372 8119179 1.29 19 39 0.00056 0.05523
0.260 0.23752 9528551 1.29 19 44 0.00055 0.05382
0.304 0.23202 11025758 1.29 20 39 0.00042 0.05248

Based on (22), the 4 function could be evaluated for
a range of Fr. The form of the function 4 is presented in
Figure 6. The dots in Figure 6 present values of function
h for a Fr=0.219. The bars indicate the ranges within
which the function / varies depending on anotherFr.
The approximated curve passes through the lowest sides
of bars and is exponential in nature:

h(2) = 43.79exp(0.2794- 1) +29.85exp(0.002018- 1)

80

70

12
Al

¢ Fr=0.2]19 — Function i - = Asympl.

Figure 6. Evaluation of parameter function h and parameter m

The function 4 has a global minimum and it oc—
curred at approximately A ~ 18.88 with a minimum
value of about 31.23. For the sake of simplicity in nota—
tion, the parameter value m=30 was adopted. Conse—
quently, (23) takes its final form:

BS=(L,,)/(30-2). ©25)

The velocity profile obtained from CFD analysis can
only be compared with one set of experimental measu—
rement data, specifically at a speed of 10.18 kn (Fr =
0.219) at 49% of the ship’s length along the centreline.
A comparative velocity profile, expressed in terms of
boundary layer thickness (d) and the ratio of disturbed
to undisturbed flow velocity (u/u.,), is shown in Figure7.
In the figure, experimental data [49] are represented by
"o" symbols, while a dashed line represents the appro—
ximated velocity profile based on experimental data
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analysis. The gray shaded area denotes the zone encom—
passing the velocity profile when accounting for all
measured values. Data obtained from the CFD analysis
are marked with "x" and the velocity profile is appro—
ximated with a solid line. A vertical dotted line indicates
the 99%u., level, which is defined as the boundary layer
thickness at 49%L,,,.
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Figure 7. Velocity profile at CL at 49%L,,, Fr=0.219

According to the methodology described, the boun—
dary layer thickness determination procedure was app—
lied to all transverse cross-sections at selected distances
from the aft perpendicular (AP). These values were then
approximated using an n-th degree polynomial along the
ship’s length. The process was repeated for each ana—
lyzed speed. By evaluating second-, third- and fourth-
degree approximation polynomials, it was found that
fourth-degree polynomials yield the smallest RSS.
Results from the initial 11 CFD simulations related to
boundary layer thickness are presented in Figure8 and
Figure 9.

Figure 8 illustrates the boundary layer thickness dis—
tribution from 20% L,, to 100% L,, for different ship
scales at Fr = 0.219. Here, the boundary layer thickness
was multiplied by corresponding scaling factors to
clearly display all six cases (scales) on a single diagram.
Figure 9 shows the boundary layer thickness distri—
bution along the ship’s length for the full-scale ship at
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various Fr. Dashed lines in Figure 8 and Figure 9
represent the fourth-degree approximation polynomials.

06 -

0.5

0 ‘ Ay

0% 20% 40% 60% 80% 100%
Yl

*6.35 -7938 +9.525 «11.006 =15875 =21.167

Figure 8. Boundary layer thicknesses for different A (Fr =
0.219)

By solving the first derivative equation of the fourth-
degree polynomial, it was determined that the maximum
boundary layer thickness occurs at approximately 30%L,,
from the AP. The analysis further revealed that the effect
of scale variation has a greater influence on boundary layer
thickness than changes in speed.

030 r
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=
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0.05 r

0.60
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YL,

<013 -0.173 -0219 =026 0304
Figure 9. Boundary layer thicknesses for different Fr (A=1)

The maximum of the fourth-degree polynomial,
i.e., the maximum boundary layer thicknesses expressed
in the dimensionless ratio (J/L,,) plotted as a function of
Re, are shown in FigurelO for all cases examined in
Table 5 (denoted with “x” for entire conducted
simulations for Lucy Ashton case).

The final formula for boundary layer thickness
evaluation is given below:

5 0075
L, R

In FigurelO are also given J/L,(Re) lines obtained
with (1-4) and (26).

The estimated total resistance coefficients obtained
from CFD simulations using coarse, medium, and fine
meshes are summarized in Table 10 and Table 12, to—
gether with the corresponding EFD data and relative
errors. The associated grid, data, and validation uncer—
tainties for the Lucy Ashton case are reported in Table
11 and Table 13, covering various scales at a single
speed and multiple speeds at full scale, respectively.
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Figure 10. Non-dimensional boundary layer thickness
change for different Re (1-4, 26)

Table 10. Results of Lucy Ashton case (various scales, one
speed (same Fr))

CFD

Coarse | Medium | Fine E

AR s | s s | D
Crx 10° [-
] 21.167 43 4.495 4.444 4404 | 24
15.875 | 4.038 - - 4125 | 2.2
11.906 | 3.838 - - 3.808 0.8
9.525 | 3.643 - - 3.634 0.3
7.938 | 3.621 - - 3.482 3.8
6.35 3.467 - - 3.351 3.3
No. of
cells x 10° - - 0.63 1.311 2.637 -

Table 11. Validation for Lucy Ashton case (various scales,
one speed (same Fr))

UG %S1 UD %D UV %

7.04 1 7.1

Table 12. Results for Lucy Ashton case (various speeds,
full scale)

CFD
Coarse | Medium | Fine

Fr[-] | EFD E %D
rt ) | s | s [E”
013 | 2278 | - - 2287 24
0173 | 2259 | - 2214 22

Crx 10°[] [0219 | 2566 | - T 257 08
026 | 3.004 | - 3101 ] 03
0304 | 4.165 | 4425 | 4385 | 4353 | 38

No.of cells | - _ - | o0s46 | 1633 |3481| -

x 10

Table 13. Validation for Lucy Ashton case (various speeds,
full scale)

Ug %8S, Up %D Uy %

6.4 1 6.5

In Table 14 and Table 15, the predicted y* values
and the y* values obtained from CFD analysis are listed
for cases of different scales at a constant F7r, as well as
for the full-scale ship at varying Fr.

Table 14. y* values Lucy Ashton case (various scales, one
speed)

2 [-] target y'[-] obtained y'[-]
21.167 35 38
15.875 44 43
11.906 37 36
9.525 38 37
7.938 48 47

6.35 48 47
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Table 15. y* values Lucy Ashton case (various speeds, full
scale)

Fr[-] target y ' [-] obtained y'[-]
0.13 43 43
0.173 41 41
0.219 39 42
0.26 44 44
0.304 39 39

4. DISCUSSION

Although the parameter m for the full-scale case (1=1)
deviates by up to 100% from the adopted value (m=30)
in (25), the obtained results are sufficiently reliable, as
seen in Table 12 for the Lucy Ashton case. This also
needs to be further tested with other types of full-scale
ships because it has been observed that extrapolated
ships (4 = 0.12 and 4 = 0.18) exhibit oscillations in the
residuals, as the cell aspect ratio is considerably large.
This could be indicated in Figure 5, where the parameter
for A < 1 would be significantly greater than 30, while
already at model scales the parameter m does not
deviate substantially from 30. The next immediate step
would be to verify the entire procedure and the derived
formulas for other benchmark cases, including the
Meteor case, for which full-scale measurements of total
resistance exist and others benchmark cases such as
JBC, KCS, DTC and others.

For cases where 1>10, the parameter m is shown not
to change drastically. The development of the formula
(26) is also heavily influenced by the parameter ZR, i.e.,
the definition of refinement zones around the ship.

The observed deviation of the parameter m for the
full-scale case indicates that the parameter may depend
not only on the Re but also on hull geometry and mesh
refinement strategy. This suggests that the adopted
value m = 30 should be interpreted as a practical
engineering approximation rather than a universal
constant. Nevertheless, the results demonstrate that the
proposed mesh parameterization remains sufficiently
robust even when deviations in m occur.

According to Figure7, the velocity profile obtained
from CFD analysis partially lies outside the gray zone
bounded by EFD data and exhibits an irregular shape.
Additionally, the ratio of the water velocity in the
disturbed flow zone to the constant velocity used as
input in the simulation is greater than one, meaning the
uniform flow velocity outside the boundary layer is
higher than the undisturbed flow velocity and remains
constant far from the ship's hull. The discrepancy in the
velocity profile may stem from the neglect of hull
roughness in the CFD simulations. While neglecting
hull roughness is a plausible explanation, other factors
such as turbulence modeling limitations (e.g., reliance
on RANS vs. LES) may amplify discrepancies.

The number of cells in near-wall region is more
influenced by scale than by changes in the Fr, as
evidenced by the parameter ny,y in Table 7 and Table
9.This behavior is expected because the Re changes
significantly with scale, directly affecting viscous
effects and boundary layer development. In contrast,
variations in the Frprimarily influence the wave system
rather than the viscous flow close to the hull. Based on
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Figure 8, there is no geometric similarity in boundary
layer thickness across different scales, even though
dynamic similarity (Fr=idem) is satisfied. However, the
trend in boundary layer thickness distribution remains
similar. The non-dimensional boundary layer thickness
decreases with increasing Re as a classical theory based
on earlier experiments with pipes and flat plates. For all
cases, a 4™-degree polynomial (Figure8 and Figure9)
provides a good approximation of the boundary layer
thickness distribution along the centerline. The position
of maximum boundary layer thickness depends on the
geometry of the flat bottom and the location of the stern
shoulders and in this case is about 30% of L,, towards
the bow. Notably, the boundary layer does not exhibit a
uniformly increasing trend along the centerline. Below
20% of L,,, a sharp increase in boundary layer thickness
occurs. The non-uniform growth of the boundary layer
along the hull can be explained by the pressure
gradients generated by the hull geometry. In the forward
part of the hull, the flow is subjected to favorable pres—
sure gradients which delay boundary layer thickening,
while the stern region is characterized by adverse pres—
sure gradients and wake formation that accelerate
boundary layer growth.

The estimation of form factors is well executed,
resulting in accurate predictions of y* values, as seen in
Table 14 and Table 15.

Regarding the total resistance coefficient obtained
from CFD analysis, deviations for individual cases
(speeds) are below 4%, (Table 10 and Table 12). Grid
uncertainty analysis, involving three different grids,
validated CFD results, as E%D <U,. The grid
uncertainty analysis was performed for only one speed
(see Table 10, Table 11, Table 12, Table 13).

The choice of formula for estimating prismlayer
total thickness does not play a critical role in obtaining
valid results. Equation(1) was employed in the first ite—
ration as an initial approximation for the estimation of
characteristic parameters, providing a necessary starting
point for the iterative procedure. In subsequent itera—
tions, alternative formulations were applied; however,
only the results corresponding to the initial and final
iterations are presented herein, as inclusion of interme—
diate steps would unnecessarily extend the discussion
without providing additional insight. Following the
methodology described, a number of layers within the
estimated prism layer total thickness (near-wall region)
are shown in Table 16 and Table 17.

Table 16. Number of layers (Lucy Ashton - various scales,
Fr=0.219)

Eq. (26) Eq. (1)
2 ['] Nay ['] Nay [']
21.167 7 8
15.875 7 9
11.906 8 11
9.525 9 12
7.938 9 12
6.35 10 13

The number of layers defined according to (1)
results up to 30% more layers, thereby increasing the
total cell count in the mesh and directly extending the
simulation runtime. What gives (26) an advantage is
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that the total thickness is almost twice as small
compared to (1), which allows for a bigger number of
layers in the region with a high velocity gradient.

Table 17. Number of layers (Lucy Ashton - full scale,
various Fr)

Eq. (26) Eq. (1)
Fr ['] Nay ['] May [']
0.130 17 20
0.173 18 20
0.219 19 20
0.260 19 21
0.304 20 21

In Figure 11, the cell distribution and velocity
profile in the near-wall region are shown, with the
boundary layer thickness estimated using (1) (top) and
(26) (bottom) at 49% of L,, of the Lucy Ashton in full
scale for Fr=10.219.

CFD Velocity profile
® EFD (Measured values)

| M

Figure 11. Comparison of cell distribution and velocity
profiles (evaluated through CFD and EFD) in the near-wall
region obtained with (1) and (26) at 49%L, of Lucy Ashton
in full scale for Fr=0.219.

The velocity profiles obtained from CFD analysis
are shown with a solid line, while the measured
velocities from EFD are indicated with dots. The
estimated boundary layer thickness based on CFD
results is marked with a solid line rectangle, while the
absolute difference between the prism layer total
thickness estimated by (1) and boundary layer thickness
determined through CFD is marked with a grey zone in
dashed rectangle (in the upper part of the figure). In the
lower there is no dashed rectangle because prism layer
total thickness and boundary layer are the same.

According to Table 17, the estimated number of
layers in the near-wall region based on (1), nyy, is 20.
However, based on CFD results, 18 layers are sufficient
to cover the entire boundary layer. According to (26),
the number of layers in the near-wall region is nj,, = 19,
and there are no additional layers that would increase
the total number of cells and thus prolong the simulation
time.
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In any case, this difference in the number of cells is
negligible and has practically no effect on the resistance
prediction in CFD simulations in full scale.

In Figure 12, the cell distribution and velocity
profile in the near-wall region are shown, with the prism
layer total thickness estimated using (1) (top) and (26)
(bottom) at 49% of L,, of the Lucy Ashton in model
scale (A =21.167) for Fr=10.219.
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Figure 12. Comparison of cell distribution and velocity
profiles (evaluated through CFD and EFD) in the near-wall
region obtained with (1) and (26) at 49%L,, of Lucy Ashton
in model scale (A=21.167) for Fr=0.219

The velocity profiles obtained from the CFD
analysis are shown with a solid line. The estimated
boundary layer thickness based on CFD results is mar—
ked with a solid line rectangle, while the absolute
difference between the prism layer total thickness
estimated by (1) and that determined through CFD is
marked with a grey zone in dashed rectangle (Figure 12,
top right).

According to Table 16, the estimated number of
layers in the near-wall region based on (1), nyy, is 8.
However, according to the CFD results, 4 to 5 layers are
sufficient to cover the entire boundary layer. In the
additional three layers, one cell dimension compared to
the other is large (grey zone in dashed rectangle in
Figure 12, top right), i.e., the height of the last cell (¥},5)
is exceptionally large (the aspect ratio is large), which
can lead to numerical instability.

To avoid numerical instability, the cell size in the
other dimension (lengthwise) should match the height of
the last cell. However, this would mean that the ship
hull would be represented with a very coarse mesh in
model scale, leading to larger deviations in resistance
prediction from CFD compared to EFD.

On the other hand, to maintain the same cell dimen—
sion along the length, it is possible to increase the num—
ber of layers i,y in the near-wall region, but this would
significantly prolong the simulation time due to the
unnecessary increase in the total number of cells.

According to (26), the number of layers in the near-
wall region is nj,, = 7, which represents the balance
between result reliability, boundary layer thickness
estimation, and simulation runtime.

FME Transactions



Table 18 provides the standard deviation of the dif—
ferences between CFD and EFD results for Lucy Ashton
using two distinct formulas ((26) and (1)). In both exa—
mined cases, the use of (26) yielded results with slightly
smaller standard deviations and shorter simulation times.

Table 18. Standard deviation between CFD and EFD with
implementation of (26) and (1).

Lucy Ashton
Various 4 Various Fr
Eq. (26) 2.2 2.1
Eq. (1) 2.6 2.3

From a practical perspective, the advantage of (26)
lies in the more balanced distribution of cells within the
near-wall region. By reducing unnecessary prism layer
thickness, the method allows a greater portion of the
mesh resolution to be concentrated in regions with
strong velocity gradients. This leads to improved nume-—
rical stability while maintaining comparable accuracy in
resistance prediction.

The additional analysis includes verification of the
use of (4); however, according to the described metho—
dology and the defined limits for SF, nj,, and y+, it was
not possible to determine these three parameters. For
this reason, the CFD analysis was not conducted for this
case.

The main contribution of the present study lies in the
systematic parameterization of CFD mesh parameters
based on boundary layer characteristics. Unlike previ—
ous investigations of the Lucy Ashton case [39, 40, 41],
this work focuses on establishing relationships between
the Re, boundary layer thickness and key mesh
parameters used in CFD simulations.

5. CONCLUSION

This study investigated the relationship between boun—
dary layer characteristics and mesh parameterization in
CFD simulations of ship resistance using the Lucy
Ashton benchmark case. The analysis included six
model scales and full-scale conditions for which expe—
rimental resistance data and boundary layer measu—
rements are available. The objective was to examine the
influence of scaling, Fr and Re on boundary layer
development and to evaluate their implications for mesh
definition in the near-wall region.

A methodology was proposed for estimating key
mesh parameters in the near-wall region, including the
prism layer total thickness, number of layers and first cell
height. Initial mesh parameters were defined for different
scales and Fr, allowing a systematic setup of CFD
simulations. The comparison of velocity profiles
demonstrated a reasonable agreement between CFD and
experimental data, with the predicted boundary layer
thickness falling within the expected experimental range.

The results showed that scale effects have a stronger
influence on boundary layer development than varia—
tions in Fr, while the nondimensional boundary layer
thickness decreases with increasing Re, consistent with
classical theoretical expectations. CFD predictions of
the total resistance coefficient showed deviations below
3.8% compared with experimental data, confirming the
reliability of the numerical setup.
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The comparison of different formulations for
estimating prism layer total thickness indicated that (26)
provides a more balanced compromise between
numerical accuracy and computational efficiency for the
investigated case. The proposed procedure therefore
provides practical guidance for defining near-wall mesh
parameters in CFD simulations of ship flows.

It should be noted that the methodology was deve—
loped based on a single hull form and simulations
performed using STAR-CCM+. Although the results
demonstrate promising agreement with experimental
data, further validation on additional benchmark hull
forms is required in order to confirm the broader
applicability of the proposed approach.

Future work should focus on extending the
validation to other benchmark cases, including ships
with different geometrical characteristics, as well as
exploring advanced mesh adaptation strategies and
optimization  techniques to  further  improve
computational efficiency.
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NOMENCLATURE

Sym

L wl
n lay

Re

RT,CFD

RTEFD

Unit

Name

Displacement volume
Coefficient of function f{4)
Breadth

Exponent of function f{1)

Cell base size

Coefticient of function g(Fr)
Block coefficient

Friction resistance coefficient
Friction resistance coefficient based
on ITTC guidelines

Midship coefficient

Prismatic coefficient

Total resistance coefficient
Viscous resistance coefficient
EFD data

Exponent of function g(F7)
Coefficient

Comparison error
Wall-resolution control function
based on A

Froude number

Wall-resolution control function
based on Fr

Depth

Mesh scaling function
Exponent

Counter

Form factor

Number of cases

Length between perpendiculars
Waterline length

Number of layers in boundary layer
Refinement factor

Reynolds number

Total resistance based on CFD
analysis

Total resistance based on EFD
analysis

CFD solution

Exponent of parameter m
Stretch factor

Draft

Fluid speed

Friction velocity

Undisturbed stream velocity
Data uncertainty

Grid uncertainty

Validation uncertainty

Wetted surface without rudder
Wetted surface with rudder
Length / Cell length in x direction
Cell length in y direction
Non-dimensional wall distance
First cell thickness in the boundary
layer

Last cell thickness in the boundary
layer
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ZR

5CF D

5pltt

A(sw)
ACF
Na
Mw

Pa
P

1

m

t

kg/ms
kg/ms

kg/m®
kg/m®
N/m’
m?/s

Cell length in z direction
Zone refinement factor
Boundary layer thickness

Boundary layer thickness based on

CFD analysis

Prism layer total thickness, near-
wall region thickness
Displacement in sea water
Roughness allowance
Dynamic viscosity of air
Dynamic viscosity of water
Scale

Air density

Water density

Shear stress

Kinematic viscosity of water

IMAPAMETAPCKO JE®OUHUCAIE MPEXE:

CTYIUJA CIIYHAJA - JIYCH EHITOH
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M. Bacuaes, M. Kanajuuh

Ogacrynujaooyxsatabpontlycu  Emron  (enr. Lucy
Ashton), jenHCTBeH pedepeHTHH Cilydaj KOjU Mpyxa
MOJIATKE O MEPEHOM TOTAJIHOM OTIOPY Opojia y CTBapHO]
BEIMYMHA M Mepewma JeOJbUHE TPAHUYHOT — CJIoja.
Cnposenena je cepwja CFD cumymanmja 3a Buie
paznmuuutux pasmepa u OpynoBux OpojeBa, ca LHJbEM
penpoAyKIHje eKCIEePUMEHTAIHUX I0JaTaka O OTIOPY
Opoma wW TpaHWYHOM cJOjy. Pesynratm cy mokazamu
OUTMYHO CJIarabe Ca MepPemhHMa, TIPU YeMy Cy MPOTHO3¢e
orrnopa Oponabuine y okBupy +5%, a mpoduin rpa—
HUYHOT CJI0ja Ay TpyHa peaaucTidHu. Ha ocHOBY oBHX
Hajaza M3BeAeHe Cy npakTtuuHe (opmyse 3a aeOJbHHY
TPaHUYHOr CJI0ja M BEJIMYMHY OCHOBHE hesmje Mpexe.
Hako cy oBe ¢opmyne u3BencHe y3umajyhu y o03up
camo Opox Jlycu Emron, onn npencraBibajy odehaBa—
jyhy ocHOBy 3a mpuMeHy W Ha ApYruM OponoBuMa,
MOroTOB y paseMpu Mozena. Ilpenopydyjy ce naba
UCTpaXXMBaka pPajgd IOTBPIEC IHUXOBE MOY3NAHOCTH 32
pazmauTe hopMe Tpymnay CTBAPHO] BETHIHHHU.
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