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Abstract
The effect of the seabed on the hydrodynamics of three-dimensional autonomous underwater vehicles (AUVs) varies according
to the physical conditions of the place where AUVs interact with the environmental conditions. This study examines the
hydrodynamics of an AUV resembling a torpedo model while taking the influence of the seabed surface as a function of the
dimensionless distances (G/D) between the torpedo and the seabed. Reynolds numbers, varying from 1 × 104 to 8 × 104,
were considered. These Reynolds numbers were associated with various seabed distances falling within 0.25 ≤ G/D ≤ 1.5.
To perform the simulations, governing equations were utilized and incorporated with the k–ω SST turbulence model. It has
been observed that when AUVs or torpedo models operate in close proximity to the seabed surface, several key hydrodynamic
parameters and flow characteristics are affected. These include the pressure coefficient (Cp), drag coefficient (CD), overall
flow structures, maneuverability, and performance of the torpedo model. As the AUV or torpedo model approaches the seabed
surface, the symmetrical flow pattern deteriorates. This deterioration is associated with changes in vortical flow structures
under the influence of seabed surfaces. Additionally, the intensity of the shear stress (τ ) near the seabed surface gradually
increases as the AUV or torpedo model gets closer to it. In summary, the proximity of AUVs or torpedo models to the seabed
surface causes disruptions in the flow patterns, increased shear stress, and alterations in key hydrodynamic parameters,
ultimately affecting the system’s performance and behavior.
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1 Introduction

The use of underwater marine vehicles is growing steadily
with the development of remote control and autonomous
underwater vehicles (AUVs), which have become increas-
ingly popular in multiple oceanographic applications [1, 2].
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In addition, it is obligatory to determine what changes should
be made in the design parameters in order to take the neces-
sary measures for the protection of the AUVs that will sail
close to the seabed during the seabed survey. The effect of
the seabed on the hydrodynamics of AUVs varies accord-
ing to the physical conditions of the place where the vehicle
interacts. The AUV model was considered as the wingless
torpedo-like geometry in the present study. Although the
roughness of the seabed surface is very high, the AUVmodel
discussed in this study is considered to travel on a flat sur-
face, as it is a pioneer for future studies. In order to minimize
the impact of the seabed on the AUVs’ hydrodynamics, it is
important to know the hydrodynamic structure of flow sur-
rounding the AUV model. Therefore, an experimental study
highlighted that investigations of the related hydrodynamic
parameters andflowstructures are indispensable, as hydrody-
namic forces and related parameters substantially affect the
AUVs’ performance under deep underwater operation [3].
Their experimental studies based on the towing tank were
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carried out at pitch angles ranging from 0° to 15° and at
distinctive velocities of AUVs varying from 0.4 to 1.4 m/s.
The experimental results revealed that a maximum increase
in the normal force occurred compared to the axial force,
especially at the highest velocity and angle of attack (α).
Alijani et al. [4] stated that the most influential parameters
on the hydrodynamics of the AUVs’ design are the nose, tail,
blunt sections, and their dimensions. In numerical studies
performed by Liu et al. [5], the LESmethodwas employed to
provide instantaneous flow data to reveal information about
vortex control baffle mechanisms used to manage horseshoe
vortices occurring around the sail of a DARPA SUBOFF
model. They concluded that horseshoe vortices can perma-
nently disappear passing over the tail of a submarine using
efficient vortex control baffles. It is worth noting that under-
sea vehicles have several applications in diverse fields such
as hydrology research, seabed exploration, oceanographic
research, and beyond.

AUVshavebegun to beused in areas occupiedbyundersea
ice or similar seabed environments, particularly in Antarc-
tica [6] and the Arctic regions [7]. Such areas are hazardous
for AUVs [8]. In order to improve the hydrodynamic per-
formance of underwater vehicles, it is important to conduct
comprehensive analyses of the hydrodynamic properties of
the geometric structure. The flow structure surrounding the
main body and its components may significantly affect the
maneuverability of underwater vehicles. In this case, devi-
ations from the desired trajectory of the underwater vehicle
may occur. In the optimization of hull design parameters,
it is inevitable to consider the parameters that determine
the hydrodynamic performance of the system. Essentially,
the basis for establishing the design parameters of under-
water vehicles lies in the comprehensive analysis of their
hydrodynamic performance [9, 10]. The use of underwater
vehicles (UWVs), including autonomous underwater vehi-
cles (AUVs), in harsh and diverse environmental conditions
has gained importance due to the increasing demand for
shallow sea and deep ocean resources. These resources
include research and extraction of seabed minerals, track-
ing of oxygen-secreting seagrasses, climatic monitoring for
environmental conservation, research of hydrocarbons in
deep-sea environments reaching depths of up to 6000 m, and
many more.

Jadeh et al. [3] contributed to this field by developing
a framework and conducting experimental research on the
aerodynamic loads of an AUV Hull model. Their work aims
to improve experiences and abilities regarding the hydro-
dynamic forces. It is substantially important for designers
and practical engineers to have available knowledge about
the lift coefficient (CL), drag coefficient (CD), and pitch-
ing moment coefficient (Mα) that act on typical underwater
vehicles. These investigations should cover various angles
of attack (α), velocities, and most importantly the height

ratios (G/D) of underwater vehicles relative to the seabed.
Here, the symbol G indicates the distance from the bottom
surface of the torpedo model to the seabed, and this dis-
tance is non-dimensionalized by the hull diameter (D) of the
torpedo model. The most important situations, where under-
water vehicles are affected or critical problems occur in terms
of hydrodynamics conditions, often arise when they operate
in proximity to the open sea surface or near the solid seabed
surface. Moreover, the performance of the AUVs can be
affected substantially when the yaw (β) and pitch angles (α)
change during the maneuvering action. For this reason, it is
useful to reviewand study these critical situations of undersea
vehicles. Sarigiguzel et al. [11] conducted an experimental
study to understand the free sea surface that influences on the
hydrodynamic structures around the torpedomodel in awater
channel. In this study, the height (h) from the central axis of
the model to the water-free surface divided by the torpedo
model hull diameter (D) was varied in the range of 0.50 ≤
h/D≤ 3.50. Themodelwas submerged in thewater in various
positions. The free surface influences on the flow character-
istics of the torpedo model with a chambered nose caused an
antisymmetric wake domain downstream of the stern for the
immerging range of h/D ≤ 1.0. These flow structures were
examined experimentally under zero angle of attack (α) for
Reynolds numbers varying between Re � 2 × 104 and 8 ×
104. On the other hand, similar models and flow conditions
were taken by Kilavuz et al. [12] into account to investi-
gate flow characteristics by varying α between 00 and 120.
It was found that particularly, on the upper shoulder of the
stern, the separated flow domain was increased with a high
rate of mixing process occurring between the main and sepa-
rated flow domains. The conclusion derived by Kilavuz et al.
[12] reveals that the free surface influences on the hydrody-
namic parameters flow properties are negligible when h/D is
greater than 2.0. On the other hand, at the value of h/d � 3.5,
the wake formed around the torpedo model becomes almost
symmetrical [13].

Many creatures living under seawater have a low coef-
ficient of friction (f ) due to the geometrical shape of their
general body structures. There are many creatures that can
be considered as examples of innovative floating or fly-
ing vehicles. In this context, Stelle et al. [14] conducted
an investigation into the drag forces (FD) responsible for
the deceleration of Steller sea lions during glide swimming.
They measured the FD for 66 distinct glides performed by
six juvenile sea lions and determined the associated drag
coefficient (CD) at a Reynolds number of 5.5 × 105 to be
CD � 0.00568. A larger nozzle diameter is recognized for
its ability to enhance propulsion efficiency and enable faster
swimming speeds in squid.With their incredibly streamlined
aerodynamic body shape, these creatures can reach up to
11.1 m/s (40 km/h) speed in less than a second [15–18].
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In the study of Tabatabaei Malazi [19], the design param-
eters of the squid model were optimized by employing the
multi-objective genetic algorithm (MOGA) method and the
response surface methodology. The primary goal of this opti-
mization was to decrease the level of FD experienced by
the modified squid model. Particularly, the real squid body
exhibited a higher FD and related CD when compared to the
modified squid model. This discrepancy in drag performance
was attributed to the presence of a cavity around the body of
the real squid, leading to an increased pressure drag force due
to enlarged separation zones. Although many studies have
been done on the vortical flow structures that occur during
the travel or maneuver of undersea vehicles in a free-stream
environment and close to the seawater surface, there is no
researchwork available on the flow structures of those under-
water vehicles or AUVs during their travel in the region close
to the seabed surface. Similarly, it also affects the aerody-
namic structure of the airfoil, slender, and non-slender delta
wings during the landing and taking off duration or when
those air vehicles fly close to the ground surface. However,
it is possible to find few studies on the ground effects on the
aerodynamics parameters of airfoils and various wings such
as lift coefficient(CL), drag coefficient (CD), pitching (Mα),
yawing (Mβ ), and rolling (Mφ) moments as a function of
angles of attack (α) and Reynolds numbers [20–23].

The subject considered in the present work has distinct
originality from previous studies examining the seabed influ-
ences on flow characteristics of AUVs similar to the torpedo
model. Because the seabed surface influences are inevitably
high over turbulent flow structures in the boundary layer
region [24, 25]. The smaller ratio of G/D indicating the dis-
tance between the torpedo model and the seabed surface
causes a very low-pressure effect over the bottom wall of
the model. Therefore, very low lift forces (FL) took place
due to the cylindrical shape and zero angle of attack (α) of
the model arrangement. Due to this reason, the CL has not
been presented in this work.

1.1 Significance and Objective of theWork

The stability and navigational capability of the vehicle are
highly dependent on the physical conditions of the surface
of the seabed. The physical conditions of the seabed will
greatly affect the navigational capability and stability of
AUVs. Especially if the seabed surface contains sharp objects
and jagged rocks, it becomes difficult to maintain the perfor-
mance of the undersea vehicles at the desired level, and the
probability of damage increases. Overall, understanding the
seabed surface influences on underwater vehicles will enable
them to operate safely and effectively and improve perfor-
mance in harsh underwater environments. In this respect,
in order to create a technological innovation in AUVs, it is
inevitable to understand the effects of the physical structure

Fig. 1 The schematic presentation of the Myring profile with certain
parameters for the examined torpedo model

of the seabed on the hydrodynamic forces, travel parame-
ters, maneuverability, and most importantly performance of
the related AUVs or any other underwater vehicles. How-
ever, considering the disadvantages discussed here, the aim
is to investigate the flow structures of AUVs or the torpedo
model considered under the effect of the seabed surface. In
order to observe the seabed effect, the change in the distance
(G) between the torpedo model and the seabed surface was
considered. The hydrodynamic design of the hull shape is a
critical factor in the construction of an underwater vehicle,
as it can significantly impact its flow resistance and overall
performance.

As it is known in order to obtain the necessary informa-
tion to reveal the effects of the seabed surface on the design
parameters of the torpedo model, as shown in Fig. 1, the
upstream part of the considered control volume, nose, hull,
and stern dimensions and profiles of the torpedo model, as
well as the downstream part of the considered control vol-
ume, must be taken into account.

2 Material andMethod

In this study, a cylindrical body with an elliptical nose in
the middle region and a gradually diverging tail geometry
was created by Myring equations in order to examine the
flow structures around a wingless torpedo model as an AUVs
system. These equations were utilized in several studies, for
example, please refer to [3, 9, 11, 26, 27]. The total length
of the torpedo model as shown in Fig. 1 is taken as L �
0.2 m, and its diameter isD � 0.04 m. The dimensions of the
detailed geometry of the model are, for example, nose length
LN � 0.05 m, hull length LH � 0.07 m, and stern length LS �
0.08 m. Profiles of the front and rear sections of the torpedo
model such as profiles of nose and stern profiles were defined
employing Eqs. (1) and (2). In other words, the profile of the
nose and stern part of the modeling was designed according
to the results of the calculations.

rN(x) � 1

2
D

[
1 −

(
x − LN

LN

)2
] 1

n

(1)
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(2)

rS (x) � 1
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2 − tanθ
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]
(x − LN − LH)

2

+

[
D

LS
3 − tanθ

LS
2

]
(x − LN − LH)

3

The angle θ in Eq. (1), which represents the model geom-
etry of the submarine vehicle given schematically in Fig. 1,
corresponds to the slope angle of the tail part of the model.
The symbol n represents the exponent of the parenthesis in
Eq. (1). The tilt angle of the tail of the model, θ , is taken as
30°. The slenderness ratio of the torpedo model was calcu-
lated as L/D � 5. It is worth mentioning that the variation
range of the optimal slenderness ratio for the model, in gen-
eral, was chosen as 4.15 ≤ L/D ≤ 6.3 as suggested by Drew
[28] and Karim et al. [29] in order to have an ogive-nosed
geometry. However, the objective of incorporating an ogive-
nosed geometry on the front face of the torpedo model is to
minimize drag and enhance the overall performance of the
torpedo.

2.1 Numerical Approach

This study focuses on the analysis of a flow that is steady,
three-dimensional, incompressible, and turbulent. The equa-
tions of the Reynolds-averaged Navier–Stokes (RANS) can
be expressed as follows:

Continuity equation:

∂ρ

∂t
+

∂

∂xi
(ρui ) � 0 (3)

Momentum equation:

∂(ρui )

∂t
+

∂(ρui u j )

∂x j
� − ∂ p

∂xi
+

∂

∂x j

[
μ

(
∂ui
∂x j

+
∂u j

∂xi
− 2

3
δi j

∂ul
∂xl

)]

+
∂

∂x j
(−ρu,i u

,
j )

(4)

The term −ρu,i u
,
j represents the Reynolds stresses.

The numerical analyses were conducted utilizing ANSYS
Fluent commercial software in the simulation involved the
application of the k–ω SST turbulence model, which was a
combination of two models: the standard k–ω and the k–ε
models [30]. The shear–stress transport (SST) k–ω model,
which incorporates the shear–stress transport (SST) method-
ology, can be described by the following equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui ) � ∂

∂x j

(

k

∂k

∂x j

)
+ Gk + Yk + Sk (5)

∂

∂t
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∂

∂xi
(ρωui )� ∂
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(

ω

∂ω

∂x j

)
+Gω+Yω+Dω+Sω

(6)

Fig. 2 Schematic presentation of computational domain and boundary
conditions


k � μ +
μt

σk
and
ω � μ +

μt

σω

(7)

2.2 Numerical Approach, Boundary Conditions,
andMesh Details

A schematic image was shown to explain the boundary con-
ditions and parameters of the computing domain in Fig. 2.
Here, the AUV (Torpedo model) length (L) is taken as 0.2 m.
Dimensions of the computational domain or control vol-
ume were chosen to be length � 30 L, height � 10 L,
and width � 10 L, respectively. The AUV was positioned
at 10 L downstream of the velocity inlet boundary and at
20 L upstream of the pressure outlet cross-section of the
control volume. For the sides of the solution domain, a
free slip boundary condition and, also for the wall bottom,
a no-slip boundary condition were used. The incompress-
ible water inflow into the control volume and the height
between the water surface and the seabed is defined sep-
arately, and the outflow of the control volume is also
defined.

The Reynolds number defined as Eq. (8) which was based
on the characteristic length (L) of themodel was employed to
study the flow characteristics surrounding the torpedo model
considered.

Re � ρUL

μ
(8)

where ρ, U, and μ present the water density, the free-stream
velocity, and the dynamic viscosity of the fluid, respectively.
There were a total of 20 various numerical simulation cases
investigated. Four different Reynolds numbers such as 1.0 ×
104, 2.0 × 104, 4.0 × 104, and 8.0 × 104 with four seabed
dimensionless distances (G/D � 0.25, 0.5, 1, and 1.5) in the
range of between 0.25 and 1.5 were considered. In addition,
four simulations were carried out without the seabed effect
for the purpose of comparisons.

Since the fluid and the model interact, the dimensions of
the grid in close proximity to the model surface have been
taken very small in order to minimize the error rate in the
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Fig. 3 Presentations of mesh distributions with different conditions: a detailed mesh distributions, b mesh distributions in a certain focused area
around the AUV model, and c a focused plan view of mesh distributions near the AUV model

calculation. In addition, much attention has been paid to the
periphery of the model, particularly around the stern part
due to the high possibility of the boundary layer detach-
ment. To predict the fluid flow properties, the combined
pressure-based algorithm and the SIMPLE (Semi-implicit
method for pressure-related equations) scheme were chosen.
Convergence criterion level was chosen as 10–6 for the gov-
erning equations, and the necessary checks were made in
order to ensure correct results under the current flow con-
ditions. The three-dimensional governing equations were
solved until they met the predefined minimum convergence
criterion while considering the specified boundary and input
conditions. The computational domain included tetrahedron
and prism elements for meshing, with the inclusion of high-
density mesh along the walls to enhance the accuracy of the
results.

As indicated in Fig. 3, 35 million cells were used for the
calculation area. A study on mesh independence was car-
ried out for the computational domain. Table 1 shows how
the drag coefficient (CD) varies with different elements. The
element numbers demonstrated in Table 1 are utilized for
mesh independence study, and it is clear that 35 × 106 ele-
ments give sufficiently accurate results with an error value
of 0.38%. It was also observed that around 35 million ele-
ments could be employed to effectively solve the adjusted
torpedo model across different Reynolds numbers with an
error of nearly 0.38%. The thickness of the first layer was
modified to ensure that the y + value was less than 1 for all
runs.

Table 1 Results of the mesh independence study

Mesh resolution Drag coefficient % difference

16 × 106 elements 0.1979 28.50

20 × 106 elements 0.1855 20.45

25 × 106 elements 0.1694 10.00

30 × 106 elements 0.1611 4.60

32 × 106 elements 0.1555 0.97

35 × 106 elements 0.1546 0.38

40 × 106 elements 0.1540 0

The data as shown in Fig. 4 reveal that the percentage
error between the mesh elements of 35 × 106 and 40 × 106

is only 0.38%. Consequently, the mesh comprising 35 × 106

elements is considered for the remaining simulations in this
article.

The data presented in Table 2 give a brief summary of
the numerical simulations conducted in the present work. In
order to reveal the accuracy of the numerical predictions,
a comparison was performed between the drag coefficient
(CD) values obtained in the present investigation and those
reported in a previous study available in the literature, in
order to validate the findings. Table 3 presents the drag coeffi-
cient (CD) values obtained at twodifferentReynolds numbers
under free-stream conditions. The obtained drag coefficient
(CD) results reveal a remarkable similarity.
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Fig. 4 Mesh reliability test
including the change of the drag
coefficient (CD) at different grid
elements

Table 2 The range of numerical simulations conducted in the present
investigation

G/D Reynolds number (Re)

0.25, 0.5, 1, 1.5 1.0 × 104, 2.0 × 104, 4.0 × 104, 8.0 × 104

Without G/D 1.0 × 104, 2.0 × 104, 4.0 × 104, 8.0 × 104

Table 3 Comparison of drag coefficient (CD) results predicted in the
present work with the literature at Re � 2.0 × 104 and 4.0 × 104

Reynolds numbers Present study Kilavuz et al. [31]

2.0 × 104 0.2445 0.2447

4.0 × 104 0.1825 0.1889

3 Numerical Results and Discussion

3.1 Flow Hydrodynamics Surrounding the Torpedo
Model

Just like the navigation of underwater vehicles in the area
close to the seabed, the flight of aircraft during takeoff and
landing stages or close to the ground is one of the most
critical situations. While unmanned and other aircrafts with
slender and non-slender delta wings fly near the ground/sea
surfaces, aerodynamic parameters and vortical flow struc-
tures vary significantly compared to the free-stream region
in other words far from the ground surface [32–34]. Two-
thirds of the world is water. Therefore, human beings have
always wondered about the biological structure of the sea
and ocean seabed surface. In this context, they have started
to conduct several research works on the bottom of the sea
with AUVs. In summary, it is beneficial to produce data for

designers and practitioners by examining the hydrodynamic
structure of AUVs during their movement in the region close
to the seabed surface, as in aircraft traveling close to the
earth’s surface.

Figures 5 and 6 show the distribution of dimensionless
time-averaged velocity component (<u/U∞>)with the color
scale, withG/D, for a range of 2× 104 ≤Re≤ 8× 104. Natu-
rally, the separatedflow region formedon the tail of themodel
as shown in Fig. 6 has a symmetrical structure due to the
existence of the free-stream conditions. However, when the
torpedo model approaches the seabed surface, the symmetri-
cal structure of the separated flow region formed around the
tail and downstream of the model begins to deteriorate. For
example, in the case of the torpedomodel positioned atG/D�
1, where the torpedo model’s bottom surface approaches the
seabed surface, it is evident that the boundary layer detaches
from the torpedomodel’s surface at an earlier stage compared
to its upper surface. This unsymmetrical wake formation
somehow decreases with further decreasing the ratio ofG/D.
As can be seen from the color scale, the value of the velocity
component (< u/U∞>) decreases with the decrease in the
dimensionless distance G/D between the torpedo model and
the seabed surface. As it is known, the velocity vector mag-
nitude gradually decreases with the effect of shear stress as
themodel’s bottomwall approaches the seabed in the vertical
plane.

Figures 7 and 8 illustrate that the seabed effects on the
patterns of the time-averaged vertical dimensionless veloc-
ity component (< v/U∞>) at Re � 2 × 104 and Re �
4 × 104 have a plus sign on the upper surface and have
a minimum sign from the bottom surface of the model
toward the seabed plane. The time-averaged velocity compo-
nent (< v/U∞>) in the vertical direction shows similar vari-
ations compared to the streamwise time-averaged velocity
component (<u/U∞>) in the free-stream region, that is, there
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Fig. 5 The seabed effect on the patterns of dimensionless velocity com-
ponent (< u/U∞>) at Re � 2 × 104

is no seabed effect, a symmetrical flow structure is formed
around the tail part of the torpedo model. However, if the
model is located in the boundary layer region, the seabed sur-
face influence on behaviors of the flow increases as the G/D
ratio decreases. The averaged velocity component (< v/U∞>)
in the vertical direction shows these variations in vortical
flow structures more clearly compared to the patterns of the
streamwise time-averaged velocity component (< u/U∞>).

Figures 9 and 10 demonstrate the combination of time-
averaged streamline (< Ψ >) pattern and dimensionless
vorticity distribution (< ωD/U∞>) for 2 × 104 ≤ Re ≤ 4
× 104.

In the region with no seabed effect, that is, in the free-
stream region, the separated flow region around the model
trail edge covers a very small area. The length of the wake
extends up to the merging point of core flows. This point
is also called the saddle point and is denoted by the sym-
bolS. More specifically, core flow around geometry merges
at the saddle point (S) developing a stagnation point. How-
ever, when the ratio of G/D is reduced, the model emerges

Fig. 6 The seabed effect on the patterns of dimensionless velocity com-
ponent (< u/U∞>) at Re � 4 × 104

into the boundary layer region, and the hydrodynamics of the
model start to receive the effect of the shear stress more since
the bottom surfacemodel approaches the seabed surface. The
length between the rear edge of the tail and the saddle point S
gets larger. As themodel gets closer to the seabed surface, the
velocity values due to the shear stress decrease, and there-
fore, the local Reynolds number also decreases. Thus, the
expansion wake flows also increase because the momentum
of the fluid elements moving along the shear layers surround-
ing the model deteriorates while the local Reynolds number
is decreased.

The objective of this study is to provide a comprehen-
sive and improved understanding of the hydrodynamic and
physical aspects of the flow. To achieve this, an isosurface
representation of the flow was employed, allowing vortical
flow structures surrounding the torpedo model and turbulent
coherent structures within the wake region to be quantita-
tively examined.Aspreviouslymentioned, the torpedomodel
was longitudinally positioned in the horizontal plane, near
the seabed, to meticulously observe the influence of the
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Fig. 7 The seabed effect on the patterns of vertical velocity component
(< v/U∞>) at Re � 2 × 104

seabed surface during numerical analysis, which was con-
ducted using the k–ω SST turbulence model.

The nose and stern sections of the torpedo model exhibit
three-dimensional geometric variations, which are of signifi-
cant importance in the development of chaotic flow structures
within a 3D coordinate system. Additionally, the formation
of a 3D wake region especially occurs around the periphery
of 3D geometries which are also influenced by various fac-
tors of flow structures. These factors include the constrained
flow area between the bottom wall of the torpedo model and
the seabed surface, the effects of hydrodynamic buoyancy
forces, and the presence of the detached flow structures, par-
ticularly at the periphery of the stern section. The patterns of
(< Ψ >) for G/D � 0.25 and 0.50 in Fig. 9 clearly show the
separated flow region with a limited circulation around the
trailing section of the model. Consequently, the interaction
between these reversed flows and the stern’s surface, in con-
junction with all the aforementioned parameters, contributes
to the enhancement of three-dimensional flow structureswith
high turbulent intensity. Furthermore, it is evident that the 3D

Fig. 8 The seabed effect on the patterns of vertical velocity component
(< v/U∞>) at Re � 4 × 104

flow, characterized by the stretching of well-defined vortic-
ity structures due to the seabed effect, exhibits variations
with different G/D ratios, as demonstrated by the isosurface
presentation in Figs. 11 and 12. These figures illustrate the
diversity of 3D stretching vortical flow structures around the
periphery of the stern under the seabed effect, depending
on the isosurface of the Q-criterion at percent-level magni-
tudes of (i) 0.02, (ii) 0.03, (iii) 0.04 for Re � 2 × 104, and
Re � 4 × 104, respectively. The Q-criterion data are pre-
sented in Figs. 12 and 13, including themaximumQ-criterion
magnitudes, along with the intensity levels of normalized
time-averaged vorticity (< ωD/U∞>). Moreover, numeri-
cal animations have revealed that flow patterns within the
wake inherently undergo chaotic changes, thereby enhancing
the development of 3D vortical flow structures. The inter-
action between eddies developed in the wake regions and
the model boundary is more pronounced within the range of
G/D ≤ 0.75. The Q-criterion fraction is determined by uti-
lizing the expression, Q � 0.5 × (||ω||2 − ||S||2), where Q >
0 indicates the dominance of rotating terms over the stretch-
ing component in fluid element deformation as reported by
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Fig. 9 The seabed effect on the patterns of streamlines (< Ψ >) and
vorticity distributions (< ωD/U∞>) for Re � 2 × 104

Anonymous [35]. Examiningmultiple data of the Q-criterion
with varied orders of magnitude proves to be valuable for
comparison. As shown in Figs. 11 and 12, higher Q-criterion
values cause larger-scale swirling concentrations in vortical
flow structures, while a low level of the Q-criterion causes
over-dispersion of smaller-scale swirling fluid concentration
in the vortical flow structures.

The resulting presentations of the Q-criteria isosurface
reveal that for allQ values such as 0.02, 0.03, and 0.04, well-
defined vorticity concentrations wrap the model and do not
change the shape while rolling around the periphery of the
model further downstream without splitting into small-scale
swirling fluid bubbles at the rear of the stern in the case ofQ�
0.04 when the torpedo model is immersed in the free-stream.
The resulting presentation of the Q-criterion isosurface and
the extraction of well-defined vortical flow structures effi-
ciently demonstrate the 3D vorticity concentrations at a
percentage of Q � 0.02. This is depicted in the second and
third rows of images for G/D � 1.0 and 0.5. Deformed
swirling fluid concentrations begin to appear around the

Fig. 10 The seabed effect on the patterns of streamline (< Ψ >) and
vorticity distribution (< ωD/U∞>) for Re � 4 × 104

periphery of the torpedomodel. As these swirling and rolling
fluid concentrations move downstream of the torpedo, they
split into smaller-scale swirling fluid bubbles due to the influ-
ence of the seabed surface. As theG/D ratio decreases, these
flow structures become more pronounced. Turbulent shear
flows are generally dominated by unsteady flow, while three-
dimensional spatially coherent and time-dependent swirling
flow surrounding the torpedo model are often called coher-
ent structures [31]. When the G/D parameter of the torpedo
model gets smaller, the vortical flowstructure becomes asym-
metrical as the torpedomodel approaches the seabed surface.
For example, in the case ofG/D� 0.25, the deformed vortic-
ity concentrations start to roll by interacting with the upper
surface of the torpedo model, and these randomly formed
rolling flow structures after the stern of the model breaks
up and form small-size rolling flow bubbles. As the Q value
gets smaller, as shown in the fourth row of Figs. 11 and 12,
the number of these rolling flow bubbles starts to decrease.
The formation of small-scale vorticity bubbles and the evolu-
tionary dynamic nature of these bubbles increases the energy
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Fig. 11 Presentations of three-dimensional stretching vorticity concentrations over the torpedo model under the influence seabed surface for the
Q-criterion of (i) 0.02, (ii) 0.03, and (iii) 0.04 at Re � 2 × 104

Fig. 12 Presentations of three-dimensional stretching vorticity concentrations over the torpedo model under the influence seabed surface for the
Q-criterion of (i) 0.02, (ii) 0.03, and (iii) 0.04 at Re � 4 × 104

density in the main trace region around the stern and in the
long-distance path regions.

3.2 The Seabed Effect on Distributions of Pressure
Coefficient

Variations of pressure coefficient (CP) all around the surfaces
of the torpedo along the vertical symmetry axis forG/D � 1,
0.5, and 0.25 as well as seabed free case at Re� 2× 104 and
Re � 4 × 104 are shown in Figs. 13 and 14, respectively.

Tomore specifically explain the effects of immersion ratio,
G/D, as well as Reynolds numbers against hydrodynamics
of flow surrounding the torpedo model, the distributions CP

over the AUV geometry or torpedo model are demonstrated
in Fig. 13. As stated by Subburaj et al. [36], the hydrostatic
pressure (Ph), is assumed to balance the buoyancy force act-
ing on the torpedo body. To eliminate the buoyancy effects,
the hydrostatic pressure (Ph) is subtracted from the piezomet-
ric pressure (Ppiez) to find out static pressure (P∞) at the inlet
cross-section of the control volume as shown in Eq. (9). This
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Fig. 13 Variations of pressure
coefficient (CP) along the top and
bottom surfaces of the torpedo
model for G/D � 1, 0.5, and 0.25
as well as seabed free case at Re
� 2 × 104

Fig. 14 The pressure coefficient
(CP) distributions at the top and
bottom surfaces of the torpedo
model for G/D � 1, 0.5, and 0.25
as well as seabed free case at Re
� 4 × 104

approach yields the distribution of the pressure coefficients
(Cp) presented in Fig. 13.

CP � Ps − (Ppiez − Ph)
1
2ρU

2∞
� Ps − P∞

1
2ρU

2∞
(9)

Similar observations have been recorded byDas et al. [37]
and Kilavuz et al. [31]. The maximum CP occurs at the stag-
nation point on the torpedo model nose where the stagnation
pressure takes place, and as the fluid flows in the vicinity of
the elliptical nose with an increased velocity, the Cp gets a
negative value with maximummagnitude about the locations
of x/D � -1 on the upper wall of the torpedo model, consid-
ering all ratios of G/D. Conversely, on the lower surface,
regardless of the G/D cases, the maximum negative value of
CP also reoccurs around the location at x/D� 1. The pressure
coefficient (CP) variations along the top wall of the model as

a function of G/D exhibit nearly identical values to the free-
stream case. However, along the lower wall of the model,
the CP values show approximately 30% changes around the
location of x/D � 1 compared to the free-stream results at
Re � 4 × 104. The CP variations at the same locations rise
by 40% for Reynolds number of 2 × 104. Notably, the Cp
values for the free-stream or seabed free case are consistently
higher than those observed under the seabed effect (G/D) for
both Reynolds numbers.

3.3 The Seabed Effect on the Drag Coefficient

The intensity of the drag force (FD) generally changes with
Reynolds numbers according to the geometrical shape of
the object and the magnitude of the force impacts on the
object moving in the fluid or exposed to the flow. Therefore,
the torpedo model was taken into account in these studies
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to reduce the drag resistance as much as possible. (Please
see also; Tabatabaei Malazi [16]; Batchelor [38]; Olcay and
Tabatabaei Malazi et al., [39]. The FD of the torpedo model
in the case of undersea operations is determined by utilizing
Eq. (10).

FD � FD_pressure + FD_viscous �
∮

Pn̂ .̂eddS +
∮

τw t̂ .̂eddS

(10)

where FD_pressure is the pressure drag, FD_viscous is the vis-
cous drag, p is the pressure and τ is the wall share stress.
The total FD is needed to be determined to define the drag
coefficient (CD) presented in Eq. (11).

CD � FDrag
1
2ρU

2A
(11)

Here, FDrag is the total drag force, ρ is the density of the
fluid,U is the free-stream velocity of the fluid, and A is the
projected area of the torpedo model.

It is worth mentioning that the validation of the current
numerical study concerning the drag coefficient (CD) was
found to be in complete agreement with the numerical anal-
ysis conducted by Kilavuz et al. [31], as demonstrated in
Table 3, while both studies considered the same torpedo
model geometry under free-stream condition.

Figure 15 shows the total drag coefficient (CD) based on
the total drag forces (FD) of the torpedo model. It is worth
mentioning that viscous drag forces do not differ significantly
with and without seabed effects, but pressure drag forces
differ substantially while the distanceG/D is reduced. As the
torpedo model approaches the seabed surface, the lift force
(FL) increase is ignorable because of zero angle of attack
(α).

Figure 15 presents the drag coefficient (CD) under the
seabed effect for Reynolds numbers Re � 2 × 104, 4 ×
104 and other Re. As shown in the figure, as the G/D level
decreases, in other words, as the bottom wall of the torpedo
model approaches the seabed surface, the Reynolds number
of the flow to which the model is exposed also decreases. For
this reason, the drag coefficient (CD) of the flow also changes
as a function of G/D, and as the value of G/D decreases, the
CD value inversely increases compared to the free-stream
case. In general, if the bottom wall of the model is 4D
above the seabed surface, it is seen that the drag coefficient
(CD) value stabilizes at 4 × 104 of the Reynolds number.
Cross comparison of the all Reynolds numbers and G/D
ratios demonstrates that the CD values have similar decre-
ment trends while increasing both G/D ratios and Reynolds
numbers.

3.4 Determination of Impulse Power Under
the Seabed Effect

The geometry of a solid body that is in motion or inter-
acting with the flow in the external flow environment is
very important in terms of aerodynamics or hydrodynam-
ics forces. Therefore, underwater vehicles are designed to
minimize drag force (FD). While these sensitivities are con-
sidered in the torpedo-like geometry analyzed in this study, it
remains crucial to investigate how the flow structure to which
the model is exposed may alter when traveling in close prox-
imity to the seabed surface. The primary purpose of this study
is to determine the variations of the thrust force (FT) moving
the system by calculating the hydrodynamic forces under the
seabed effect.

3.5 Definition ofWater Jet Velocities and Thrust
Force

Sufficient thrust force (FT) is needed for underwater vehicles
to continue their journey with constant acceleration. When
underwater or air vehicles aremoving in the horizontal plane,
it is necessary to produce a thrust force (FT) above the force
equivalent to the fluid resistance that they are exposed to, in
other words, hydrodynamic forces. Although the thrust force
(FT) is generated by different methods in order to counter the
drag force (FD) that AUVs or any other underwater vehicles
are exposed by fluid resistance, it is anticipated that the nec-
essary thrust force (FT) required for the AUVs/underwater
vehicles is obtained by the transformation of high-pressure
water into kinetic energy. A very fast-moving torpedo under-
water is also possible using a water jet propulsion system. In
addition, it is possible to ensure the movement of the system
at very low speeds by controlling the thrust force (FT) cre-
ated by the water jet. During steady-state fluid flow, it was
determined that the thrust force (FT) responsible for pro-
pelling the torpedo model equals the drag force (FD) exerted
by the surrounding water. Furthermore, the numerical esti-
mation of the drag force (FD) acting on the torpedo model
was also numerically analyzed. That is, the thrust forces (FT)
are also calculated using three-dimensional continuity and
momentum equations [16, 19, 40]. However, the thrust force
(FT) of the water jet can be calculated using one-dimensional
momentum equations such as;

FT � ρAjetujet(ujet − uvehicle) (12)

where ρ is the fluid density, Ajet is the cross-sectional area
of the water jet, U jet is the average velocity of the water jet,
and Uvehicle is the torpedo model speed. The values of Ajet

were defined to be 1.9635E-05 m2, 7.85E-05 m2, and 3.14E-
04 m2 for the nozzle diameters of 0.005 m, 0.01 m, and
0.02 m, respectively. The equation mentioned earlier builds
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Fig. 15 The seabed effect on the drag coefficient (CD) of the torpedo model at Reynolds numbers (Re): a 1 × 104, b 2 × 104, c 4 × 104, and d 8
× 104

a relationship between the thrust force, water jet, and torpedo
velocities. Once the thrust force is obtained, the calculation
of the required water speed for different torpedo speeds can
be completed.

Figure 16 reveals normalized waterjet velocity (U jet)
released from the stern of the torpedo without and with
the seabed effect as a function of the Reynolds number
as well as nozzle diameter. The waterjet velocity is non-
dimensionalized dividing the jet velocity (U jet) by the AUV
speed (UAUV). The non-dimensional waterjet velocity exhib-
ited a reduction of almost 62%, 60%, 58%, and 56%when the
non-dimensional nozzle diameter (Dnozzle/D) shifted from
0.122 to 0.5 for the torpedo with Re � 1 × 104, 2 × 104, 4 ×
104, and 8 × 104. When the dimensionless nozzle diameter
(Dnozzle/D) is reduced while keeping the other parameters
of the control volume constant, the velocity of the dimen-
sionless waterjet (U jet/UAUV) naturally increases due to the
conservation of mass. If the cross-section area of the nozzle
exit gets smaller, thewaterjet velocity (U jet /UAUV)must then
increase to compensate for the reduced cross-section area of
this nozzle exit and the volume flow rate of the waterjet must
remain constant according to the continuity equation. In addi-
tion, if the torpedo model gradually approaches the seabed

surface, the velocity of the dimensionless waterjet increases
(U jet/UAUV) as the G/D ratio decreases. For example, when
the Dnozzle/D ratio drops to a value of 0.125, the waterjet
velocity ratio (U jet/UAUV) increases by approximately 8%
for Re � 8 × 104 and Dnozzle/D � 0.125 when G/D changes
from 0.25 to 1.5 values.

3.6 Waterjet Propulsive Efficiency

It is substantially important to investigate the propulsion effi-
ciency of waterjets in underwater vehicle movements. For
example, the low noise level of submarine vehicles, in gen-
eral, is important, as well as the operating range and related
limitations of the parameters that increase the performance
and maneuverability of underwater vehicles. For example,
if the mechanism that creates the waterjet is embedded in
the body of the vehicle, it may lower the noise generated
by the mechanisms of the waterjet system. The separation
occurring around the periphery of the nose part of the tor-
pedo model can be eliminated by water suction at a proper
location in the forward face of AUVs. On the other hand,
the waterjet released from the proper locations of the stern
part of theAUVcan eliminate thewake developed around the
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Fig. 16 Variations of dimensionless waterjet velocity (U jet/UAUV) with G/D ratios, for Reynolds numbers (Re): a 1 × 104, b 2 × 104, c 4 × 104,
and d 8 × 104 at various normalized nozzle diameters

periphery of the stern due to the suction process to reduce the
drag force (FD) caused by the water flow resistance. When
the waterjet is realized from the torpedo model exit, without
having the waterjet swirling and lowering the magnitude of
separations may also increase the system performance. The
waterjet propulsion efficiency (ηp) is defined as:

ηp � 2

1 +Ujet/Uvehicle
(13)

This parameter of efficiency is based on velocities, such
as the waterjet mean velocity (U jet) and mean UAUV speed.
The mean value of U jet was determined at various traveling
average speeds of the AUV and nozzle diameters; the asso-
ciated waterjet propulsive efficiencies (ηp) were obtained.
Figure 17 represents the variations of waterjet propulsive
efficiency (ηp) of the torpedo model which has the Myring
profile constructed by Eqs. (1) and (2). As seen from the
waterjet propulsive efficiency (ηp), it increases slightly as
a function of Re. Furthermore, the propulsion exhibited an
increase of almost 98%, 88%, 80%, and 72% when the non-
dimensional nozzle diameter shifted from 0.122 to 0.5 for

the torpedo model with Re � 1 × 104, 2 × 104, 4 × 104, and
8 × 104.

The propulsive efficiency (ηp) rises with an increase in
the nozzle diameter. Consequently, the optimum waterjet
propulsive efficiency (ηp) is achievedwhen the largest dimen-
sionless nozzle diameter, Dnozzle/D � 0.5, is employed.

4 Conclusions

It is clear that the seabed affects the hydrodynamic param-
eters of the underwater vehicles during the journey close to
the seabed surface. For example, the maneuverability of a
torpedo model considered in this study will be affected dur-
ing its voyage for research and exploration near the surface
of the seabed. The system will be exposed to the yaw (β),
pitch (α), and rolling angles (φ) during maneuvering, and
hence, more unsymmetrical flow structures form around the
tail part of the system. In summary, the flow structure sur-
rounding the system affects the hydrodynamic forces and
characteristics that the system is exposed to. Therefore, in
this study, the hydrodynamic forces along with the structure
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Fig. 17 Variations of waterjet propulsive efficiency (ηp) based on G/D ratios for Reynolds numbers (Re): a 1 × 104, b 2 × 104, c 4 × 104, and d 8
× 104 at various normalized nozzle diameters

of the flow were also examined, and the pressure coefficient
(Cp), drag coefficient (CD), dimensionless waterjet velocity
(U jet/UAUV), and propulsive efficiency (ηp) were predicted.

The simulation employs the k–ω SST turbulence model
integrating the standard k–ω model with the k–ε model to
solve the fundamental equations. These equations, derived
from the Reynolds-averaged Navier–Stokes (RANS) equa-
tions, are three-dimensional. Numerical results indicate that
when the torpedo model operates near the seabed surface,
several parameters are influenced. These include the lift and
drag forces acting on the system, the flow patterns surround-
ing the torpedo model, as well as the overall locomotion,
maneuverability, and efficiency of the torpedo model.

When the torpedo model approaches the seabed surface,
the symmetrical structure of the separated flow region formed
around the tail and downstream of the model begins to dete-
riorate. For example, in the present torpedomodel positioned
at a location of G/D � 1, it is seen that the boundary layer is
halted from the model wall at an earlier stage compared to its
upper surface.However, it has been observed that if theAUVs
or torpedo model moves in close proximity to the seabed sur-
face, the pressure coefficient (Cp), the drag coefficient (CD)
of the system, the flow structure surrounding the system, its

movement, and maneuverability are affected. The drag coef-
ficient (CD) values exhibit comparable decrement tendencies
as both G/D and Reynolds number increase as shown by a
cross-comparison of all the impacts ofReynolds numbers and
G/D values. The symmetrical structure of the separated flow
zone around the tail and downstream of the torpedo model
begins to deteriorate. The intensity of the increasing shear
stress (τ ) in the region close to the seabed surface gradually
increases influencing other flow parameters, especially the
time-averaged velocity components ( < u/U∞>, < v/U∞>)
which vary as a function of G/D. As the momentum of the
fluid elements moving along the surrounding shear layers
weakens, the length of the separated flow region increases.

The waterjet propulsive efficiency (ηp) rises with an
increase in the nozzle diameter (Dnozzle). Consequently, the
optimumwaterjet propulsive efficiency (ηp) is achievedwhen
the largest dimensionless nozzle diameter, Dnozzle/D � 0.5,
is employed.

Investigation of drag and vibration-reducing modifica-
tions, additions of new components, andmechanisms play an
essential role in the development and future of the UUVs by
increasing their fuel and speed efficiency along with lower-
ing vibration to minimize disturbances of tracked marine life
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and sonar camouflage. Over the past decade, there has also
been great interest in applying rough surfaces while mim-
icking the properties of various animals, such as shark skin,
dolphin skin, and muscle vibrations, in marine drag reduc-
tion applications within the scope of passive flow control
methods [41]. For future studies, active flow control meth-
ods can be applied to reduce the seabed effects and flow
separation on the torpedo-like geometry. Techniques such
as suction, blowing, and synthetic jets can be strategically
applied to the nose and afterbody sections. Additionally, pas-
sive flow control methods can complement these efforts by
modifying the nose, fuselage, and stern geometry sections.
The incorporation of winglets (wings/flaps/airfoils) around
the geometry, particularly focusing on the stern section,
further enhances the effectiveness of these flow control mea-
sures. These flow control methods collectively contribute to
delaying flow separation, reducing the drag coefficient, and
improvingmaneuvering capabilities.Additionally, a compre-
hensive experimental study can be conducted in the future to
further investigate and validate numerical predictions.
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