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Abstract: Hydrodynamic performance is an essential factor in the design of a watercraft, and the
navigation scenario determines the complexity of its operation. This study aims to identify the
effect of speed and length on the hydrodynamic behavior of a semi-planing watercraft in shallow
waters. A computational fluid dynamics tool was employed to predict the trim, heave, and resistance
parameters of two different hulls: a base hull and a craft with an increased hull length. The two
hulls had similar hydrodynamic characteristics. The effects of speed and hull length on these
predicted parameters obtained for the two hulls were compared. The results showed a low resistance
uncertainty and a reduction in dynamic trim for longer hull lengths. These findings highlight the
importance of considering balance and dynamic trim in designing shallow-draft watercrafts to ensure
an optimal performance in specific conditions, such as rivers with depth restrictions.

Keywords: shallow-draft watercraft; computational fluid dynamics; trim; heave; speed;
shallow-water navigation

1. Introduction

Worldwide, there has been a growing interest in inland waterway navigation as a
strategy to reduce pollutant emissions, noise, and transportation costs [1–3]. The develop-
ment and strengthening of river transportation is a priority in Colombia, which includes
infrastructure design, financing, and improvement. Its goal is to improve the efficiency of
cargo and passenger transportation, decrease emissions in the transportation industry, and
enhance river safety [4,5].

Inland waterway navigation in Colombia faces challenges because of geography and
changing climates. Certain types of watercrafts may face operational challenges in specific
river conditions [5,6]. In shallow waters, there is a possibility that the watercraft may touch
the bottom and become stranded, causing damage to the hull and compromising the safety
of the crew [7].

The challenges and issues of navigating shallow waters are addressed through the
design of a watercraft that can cope with depth limitations while ensuring safety and
operational efficiency [8,9]. The designs should consider the hull shape, cargo distribution,
and location of the center of gravity to ensure a proper draft and optimal trim. It is also
essential to consider resistance and the maneuverability of the watercraft in restricted
waterways [10,11]. Parameters, such as the Froude number, load distribution, and trim
angle, play a fundamental role in the behavior of shallow-draft watercrafts [12,13].
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In accordance with this, the Froude number is a non-dimensional factor, which is used
to classify the regime of a ship hull, and is calculated using the following equation:

Fr =
V

gLOA
(1)

where: Fr—Froude number; V—Speed; g—Gravity; LOA—Length overall.
Considering the obtained result, a displacement hull is determined when the Froude

number is between 0.0 and 0.4, a semi-planing hull is recognized when the Froude number
is between 0.4 and 1.0, and a planing hull is identified when the Froude number is greater
than 1.0 [14].

All the aforementioned parameters are essential during the hydrodynamic phase of
the watercraft, where dynamic trim, weight distribution, and the position of different
watercraft components are adjusted and balanced to maximize the performance in shallow
waters [15]. This process significantly influences the performance and stability of the
watercrafts. Changes and adjustments can be more significant for watercrafts designed
for shallow waters as a lower immersion is required compared to those designed for
deep-water navigation [16].

Therefore, a river reconnaissance craft (RRC) was designed, capable of navigating
in depths less than half a meter to perform reconnaissance operations in hard-to-reach
areas by land. This design was requested by the Colombian Navy, which required a
watercraft capable of operating in shallow rivers. The design of the RRC began with the
analysis of planing hulls from Series 50 [17]. The hull selection was performed by analyzing
dimensional and performance factors that make them comparable for their application.
This analysis obtained an initial version of the watercraft hull. Based on this analysis
and with the aim of exploring strategies to reduce the draft of the watercraft, enabling its
application in the design and construction of an electric watercraft subject to restricted
depth conditions, various parameters were adjusted. These variations were implemented
to examine how they impact the hydrodynamic performance of the watercraft and make
optimal design decisions.

Previous studies on the behavior of watercrafts in shallow waters have primarily
concentrated on varying different parameters of the watercraft to assess how these affect
the hull performance under various conditions. Drouet et al. (2017) concentrated on
optimizing the trim for the displacement of the watercraft in waves [18]. The noteworthy
aspect of the study is that, by reducing the trim, they achieved a decrease in draft, resulting
in a reduction of the wetted surface [18]. Additionally, Tran et al. (2022) studied the
optimization strategy for planing hulls [19]. The optimization strategy focused on reducing
the resistance by adjusting the location of the LCG through modifications of dimensional
parameters and displacement. On the other hand, Martić et al. assessed the impact of
shallow water on the total resistance of a solar catamaran through numerical simulations at
different depths and speeds [20]. The results indicated a significant increase in the total
resistance and sinking of the catamaran as the depth decreased at the operational speed of
5.5 knots [20]. A reduction in speed by 1.5 knots led to a notable decrease in both the total
resistance and sinking [20].

Other studies that addressed this topic and employed computational fluid dynamics
as a tool to analyze hydrodynamic factors include Samuel et al. [21]. In their research,
they examined the hydrodynamics of a high-speed planing hull using an interceptor [21].
The study was conducted using CFD analysis, varying both the position and height of
the interceptor [21]. The findings indicated that the use of the interceptor is advanta-
geous for controlling the trim and reducing the resistance [21]. Nevertheless, they em-
phasized that employing interceptors at high speeds is not recommended [21]. In that
context, Suneela et al. assessed the effectiveness of a numerical algorithm based on the
Navier–Stokes equations to predict the behavior of a glider hull, both with and without an
interceptor [22]. Their findings suggest that interceptors can reduce resistance at various
wavelengths and Froude numbers [22]. Furthermore, Degiuli et al. conducted a study
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focused on examining the impact of the bulbous bow on the total resistance of a yacht using
numerical and experimental analyses [23]. The results obtained from the computational
fluid dynamics (CFD) analysis showed uncertainties below 1%, indicating the precision
of this tool [23]. These findings suggest that the CFD can play a significant role in the
watercraft design process [23].

Given the above, this study aims to identify how speed and hull length affect the
hydrodynamic performance of a watercraft in shallow waters. For this purpose, two hulls
with similar hydrodynamic characteristics were used: a base hull and a hull with an in-
creased length of 700 mm. Subsequently, simulations were conducted using computational
fluid dynamics (CFD), varying dimensional parameters of the hull to achieve the smallest
possible dynamic trim during navigation at different design speeds. The CFD analysis
evaluated the model of Hull No. 2743 from Series 50 (base hull) using experimental results
and performance parameters of the RRC, such as the maximum draft during navigation in
shallow waters, heave, trim, resistance, and speed.

The distinctive aspect of this study lies in both the methods utilized and the parameters
assessed, encompassing draft, resistance, trim, and heave.

The remainder of this paper is structured as follows: Section 2 presents the verification
of the model used in our study. Section 3 shows the hypotheses to reduce the case study’s
draft. Section 4 provides contextual information for the selected case study. Section 5
outlines the implemented methodology. Section 6 analyzes and discusses results, and
Section 7 concludes by summarizing key findings and suggesting future research directions.

2. Verification Study with Experimental Results Using Hull 2743 from Series 50

Series 50 of planing watercrafts were used to validate the computational model, explic-
itly referring to the reanalysis conducted by M. Morabito [17]. This reanalysis presented
different hulls with modifications in the beam-to-draft ratio (B/T). The B/T ratio was com-
pared between the RRC and the available planing hulls. Therefore, the planing hull that
best matched the desired B/T ratio was 2743 from Series 50.

Figure 1 shows the computer-aided design (CAD) model for Hull 2743 from Series 50,
made in Rhinoceros 7 software. This hull was modeled to perform the validation of the
modelling methodology, and various parameters of Hull 2743 and the RRC were calculated.
As part of this verification study, the results attained with the simulation were compared to
those obtained in the experimental study performed by Morabito [17].
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Figure 1. CAD model for Hull 2743 from Series 50: (a) top view, (b) isometric view (c) profile view
and (d) front view.

Table 1 shows the parameters used for the RRC and Hull 2743. The selection of the
hull considered the B/T, similar to the study conducted by Morabito (2013) [17], as this
parameter affects the hydrodynamic performance. The computational model was validated
when the numerical predictions of hull resistance showed a maximum of a 5% difference
with respect to the results of Hull 2743 obtained by Morabito (2013) [17].
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Table 1. Parameters of the RRC and Hull 2743 from Series 50.

Parameter Symbol RRC Hull 2743

Speed V 3.76 kn 2.87 kn
Maximum moulded breadth at design water line BWL 0.59 m 0.31 m

Froude number based on breadth (CV) 1.56 1.62
Breadth-to-Draft Ratio B/T 7.17 6.00

3. Hypotheses for Reducing the Draft of the Case Study

The hull of the RRC was initially conceived to achieve planing. This means that
operation provides Froude numbers greater than one (high speeds). The design considers
the lift effects achieved during planing, as the main goal is to enable the watercraft to
navigate with the lowest possible draft. For a riverine craft, navigation is constrained by
the value of the hydrostatic and hydrodynamic drafts and the appendages outside the hull
below the baseline, as shown in Figure 2. The term AP is Aft perpendicular, FP is forward
perpendicular, WL is water line, and BL is base line.
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By completing the lift on the hull, the watercraft would experience a positive displace-
ment in the vertical axis (z-axis). This implies that a percentage of the hull would be above
the waterline, resulting in a reduced draft. However, not only lift plays a significant role in
the study but also the rotation of the hull around the axis transversely passing through the
hull (y-axis). Negative rotation of the hull at the center of gravity of the watercraft would
increase the sinking of the stern. This leads to a higher draft, which is undesirable for the
intended design.

For the operation of a watercraft, the different definitions of drafts are essential in
specific aspects of the mission. However, the navigation draft is undoubtedly the most
significant influence when making mission-related decisions. The navigation draft and
hydrodynamic draft of the hull are very similar, except for the appendage that extends
downward from the hull. In some cases, this can be challenging to modify as it is a physical
object that increases this dimension. However, the hydrodynamic draft results from two
degrees of freedom of the rigid body, namely rotation around the y-axis and positive
displacement along the z-axis.

4. Case Study

In this study, the trim and heave were taken as the main factors to reduce the hy-
drodynamic draft of the watercraft. The study was conducted through CFD simulations
on the variation of these parameters in relation to changes in the draft. The hull length
was changed to alter the longitudinal center of gravity (LCG) of the watercraft (Figure 3).
This analysis helped determine the hull that has a lower hydrodynamic draft and the
corresponding speed range.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW  5  of  17 
 

 

changed to alter the longitudinal center of gravity (LCG) of the watercraft (Figure 3). This 

analysis helped determine the hull that has a lower hydrodynamic draft and the corre-

sponding speed range. 

 

(a) 

 

 

 

(b) 

 

(c) 

 

Figure 3. Lines and forms of the RRC hull: (a) profile view, (b) buttock line view, and (c) water-

plane view. 

The design of the RRC was based on V-shaped lines and forms, as shown in Figure 

4. This figure shows a deadrise angle in the midsection of 5.42°. Unlike maritime hulls, 

riverine hulls  often have  low deadrise  angles  to  achieve  greater volume  in  their  sub-

merged area or below the waterline. This results in reduced submersion of the watercraft 

as greater buoyancy is performed in the hull. 

The deadrise and flare angles are hull characteristics that contribute to the redirection 

of water flow during navigation. As these angles  increase, they result  in a greater flow 

separation towards the sides of the watercraft. As the design is meant for navigating in 

shallow waters, Figure 4 shows that these angles are not as pronounced as in a maritime 

watercraft. The term CL is center line and BL is base line. 

Figure 3. Lines and forms of the RRC hull: (a) profile view, (b) buttock line view, and
(c) waterplane view.

The design of the RRC was based on V-shaped lines and forms, as shown in Figure 4.
This figure shows a deadrise angle in the midsection of 5.42◦. Unlike maritime hulls,
riverine hulls often have low deadrise angles to achieve greater volume in their submerged
area or below the waterline. This results in reduced submersion of the watercraft as greater
buoyancy is performed in the hull.
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The deadrise and flare angles are hull characteristics that contribute to the redirection
of water flow during navigation. As these angles increase, they result in a greater flow
separation towards the sides of the watercraft. As the design is meant for navigating in
shallow waters, Figure 4 shows that these angles are not as pronounced as in a maritime
watercraft. The term CL is center line and BL is base line.

The selection of the hull was determined after analyzing the results obtained from
the simulations, aiming to achieve the study aim. Table 2 presents the dimensions of the
original RRC. In addition, a second RRC was used with an additional 700 mm length to
vary the LCG (identified in Table 2 as RRC+700). This model considers a lower trim in
static or hydrostatic conditions.

Table 2. Main particular of the Reference Validation Watercraft.

Main Particular Symbol RRC RRC+700

Length overall LOA 7.60 m 8.30 m
Length of waterline LWL 7.04 m 8.00 m

Breadth B 2.46 m 2.46 m
Water Depth h 5 m 5 m

Draft/Draught T 0.343 m 0.330 m
Displacement ∆m 4.095 t 4.135 t
Design Speed VK 15 kn 15 kn

Longitudinal center of gravity (LCG) LCG 3.18 m 3.60 m
Vertical position of the center of gravity KG 0.72 m 0.72 m

Figure 5 shows the 3D model of the watercraft in its final operational form. It is a craft
that optimizes space to accommodate personnel onboard because of its size and fulfills its
mission. As part of the design, the watercraft was manufactured in naval-grade aluminum.
In addition, it includes a control console integrating a mast, a fixed seat for the pilot, and
retractable seats for passengers. It incorporates a structurally validated design using finite
element analysis to achieve the best possible arrangement with the selected material and
reduces the weight of the structure [9]. This design was conceived to minimize the weight
of the watercraft as much as possible, thus reducing its displacement and draft.
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Figure 5. Functional model of the River Reconnaissance Craft (RRC).

5. Implemented Methodology
5.1. Numerical Methods

An unsteady Reynolds-averaged Navier–Stokes (URANS) solver in STAR CCM+
version 2210 from 2022 was used. The solver discretizes the governing equations using a
finite volume method to model the fluid flow. Turbulence was simulated using the standard
k− ε model. The standard k− ε turbulence model formulation were found to be reasonably
robust and reliable near solid boundaries and recirculation regions, such as watercraft
boundary layers [24].

The volume of fluid (VOF) model was used in the free surface of the domine with a
50% volume fraction of air and 50% water with the Eulerian multiphase model. The phases
considered in this work are water as a heavy fluid and air as a light fluid. The equations
used were:

Incompressible Flow:

∆·V = 0, (1)ρ
∂V
∂t

= −∇P + µ∆V +∇·TRE + SM (2)

where: V = Reynolds averaged velocity vector; P = Averaged pressure field; µ = Dynamic
viscosity; TRE = Reynolds tenor stress; SM = Momentum source vector.

TRE was calculated using the k − ε model in agreement with the Boussinesq eddy
viscosity assumption.

τRe
ij = µt

(
∂Vi
∂xj

+
∂Vj
∂xi

)
− 2

3
ρkδij (3)

where: µt = Turbulence viscosity; k = Turbulence kinetic energy.
The RANS method is correctly explained in the study from Suneela et al. [22], which

considered the hydrodynamic performance of a planing hull with CFD analysis.
The computational domain height was 3.5LWL, and its width was 2LWL due to the

symmetry of the problem. The domain inlet boundary was located at 1LWL ahead of
the watercraft, while the outlet boundary was positioned at 3LWL from the stern of the
watercraft. The dimensions of the computational domain satisfied the ITTC procedure. The
recommendation was that the inlet boundary should be 1–2LPP, and the outlet boundary
should be 3–5LPP away from the hull to avoid wave reflections [25]. The solver parameters
are presented in Table 3.
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Table 3. Solver parameters.

Parameter Description

Solver 3D, unsteady, implicit
Turbulence model Standard k− ε
Multiphase model VOF

Pressure-velocity coupling SIMPLE
Turbulence model discretization Second order

Temporal discretization First order

5.2. Boundary Conditions of the Model

• Inlet (velocity inlet): This represents the part through which the flow passes from
the start (towards the bow of the hull) to the end (towards the stern of the hull—see
Figure 6). Input turbulence parameters were the turbulence intensity and turbulent
viscosity ratio, set at 0.01% and 10, respectively.
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• Outlet (pressure outlet): This represents the location where the flow exits the domain
and is defined as a pressure outlet boundary. It represents the plane located toward
the stern of the watercraft with a normal direction in the negative x-axis.

• Side and Top (slip wall): The side and top of the domain were defined as a slip wall
boundary condition, allowing the flow to move along the boundary. Therefore, the
velocity at this location is not zero.

• Bottom (no-slip wall): The bottom of the domain was defined as a no-slip wall bound-
ary condition.

• Symmetry Plane: Calm water conditions with no wave reflections were assumed. For
this reason, it was possible to implement a symmetry plane boundary condition so
that only half of the domain was simulated.

• Vessel Wall: The watercraft is represented by a wall element that prevents the flow
from passing through it and takes the shape of the craft. This allows the analysis of
the fluid that passes outside of the watercraft but not the watercraft itself.

• Free Surface: This boundary is defined as an isosurface in STAR-CCM+ where the
volume fraction of air is assumed to be 0.5.

5.3. Mesh Independence Analysis

To perform the mesh independence analysis, the computational model was configured
with the boundary conditions described in Section 4 at a scale of 1:7.48 or a lambda λ of 7.48.
The methodology proposed in the ITTC 7.5-03-01-01 [25] was used for the verification and
validation process of the mesh independence analysis. This methodology essentially seeks
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to find the error by comparing the real results with the estimated ones using extrapolation
of Richardson. Three simulations were conducted with different mesh sizes, each time
reducing the size of the base measurement of the simulation mesh by a delta difference of√

2, as suggested in [25].

5.4. Initial Conditions of the Computational Model

For the configuration of the RRC and RRC+700 hull simulations, initial conditions
were considered based on the working regime. In this scenario, a higher variability in
transverse rotation and vertical displacement of the watercraft was observed within the
computational domain, particularly at high velocities. This can cause a divergence in the
result if the position and state at which the watercraft simulation starts are not equal or very
close to reality. This means that at the beginning of the simulation, a trim value close to the
one predicted in systematic series models, in this case Savitsky [26], was pre-established.

To obtain the initial parameters for the simulation, the Maxsurf Advanced Edition
23.03.00.101 software was used to create the geometry of the RRC and RRC+700. The data
shown in Tables 4 and 5 were obtained from these simulations.

Table 4. RRC systematic series results.

Speed
(V)

Froude Number Based
on Breadth (CV)

Dynamic Trim Angle
(θV)

Wetted Keel Length
(LK)

Static Trim
(ts)

[kn] [m/s] [◦] [m] [m]

9 4.63 0.96 3.10 10.07 9
12 6.17 1.28 5.96 6.65 12
15 7.72 1.59 5.60 6.28 15
18 9.26 1.91 6.28 4.95 18
21 10.80 2.23 6.22 4.10 21
24 12.35 2.55 5.27 4.06 24
27 13.89 2.87 5.21 3.23 27
30 15.43 3.19 5.35 2.32 30
32 16.46 3.40 5.45 1.84 32

Table 5. Results of systematic series for the configuration of initial conditions of the RRC+700 hull.

HULL–RRC+700 mm 4.14 t—LCG (3.18 mm)

Speed
(V)

Froude Number
Based on Breadth

(CV)

Resistance
(R)

Effective
Power (PE)

Brake Power
(PB)

Dynamic
Trim Angle

(θV)

Static Trim
(ts)

[kn] [m/s] [kN] [hp] [Hp] [◦] [m]

9 4.63 0.96 4.01 24.92 45.31 2.45 0.49
12 6.17 1.28 5.36 44.39 80.71 4.77 0.64
15 7.72 1.60 5.86 60.67 110.31 4.68 0.59
18 9.26 1.92 5.85 72.59 131.98 5.29 0.54
21 10.80 2.24 5.72 82.9 150.73 5.34 0.46
24 12.35 2.56 5.7 94.32 171.49 4.61 0.39
27 13.89 2.88 5.82 108.38 197.05 4.41 0.30
30 15.43 3.20 6.08 125.79 228.71 4.33 0.25
32 16.46 3.41 6.32 139.57 253.71 4.28 0.19

The results obtained from this initial analysis were used as a starting point for config-
uring the model of Hull 2743. As it is a planing craft that will operate at high speeds, the
motion of the hull must be set with specific initial trim conditions. This prevents the model
from diverging in the initial seconds of simulation due to the rapid acceleration at the start,
even when damping parameters, such as release and ramp time, are employed. Once the
initial conditions of the computational model were determined, the model was constructed,
and the mesh validation process was conducted.
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After obtaining the results of the RRC, the hull length was increased to obtain the
RRC+700 hull for the study. Similarly, a mesh validation process was performed for the
RRC+700 hull, and the results of the systematic series using the Savitsky method are
presented in Table 5.

These results influenced the initial conditions for the RRC+700 hull simulations. The
parameters to initialize the simulation of the RRC and RRC+700 hulls are presented in
Table 6.

Table 6. Parameters to initialize the simulation of the hulls.

Initial Trim −3◦ at 9 Knots in the Center of Coordinates for a Rigid Body

Initial Trim −6◦ at 12 knots and 15 knots in the center of coordinates for a rigid body
Release Time 11 s
Ramp Time 22 s

5.5. Meshing Approach

The meshing focused on solving the problems that arose from the motion of the
rigid body during the simulation. Considering this aspect and previous studies, such as
Niazmand et al. (2023) [27] and Suneela et al. (2022) [28], an overset region was used for
the area near the hull. An automatic meshing domain was used for the fluid area farther
from the hull (See Figure 7).
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The meshing was configured using a base cell size, and any further changes were
made concerning this “Base Size” to achieve reasonably smooth transitions. For modeling
the boundary layer, a Courant number of one was used [29]. This resulted in a boundary
layer thickness size of 0.3 mm for the model, with ten boundary layers only up to the hull of
the watercraft. For the hull deck, two layers were modeled, maintaining the same boundary
layer thickness to reduce the meshing, which was not interesting for this analysis. Finally,
the simulations had a mesh volume of 1.6 to 2 million cells, which self-adjusted with the
help of an adaptive meshing model available in the Star CCM+ software version 2210.

6. Results

The results presented below are part of the findings obtained from the simulations of
the RRC and RRC+700.

6.1. Verification of Study Results

The type of convergence of the simulation was classified with the data of the total
resistance to advance, which was obtained from the three simulations. The differences
between the resistance values of the low mesh (1), medium mesh (2), and fine mesh
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(3) were estimated, obtaining ε21 and ε32. Then, the calculation of the size difference of
the base for the three simulations was carried out. Finally, the equations were applied to
estimate the convergence ratio, the Richardson extrapolation, the order of magnitude, and
the uncertainty of the numerical simulation.

The resistance results of the simulation of Hull No. 2743 were obtained for a speed of
5.58 kn and were compared with the result of the simulation of the RRC hull at the same
speed, obtaining a difference of 3.175% as shown in Table 7.

Table 7. Resistance results for hull No. 2743.

RT Tests [N] 4.4720
RT model CFD [N] 4.33

% Difference −3.175%

Based on the results obtained from Table 7 and considering lower differences than
those presented in the validations of works, such as [30,31], the computational model used
in Hull No. 2743 was established as valid and was used for the case study.

6.2. Mesh Independence Analysis Results

Table 8 presents the three possible convergence conditions, and Table 9 presents the
results of the mesh independence analysis.

Table 8. Convergence condition.

Condition Type Convergence Range of Convergence

i Monotonic 0 < Ri < 1
ii Oscillatory Ri < 0
iii Divergence Ri > 1

Table 9. Dimensions of the virtual towing tank.

RRC Simulation Mesh Verification Results

Mesh No. of Cells
[u]

Resistance
[N]

Total
Resistance
Coefficient

Heave [m] Trim [◦] Base Size
[m] Remarks

Fine 1,829,406 8.499 0.00159994 0.02216 −1.3400 0.450 Total
stabilization

Medium 1,475,145 8.474 0.00159524 0.01630 −1.4000 0.500 Total
stabilization

Coarse 1,187,205 8.411 0.00158351 0.01805 −1.4155 0.550 Total
stabilization

The uncertainty and error estimation guidelines of the ITTC [25] were considered
as part of the mesh independence study. Table 10 presents the results of the numerical
error calculation based on the difference in total resistance results among three simulations
with different meshes (see Table 9). Here, ∆x represents the size of the base element in the
control volumes of the computational model, and ri represents the mesh refinement ratio.
Additionally, ε21 denotes the difference between results from the medium and low mesh
simulations, and ε23 represents the difference between results from the fine and medium
mesh simulations. Furthermore, Ri indicates the convergence ratio, and δRE stands for
the error.
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Table 10. Error calculated using generalized Richardson extrapolation.

Parameters Result

∆x3 0.550
∆x2 0.500
∆x1 0.450
ri 1.100

ε21 −0.025
ε32 −0.062
Ri 0.401
pi 9.590

δRE −1.67%

The mesh validation result was determined using the parameter Ri, with the conver-
gence conditions i, ii, and iii defined in Table 8. After stabilizing the three simulations, the
results showed an order of accuracy “pi” above the expected maximum value of p1 = 2.4.
Therefore, pi is adjusted to obtain the value of the numerical simulation uncertainty [25].

Figure 8 shows the variation of the waterline length of the hull at three velocities.
The relationship described in the works of Savitsky [26] and Nagai and Yoshida [32]
can be observed in this result. This relationship relates LK to the variation in the trim
and demonstrates that the computational model exhibits a consistent behavior with the
governing physics.
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On the other hand, in Figure 8, the differences in flow can be observed from low
speeds to speeds closer to the planing regime. At low rates, a more continuous and uniform
flow along the length of the hull can be seen from the bow to the stern. However, in the
image, at 12 knots, the flow began to separate at the bow while remaining constant along
the hull. Finally, at 15 knots, a clear flow separation was evident at the sides of the hull,
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forming a small, turbulent zone aft, leaving only water flow along the bottom of the hull.
This generated a higher lift effect at the bow, resulting in a greater stern trim.

6.3. Results and Discussion

The following graphs are presented as part of the case study analysis to achieve the
objective of the study. The results obtained from nine simulations at different Froude
numbers were compared. The objective of this comparison was to determine the effects of
speed and hull length on the draft, trim, resistance, and heave of the crafts.

Figure 9 shows the relationship between the resistance and trim obtained from the
Froude number. Numerical predictions for the RRC and RRC+700 show an inverse rela-
tionship between the total resistance and trim at varied Froude numbers, where the trim
values equate to higher resistance. This increase in resistance is due to the changes in the
wetted area and pressure distribution of the craft at different Froude numbers. Figure 8
shows the wetted area distribution for the RRC at different speeds. At higher speeds, and
hence higher Froude numbers, the RRC shows a reduction in the wetted area at the bow.
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Other studies have evaluated the relationship between the trim and resistance, eval-
uating the effects of different trim angles for a given Froude number. Campbell et al.
(2022) [10] studied the effects of different trim angles on resistance for a range of depth
Froude numbers. They found that for a constant depth Froude number, higher trim values
reduced the resistance of the craft, with a 10% increased resistance for a trim angle of −0.9◦

vs. 0.9◦. These results agree with our observations of increased resistance for lower trim
angles. On the other hand, Le et al. (2021) [33] found a nonlinear relationship between
the trim and resistance, with resistance variations of around 2% for trim values between
−0.054◦ to 0.054◦. They predicted that the total resistance was approximately 2.6 times
higher for Fr = 0.41 vs. Fr = 0.30. Similarly, observations from Campbell et al. (2022)
indicated that the Froude number effect on resistance was higher than that of trim [10].
In the present study, individual effects of the Froude number and trim angle were not
studied, as the craft was allowed to move freely under the conditions assumed. Based
on the observations by Campbell et al. (2022) [10] and Le et al. (2021) [33], the higher
resistance observed for lower trim values in the present study is potentially driven by the
Froude number.

Figure 10a–d show the comparison of the RRC and RRC+700 models with Froude
numbers for the draft, resistance, trim, and heave. This effect can be observed in the
results presented by Suneela et al. (2021) [28], Campbell et al. (2022) [10], and Niazmand
Bilandi et al. (2023) [27]. They compared experimental results with CFD predictions,
demonstrating a clear trend in this relationship. However, Figure 10b reveals a difference
in the total resistance between the RRC and RRC+700 hulls. The RRC+700 hull exhibited
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a higher resistance than the RRC hull. This result indicates that despite having lower
dynamic trim values (Figure 10c) and higher heave values (Figure 10d), more power is
required to move the watercraft.
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This effect indicates that it is possible to reduce the draft of a semi-planing or planing
watercraft by decreasing the trim and increasing the heave with an increase in length.
However, this will be reflected in an increase in the total resistance of the watercraft. An
interesting effect occurs in studies related to planing watercrafts and the inclusion of
appendages, which substantially improves the dynamic trim of the watercraft. This can
be seen in the work by Suneela et al. (2021) [28], where the inclusion of an interceptor
decreased the trim and reduced the total resistance. This would improve the current
condition of the RRC+700 hull. However, it is also important to note that such an appendix
has a negative effect on resistance at low speeds and, therefore, low Froude numbers. As
the RRC operates in a semi-planing range with Froude numbers below one, it may be less
beneficial to add an appendix as it would negatively impact the resistance of the hull.

Sheingar et al. (2014) [34] also presented results from an analysis of V-shaped planing
hulls, which achieve a reduction in resistance rate and heave through hydrofoil-type
appendages. Experimental and numerical results from this study exhibited a similar
behavior to that shown in Figure 10c regarding the decrease in the trim as the Froude
number increases.

7. Conclusions

This paper studied the performance of a shallow-draft watercraft, comparing the
effects on the trim, heave, and resistance, caused by the increase of 700 mm in the hull
length of the RRC through CFD simulations at three navigation speeds. The results showed
a reduction in the trim of the RRC+700 and an increase in the heave. An increase in
resistance was also evident, affecting the power required to navigate and the energy
consumption in the propulsion system.
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The increase in heave was shown as part of the objective of the study because by
increasing this parameter, the watercraft rose in position in the z-axis. This action produced
a separation of the hull of the watercraft from the bottom of the river. Finally, this translated
into a shallower draft for the watercraft. However, in the case of the RRC+700, the increase
in heave was not considerable to reduce the hull wetted length, which could have caused
an improvement in the decrease in hull resistance.

As part of the limitations, this work considered a low computation capacity to run
all the simulations. Therefore, the simulations were performed considering a first-order
temporal discretization, and the tests employed only a single speed to verify Hull No. 2743
with the experimental results. In addition, the lack of similar studies that compare the effect
of hull length variation on the trim, heave, and resistance parameters limited the expansion
of the discussion and enrichment of the study.

As part of future work, a new study should consider more than two hulls to study
the effect of the change in length on the trim, heave, and resistance. Additionally, the
analysis of the RRC and RRC+700 hulls should consider the inclusion of appendages that
can improve the resistance performance of the RRC+700 hull at suitable operating speeds.
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