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Abstract: In high-speed crafts, whisker spray increases viscous resistance by enlarging
the wetted surface near the stagnation line. Spray rails (SRs) mitigate this issue by redi-
recting water flow, reducing the wetted surface, and lowering overall resistance. This
study investigates the effect of SRs on the hydrodynamic performance of the C1 hull of
Naples Systematic Series (NSS), focusing on the systematic variations in size, number, and
placement. Numerical simulations, validated with towing tank results, were conducted
using STAR CCM+ 2306. Mesh independence analysis was also performed to optimize
computational efficiency. Key findings highlight the critical role of SR design in perfor-
mance optimization. Wider SRs (e.g., three per side, 0.96% LWL) reduced resistance by
up to 8.5% at high speeds (Fry = 3.26), but slightly increased the resistance at lower
speeds (~2%) due to a larger wetted surface. Narrower SRs (e.g., three per side, 0.48%
LWL) achieved resistance reductions of up to 4.6%, while configurations with multiple SRs
(e.g., three per side, 0.72% LWL) outperformed single-rail designs by reducing resistance
up to 4%. Placement near the chine proved more effective than near the keel, offering a 4%
additional reduction in resistance. Additionally, SRs generated lift, raising the hull, and
reducing immersion. The study underscores the importance of optimizing SR size, number,
and placement to enhance hydrodynamic efficiency, particularly for high-speed operations.

Keywords: planing boat; spray rails; resistance; hydrodynamic performance; whisker spray
reduction; CFD modeling

1. Introduction

The hydrodynamic performance of high-speed craft (HSC) is a critical determinant of
their operational efficiency, safety, and economic viability [1]. Enhancing hydrodynamic
performance can be achieved through innovative hull designs or retrofitting features
such as steps, tunnels, interceptors, and spray rails [2]. Among these, spray rails play a
prominent role in reducing hydrodynamic resistance, improving stability. By deflecting
water away from the hull’s surface, spray rails minimize the wetted surface area and,
consequently, the overall drag. Their effectiveness, however, depends on their shape,
quantity, and positioning, necessitating computational tools for performance prediction
and optimization.

Planing hulls, operating at high speeds on the water surface, generate significant spray
due to the interaction of the hull’s wetted surface with the water. This spray contributes
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to the total hydrodynamic drag, as documented in foundational studies by Savitsky and
Breslin [3], Latorre [4], Savitsky et al. [5], and Savitsky and Morabito [6]. The Savitsky
Method [7] has been instrumental in predicting trim and drag based on hull geometry and
speed. Although the original method did not quantify spray resistance, subsequent refine-
ments have incorporated whisker spray, which accounts for up to 20% of total resistance
at high speeds [5,8]. This underscores the need to quantify and minimize spray resistance
for improved fuel efficiency and hydrodynamic performance, aligning with sustainable
maritime practices.

For instance, spray rails, particularly when sharp-edged and properly placed, signifi-
cantly disrupt water flow to minimize resistance. Studies by Clement [9], Savitsky [10], and
more recently Seo et al. [11] and Lakatos et al. [12] highlight the role of spray rails in reduc-
ing resistance, improving seakeeping, and enhancing overall stability. Similarly, stepped
hulls effectively reduce wetted surface area and enhance lift-to-drag ratios, as demonstrated
by Savitsky et al. [13], Garland [14], Taunton et al. [15], and Vitiello et al. [16]. Spray de-
flectors, though less common, offer another effective solution, with studies reporting drag
reductions of 10-20% under optimal configurations [17-19].

Developed mathematical models such as Savitsky [7], Martin [20], Zarnick [21], Van
Deyzen [22] and Niazmand Bilandi et al. [23-25] serve as efficient tools for preliminary hull
design by predicting resistance, trim, and stability. However, their reliance on empirical
correlations limits their application in complex scenarios. In contrast, CFD using the Vol-
ume of Fluid (VOF) method offers enhanced capabilities for analyzing complex parameters
such as pressure distribution, wetted surface area, and spray-induced resistance. Despite
its advantages, CFD faces challenges in accurately modeling planing hulls, often under-
estimating resistance by 10-20% compared to the experimental data [26,27]. High-fidelity
simulations are crucial for optimizing designs and achieving superior performance.

According to the reviewed literature, the effect of different spray rail configurations—sizes,
quantities, and positions—on the performance of planing hulls remains unclear and requires
further investigation.

This paper presents a comprehensive study into the effects of spray rails on planing
hulls, focusing on their influence on whisker spray behavior and total resistance in calm
water. Using advanced CFD simulations, the study examined different configurations
such as sizes, quantities, and positions on the C1 hull [28], providing valuable insights
for design guidelines. The analysis compares hull performance with and without spray
rails at three volumetric Froude numbers: Fry = 1.42, 2.79, and 3.26. The simulations,
conducted with CFD software Siemens PLM Star-CCM + 2306 [29], incorporate an overset
grid technique and dynamic fluid body interaction (DFBI) for the precise modeling of
multiphase dynamics. Validation and mesh independence studies confirm the reliability of
the methodology, with results closely aligning with experimental benchmarks.

This work is structured as follows:

e  Section 2 outlines the problem definition, along with the base hull and spray rail
configurations.

e  Section 3 details the numerical equations, boundary conditions, and simulation pa-
rameters.

e  Section 4 focuses on validation and verification, including mesh independence studies.

e  Section 5 presents the results and discussion, emphasizing performance metrics across
various configurations.

e  Section 6 concludes with key findings and contributions.

e Appendices A and B provide supplementary details, including Y+ contours and
tabulated results.
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By combining CFD analysis with a systematic approach, this study establishes an
outline for improving spray rail designs. The findings contribute to advancing planing hull
technology, supporting the development of more efficient and sustainable high-speed craft.

2. Problem Definition

When a planing hull operates in planing mode, the bottom of the hull generates two
distinct regions: one associated with a high-pressure zone and the other with a spray area,
often referred to as the whisker spray area. These regions, depicted in Figure 1, play a
crucial role in the hydrodynamic behavior of the craft. As speed increases, the spray area
expands, which in turn contributes to the overall resistance experienced by the vessel.

Flow

Figure 1. Illustration of the pressure and whisker spray regions generated by a prismatic model
planing hull, adapted from Savitsky et al. [5].

The whisker spray consists of a mixture of air and water, making it difficult to account
for experimental methods that rely on recording wetted surface images for calculations. Al-
though this spray is typically excluded from the wetted surface area during post-processing,
it significantly affects the total resistance of the hull. Therefore, managing the whisker
spray is essential for improving performance.

To minimize whisker spray, it is important to guide the spray flow toward the transom,
which can be effectively achieved using spray rails (Figure 2). Spray rails are primarily
designed to control and reduce the impact of water spray emanating from the hull, ulti-
mately enhancing the vessel’s performance, efficiency, and onboard comfort. These rails
are usually triangular shaped, though their design and placement can vary. The number,
location, and alignment of spray rails along the hull remain topics of debate within the
maritime industry, as there is no consensus on optimal configuration.

In this study, we aim to investigate the effects of spray rail dimensions, the number
of rails, and their positioning on the performance of planing hulls at different speeds. By
analyzing these factors using CFD, we hope to provide insights that will improve hull
efficiency and reduce overall resistance.
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Figure 2. Illustration the effect of adding longitudinal spray rails on whisker spray regions generated
by a prismatic model planing hull, adapted from Clement [9].

Model Study and Spray Rail Modification

In this research, the parent hull (C1) from the Naples Systematic Series (NSS) is used
as the reference model [28]. Table 1 lists the main parameters of the hull. The choice of
a triangular cross-section for the spray rails (SR) is based on its demonstrated ability to
effectively redirect flow away from the hull while generating lift, as shown in Figure 2. The
triangular shape is particularly suited for minimizing resistance and controlling the flow of
water around the hull, as supported by previous studies [12,30]. In Figure 3, the spray rail’s
cross-sectional characteristics are labeled as A, B, and C, with the bottom angle denoted
by o.

Table 1. Principal characteristics of C1 hull.

Parameters Description Values Units
Lwr Waterline length 2.4 m
BwiL Waterline beam 0.743 m

T Draft 0.167 m

A Displacement 106.7 Kg

Ts Static trim 0 Deg
Sws Static-wetted surface area 1.7 m?
L/B Length-to-beam ratio 3.23 NIL

Spray rails (SRs) play a crucial role as previous studies have explored various spray
rail shapes and designs [31].

Key design parameters influencing SR effectiveness include the spray rail angle (), its
width (bSR, denoted as “AC” in Figure 3 and Table 2), and its length (LSR). Muller-Graf [30]
established criteria for these parameters, suggesting that the spray rail width should be
approximately 0.5% of the hull’s waterline length. For the C1 hull, this corresponds to
a width of 12 mm, closely matching the SR4 configuration, which measures 11.55 mm
(0.48% of LWL). Other variations, such as SR1 through SR3 (0.72% of LWL) and SR5 through
SR7 (0.96% of LWL), feature increased widths to investigate the effect of larger spray rails
on resistance.
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Spray Rail cross section
Hull bottom

Additional Lift

Figure 3. Depiction of spray rail fluid flow, showing how it redirects flow away from the hull while
simultaneously generating lift. The spray rail’s cross-sectional characteristics are labeled as A, B, and
C. The bottom angle of the spray rail is denoted by 5.

Table 2. Spray rail’s dimensions details.

SRs Design AB (mm) BC (mm) AC (mm) 5 (Deg)
SR1-N3 15 8.66 17.32 15.61
SR2-N2 15 8.66 17.32 15.61
SR3-N1 15 8.66 17.32 15.61
SR4-N3S 10 5.77 11.55 15.61
SR5-N3L 20 11.55 23.09 15.61

SR6-N3-NK 20 11.55 23.09 15.61

SR7-N3-NC 20 11.55 23.09 15.61

Crucially, the placement of spray rails is equally important. The leading edge must
extend forward of the stagnation line to manage initial spray at low speeds, and at high
speeds, the rails should reach forward to any step to prevent chine walking. Table 2 and
Figure 4 detail the dimensions and placements of the spray rails, showing the diversity in
configurations tested.

This study evaluates seven distinct SR arrangements, each varying in size, position,
and quantity (Table 3). The configurations range from SR1-N3 to SR3-N1, with the number
of rails decreasing from six to two. Furthermore, SR4-N3S and SR5-N3L explore the smallest
and largest spray rail dimensions, while SR6-N3K and SR7-N3C investigate the effects
of positioning the rails closer to the keel and chine, respectively. Full-length spray rails
were chosen to maximize the spray deflection, increase lift, and reduce wetted surface area,
collectively leading to enhanced hydrodynamic efficiency.

Table 3. SRs configurations details.

SRs Design Shape No. of SRs Arrangement
SR1-N3 Triangular 3 Three rails
SR2-N2 Triangular 2 Two rails
SR3-N1 Triangular 1 One rail

SR4-N3S Triangular 3 Smaller size

SR5-N3L Triangular 3 Larger size
SR6-N3-NK Triangular 3 Near keel position
SR7-N3-NC Triangular 3 Near chine position
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Figure 4. Cross-sections and arrangement of spray rails on the C1 hull, showing variations in number,
size, and position relative to the keel and chine.
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By systematically analyzing these variations, this study aims to uncover the optimal
spray rail configuration for minimizing resistance and effectively managing whisker spray
on planing hulls.

3. Numerical Model

The planing hull hydrodynamics simulations in this study utilized the commercial
CFD software STAR-CCM+ [29]. The governing equations were the Reynolds-averaged
Navier-Stokes equations (RANSE), which model the conservation of mass and momentum
for incompressible fluid flow. The assumption of incompressibility implies constant fluid
density, and the governing equations are as follows:

a(ap;i ) _ 0 (Conservation of Mass) 1
1
op;) . 0 ( . o\ __9p O .
5 4 aTc] (PuzM] + pu'iu ]) = 87361 + a—xj(Conservatlon of Momentum) (2)
T = % + % (Viscous Stress Tensor) 3)
gl # ax] 8x1~

where p is density, u; represents the averaged V Cartesian components of velocity vector,
pm denotes the Reynolds stresses, accounting for the effects of turbulence, Tj; is the vis-
cous stress tensor, and y is the dynamic viscosity. Readers seeking a deeper understanding
of these governing equations can refer to works such as Ferziger et al. [32] or Reynolds [33].

To solve these equations, an implicit unsteady solver was employed using a segregated
flow approach. The volume of fluid (VOF) method, combined with high-resolution interface
capturing (HRIC), was implemented to accurately model the interactions between the air
and water phases.

The hull was allowed two degrees of freedom—heave and pitch—via the dynamic
fluid—body interaction (DFBI) framework. The SIMPLE algorithm (semi-implicit method of
pressure-linked equations) was applied for pressure-velocity coupling, ensuring the robust
treatment of fluid—body interactions. The realizable k—e turbulence model, combined with
wall functions, was used to close the RANS equations. Near-wall mesh thickness (y) was
calculated using ITTC recommendations [34], with y+ maintained between 30 and 300 for
accurate wall function application. Details about the y+ values can be found in Appendix A,
Figure Al.

Overset mesh technology enabled fine-resolution meshing around the hull, and time-
dependent simulations adhered to ITTC [34] guidelines for time step selection:

At =0.005 ~ 0.01% 4)
14

For a hull waterline length (LWL) of 2.4 m and maximum speed (V) of 8 m/s, the time
step At = 0.005 s was chosen, balancing computational efficiency with accuracy.

The numerical methods and solver details are further elaborated in the Siemens
PLM Star-CCM+ User Guide [29]. Additional simulation settings, fluid properties, and
computational parameters are provided in Table 4.
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Table 4. Solver settings.

Item Settings
Solver Implicit unsteady
Convection term 2nd order
Temporal discretization 1st order
Time-step As detailed in Equation (4)
Inner iterations per time step 5
Turbulence model Realizable k-¢
Overset interpolation scheme Linear
Wall treatment All y+ wall treatment
Number of prism layers 9
0.02m

Prism layer thickness
NV treatment
DFBI
DOF
Water density
Water viscosity
Air density
Air viscosity

VOF source control, [35,36]
Free motion
2DOF: Pitch and heave
997.5kg/ m>
0.00088 Pa-s
1.184 kg/m3
0.0000185 Pa-s

Boundary Condition and Fluid Domain

In this simulation study, a rectangular fluid domain was established along the x, y, and
z axes. The assigned boundary types included velocity inlets, a pressure outlet, a symmetry
plane, and walls. The front, top, sides, and bottom boundaries were designated as velocity
inlets, while the rear boundary served as the pressure outlet. Wall boundary conditions
were applied to the hull surfaces, including the deck, stern, and bottom. To mitigate wave
reflections and interference at the far-field boundaries, the wave damping condition was
implemented at the outlet.

An overset mesh technique was employed at the interface between the moving hull
region and the stationary (background) region.

The dimensions of the fluid(s) domain and the overset box, as illustrated in Figure 5,
were determined based on key hull parameters: Lpp (length between perpendiculars),
D (Depth), and B (Beam). A symmetry boundary approach was adopted, simulat-
ing only half of the hull, which significantly reduced the computational costs while

maintaining accuracy.

Top (Velocity inlet) ,

Overset Region
> E -

% T 125lpp  >. - * 7.5Lpp g 2.5D
e = &
v 2k '
58Lpp 8 =
% 8Lpp Side (velocity inlet) 'g @ 1.5Lpp
5 3
m
Ca
2 / 21.5Lpp N 5B
- | Bottom (no-slip ) )4 -

Figure 5. Computational fluid domain shows the overset region and corresponding dimensions,
highlighting the relationship between the fluid boundaries and the hull geometry.
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4. Preliminary Analysis
4.1. Verification Study: Mesh Independence and Uncertainty

The verification process focused on ensuring numerical accuracy and reliability by
addressing mesh independence and quantifying uncertainty. Five grid configurations,
ranging from coarse to fine (Grid 0 to Grid 4), were analyzed to balance computational cost
and accuracy. The mesh refinement was concentrated on critical regions like the bow, free
surface, and overset area, as illustrated in Figure 6 which is captured from the SR6 case,

and the six other SRs cases have the same type of refinement.

Figure 6. Visualization of the background and overset regions, highlighting the mesh refinements
in critical areas of the fluid domain, including the bow, free surface, and overset region, to enhance
accuracy and resolution in hydrodynamic simulations.

A hybrid meshing approach was adopted, using the trimmer mesh for the background
and polyhedral mesh for the overset zone. This strategy reduced the computational time
while maintaining the result accuracy, aligning with the best practices outlined by De
Luca et al. [35]. After assessing the results, Grid 1 was selected as optimal, as it delivered
near-experimental accuracy with minimal computational expense. Table 5 and Figure 7
present the results showcasing minor variations in Rt/ A values across grids, reinforcing
this selection.

Table 5. Mesh independence study.

Grids Fry Element Count Resistance (Rt/A)
Grid 0 1.42 7.07 x 10° 0.1101
Grid 1 1.42 1.00 x 100 0.1104
Grid 2 1.42 1.41 x 100 0.1097
Grid 3 1.42 2.00 x 10° 0.1099
Grid 4 1.42 2.86 x 10° 0.1101

The refinement ratio grids were maintained equal to /2, following ITTC guide-
lines [37]. Overset mesh refinement ensured a uniform donor-acceptor distribution for
consistency in hydrodynamic evaluations [29].
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Figure 7. Results of the mesh independence study, illustrating the effect of grid refinement on
the accuracy of hydrodynamic simulations, with a focus on achieving an optimal balance between
computational efficiency and solution precision.

To quantify uncertainty, the discretization error (U) was calculated using Richardson
extrapolation [38]. The uncertainty equation used is:

U = F|6 ggl ®)
F; is a factor of safety and dg is Richardson extrapolation error, calculated as:
6RE = @; — Do = ah! (6)

where @; is numerical solution on a given grid, &, is extrapolated exact solution, ; is
grid cell size parameter, p is the order of accuracy, and « is a constant determined through
least squares.

The least-squares method minimized the error function S(&,, &, p), defined as:

S(@o,0,p) = \/ Y1, (@5 — (@0 + ah]) 2 @)

For the standard deviation of uncertainty, the formula used was:

n 14
U — \/2181(@ (@ +(Xh )) (8)

ng—3

here, n¢ represents the number of grid levels used in the grid convergence study which in
this case is (A, B, C, D, and E). The convergence type is determined based on the p value.
Monotonic convergence occurs when p > 0, monotonic divergence when p < 0, oscillatory
divergence when p* < 0, and oscillatory convergence otherwise; the p is calculated as 1.09.
Details regarding this approach are discussed in Eca and Hoekstra [39] and ITTC 75-03-
01-01 Rev 04 [37]. The grid uncertainty analysis results for the finest grid at Fry = 1.42 are
presented in Table 6. These results quantify the uncertainty associated with the grid (Ug)
for a specific parameter, expressed as a percentage of parameter value related to the finest
grid case.
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Table 6. Grid uncertainty result for hull resistance at Fry = 1.42 (Ug expressed as percentage related

to the finest grid).
Refinement Ratio [ e Ug (R1/A)
1.41 1.09 0.80%

4.2. Comparison with Experimental Data

To validate the numerical model, the results were compared against experimental
data for the Naples Systematic Series (NSS) parent hull (C1) [28]. The comparison was
performed at Fry = 1.42,2.79, and 3.26 for resistance, wetted surface area, and dynamic
trim as shown in Table 7.

Table 7. Shows the percentage error of comparison between CFD and EFD results.

Fry Total Resistance (%)  Dynamic Trim (%)  Wetted Surface Area (%)
1.42 —5.34 —12.44 10.39
2.79 —4.22 —7.09 2.52
3.26 —2.09 —9.53 25.49

The results demonstrated excellent agreement, with resistance errors below 5% and
dynamic trim errors within 10-15%, matching the ITTC standards [34]. Small discrepancies
at Fry = 1.42 were attributed to coarser mesh and larger time steps at lower speeds, which
could be refined but at a higher computational cost. The numerical model performed well
at higher speeds, where the focus of the study lies.

The deviations in the wetted surface area were attributed to unaccounted whisker
spray in the experimental data [28] and are comparable with the calculated wetted surface
values show in the study of De Luca et al. [35]. However, these discrepancies did not impact
on the study’s overall conclusions on resistance reduction and high-speed performance.

5. Results

The NSS parent hull (C1) was selected for modifications with spray rails. The valida-
tion of the numerical setup was discussed in the previous section. Simulations were carried
out for three volumetric Froude numbers: 1.42, 2.79, and 3.26. The results focus on the
dimensionless resistance, wetted surface, sinkage, and dynamic trim, which are graphically
represented in Figures 8-11. Detailed data can be found in Appendix B, Tables A1-A3. To
ensure a comprehensive analysis of the impact of spray rail quantity, size, and position,
modifications were made to the base hull configuration. All simulations were conducted
with an unsteady solver using a mesh of approximately 1 million elements.

Figure 8 shows the dimensionless resistance values for the seven hull modifications
at the three Froude numbers, illustrating their hydrodynamic performance. At lower
Froude numbers, the spray rail configurations exhibit slightly higher resistance compared
to the base hull. However, as speed increases, the resistance generally decreases for certain
configurations. Specifically, the SR5-N3L and SR7-N3-NC configurations demonstrate the
lowest resistance values at Fry = 3.26, indicating that placing the spray rails near the chine
contributes to generating lift and reducing resistance at higher speeds. Conversely, other
configurations, such as SR6-N3-NK (rails near the keel), exhibit higher resistance across all
speeds, highlighting the sensitivity of resistance to spray rail placement.
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Figure 8. Comparison of the CFD results of resistance coefficient for SRs hulls with base hulls.
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Figure 9. Comparison of the sinkage of CFD results for SRs hulls with base hulls.

As the volumetric Froude number increases from 1.42 to 3.26, a trend of rising re-
sistance values is observed for all hull configurations, aligning with expectations that
higher speeds lead to increased hydrodynamic resistance. This comparison underscores
the importance of optimizing spray rail size and position to achieve reduced resistance and
enhanced hydrodynamic performance at high speeds.



J. Mar. Sci. Eng. 2025, 13,438 13 of 21

8.5 . T .
BESR1-N3
8t EESR2-N2 -
[ ISR3-N1
T.0F ElSR4-N3S
SRA-N3L
Tk [ISR6-N3-NK
- BSR7-N3-NC
& 6.5 [BH
4
w 6
5.5
5
4.5
1
1.42 2.79 3.26
F'I“V
Figure 10. Comparison of wetted surface of CFD results for SRs hulls with the base hull.
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Figure 11. Comparison of dynamic trim of CFD results for SRs hulls with the base hull.

Figure 9 shows the sinkage behavior for all hulls at the three tested speeds. At low
speeds, the sinkage values for the modified SR hulls remain similar to those of the base
hull (BH). However, as speed increases, the sinkage values for the SR hulls begin to rise
and exceed those of the base hull, especially at the highest Froude number. At Fry = 3.26,
the base hull exhibits lower sinkage compared to all the modified hulls. This suggests that
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the SR hulls experience greater vertical displacement, meaning they lift more out of the
water as speed increases. This increased lift contributes to the reduction in wetted surface
area, which in turn reduces the hydrodynamic resistance. In essence, higher sinkage values
correspond to a hull that is more out of the water, benefiting the performance by reducing
wetted surface and subsequently resistance.

In continuation of the results from Figure 9 (sinkage plot), Figure 10 presents a de-
tailed comparison of the wetted surface area, normalized by the hull’s characteristic volume
(8/V?/3), for the various hull configurations. The wetted surface area is a key factor in resis-
tance performance, as a reduction in wetted surface directly leads to decreased resistance.

At lower speeds (Fry = 1.42), the wetted surface remains relatively consistent across
all hulls. However, as speed increases, the distinction between hull configurations becomes
more pronounced. At Fry = 2.79, the SR6 configuration shows a higher wetted surface than
the base hull (BH), implying that its design might be less effective at reducing drag at this
speed. Conversely, SR7-N3-NC, which features six spray rails near the chine, demonstrates
the most significant reduction in wetted surface across all speeds. By Fry = 3.26, SR7
exhibits the lowest wetted surface, outperforming both the base hull and other spray-rail-
modified configurations.

The reduction in wetted surface for SR7 results from its rail placement and larger
cross-sectional area, particularly near the chine. This design effectively lifts the hull out
of the water at higher speeds, reducing both wetted surface and resistance, making SR7
the most efficient configuration in terms of hydrodynamic performance. The decrease in
wetted surface observed with increasing speed highlights the efficiency of well-placed
spray rails in improving the overall performance of planing hulls.

Following the analysis of the wetted surface, Figure 11 illustrates the dynamic trim
results for all configurations, offering insights into how each hull design performs at various
speeds. Trim is a critical factor in high-speed craft performance as it affects both resistance
and the onset of porpoising. Although this study primarily focuses on the hydrodynamic
benefits of spray rails, it is important to note that trim changes are often a side effect of hull
modifications like spray rails, steps, or interceptors.

As shown in Figure 11, the dynamic trim angles are relatively consistent across all
configurations, with only slight variations at different Froude numbers, except for the BH
and SR7-N3-NC cases. This indicates that the SR7-N3-NC configuration has an impact
on the trim that is related to the center of pressure position modified by the spray rails
configuration. Notably, while the main function of spray rails is to deflect water away from
the hull and reduce wetted surface, their placement might also influence trim in subtle
ways, although not to a significant degree in this study for all cases. The uniformity of trim
across configurations suggests that the primary role of the rails here is to manage spray
rather than alter the trim angle.

5.1. Volume of Fraction

The volume of fraction (VOF) method is employed to quantify and analyze the wetted
surface area. This multiphase simulation approach assigns values between 0 and 1, where
0 represents air and 1 represents water. The interface between air and water is modeled at
the hull’s bottom surface, as depicted in Figure 12.
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Figure 12. Volume of fraction of SR hull and base hull at three beam Froude number.

SR2-N2

As speed increases, the wetted surface area decreases due to the generation of dy-
namic lift, which raises the hull and reduces its contact with the water surface. However,
spray rails act as flow deflectors, disrupting water adhesion and directing the spray away
from the hull surface. This redirection minimizes stagnation pressure at the hull-water
interface, reduces resistance, and improves hydrodynamic efficiency. Additionally, spray
rails contribute to lift generation (and the center of pressure position along the hull bottom)
by modifying the pressure distribution along the hull, further enhancing performance,
especially at higher speeds, where their impact on drag reduction and whisker spray
minimization becomes more pronounced.
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A notable issue arises in the CFD simulations of high-speed crafts where the free
surface is modeled using the VOF approach. This is called numerical ventilation, which is a
phenomenon where air becomes trapped within the boundary layer near the water surface
and is transported to submerged regions, which complicates simulations. This trapped air,
although forming a small fraction of the boundary layer, significantly impacts shear stress
calculations. Incorrect calculations occur because the fluid in this mixed region does not
exhibit purely water-like properties.

To address the numerical ventilation problem, in this study, a VOF suppression
technique is implemented, identifying and modifying cells affected by ventilation to exclude
the air fraction in these cells. This method minimizes numerical diffusion and improves
accuracy. Comparative studies, such as those by Viola et al. [36], highlight the advantages
of this approach over conventional methods like the standard and modified HRIC schemes,
as detailed by De Luca et al. [35].

The analysis revealed that, at lower speeds, spray rails can slightly increase resistance
due to increased wetted surface area. However, at higher speeds, particularly at Fry = 3.26,
a significant reduction in wetted surface area and resistance was achieved. This reduction is
primarily attributed to the decreased whisker spray facilitated by spray rail configurations.
Among the configurations tested, the SR7 demonstrated the lowest resistance across all
speeds, making it the most efficient design in terms of hydrodynamic performance. This
suggests that positioning the spray rail closer to the chine has a profound impact on
minimizing whisker spray. The closer proximity redirects water more effectively, reducing
the wetted surface area and improving overall craft efficiency.

5.2. Pressure Coefficient Distribution Contours

At higher speeds, vessels transition from being influenced primarily by hydrostatic
forces at lower speeds to hydrodynamic forces that dominate their behavior. The way
pressure is distributed along the hull, especially around the stagnation line, plays a crucial
role in shaping the vessel’s performance.

Pressure coefficient contours provide insights into this distribution, as shown in
Figure 13. High-pressure areas, represented in red near the stagnation line, indicate regions
where fluid slows down, leading to increased resistance. Conversely, low-pressure zones,
shown in blue near the stern, promote smoother flow and help reduce drag.

Increased resistance and inefficient pressure distribution control on the hull bottom are
observed in hulls without spray rails. In contrast, hulls equipped with spray rails (SR1-N3
to SR7-N3-NC) exhibit a more uniform pressure distribution. Spray rails help reduce the
intensity of the stagnation line and the high-pressure zone around it, minimizing the effect
of whisker spray and ultimately leading to lower drag. They also enhance the lift, move the
center of pressure along the hull bottom, and reduce the wetted surface at higher speeds,
improving the overall performance.

Furthermore, spray rails create localized high-pressure zones along the hull edges.
These zones contribute to lift by directing water flow downward, acting on the hull dy-
namic sinkage and trim. The combination of smoother pressure distribution, increased
lift, and reduced drag highlights how spray rails significantly enhance vessel performance,
particularly at high speeds.
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Figure 13. Pressure coefficient contours illustrating the pressure distribution on the base hull (BH)
and spray rail-equipped hulls (SRs) at three different volumetric Froude numbers. The comparison
highlights the impact of spray rails on reducing high-pressure zones near the stagnation line and
improving overall hydrodynamic efficiency.

6. Conclusions

This study investigated the effects of spray rails (SRs) on the hydrodynamic perfor-
mance of the C1 hull Naples Systematic Series (NSS), aiming to identify the most effective
configurations regarding size, number, and positioning. The findings highlight the ability
of spray rails to reduce whisker spray, minimize wetted surface area, and lower overall
resistance at higher speeds. While the effect in dynamic trim was not substantial across all
speeds, the primary function of SRs was observed to be the wetted surface area reduction.
The rails also generated lift, and due to their variable cross-sectional size from stern to bow,
uneven lift distribution resulted in a changing of center of pressure and a consequently
changing of dynamic trim, with an approximately 3% rise noted at high speeds.

A significant focus was placed on the design of SRs, including variations in number,
location, and size. Three SR widths—0.48%, 0.72%, and 0.96% of the LIWL—were studied,
with a constant rail angle of 15.61°. Wider SRs, such as SR7 (0.96% LWL), effectively
reduced resistance at high speeds (up to 8.5% compared to the base hull) but slightly
increased resistance at lower speeds (approximately 2%) due to a larger wetted surface. The
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placement of spray rails proved critical; SRs positioned near the chine (e.g., SR7) were more
effective than those near the keel (e.g., SR6), achieving a 4% greater reduction in resistance.

The number of spray rails also influenced hydrodynamic performance. Configurations
with multiple SRs per side (e.g., SR1 with three rails) achieved a 4% resistance reduction
compared to SR3, which had only one rail. These findings emphasize the importance of
optimizing the number, position, and size of SRs based on specific operating conditions.
Using two to three spray rails per side, strategically placed near the chine, is recommended
for achieving optimal performance.

This research used full-length spray rails for all configurations; however, future
studies could investigate variable-length rails to explore potential performance enhance-
ments. Prior research on the C1 hull incorporating steps showed significant resis-
tance reduction [40], suggesting that a combination of steps and spray rails might offer
synergistic benefits.

In conclusion, this study highlights the significant role of spray rails in optimizing
hydrodynamic performance, particularly for high-speed vessels. The insights gained
provide a strong foundation for further exploration into SR design, ensuring better efficiency
and performance across a range of operating conditions.

Author Contributions: Conceptualization, M.S.; methodology, M.S., S.M. and R.N.B.; software, M.S.
and R.N.B; validation, S.M. and M.S.; formal analysis, M.S., S.M. and R.N.B.; investigation, M.S. and
S.M.; resources, S.M. and L.V,; data curation, M.S. and R.N.B.; writing—original draft preparation,
M.S., S M. and R.N.B.; writing—review and editing, S.M., RN.B. and L.V,; visualization, M.S. and
R.N.B.; supervision, S.M. and R.N.B.; project administration, L.V.; funding acquisition, L.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature and Abbreviations

Lwr  Waterline length ITTC International Towing Tank Conference
Bwr  Beam waterline VOF Volume of fraction

T Draft DFBI Dynamic fluid-body interaction

Ts Static trim SIMPLE  Semi-implicit pressure linked equation
A Displacement CFD Computational fluid dynamics

L/ Length-to-beam ratio SR Spray rail

\Y% Volume NSS Naple Systematic Series

5 Spray rail angle HRIC High resolution

At Time Step RANS Reynolds-averaged Navier—Stoke equation
Fry  Volumetric Froude number

Cp Pressure coefficient

z Sinkage

Sws  Static wetted surface area

Appendix A. Wall Y+

The wall y+ is a non-dimensional value that determines the distance between the wall
and the first cell of the mesh. It plays an important role in identifying simulation accuracy; it
helps to find whether the first mesh cell lies in a viscous sublayer, buffer layer, or logarithmic
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region. The recommended wall y+ should be between 30 and 100 for the accurate prediction
of results. In this study, the wall y+ is within the range shown in Figure A1 at Fry = 3.26,
which is accomplished with proper mesh refinement, especially the critical regions such as
bow, stern, and spray rail area that should have more refined mesh.

Wall Y+
<30.000 64.000 98.000 132.00 166.00 >200.00
. hm Sl
Fry=3.26
BH SR4-N3S
SR1-N3 SR5-N3L
SR2-N2 SR6-N3NK
SR3-N1 SR7-N3NC
Figure A1l. Wall Y+ of SRs hull and base hull at Fry = 3.26.
Appendix B. CFD Simulations Results
Table Al. CFD results at Fry =3.26.
. Dynamic Trim Resistance Wetted Surface .

SRs Designs Fry (Deg.) (Ry/A) (S/V23) Sinkage (z/B)
SR1-N3 3.26 3.99 0.162 5.065 0.096
SR2-N2 3.26 3.98 0.164 4.887 0.097
SR3-N1 3.26 3.97 0.169 5.242 0.096

SR4-N3S 3.26 4 0.167 5.242 0.096
SR5-N3L 3.26 4 0.159 4976 0.098
SR6-N3-NK 3.26 4 0.166 4976 0.098
SR7-N3-NC 3.26 4.02 0.160 4.620 0.098
BH 3.26 3.89 0.175 5.687 0.094
Table A2. CFD results at Fry = 2.79.
. Dynamic Trim Resistance Wetted Surface .

SRs Designs Fry (Deg.) (Ry/A) (S/v?3) Sinkage (z/B)
SR1-N3 2.79 4.61 0.156 5.242 0.083
SR2-N2 2.79 4.59 0.158 5.331 0.081
SR3-N1 2.79 4.58 0.160 5.420 0.082

SR4-N3S 2.79 4.62 0.159 5.331 0.082
SR5-N3L 2.79 4.61 0.156 5.331 0.083
SR6-N3-NK 2.79 4.63 0.161 5.509 0.083
SR7-N3-NC 2.79 4.63 0.155 4976 0.085

BH 2.79 4.59 0.160 5.420 0.082
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Table A3. CFD results at Fry = 1.42.

SRs Designs Fry Dyn(a[r)r; lgC)T fm Re(;;i;aAr)lce Wett(;(/lvszl};)f ace Sinkage (z/B)
SR1-N3 1.42 3.65 0.113 7.819 —0.005
SR2-N2 1.42 3.68 0.114 7.730 —0.007
SR3-N1 1.42 3.68 0.114 7.553 —0.007

SR4-N3S 1.42 3.69 0.114 7.730 —0.007
SR5-N3L 1.42 3.66 0.114 7.908 —0.007
SR6-N3-NK 1.42 3.68 0.116 7.908 —0.007
SR7-N3-NC 1.42 3.66 0.112 6.931 —0.007
BH 1.42 3.38 0.110 7.553 —0.007
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