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Abstract

Water depth significantly affects ship resistance, which, in turn, influences fuel consumption. Furthermore, the urgent need to reduce carbon
emissions for environmental sustainability highlights the importance of applying drag reduction methods to shallow-water vehicles. To
effectively employ these methods, the initial step entails an in-depth investigation of how shallow water impacts the resistance and flow
dynamics of a mini-bulk carrier. This study extensively analyzes the hydrodynamic characteristics of mini-bulk carriers, focusing on the impact
of shallow water on resistance and flow dynamics utilizing a combination of experimental tests and numerical analyses. This study emphasizes
the interaction between the hull and the shallow seabed. This study also highlights increased frictional drag and significant residual resistance
by analyzing the total resistance at various speeds in shallow waters. The results of five key factors influencing resistance in shallow waters,
namely, boundary layer thickness, shear stress, velocity and pressure, turbulence, and waves, are discussed. A decrease in water depth
accelerates the flow under the hull, increasing shear stress and resistance. The accelerated flow reduces the gap between the hull and the shallow
seabed, elevating water pressure and increasing sinkage and resistance. Heightened turbulence in shallow water intensifies Reynolds stress,
augmenting friction and viscous resistance.
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1 Introduction

Ship resistance directly impacts fuel consumption and
emissions during maritime transportation. Increased resis-
tance leads to higher fuel consumption, resulting in signifi-
cant emissions of pollutants and greenhouse gases. There-
fore, minimizing ship resistance is crucial for reducing
fuel consumption and emissions. Various methodologies
for mitigating drag on maritime vessels exist, all aimed at
identifying effective methods to reduce the overall resis-
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tance and enhance the hydrodynamic efficiency of the ship.
Pressure drag can be reduced by modifying the shape of
the vessel using advanced hull designs or optimization tech-
niques or by installing energy-efficient devices, such as
flaps and hull vanes (Hemanth Kumar and Vijayakumar,
2020a, 2020b; Soma and Vijayakumar, 2023a, 2023b; Tripa-
thi and Vijayakumar, 2024). Furthermore, considering the
viscous component of overall drag, specifically frictional
drag, is paramount. Frictional resistance contributes approxi-
mately 80% of the total resistance of ships with a lower
Froude number, making it the primary target for reduction
efforts (Sindagi and Vijayakumar, 2020). Different tech-
niques such as implementing riblets, surface heating, using
polymer additives, creating surface vibration, and applying
air lubrication help mitigate frictional drag.

Notably, most of these methods, except for air lubrica-
tion, are not environmentally friendly or economically via-
ble and often require extensive maintenance. Air lubrica-
tion systems (ALS) mitigate frictional drag by introducing
gas to the vicinity of the liquid flow near the wall. Previous
research has shown that this method significantly reduces
the frictional resistance between the hull surface and the
water by up to 80% under optimal conditions (Sindagi et al.,
2021, 2020a, 2020b; Sindagi and Saxena, 2016; Jebin
Samuvel et al., 2022).
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Research indicates that air lubrication methods are par-
ticularly suitable for inland water vessels, as highlighted
by Gorbachev and Amromin (2012), Jebin Samuvel et al.
(2022). The literature proposes that ALS can effectively
reduce the frictional drag of ships navigating narrow chan-
nels or shallow waters, thus promoting the adoption of the
ALS method for shallow-water mini-bulk carriers. However,
optimizing performance for improved resistance and power
efficiency in shallow waters is essential to comply with the
Energy Efficiency Existing Ship Index standards for mini-
bulk carriers of established dimensions. Therefore, before
implementing drag reduction techniques on mini-bulk car-
riers intended for shallow water environments, the impact
of shallow water on resistance properties and flow field
dynamics needs to be understood. This understanding is cru-
cial because applying these techniques to vessels designed
for shallow depths poses additional challenges. Accurately
assessing ship resistance in shallow or restricted water sce-
narios is vital for reducing resistance and determining the
minimum power requirements.

As ships transition from deep to shallow waters, the pres-
sure surrounding the hull changes because of variations in
water depth, causing an increase in flow velocity around
the hull. In addition, this transition creates a scenario where
the tangential velocity reaches zero, resulting in an addi-
tional boundary layer at the bottom. In contrast to deep
water conditions, the higher speed and the presence of an
additional boundary layer result in a thinner boundary layer
surrounding the hull. This thinner boundary layer leads to
a more pronounced velocity gradient, elevating the surface
shear stress of the ship. Consequently, this heightened shear
stress level amplifies ship resistance, adversely affecting
its speed—power characteristics and overall operational
efficiency. Therefore, the accurate prediction of resistance
under shallow water conditions is crucial.

The behavior of ships under shallow water conditions
has been extensively investigated in ship theory, drawing
significant interest from marine engineers who have devot-
ed considerable time and effort to its study. Initially, pre-
diction approaches focused on addressing speed loss in shal-
low water, as outlined by Schlichting (1934). However,
this method only applies to subcritical Froude numbers. In
a subsequent study conducted by Lackenby (1964), Schli-
chting’s approach was refined through modifications to
the speed correction method, expanding its range of appli-
cability. A correlation between the mean effective speed
and the effective hydraulic obstruction was detected in the
research conducted by Jiang (2001). The mean sinkage
affects this connection, whereas the water depth has a neg-
ligible effect. The effectiveness of these methods relies on
the accuracy of predictions in deep water and is based on
reducing drag experienced under such conditions. As men-
tioned, prediction methods have shown practical efficacy
but are often limited to depth, Froude number, and hull

shape. By contrast, model tests provide a more practical
approach to investigating shallow water phenomena. The
study presented various representations obtained from ex-
tensive model tests to demonstrate the contrasting ship resis-
tance in shallow and deep sea environments. Studies con-
ducted by Elsherbiny et al. (2020), Lataire et al. (2012),
Mucha (2017), Zeng et al. (2017), Raven (2019, 2018), Xu
et al. (2017), Zeng et al. (2018) focused on resistance,
squat, ship maneuvering, and propulsion and provided sig-
nificant reference data for the successful design and opera-
tion of modern shallow and inland waterway vessels.
Computational fluid dynamics (CFD) has emerged as a
viable option for analyzing ship characteristics in shallow
water, as highlighted by Tabaczek (2008) Tezdogan et al.
(2016), Zeng et al. (2019b). Terziev et al. (2018) conducted
an extensive investigation to assess the effectiveness of
numerical methodologies in accurately depicting the hydro-
dynamic characteristics of ships navigating in shallow water
environments. In contrast to traditional model tests, CFD
provides a comprehensive understanding of the fundamen-
tal fluid dynamics principles, enabling a more precise cal-
culation of the forces applied to the surface of the ship. Ship
resistance analysis in shallow water primarily employs
numerical simulations and ship model tests. In their study,
Mucha et al. (2018) conducted model tests at three distinct
depths to investigate the impact of depth and separation
distance on resistance and propulsion. Their findings indi-
cated that hydrodynamic interactions and flow restrictions
influenced the resistance and propulsion characteristics.
The observed sensitivity to variations in water depth and
distance to the wall exhibited a consistent pattern follow-
ing the underlying theoretical framework. The wave resis-
tance shows a decreasing trend as the velocity reduces,
whereas viscous pressure is the primary factor influencing
resistance at lower velocities. In their study, Zeng et al.
(2019a) proposed a revised International Towing Tank
Conference (ITTC) 57 correlation line explicitly tailored
for shallow water conditions. As channel depth decreases,
total frictional resistance increases, which is further exac-
erbated by sinkage and trim effects, resulting in deviations
from the ITTC 57 recommendations. Hull frictional resis-
tance increases until the water depth to draft (H/T) ratio
reaches 1.2. At H/T < 1.2, the frictional resistance coeffi-
cient is equal to that under deep water conditions. The pri-
mary factor impacting frictional resistance in extremely
shallow water is the hull shape (ship fullness). Different
ships have different shear stress distributions on the hulls.
For higher C,, a negative gradient of shear stress was
detected at the flat bottom of the ship in the longitudinal
direction, which results in lower C, in extremely shallow
water. Su et al. (2023) proposed that the impact of water
depth on frictional resistance is relatively insignificant,
whereas the residual resistance increases with a decrease
in water depth. High pressure at the bow and stern, along
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with low pressure in the middle of the bottom, can result
in sinkage and trim, which can adversely affect the safe
maneuvering of the vessel and cause increased resistance
when operating in shallow water. Chen et al. (2021) noted
that changes in water depth affect the pressure distribution
around the vessel, resulting in increased hydrodynamic
forces and resistance and reduced maneuverability.

According to Tang et al. (2020), accurately estimating
viscous resistance in shallow water is crucial for vessels
operating at low Froude numbers. As the ratio between
water depth and ship draft decreases, the shallow water
effect intensifies, increasing resistance and reducing maneu-
verability. Rotteveel and Hekkenberg (2015) stated that the
impact of shallow water on resistance becomes significant
when the ratio of water depth to ship draft (H/T) is < 2.
Pressure and frictional resistance increase proportionally
with the H/T ratio. For shallower water with H/T ratios of
1.66 and 1.2, the pressure resistance increase exceeds the
frictional resistance increase. The shallow water effect sig-
nificantly impacts the resistance experienced by the bow
and stern of a vessel. According to Raven (2012), a signifi-
cant correlation between the decreasing water depth in
shallow water and a substantial increase in viscous resis-
tance exists. This increase in viscous resistance was com-
parable between model ships and full-scale ships, especially
in shallow scenarios. The observed increase in resistance
in shallow water primarily stems from viscous resistance
rather than an increase in wave or residual resistance. The
decrease in this aspect is observed from the model scale to
the ship scale, leading to reduced resistance predictions at
full scale in shallow water. In their study, Song et al. (2023)
investigated the influence of surface roughness on ship
resistance and squat in shallow waters. According to their
results, when the H/T ratio = 1.1 and F, = 0.44, pressure
resistance accounted for approximately 47.8% of the total
resistance for a smooth hull and 51.4% of the total resis-
tance for a rough hull.

In the study conducted by Ji et al. (2012), simulations
were employed to analyze the wave patterns generated by
convoys navigating through narrow waterways. They inves-
tigated the relationship between geometric and kinematic
variables, such as ship dimensions and velocity, and the
resulting wave characteristics produced by the vessels. In
addition, their primary objective was to predict the extent
of water surface deformation caused by the passage of these
vessels. A significant pressure gradient close to the hull of
the ship has the potential to influence the wave generation
process. Terziev et al. (2021) examined the impact of shal-
low and restricted water conditions, particularly in cases
with limited space between the hull of a ship and the canal
or seabed. The importance of these effects lies in the pivotal
role of viscosity in such scenarios. In their study, Li et al.
(2023) investigated the phenomenon of unsteady wash
waves generated when a ship encounters variations in water
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depth. The dynamic force produced by the movement of
the ship interacts with the changes in water depth, reveal-
ing the occurrence of upstream waves and the associated
oscillatory wave resistance. The formation of an upstream
leading wave elevation significantly increases the vertical
force exerted on the ship. The fluid flow velocity in the
forward direction significantly impacts the height of the
leading wave. Specifically, the elevation of the upstream
wave increases according to a power function of Fr;, where
the exponent 7 falls within the range of 3 to 4.

The study conducted by (Tuck, 1978) extensively explored
the hydrodynamic challenges that vessels encounter when
navigating confined water passages. Their research delved
into the fundamental physical phenomena occurring dur-
ing the interactions between ships and the constraints
imposed by surrounding flow conditions. Kumar and
Anantha Subramanian (2007) investigated the impact of
tank walls on the resistance of ship models during model
tests. Their research revealed conclusive evidence of a sig-
nificant effect on residual resistance. Their findings are
consistent with numerical predictions and values obtained
from Geosim tank tests. Vantorre et al. (2002) conducted a
comprehensive investigation into the hydrodynamic inter-
actions between ships and banks, specifically focusing on
the impact of bank geometry.

Numerical simulations and ship model tests are the pri-
mary approaches for investigating ship resistance in shal-
low water. However, further research is necessary to under-
stand the resistance characteristics of shallow-water mini-
bulk carrier vessels. Mini-bulk carriers are specifically
designed to operate in shallow waters, providing access to
ports and terminals with limited draft. This feature enhances
connectivity and commercial opportunities by allowing
them to serve areas inaccessible to larger vessels. Contin-
ued research and development are essential to improve
their effectiveness in reducing resistance and fuel con-
sumption. To achieve environmental sustainability, carbon
emissions need to be reduced. Thus, drag reduction tech-
niques for shallow-water vehicles need to be implemented.
To do this effectively, examining how shallow water affects
the resistance and flow dynamics of mini-bulk carriers is
essential. This investigation is the first step toward suc-
cessfully applying drag reduction methods. This study pri-
marily focuses on numerical methodologies for analyzing
the resistance characteristics of vessels in shallow water
environments. Mini-bulk carriers with low Froude numbers
in shallow water have not been extensively investigated.
Therefore, this study examines the effect of external condi-
tions on the performance of a mini-bulk carrier, including
resistance, wave generation, pressure distribution, and flow
field. This study also examines the correlation between the
water depth and the resistance of mini-bulk carrier ships,
analyzes the various factors contributing to the shallow
water effect, and determines the best practices for investi-
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gating the influence of shallow water on resistance. Numeri-
cal studies were conducted on a 1:23 ratio model scale
mini-bulk carrier under various water depth conditions.
The objective was to analyze the resistance performance
of the ship model under shallow water conditions and iden-
tify potential areas for drag reduction using Air Lubrica-
tion Drag Reduction methods. The remainder of this paper
provides a comprehensive explanation of the experimental
techniques used, an overview of the numerical method
employed, a discussion of the uncertainties associated with
the numerical techniques used, a presentation and analysis
of the results obtained, a thoughtful discussion of the find-
ings, and a succinct conclusion summarizing the key find-
ings and proposing potential avenues for future research.

2 Experimental method

The model tests were conducted in accordance with the
ITTC (2011) prediction method and followed the recom-
mendations outlined in QSG of the 28th ITTC (2021). The
experiments were conducted at the towing tank facility of
the Indian Institute of Technology Madras.

The vessel under investigation is a mini-bulk carrier,
specifically a twin-screw river—sea vessel designed for
transporting bulk cargo. Table 1 provides the main particu-
lars and Figure 1 shows the body plan and 3D computer-
aided design model of the mini-bulk carrier. The vessel
was fabricated using reinforced fiberglass, and a geometric
scale ratio of 1:23 was applied. The hull design includes
twin aft skegs to meet the maneuvering requirements with-
in the confined operational area. With Fr = 0.152, this ves-
sel is categorized as a slow-speed ship. A 3-mm-diameter
trip wire was attached to the hull at 5% aft of the forward
perpendicular to simulate turbulence. The distribution of
ballast weight was made to replicate the longitudinal cen-
ter of gravity (LCG) position observed in the prototype. The
scale of the model was determined by considering hydro-
dynamic factors, such as the dimensions of the vessel,
Froude number, and limitations of the towing tank. To
measure the drag forces exerted on the model, a load cell
with a maximum capacity of 50 kg was strategically placed
at the tow point of the vessel, precisely at the LCG. In
addition, a motion reference unit continuously monitored
the trim angles of the model throughout the study. Further-
more, numerical analysis was conducted using this scaled
model. Figure 2 depicts the physical model with skeg and
trip wire.

2.1 Shallow-water towing tank

The towing tank dimensions are 82 m in length, 3.2 m
in width, and 2.8 m in depth. The towing tank carriage has
a maximum attainable velocity of 4 m/s and is equipped

Table 1 Main particulars

Main particulars Prototype Model
Scale 1 23
Length overall (m) 122.25 5.25
Beam, B (m) 20 0.87
Depth (m) 72 0.31
Design draft, 7 (m) 4.8 0.209
;";“;’ti;“f;gal center of (61.64,0,4.807) (2.68,0,0.209)
Mass displacement (tonnes) 102.32 0.812
Maximum speed (m/s) 5.144 1.073

Froude number, Fr 0.0454t00.151

)

Figure 1 Body plan and 3D computer-aided design model of a
mini-bulk carrier

Figure2 Model of the mini-bulk carrier

with a precise speed control system provided by Rockwell
Automation Systems. The river—sea model was secured to
the towing carriage using two pivot levers and a brake pad.
Specific constraints were applied to the model to mitigate
the impact of surge, sway, yaw, and roll motions, thereby
enabling the model to have pitch and heave motions. The
existing towing tank facility has a depth of 2.8 m, which
limits experimentation to shallow water conditions. A
detachable, reusable, and depth-adjustable false bottom was
made and utilized to replicate the shallow water conditions
for shallow water experiments, as shown in Figure 3. This
false bottom was designed to ensure that it did not inter-
fere with the regular operations of the towing tank and com-
prised 48 platforms, each measuring 1.5 m long (along the
length of the towing tank) and 3.2 m wide. Proper sealing
and waterproofing of the false bottom interface with the
basin walls are crucial for preventing water loss, avoiding
leakage, maintaining the integrity of the experimental setup,
and ensuring measurement accuracy. The structural integ-
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rity and stability of the false bottom must be ensured to
withstand the hydraulic forces exerted by flowing water,
wave action, or other experimental conditions. Proper
design, materials selection, and structural reinforcement are
essential to prevent the deformation, failure, or collapse of
the false bottom during experimentation. Stiffeners were
added to the false bottom to prevent bending. Proper care
is taken throughout the experiment to ensure proper instal-
lation and that the current false bottom setup works.

Figure 3 Shallow water towing tank

2.2 Test conditions

To comprehensively explain the impact of shallow water
on ship resistance, parameters, such as H/T or L/H, along
with the depth Froude number (£7,), are typically employed.
According to the ITTC, the shallow water effect becomes
notable when the ratio of channel height to draft is <4. In
this study, tests were conducted with H/T (as shown in
Figure 4) and Froude number. Blockage correction was
employed during the trial to rectify the experimental out-
come, which was affected by the interference resulting from
the dimensions of the hull model and the towing tank. The
Schuoneter equation can be used to calculate the blockage
correction values (ITTC, 2021):

AV m R 2
— =+ |1 =L x Z 1
Voo 1l-m-Fr] RT) 3000 )
where
A’C
m=—r 2

2.3 Test matrix

The experimental model tests were conducted at four
distinct water depths, characterized by H/T ratios of 1.5
and 1.7 (representing extremely shallow water), H/T ratio
of 2 (representing shallow water), and H/7 ratio of 24 (rep-
resenting deep water). These tests covered a range of speeds
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Free surface

T—Draft, Y—Side wall distance,
H—Depth of the channel

Figure 4 Schematic diagram of shallow water

from 0.429 m/s to 1.73 m/s, corresponding to vessel speeds
between 4 kn and 10 kn. The corresponding Froude num-
bers ranged from 0.060 to 0.151. The test conditions are
outlined in detail in Table 2.

Table 2 Test conditions

Fr Fr,

Model

speed Deep Shallow Shallow Extremely

H/T=24 H=2T H=17T shallow H=1.5T

0.429 0.060 0.2119 0.230 0.245
0.536 0.075 0.264 8 0.287 0.306
0.644 0.090 0.3178 0.345 0.367
0.751 0.105 0.370 8 0.402 0.428
0.858 0.121 0.4237 0.460 0.489
0.965 0.136 0.476 7 0.517 0.550
1.073 0.151 0.5297 0.575 0.612

3 Numerical method

The application of Reynolds-averaged Navier—Stokes
(RANS) methods is a rapidly progressing area in ship
hydrodynamics. Through computational simulations, the
primary objective is to analyze dynamic variations in ship
behavior, including trim, sinkage, surface pressure, and
hydrodynamic forces. The fundamental fluid flow equa-
tions are the continuity and Navier—Stokes equations. The
use of CFD techniques, such as the finite volume method,
enables the simulation of intricate fluid flow scenarios
without further simplification (“Best practices for ship
resistance test simulations in shallow water”, 2019).

3.1 Governing equations

The following are the governing equations for the incom-
pressible turbulence flow that satisfy the conservation of
mass and momentum:
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%’t’+v-(pﬁ):0 3)
a((ftﬁ)Jrv-(pﬁ@ﬁ): -V-PI+V-T+f, (4

where u = (u,, u,, u,); u is the mean velocity vector, which
denotes the velocity component along the x, y, and z axes,
respectively; PI is the mean pressure; p is the density of
the fluid; x4 is the dynamic viscosity; T is the Reynolds
stress tensor, which can be solved using a turbulence model
or transport equation; and / is the identity tensor.

The Reynolds stresses in the eddy viscosity models are
assumed to be related to the mean velocity gradients, tur-
bulent kinetic energy (TKE), and eddy viscosity.

T=,u,[Vﬁ+(Vﬂ)T]—%ka )

where g, is the eddy viscosity, and & is the TKE, which can
be solved using turbulence models such as k- ¢ and k - w.

The solver incorporates the volume of fluid (VOF)
method to accurately model the interaction between the
free surface and the fluid in this simulation, thereby account-
ing for the effects of the free surface. A supplementary
transport equation is solved to forecast the dispersion and
motion of air and water. The scalar volume fraction quanti-
fies the proportion of space occupied by a particular phase
and indicates the location of the boundary between phases
for each control volume in the fluid domain. The high-res-
olution interface-capturing scheme, introduced by Muzaf-
erija and Peric (2017), ensures interface sharpness. The
pressure and velocity are solved independently using the
SIMPLE algorithm and a second-order time discretization
method.

3.2 Domain and boundary conditions

The computational domain is arranged according to the
guidelines provided by ITTC (2021). The inlet is located
more than one ship length ahead of the front perpendicular
(FP) and induces flow in the opposite direction of the x-axis
under a velocity inlet boundary condition. Determining the
breadth and downstream expansion of the area is critical
when dealing with shallow water circumstances. The Kel-
vin wave pattern can change considerably when nonlinear
wave production and propagation processes occur in cer-

Pressure
outlet

6L
7 Bottom no slip wall

Figure5 Domain dimensions and boundary condition

Top velocity inlet

Port side no slip wall

tain circumstances.

The outlet is positioned downstream of the aft perpen-
dicular (AP) at a distance equal to three times the length of
a ship and functions as a pressure outlet, maintaining con-
stant hydrostatic pressure and preventing reverse flow.
Table 3 delineates the selected boundary conditions for both
shallow and deep water scenarios. The side wall is situated
at a distance of 1.3 ship lengths away to minimize inter-
face effects, as per Table 4 for selecting the side wall inter-
face “Best practices for ship resistance test simulations in
shallow water” (2019), ITTC (2011). Both the side and
lower boundaries are designated as moving no-slip walls.
The laboratory coordinate system is located at the stern
keel, with the positive x-direction toward the bow, the pos-
itive y-direction toward the beam (port side), and the pos-
itive z-direction toward the waterline. The flow is simu-
lated toward the negative x-direction. To expedite the solu-
tion process, wave damping has been applied perpendicu-
lar to the boundaries at the exit, spanning a distance that
exceeds 1.3 times the length of the ship. The upper limit
of the domain, identified as a velocity inlet, is positioned
approximately one ship length above the undisturbed
waterline. The chosen method for determining the bottom
and side boundaries involves assigning a relative velocity
equivalent in magnitude but opposite in direction to the
speed of the ship. This condition ensures the occurrence of
relative motion between the seabed and the side when the
flow is introduced to the domain. Consequently, from the
perspective of the ship, the flow, bottom, and side all move
downstream at the same speed. Figure 5 provides a graphi-
cal representation of the computational domain.

Table 3 Boundary conditions

S1. No. Boundary Deep water Shallow water
1 Inlet and top Velocity inlet Velocity inlet
2 Outlet Pressure outlet ~ Pressure outlet

3 Sidewall and bottom Velocity inlet Moving no-slip wall

Table 4 Side wall distance

. Experiment Numerical Difference in
Depth  Distance . . ..
in N simulationin N percentage
1Y 14.691 3.35
1.7T7 15.230
1.3Y 14.718 3.30

Velocity inlet
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3.3 Mesh

The computational domain is divided into trimmed hexa-
hedral control volumes, employing a finite volume approach.
These control volumes predominantly consist of hexahe-
dral cells, with strategically placed trimmed hexahedral cells
near surfaces to represent curvature accurately. The back-
ground mesh covers the entire numerical domain and com-
prises hexahedral cells, with refinement regions surround-
ing the free surface and the hull, as depicted in Figure 6.
Mesh refinement is applied to the free surface and the Kel-
vin wave pattern, as illustrated in Figure 7. The mesh grad-
ually transitions to a coarser resolution as it moves away
from the model. Consequently, the domain was discretized
into 10 million cells to simulate shallow water conditions
and 8 million cells to simulate deep water conditions. The
fluid dynamics within the under-keel clearance (UKC) zone
need to be carefully considered when engaging in activi-
ties in shallow water, mainly when the boundary layer thick-
ness of the ship is comparable to the distance separating it
from the seabed. The downstream region often exhibits
discernible flow characteristics, such as notable separa-
tion, anisotropic turbulent momentum transport, and sec-
ondary recirculation. Refinement within the UKC zone,
mainly on the lower wall, is advisable.

| N
(LLELE LR

1
I

Figure 6 Shallow water domain mesh

Figure7 Free surface refinement mesh

The overset methodology was employed to generate
numerical grids, as shown in Figure 8. The overset mesh
was strategically positioned close to the hull, allowing it to
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move in sync with the hull during simulations, particularly
regarding the sinkage and trim of the ship model. The
interpolation occurs within the overlap region, providing a
more significant data transfer area than the nonoverlap-
ping hybrid mesh. Thus, employing an overset mesh con-
figuration could potentially enhance computational effi-
ciency compared with a nonoverlapping hybrid mesh,
assuming similar levels of accuracy. The independent con-
struction of an overset mesh for each component within
the domain without considering grid alignment for each
component has been proposed as a viable approach. This
approach enables the manipulation of the rotation and dis-
placement of the mesh to adjust the trim and sinkage effects
on the ship.

!
|Overset region | |Overlap region|-
RnnEEnnER Y s s s

SRR T R ARER
it

Figure 8 Overset mesh

Similarly, the adjustment of water depth can be conve-
niently achieved by altering the underlying mesh structure.
To accurately represent the movement of the boundary layer
near the surface of the vessel, prism layers are created near
the hull surfaces. The determination of the cell dimensions
in the prism layer mesh depends on the wall y* criterion,
which is related to the turbulence model utilized in the
simulations. In all cases, a wall function is employed to
maintain a y* value of < 1. The chosen methodology uti-
lizes a highly intricate mesh near the model and on the
unconstrained surface to accurately capture any variations
in fluid dynamics. Figure 9 illustrates that the wall y" crite-
rion was maintained at the underwater part of the hull with
H/T=1.7T for Fr=0.151.

¥ Wall y*
kS 5 0.005 0.096 0.186 0.277 0.367 0.457 0.548 0.638 0.729 0.819 0.910 1.000
| . ]

Figure9 Wally' criterion
3.4 Solver settings

The efficacy of two-equation eddy viscosity models has
been demonstrated in yielding satisfactory results when
applied under shallow water conditions and realistic for-
ward velocities. A computational model, combining the
VOF method for multiphase flow and a gravity model, cal-
culates the pressure and resultant forces generated by
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wave formation. However, the selection and activation of
higher-order constitutive relations and application of cur-
vature correction in the STAR-CCM+ software when deal-
ing with shallow water is advisable. The inclusion of cur-
vature correction is crucial for enhancing the accuracy of
the analysis of the anisotropic transmission of turbulent
momentum and recirculation, significantly impacting resis-
tance calculations. Alternative configurations under flow
conditions provide a more precise assessment of resistance
increase in shallow water than conventional configurations
(“Best practices for ship resistance test simulations in shal-
low water”, 2019). The use of the two-phase VOF model
enables the resolution of a singular set of equations con-
cerning the preservation of mass, momentum, and energy,
accurately representing the corresponding fluid phases.
This methodology assumes that all phases, whether air or
water, exhibit identical characteristics in their flow field
when considered within a control volume, making the
imposition of a boundary condition at the interface unnec-
essary. The model utilizes pertinent features and volume
fractions of elemental phases to calculate fluid properties,
including density and viscosity. Table 5 lists the solver set-
tings employed under shallow water conditions.

4 Uncertainty in numerical methods
4.1 Grid vonvergence index

A previous study evaluated grid independence to address
the discretization error in the solution. An investigation
into grid convergence was conducted by Richardson (1910)

to assess the uncertainty error in CFD studies. However,

Table 6 Mesh grid independence

Table 5 Solver settings

Parameter Settings
Solver 3D, unsteady, implicit
Turbulence model SSTk-w
Wall treatment All wall y™ treatment
Multiphase model Volume of fluid (VOF)
Time First-order upwind
Pressure discretization Standard
Pressure velocity coupling SIMPLE
Compressibility and curvature Enabled

correction option

the assessment remains unaffected by the results derived
from CFD. Celik et al. (2008) presented a comprehensive
approach to determining discretization uncertainty in CFD
applications, which involved implementing a two-grid study
to examine two different water depths, i.e., deep water con-
ditions with H/T of 24 and 1.7. Fr is set as 0.105, and the
refinement ratio is determined to be the square root of 2.
Following the guidelines outlined by the ITTC, a time step
0of 0.01 s is used.

In estimating uncertainties, three meshes, namely, a fine
mesh grid denoted as N1, a medium mesh grid denoted as
N2, and a coarse mesh grid denoted as N3, are employed.
The fine mesh grids contain 29.3 x 10° cells, the medium
mesh grids contain 10.04 x 10° cells, and the coarse mesh
grids contain 3.67 x 10° cells. The parameter selected for
the convergence study was the resistance of the vessel. The
following steps are used to analyze grid independence.
Table 6 shows the uncertainty under deep and shallow
water conditions.

Depth Deep H/T =24 Shallow H/T=1.7
Factors Fine mesh Medium Coarse mesh Fine mesh Medium Coarse mesh
grid (1) mesh grid (2) grid (3) grid (1) mesh grid (2) grid (3)
Number of cells (V) x10° 23.5 8.14 2.87 29.345 8 10.387 7 3.6743
Absolute value of resistance (¢) 10.242 3 10.364 0 10.876 14.642 3 14.718 0 14.976 0
. ry, = 1.424 r, =1.414
Grid refinement factor (r,,, 75,) = 1415 r = 1415
. &, =0.1217 &, =0.076 3
Absolute difference (g,,, &5,) 6,=05120 6, 02574
Apparent order (p) p=4.0675 p=3.5125
2=10.204 4 2=14.6102
21 32 ext ext
Extrapolated values (¢, #o; 2 10,1993 2146106
21 21
. . o 2 1 e, =1.19 e, =0.52
Approximate relative error (%) (e, , e, =494 =175
21 21
; 0 20 3 €., = 1.56 el =0.74
Extrapolated relative error (%) (e, €5y =162 =074
GCI’' = 0.46 GCI’' =0.27
0,
GC1 (%) GCI*=1.99 GCI*”=0.92
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The average size of the grid:
1 N 1/3
h—(NE(AV,-)) (6)

i=1

where AV, is the volume of the ith cell.

Apparent order (p):
1 &y,
p=—"—|ln==|+q(p) (7
ln(rZI) 21
P _
q(p)=1n(”‘s) @®)
rf,—s
s=1-sgn(g32) 9)
&y
where
En T Py = P18 = P3Py (10)

q(p) = 0 when r,, = r3, and sgn is the signal function. If
&,,/€5, <0, then sgn = = 1. If &,,/e;, = 0, then sgn = 0. If
&,,/€5, > 0, then sgn = 1.

a_ |9~ 9
=|——" 11
a ‘ r an
21 _ (r§l¢1 _¢2) 32 _ (r§l¢2_¢3) 12
ext » s Pext — » ( )
(”21_1) (”32_1)
12 23
j— X1 B ¢ — (24 — ¢
egit - ; 12 : ’ egit - ; 23 2 (13)
ext ext
The grid convergence index is expressed as follows:
21 32
GCE! = 1.25¢; LGCIZ, = 1.25¢; (14)
rh =1 rh =1
4.2 Time dependency

In implicit unsteady simulations, the time step selection
is typically influenced by the flow characteristics rather
than the Courant number. According to the guidelines out-
lined in ITTC (2021), the time step size (At) in calm water
can be determined using the formula Az = 0.005 — 0.01 L/V,
where L is the distance between the perpendiculars of the
ship and V' is the velocity of the ship. However, the investi-
gation into time step convergence, aimed at determining the
most appropriate time step resolution, revealed the neces-
sity of using a smaller time step (A7 =0.003 5 L/V) for this
specific study Tezdogan (2016). The value derived from
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the equation is 0.016 6. The time step was systematically
adjusted and investigated at 0.005, 0.01, and 0.02 inter-
vals while maintaining a Fr of 0.105 and a depth of 1.77.
Table 7 presents the results of the time step convergence
analysis at a depth of 1.77. This study determined the opti-
mal time interval that yields the most accurate resistance
prediction while minimizing deviations from predictions
made using different time intervals and reducing computa-
tion time. This study assessed the convergence of different
time intervals and determined that a value of 0.01 produced
the most favorable outcomes. The chosen time step exhib-
ited good convergence in the residual plot when altered.

Table7 Time independency study

Exp. Numerical Difference in

Time Time step

resistance (N) simulation (N)  percentage
T1 0.005 14.717 3.37
T2 0.010 15.230 14.718 3.36
T3 0.020 14.720 3.35

4.3 Turbulence model

Turbulence modeling plays a crucial role in solving the
previously presented equations, and the selection of an
appropriate turbulence model is essential for resolving the
RANS equations. This study evaluated the RNG £ —¢ and
shear stress transport (SST) k- w turbulence models, as
shown in Table 8. Notably, the SST & — w turbulence model
demonstrated a mere 3.31% disparity between experimen-
tal and numerical analyses. Consequently, the SST k-
turbulence model was chosen to analyze the fluid dynam-
ics surrounding the hull. The current study employs a sim-
ulation model that combines the k- ¢ and k- @ turbulence
models, enabling an accurate depiction of the flow dynam-
ics in various scenarios and predicting the corresponding
physical changes Jones and Clarke (2010).

Table 8 Turbulence model independency study

Turbulence Exp. . Difference in
. Resistance (N)
model resistance (N) percentage
SSTk-w 14.718 3.36
15.230
RNGk-¢ 15.765 -3.51

4.4 Experimental results and validation

In the experimental setup, two shallow depths (H/T = 2
and 1.7) were considered and contrasted with the total
resistance encountered in deep water. Four distinct Froude
numbers were tested, with values between 0.06 and 0.12.
The relationship between resistance and Fr for different
water depths investigated is shown in Figure 10. The find-
ings of this study indicated that the total resistance of the
model exhibited nonlinear characteristics. Theoretically,
friction and viscous pressure resistance are the main ele-
ments influencing resistance to motion at lower speeds.
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However, the role of wave resistance becomes increasingly
significant as forward speeds increase, eventually becom-
ing the predominant factor. Notably, a nonlinear correla-
tion between the distance between data points and the
water depth is detected. The resistance experienced in shal-
low water was approximately twice as high as in deep
water. According to the Bernoulli principle, a decrease in
depth reduces the distance between the hull of the ship and
the bottom, increasing the velocity beneath the hull. The
reduction in dimensions leads to an alteration in the thick-
ness of the boundary layer, thereby increasing resistance.

251
—H=24T ——H=2T — H=1.7T

= N
w S
T T

—
=]
T

W
T

Total resistance (N)

0 L 1
0.05 0.07 0.09 0.11 0.13
Fr

Figure 10  Effect of depth on the experimental total resistance

Figures 11-13 present the comparative analysis of numer-
ical and experimental resistance data for the model hull at
Fr=0.151. Three depths were investigated through experi-
mental and numerical analyses: H = 247, 27, and 1.77 for
the Froude numbers 0.05 to 0.121. An assessment was con-
ducted by comparing the total resistance calculated. The
comparative analysis revealed a 2% disparity between the
resistance values predicted numerically and those mea-
sured experimentally in deep water. This discrepancy is
further amplified by an additional 3% and 3.2% for other
water depths. These figures indicate a strong correlation
between the outcomes of the experimental models and the
numerical forecasts.

25+
« Experimental (H=24T)
g 20F  —— Numerical (H=24T)
3
g 15+
8 10f
=
o
= 5L
0 1 1 1 1 J
0.05 0.07 0.09 0.11 0.13 0.15
Fr
Figure 11 Validation for deep water (H = 24T)

5 Results and discussions
5.1 Effect on the boundary layer

The effect of shallow water on the boundary layer was

1183
25
+ Experimental (H=2T7)
g 20 —e— Numerical (H=2T)
3
§ 15
-a
2]
S 10f
|
e st
O 1 1 1 J
0.05 0.07 0.09 0.11 0.13
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Figure 12 Validation for shallow water (H =2T)
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Total resistance (N)
O

0.05 0.07 0.09 0.11 0.13
Fr

Figure 13 Validation for shallow water (H=1.7T)

investigated by measuring the thickness of the boundary
layer at three distinct locations, namely, the FP, at midship,
and near the AP, with Fr = 0.151. The depths with H =
24T, 2T, 1.7T, and 1.5T are shown in Figure 14, Figure 15,
Figure 16, and Figure 17, respectively.

Table 9 lists the boundary layer thicknesses at three sec-
tions measured at different depths with a constant Fr =
0.105. The boundary layer thickens as the flow progresses
toward the stern. When a vessel enters shallow waters, the
flow velocity increases as the UKC decreases, impeding
the formation of the boundary layer beneath the surface of
the ship, consequently reducing the boundary layer thick-
ness compared with that under deep water conditions and
increasing the velocity gradient inside the boundary layer
because of inadequate time for the lateral diffusion of vor-
ticity within the boundary layer (Albernathy, 2000). This
increase in velocity gradient escalates shear forces, intensi-
fying the frictional resistance. These factors magnify the
influence of viscous forces on ship performance, which is
evident from the observed differences in boundary layer
thickness between deep and shallow water conditions.

In the stern section (the backside of the skeg), a signifi-
cant disparity in boundary layer thickness between deep
and shallow waters is apparent, where a notable increase
in the boundary layer is observed, as shown in Figure 17,
which is attributed to the skeg and flow separation becom-
ing more pronounced because of adverse pressure gradi-
ents. Consequently, flow separation contributes to an ele-
vation in pressure resistance. The alterations in boundary
layer thickness due to the effect of shallow water are illus-
trated in Figures 14—17. Table 9 provides the magnitude of
boundary layer thickness examined under deep and shal-
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Y= : X Position Z (m)

{
74
Y+ -X Position Z (m)

—0.018 0.017 0.051 0.086 0.121 0.135 0.190 0.224 0.259 0.294 0.328 0.363 —0.032 0.003 0.038 0.072 0.107 0.142 0.170 0.211 0.246 0.280 0.315 0.349

(a) Near AP
Figure 14 Boundary layer thickness for deep water (H = 24T)

18]

(b) At midship

(a) Near AP
Figure 15 Boundary layer thickness for shallow water (H =2T)

3¢
(a) Near AP

Figure 16 Boundary layer thickness for shallow water (H=1.7T)

low water conditions. In deep water at the midship posi-
tion, the boundary layer thickness is 0.023 9 m. Conversely,
in shallow water at the midship position, the boundary
layer thicknesses are 0.012 3, 0.010 1, and 0.006 m at their
respective depths, as indicated in Table 9. This reduction
in boundary layer thickness results in a steeper velocity
gradient, increasing shear stress as water depth decreases.
Consequently, frictional resistance also increases with the
decrease in water depth.
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(b) At midship

(b) At midship

5.2 Effect on the shear stress

The effect of shallow water on shear stress distribution
was analyzed by measuring the shear stress in three dis-
tinct sections, namely, the bow section, parallel middle
body, and stern section. Figure 18 illustrates the shear
stress variation along the length of the ship at the bow,
midship, and stern sections for different water depths (i.e.,
deep and shallow waters) at Fr = 0.151. Under deep water
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(a) Near AP

Figure 17 Boundary layer thickness for shallow water (= 1.57)

Table9 Boundary layer thickness for different depths

Depth At FP (m) At midship (m)  Near AP (m)
H=24T 0.000 8 0.0239 0.001 9
H=2T 0.000 7 0.0123 0.001 3
H=1.7T 0.000 3 0.0101 0.001 2
H=1.5T 0.000 1 0.006 0 0.001 3

%1073

i =247 —H=

6F —H 1.7T H= 1 5T
w St

2t

1 |\

0.6 0.8 1.0
x/L

O

Figure 18 Shear stress at different depths

conditions, the flow in the entrance region shows increased
momentum, resulting in elevated levels of shear stress, par-
ticularly on the fore shoulder of the ship. The velocities on
the upper portion of the bulbous bow exhibit a compara-
tively low magnitude, leading to reduced shear stress
caused by stagnation. A relatively uniform shear stress level
is observed along the midship region. Flow along the keel,
particularly near the skeg area, has a vertical velocity com-
ponent, resulting in a modest increase in shear stress. Flow
separation near the stern edge leads to a decrease in shear
stress. A notable increase in shear stress is observed when
transitioning from deep to shallow water depths. Sailing in
shallow water is further influenced by the presence of the
water bottom, causing additional changes in shear stress.
As the flow beneath the hull accelerates, the velocity near
the bow shoulder increases, resulting in higher shear stress.

With the decrease in depth, the velocity variation spreads
toward the midship. Notably, the stress distribution in the
bow and stern sections exhibits significant variation com-

(b) At midship

pared with that in the midship region. At a depth of 1.57,
the fluctuation in shear stress is considerably higher than
that of other depths. The shear stress is consistently lower
in the midship area than in the bow and stern regions for
all depths, including deep and shallow water conditions.
This occurrence can be explained by the significant dispar-
ity in velocity between the regions near the bow and the
stern, as opposed to the relatively stable conditions in the
midship region. When we examined the entire submerged
portion of the hull, we observed a significant increase in
the average shear stress as the water depth decreased.
Notably, the impact of shallow water on the boundary layer
increases shear stress and frictional resistance.

5.3 Effect on the frictional resistance

Figure 19 illustrates the frictional resistance coefficient at
four different depths (i.e., H = 24T, 2T, 1.7T, and 1.5T) with
Frranging from 0.06 to 0.151. As the velocity increases, the
frictional resistance coefficient correspondingly decreases.
At low Fr, the water depth significantly affects the fric-
tional resistance.

073

o
O x

— H=24T —— H=2T
——H=1.7T H=1.5T

\*

0.05 0.07 0.09 0.11 0.13 0.15
Fr

:b
W
T

S
=}
T

.
=]
T

Coefficient of frictional resistance
(98]
W

Figure 19 Effect of depth on the frictional resistance coefficient

The frictional resistance coefficients for a case with
Fr=0.06 at different depths were examined. The frictional
resistance coefficient increases by approximately 45% for
H = 1.5T compared with that under deep water conditions.
The percentage increase in frictional resistance coefficient
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for higher Fr values is approximately 11%. The impact of
the shallow water effect is high at lower speeds. Sinkage
increases in shallow water because of the accelerated flow
beneath the hull. Consequently, the wetted surface area
increases, and the combined effect of increased wetted sur-
face area and shear stress further contributes to increased
frictional resistance.

5.4 Effect on the velocity and pressure

Figures 20, 22, and 26 illustrate the velocity distribution
at the bow and stern sections of a mini-bulk carrier, consid-
ering all water depths at Fr = 0.15. As the vessel moves
into shallower waters, the reduced water depth results in a
narrower gap between the hull surface and the seafloor,
which, according to the Bernoulli principle, leads to an
increase in water velocity and a corresponding decrease
in water pressure beneath the hull. The aforementioned
figures indicate that the velocity near the front and rear
ends is higher in shallow waters than in deep waters.
Notably, velocity fluctuations in the bow shoulder region
are more significant than those in the stern area. In addi-

Figure 20

tion, velocity fluctuations are less pronounced at the mid-
ship section than in the stern and bow sections under shal-
low water conditions. However, velocity exhibits more sig-
nificant variation as water depth decreases, leading to a
decrease in water pressure beneath the hull, as illustrated
in the aforementioned figures.

Figures 21, 23, 25, and 27 show the variations in pres-
sure distribution along the surface of the hull at various
water depths. Notably, the pressure below the hull is signif-
icantly less in the midship section than in the bow section.
As the water depth decreases, the high-pressure area ahead
of the bow and the pressure difference between the bow and
stern increases, causing an uneven pressure distribution
along the hull (Su et al., 2023). In addition, this extensive
low-pressure region shifts outward, trailing behind the ship
and toward the bow (upstream). Hence, the flow velocity
between the hull surface and the seabed significantly
increases, causing substantial alterations in pressure.
Because of the decreased pressure, the buoyant force act-
ing on the hull decreases. To counter this reduced pressure,
the vessel sinks deeper in shallow waters than in deep
waters, resulting in increased draft or sinkage.

Figure 21

y

(a) Near the stern

Figure 22 Velocity distribution in shallow water (H=2T)
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A4

(a) Near stern

(b) At midship

Y (a) Near stern

(b) Near bow

L Velocity: Magnitude (m/s)
X- -y 0 0.129 0.258 0.387 0.516 0.645 0.775 0.904 1.033 1.162 1.291 1.420

Figure 26 Velocity distribution in shallow water (H = 1.5T)

Figure 26 depicts the escalation in the velocity distribu-
tion at the depth H = 1.5T. The velocity magnitude increases
up to 1.4 m/s in the bow and stern regions, which is higher
than for deep and shallow waters. However, with the
decrease in water depth, the increase in velocity becomes
more pronounced. On average, the velocity at the stern sec-

tion increases by 20% and that at the bow section increases
by approximately 15%, causing a reduction in pressure in
areas with increased velocity.

5.5 Effect on the turbulence

The impact of turbulence on ship resistance is examined
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Figure 27 Pressure distribution on the hull surface in shallow water (H = 1.57)

through TKE and turbulent viscosity. Figure 28 compares
the TKE at the stern of the model under deep and shallow
water conditions at Fr = 0.151. The flow pattern conforms
to the contours of the vessel from the bow to the stern.
Near the stern, the flow experiences an abrupt change
because of the curvature of the hull form, resulting in pres-
sure fluctuations and detachment from the hull, leading to
recirculation and turbulence. This gap may be more pro-
nounced under shallow water conditions because of the
proximity of the seabed. The confined space in shallow
waters limits the lateral spread of the wake, intensifying
wake-related effects, such as turbulence (Shevchuk and
Kornev, 2017). This turbulent wake enhances the resis-
tance by generating localized zones in the stern region.
Figure 28(a) illustrates the TKE under deep water condi-
tions. Figures 28(b), 28(c), and 28(d) depict the TKE under
shallow water conditions with corresponding depths of 27,
1.7T, and 1.57, respectively. Notably, the stern region exhib-
its increased turbulence and energy loss. This finding
shows that the TKE in the stern region generally increases
under shallow water conditions, indicating substantial
energy loss from the hull. The strength of recirculation
increases as water depth decreases, leading to an intensi-
fied wake zone.

Figure 29 depicts the turbulent viscosity near the hull
surface under deep and shallow water conditions at Fr =
0.151. As a vessel transitions from deep to shallow waters,
the confined space alters the flow behavior, leading to
increased turbulence within the boundary layer. Under
deep water conditions, the local Reynolds number in the
entrance region is lower, resulting in less turbulence and
lower turbulent viscosity. However, as the length of the
ship increases, the local Reynolds number increases, lead-
ing to increased turbulence and turbulent viscosity. Flow
separation occurs near the stern section, reducing turbu-
lence. By contrast, turbulent viscosity increases far from
the stern section because of the adverse pressure gradient.
As depth decreases, turbulent viscosity gradually increases,
especially at the midship region. For a depth of 1.57, turbu-
lent viscosity increases compared with other depths because
of the reduced boundary layer effect. Near the stern sec-
tion, the increase in turbulent viscosity is similar for all
depths but higher than that under deep water conditions.

@ Springer

When water particles near the hull of a ship exhibit turbu-
lent motion, their interactions with the hull surface inten-
sify; this increased interaction leads to higher energy dissi-
pation between the moving water and the hull, resulting in
elevated Reynolds stress. As a consequence, viscous resis-
tance increases.

Eddy and turbulent viscosity refer to the viscosity asso-
ciated with turbulent flows. As turbulence intensifies within
the boundary layer, the Reynolds stress increases. This
increase in Reynolds stress can be detected by measuring
turbulent viscosity within the boundary layer. The illustra-
tion visually represents the increase in turbulent viscosity
near the surface of the vessel as the water depth decreases.

5.6 Effect on the waves

The depth Froude number, Fr,, is crucial in analyzing
shallow water dynamics (Terziev et al., 2018). This param-
eter categorizes the speed of a vessel into three distinct cat-
egories, namely subcritical (F7, < 1), critical (Fr, = 1), and
supercritical (Fr, > 1). Different ship speeds correspond to
wave patterns, which undergo notable changes as a vessel
approaches its critical speed. In this study, the speeds con-
sistently fell below the value of the depth Froude number
of Fr, = 0.612. The wave patterns in this range closely
resemble those under deep water conditions, as depicted
in Figure 30. Figures 30(a), 30(b), 30(c), and 30(d) show
the free surface elevation for H/T = 24, 2, 1.75, and 1.5,
respectively. The value of x/L = 1 refers to the bow; the
positive value of x/L indicates the direction of moving for-
ward (toward the inlet), and the negative value of x/L indi-
cates the direction of moving toward aft (outlet boundary).
Figure 31 depicts the bow wave elevation under different
depth conditions. The wave height near the bow increases
as the water depth decreases, resulting in enhanced energy
transfer between the hull and the wave, which causes
increased wave resistance.

Regarding the stern, Figure 32 shows that the wave
height increases under deep (H/T = 24) and shallow (H/T
up to 2) water conditions. For H/T up to 1.7, the stern wave
first decreases and then increases with a further decrease
in depth (H/T < 1.5). These waves usually pass by the ship
with little resistance in deep water. However, these waves
behave differently in shallow waters because of their close-
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(a) TKE in deep water (H=24T)

(b) TKE in shallow water (H=2T)

(c) TKE in shallow water (H=1.7T)
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(d) TKE in shallow water (H=1.5T")

Figure 28 Turbulent kinetic energy (TKE) at different depths
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Figure 29 Effect of depth on the turbulent viscosity

ness and interaction with the seabed. In addition to the
waves created by the ship, this reflection may cause other

waves to be formed. When these waves are combined,
interference patterns that include both constructive and
destructive interference zones are generated. Wave ampli-
tudes build up in constructive interference areas, producing
more prolonged and intense waves, which can be inferred
from Figure 30(d).

Figure 31 illustrates the increase in the bow wave height
as the water depth decreases in shallower waters. A reduced
UKC limits the flow space of the water, causing more
kinetic energy to transform into the potential energy of the
wave, leading to taller bow waves. The limited depth restricts
wave propagation, causing waves to become steeper and
taller; this increase in wave height results in elevated wave
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(a) Deep water (H =24T)

T
(c) Shallow water (H=1.7T)

Figure 30 Wave patterns at different water depths
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Figure 31 Bow wave elevation at different depths
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Figure 32 Stern wave elevation at different depths

resistance. Although the wave height under shallow water
conditions increases with a decrease in water depth, the
Kelvin wave pattern formed by the ship under shallow
water conditions resembles that under deep water condi-
tions, as shown in Figure 30.

5.7 Effect on the total resistance

Figure 33 depicts the effect of water depth on the per-
centage increase in total resistance with F7 ranging between
0.06 and 0.151. Frictional resistance dominates at lower
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(d) Shallow water (H=1.5T)

speeds, whereas wave resistance becomes more significant
at higher speeds. For instance, at lower speeds (F7 = 0.06),
the relative increase in total resistance compared with deep
water conditions (baseline value) is 5%. At H/T = 1.7, this
increase in total resistance reaches 13%, and at H/T = 1.5,
it becomes even more pronounced. This trend is consistent
across all speeds and water depths. At lower Froude num-
bers, frictional and viscous resistance are the primary fac-
tors influencing resistance. However, as the depth decreases,
the pressure within the vortex core decreases further at
higher Froude numbers in shallow water. This phenome-
non can lead to a greater pressure disparity between the bow
and the stern, resulting in a more substantial form factor.
The shallow water form factor varies as H/T is reduced,
and for higher Froude numbers, wave resistance increases
because of heightened wave height and accelerated flow.
The increase in total resistance is attributed to the shallow
water effect, where both viscous and pressure resistance
components are influenced by increased wetted surface
area and enhanced wave-making capability, respectively.
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Figure 33 Percentage of increase of the total resistance compared
with deep water
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6 Conclusions

The present study comprehensively analyses the hydro-
dynamic characteristics of a mini-bulk carrier vessel in shal-
low water. The investigation involves conducting experi-
mental and numerical analyses to evaluate the resistance
of the vessel in various scenarios, including deep and shal-
low water conditions. This study is limited to the effect
of shallow water on resistance and flow dynamics. How-
ever, this study provides significant insights into optimal
approaches for investigating the impact of shallow water
on resistance. Based on the findings and subsequent exami-
nation, we derive the following conclusions:

1) The resistance values obtained using numerical meth-
ods were validated by comparing them with the experi-
mental results, demonstrating the efficacy of the numerical
approach and illustrating the capability of the RANS-based
technology in predicting the resistance of mini-bulk carrier
vessels in both deep and shallow waters. Despite their effi-
ciency, RANS models are based on turbulence structure
assumptions, which could lead to errors in complex flows
with separation and recirculation and difficulty in accu-
rately predicting complex flow phenomena. When conduct-
ing numerical modeling in shallow water, special care must
be taken to account for the complex interaction between
the hull and the bottom.

2) A mini-bulk carrier ship was investigated to evaluate
the overall resistance at various velocities in shallow water
depths. The frictional drag increases progressively as the
water depth decreases from deep to shallow. However,
residual resistance substantially increases when compared
with frictional resistance.

3) An investigation was conducted to examine the pri-
mary factors that influence resistance caused by shallow
water. The primary focus of this study was to examine the
impact of five key factors, namely, boundary layer thick-
ness, shear stress, velocity and pressure, turbulence, and
waves, on resistance.

4) The decreasing depth influences the flow acceleration
underneath the hull because of its proximity to the floor.
Consequently, the thickness of the layer diminishes, lead-
ing to an augmented velocity gradient within the boundary
layer, which, in turn, results in the elevation of shear stress
and resistance.

5) When a vessel increases its speed in shallow water,
the distance between the hull of the ship and the seabed
decreases. This phenomenon leads to a decrease in water
pressure beneath the hull and causes an elevation in sink-
age, leading to a more substantial water displacement. The
observed phenomenon of displacement results in the corre-
sponding elevation in resistance.

6) Shallow water conditions frequently increase turbu-
lence, and a decrease in the boundary layer leads to intensi-
fied turbulence. These changes inside the boundary layer

have the most significant impact on Reynolds stress. Greater
friction and viscous resistance can result from more effec-
tive interactions between the hull, water, and seafloor.

7) Pressure gradients along the surface of the hull might
fluctuate. These pressure gradients can cause the flow to
detach and reconnect, resulting in turbulent eddies and vor-
tices that increase the overall turbulence beneath the ship
and, therefore, the resistance.

8) As a ship sails across the water, it generates waves at
the bow and stern. These waves travel largely unobstructed
away from the ship in deeper waters. However, the prox-
imity of the surface in shallow waters influences the behav-
ior of these waves. As a consequence, the wave resistance
increases.

9) Wave amplitudes in shallow waters can become mas-
sive because of constructive interference, resulting in non-
linear effects. These nonlinear effects can cause waves to
break more easily, which, in turn, causes wave-breaking
resistance to increase.

10) Compared with deep water resistance, the percent-
age of resistance increase is twice for the 1.77 depth. How-
ever, in contrast to the 1.77 depth, the proportional increase
for the 1.57 depth is significant.

Nomenclature
ALS Air lubrication system
CFD Computational fluid dynamics
EEDI Energy Efficiency Design Index
EEXI Energy Efficiency Existing Ship Index
ITTC International Towing Tank Conference
MEPC Marine Environment Protection Committee
UKC Under keel clearance
m Blockage factor
0 Boundary layer thickness
AV Change in velocity
C,. Coefficient of frictional resistance
Fr, Depth Froude number
T Draft of the ship
I Dynamic viscosity
R, Frictional resistance of ship in N or KN
Fr Froude number
H Height of the channel or water depth
v Kinematic viscosity
T Shear stress in Pa
S Ship wetted surface area in m
Y Sidewall distance in m
UorV Speed of the ship or speed of the flow in m/s

R, Total resistance in N or KN
du/dy Velocity gradient
R Viscous resistance in N or KN
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