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INTRODUCTION

In recent times, it has become evident that Autonomous
Underwater Vehicles (AUVs) have grown in popularity and
are now considered important components of underwa-
ter activities, oceanic research, and even military applica-
tions. These vehicles do not require a pilot on board, are
equipped with engines, and are capable of self-directed
navigation while accomplishing various duties such as
surveying the ocean floor, observing the ecosystem, and
conducting inspections below the ocean surface [1]. A sty-
listic and engineering measure known as hydrodynamics
is an important aspect of any design, and in this case, the
designers of autonomous underwater vehicles may be faced
with certain contributions from a variety of operational
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This research conducts a comprehensive numerical investigation into the hydrodynamic be-
havior of an Autonomous Underwater Vehicle working under the influence of surface waves
at different submergence depths (S/D). Results reveal that increasing S/D from 4 to 16 reduces
drag and lift coefficients by 10.12% and 20.97%, respectively, due to improved flow symmetry
and reduced pressure gradients. The moment coefficient also decreases by 6.23%, enhancing
vehicle stability. These findings underscore the critical role of submergence depth in minimiz-
ing wave-induced effects, improving efficiency, and optimizing AUV design and operational
strategies in dynamic marine environments.
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and environmental forces. One such key contribution is
the depth at which an AUV is deployed. This near depth
is defined as the AUV Depth of Submergence. This also
affects the buoyancy and surrounding water pressure. For
instance, if the device is changed in submersed depth, it can
make the unit unstable due to other contributing factors
such as the variable water pressure, temperature, and den-
sity. Therefore, the presence of variable water temperature,
pressure, and density at different depths makes the AUV dif-
ficult to control, which reinforces the importance of focus-
ing on the relationship between the depth of submergence
and the operation performance of the AUV [2]. A concern
in shallow depth regions is also that AUVs may be impacted
more by the variable wave forces and turbulence’s physical
impacts. In contrast, at greater depths, the increased water
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pressure and reduced wave effects can enhance hydrody-
namic efficiency but pose challenges related to structural
integrity and energy consumption [3].

Ali Nematollahi et al. [4] evaluated the behaviour of an
underwater vehicle moving near the free surface by using
ANSYS CFX software and reported that there is an increase
in hydrodynamic resistance across various speeds operat-
ing near the free surface. Tian et al. [5] examined the influ-
ence of submersion ratio (h/D) on flow interactions with
the free surface and surface waves in the design and oper-
ation of autonomous underwater vehicles. The outcomes
of the study have provided valuable insights regarding the
hydrodynamic performance of AUVs. Jian Cao [6] exam-
ined the hydrodynamic behaviour of an open channel’s
free surface model. Their findings revealed that the free
surface does not affect an AUV when its depth is greater
than 3.1D, where D is the depth of submergence. Patel [7]
reviewed various methods developed over the past decade
for calculating unseparated axisymmetric flow over the tail
of a body of revolution. It concludes that some computa-
tional techniques have now advanced to the point where
they can provide quite accurate solutions for these types of
flows. O. Saout[8] introduced a theoretical methodology to
assess the directional stability of near-surface underwater
vehicles. It involves solving coupled sway and yaw motion
equations, similar to methods used for surface ships, with
stability derivatives obtained through numerical simula-
tions, planar motion mechanism (PMM) tests, and finds
that this approach is a valuable tool for determining an
underwater vehicle’s stability for specific configurations,
helping to assess mission viability in advance. Granville,
PS. [9] developed a new empirical relation to determine the
position of self-excited transition in low-turbulence flows
for calculating the viscous drag on bodies of revolution
in axial motion using boundary-layer theory. P. Jagadeesh
et al. [10] stated that the k-¢ RNG model provides better
performance in evaluating the free surface waves effects by
comparing with different turbulence models on an axisym-
metric underwater body. Nouri [11] focused on optimizing
the nose section based on pressure distribution and geom-
etry, emphasizing the pressure drag component. Zhang
et al. [12] focused on optimizing hull forms to minimize
wave-making resistance, a key application of wave resis-
tance theories. The proposed optimization design method
combines Computational Fluid Dynamics (CFD) with
the Rankine source method and nonlinear programming
(NLP). The results show that the Rankine source method
effectively optimizes ship hulls. Miller et al. [13] carried out
an experimental study to determine the optimal amplitudes
and frequencies for Virtual Planar Motion Mechanism tests
of Autonomous Underwater Vehicles and reported that, for
typical AUV geometries, non-dimensional frequencies up
to 0.5 and non-dimensional amplitudes up to 0.25 are still
effective, even considering the influence of fluid memory
effects. Salari [14] investigated the free-surface effects of
AUVs and found that there is a negligible impact for certain

submersion ratios. T. Sarkar et al. [15] studied the influence
of various turbulent models on the flow around axisymmet-
ric bodies by using three high-Reynolds-number k-¢ turbu-
lence models, like standard, Chen, and Kim-modified, and
RNG-derived. The results indicate that the standard model
with wall functions predicts flow characteristics as accu-
rately as the other two models.

Amiri et al. [16] investigated the influence of the lee-
ward vortical flow structure on the hydrodynamic behav-
ior of a shallowly submerged UV traveling beneath the free
surface at a moderate drift angle. The results show that a
significant interaction between the low-pressure region is
created by the leeward vortical flow structure and the free
surface. Ignacio et al. [17] Conducted an extensive study on
the optimal nose profile for deep-water operations, consid-
ering velocity and pressure distributions along with overall
drag. Kilavuz et al. [18] explored the flow characteristics of
an optimized torpedo-like geometry with an elliptical nose,
considering angles of attack and submersion ratios. Their
study highlighted the influence of jet-like flow and veloc-
ity fluctuations on the drag coefficient. Sh. Mansoorzadeh
[19] analysed the impact of free surface on the drag and lift
coefficients of an AUV. Results indicated that the drag and
lift coefficients of the AUV are highly sensitive to changes
in submergence depth and speed. Moonesun et al. [20]
investigated the impact of surface waves on submarines
at various depths to evaluate how depth affects submarine
movements using Computational Fluid Dynamics (CFD)
tools in Flow-3D, applying Reynolds Averaged Navier-
Stokes (RANS) equations and the Volume of Fluid (VOF)
method. The findings are aligned with the experimental
data. Liu et al. [21] focused on the complex flow physics
around underwater vehicles. By using dynamic grid tech-
nology, the volume of fluid method, and the finite volume
method, the research simulates the flow field around large
submerged bodies, particularly their effects on the free
surface. The study finds that disturbances on the free sur-
face caused by a moving body are influenced by the body’s
shape, size, speed, and depth of submergence. Jin Guo et al.
[22] examined the hydrodynamic characteristics of a disk-
shaped AUV moving near the free water surface and found
that changes in flow velocity near the hull, induced by the
free surface, are a primary factor influencing the hydrody-
namic behaviour. Specifically, these changes were found
to increase the resistance on the AUV hull. B.E. Launder
[23] addresses the most effective approach in turbulence
models that calculate the turbulence kinetic energy and its
dissipation rate from transport equations solved alongside
the mean flow equations by comparing the nine distinct
types of turbulent flow, highlighting its balance of compu-
tational efficiency, applicability, and physical realism. Kai
Lv et al. [24] investigated the hydrodynamic performance
of a vehicle on a water surface. Their studies revealed a
maximum reduction in drag of 43% and an improvement
in the stability of the vehicle. Foroushani [25] evaluated the
hydrodynamic derivatives of the SUBOFF model through
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steady-state analysis. Ozgoren [26] investigated the perfor-
mance of an optimized torpedo-like geometry using LES
turbulence and VOF multiphase models and found that
asymmetrical flow characteristics were observed near the
free surface. Le [27] investigated the performance parame-
ters such as drag and lift for a Torpedo-Shaped Underwater
Glider corresponding to different velocities and angles of
attack. Amory [28] conducted numerical simulations to
determine the distribution of velocity and pressure over
two different bodies, namely the SEMBIO hull and the
MONSUN hull. Takahashi [29] investigated to determine
an efficient approach to evaluate the performance charac-
teristics based on the DARPA SUBOFF model, found suit-
able by comparing it with experimental data. Gupta[30]
investigated the effect of step inclination angle (15°, 30°,
45°,90°) and expansion ratio (1.5 and 2.0) on reattachment
length (Lr) behind a backward-facing step. Using ANSYS
Fluent and the k-¢ turbulence model, it was found that Lr
increases with higher step angle and Reynolds number. The
results were validated with experimental data, confirming
the accuracy of the simulation approach. Rawat [31] exam-
ined the influence of axis ratio and shear velocity profiles
on drag, pressure distribution, and separation point around
a 2D streamlined cylinder at high Reynolds numbers
(0.5x10° to 3.6x10°). Results showed that more stream-
lined cylinders (lower axis ratio) significantly reduced drag
up to 60% compared to circular cylinders and delayed flow
separation. Shear velocity profiles yielded slightly higher
drag than uniform profiles but provided better back pres-
sure recovery. Kukreja et al. [32] analyzed a Busemann-type
biplane geometry under supersonic conditions. The opti-
mized biplane design demonstrated a significant reduc-
tion in wave drag compared to conventional airfoils. The
study highlighted favorable shockwave interactions and
suppressed shockwave formation, enhancing aerodynamic
performance at high speeds. Kulshreshtha et al. [33] com-
pared the lift and drag coefficients of three NACA airfoils
over a wide range of angles of attack (-5° to 20°). Results
showed that lift increased with angle of attack until a critical
point of 18 to 19°, after which stall occurred. NACA 2415
showed the highest lift but also the highest drag. The study
emphasized optimal angle selection for maximizing the lift-
to-drag ratio in aerodynamic design. Yuan [34] investigated
the flow behaviour and hydrodynamic forces of the vehicle
having control fins. Phillips et al. [35] investigated the sta-
bility of a torpedo-shaped AUV and found suitable results
with the experimental data. This introduction provides
how variations in depth influence factors such as drag, lift,
and overall vehicle dynamics. Sunil Kumar et al. [36] evalu-
ated the performance of an optimized K-type propeller and
reported that aluminum bronze coating achieves a max-
imum propulsive efficiency of 85%, which is 12% higher
compared to conventional rotors, particularly in terms of
reducing noise and cavitation.

Zhang et al. [37] developed a numerical model to sim-
ulate the water entry of complex curved structures under

wave conditions. The findings contribute to a better under-
standing of wave-induced slamming loads, essential for
designing marine structures, ship hulls, and offshore plat-
forms to withstand harsh wave environments. Huang et al.
[38] studied by employing the VOF model, Schnerr-Sauer
cavitation model, and velocity boundary wave generation
method to analyze projectile water entry under Various
wave heights, directions, and positions with a water entry
angle of 60° and validated through experiments, reported
that at 1.3 m wave height, the impact pressure peak rises
by 30.9% compared to hydrostatic conditions. The study
provides a reference for optimizing projectile water entry
under varying wave conditions. Wang et al. [39] developed
a 2D model to investigate payload hydrodynamic forces,
pressure distributions, and free surface variations during
wave entry at different crest or trough positions and slop-
ing directions. The cylinder experiences unequal pressure
distributions due to wave particle velocity, together with
wave slope variations. The force dynamics become uneven
when the entry velocity increases because it creates bigger
cavities, which disturb hydrodynamic stability. Cui et al.
[40] developed the SPH method to simulate structure-wa-
ter interaction using open boundary conditions to simulate
free slamming of curved wedges and reported that the max-
imum slamming force in hydrostatic water is proportional
to the square of the initial velocity. Convex and reverse
curved wedges experience peak vertical slamming loads
at different immersion depths due to variations in bottom
curvature.

Unlike conventional studies that focus on AUV hydro-
dynamics at a fixed depth, this work systematically explores
how varying submergence depth (S/D) affects hydrody-
namic forces and pressure distributions. The study provides
quantitative insights into how AUV performance changes
with depth, offering optimal operational guidelines for real-
world deployment. While many prior studies assume calm
water conditions, this research incorporates surface wave
interactions, which significantly impact stability, resistance,
and maneuverability at shallower depths. The study reveals
how wave-induced disturbances alter the pressure and
velocity fields, leading to new strategies for wave-adaptive
AUV design and control. The work employs advanced CFD
simulations with high-resolution turbulence models to cap-
ture flow separation, vortex dynamics, and wake structures
under varying depth and wave conditions. The use of accu-
rate boundary conditions and wave models enhances the
realism of the study, making it more applicable to practical
AUV operations. By analyzing pressure distribution, this
study provides insights into the optimal submergence depth
for minimum drag and maximum efficiency. The findings
can guide AUV design improvements, such as hull shap-
ing and control strategies, to enhance underwater endur-
ance and stability. This research presents a novel numerical
investigation that bridges theoretical hydrodynamics and
practical AUV operations by systematically evaluating
submergence depth and surface wave effects. The findings
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contribute to efficient AUV design, enhanced operational
strategies, and improved hydrodynamic performance in
dynamic underwater environments.

The rest of the paper is organized as follows: in Section
2, the method and methodology, along with the governing
equation, computational domain, mesh generation, bound-
ary conditions, and numerical validation, will be presented.
In Section 3, the outcomes of the work will be presented.

MATERIALS AND METHODS

AUV Structure

The AUV considered in this study is a four-numbered
NACA 0012 profile having a mass of 77.64 kg. There are
three main hull forms used for AUVs: Myring’s Profile,
Jackson’s Profile, and Gertler’s Series 58 Profile. Although
the equations for these profiles differ, they essentially rep-
resent similar shapes with minor variations [41]. Figure
1 represents the shape of the AUV. The AUV geometry is
typically divided into three sections: the nose, the body,
and the tail, all designed using Myring’s equations[42]. To
design the nose and tail shapes, the following equations are
employed:

[N

1 —a\2]n
Ri(x) =30 [1-(22) ] 1)
1 3D tan 6 D tan 6
Ri()=3 0[5 -3 +[5-F )4 @

Table 1. Dimensional parameters of AUV

where D represents the maximum diameter of the model; a
represents the length of the nose; x, represents the location
of the nose tip; c represents the length of the tail;  represents
the tail half angle in degrees; n represents the Myring body
parameter; x, represents the location of the tail tip; L rep-
resents the length of the AUV. The dimensions of the pro-
file are illustrated in Table 1. The control surface is NACA
0012, having a mean span and chord length of 0.060525 m
and 0.25 m, respectively. The reason behind choosing the
selected dimensional parameters is due to their slenderness
ratio (L/D = 7.3), which falls within the typical range of
streamlined AUV designs, ensuring low drag and efficient
hydrodynamic performance. The NACA 0012 symmet-
ric airfoil with a maximum thickness of 12% of the chord
length is commonly used in AUV control surfaces due to its
low drag characteristics and stable hydrodynamic response.
A chord length of 250 mm is appropriate for maintaining
effective control forces while minimizing flow separation
in underwater conditions. The thin, symmetric profile
ensures predictable lift and moment characteristics, reduc-
ing unwanted pitching and yawing tendencies.

To clearly define the AUV exposed to wave current,
Figure 2 illustrates the dimensional aspects of the wave,
including wavelength (\), wave height (H), submerged
depth (S), and water depth (h). Employing nonlinear wave
theory, the waves are scaled using the nondimensional
parameter steepness (H/A). The corresponding value of
wave steepness for a wave height of 0.30 m and a wave
length of 2 m is 0.15. Waves with a relative depth (h/\)
greater than 0.5 are classified as deep-water waves[43]. The
inflow velocity, based on the length-scaled Reynolds num-
ber, is 2.73 x 10°.

The non-dimensional hydrodynamic coefficients used

Description Value to describe the forces of the AUV are,
Nose Length (a) 0.15m . Fy
Cq = 2,,2 (3)
Hull Length (b) 1.25625 m 0.5pL7u
Tail Length (c) 0.41875m
Maximum diameter (D) 0.25m C, = 0.5:+uz (4)
Tail half angle (6) 25°
Myring body parameter (n) 2 v
Length of AUV (L) 1.825m m = S (5)
[ —
a b ol ¢
AL’ L N

Figure 1. Shape of the AUV.
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Figure 3. Schematic representation of computational domain.

Here, C,, is the drag coefticient, Cj, is the lift coefficient,
and C,, is the moment coefficient of the AUV. F,, Fy, and
F, represent the drag force, lift force, and moment, respec-
tively. p is the water density. u is the inflow velocity. This
study aims to investigate the hydrodynamic characteristics
of the AUV, specifically focusing on two crucial factors,
namely depth of submergence and the impact of surface
waves.

GOVERNING EQUATIONS

Considering the influence of gravity, a series of tran-
sient three-dimensional Computational Fluid Dynamics
(CFD) simulations were performed to evaluate the perfor-
mance of the AUV. The ANSYS Fluent was used to solve the
Reynolds-averaged Navier-Stokes (RANS) equations with a
SIMPLE pressure-velocity coupling scheme. The governing

equations include the continuity equation and the momen-
tum equation, which are given below.

9 9% _
ot axi

(6)

ov; 2 v,
L _Z5. .20
+ ax; 3 Y axl>J

— aixj(pv’lv’l) + F

S (om S (prv)==2P 4 9 |,(2%
at (pvi)+axi (pvlv])— Bxi+6x]- ”(axj

(7)

In the equations v, represents the velocity components,
p denotes the total pressure, Fi represents the external body
force components, and y denotes the dynamic viscosity.
The velocity v; is the combination of the time-averaged
value 7, and the fluctuation ;.

The Shear Stress Transport (SST) k-w turbulence model
was chosen to handle the turbulence terms in the RANS
equations. The reason behind choosing the shear stress
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transport omega turbulence model is its ability to accu-
rately predict turbulent flows near walls and in boundary
layers. It addresses the deficiencies of some other models
in capturing the near-wall behavior, making it particularly
suitable for simulations involving complex geometries or
flows with significant boundary layer effects. The model
computes the turbulent kinetic energy, k, and the specific
dissipation rate, w, using the following equations:

d 3 o (. ok
E(Pk)'i‘a—n(PkVi):a—xj(Tk a_xj)+ Gie—Yie+ S (8)

0 d 0 ok
E(pa))+a—xj(pwvj)=a—w(’[w B_x])+ Ga)_ Ya)+Sw (9)

where G, and G, represent the generation of k and w result-
ing from turbulent mean-velocity gradients, respectively, I’
and I, signify effective diffusivity, while Y; and Y, represent
the dissipation of k and w due to turbulence, D represents
the cross-diffusion term, and S, and S, are user-defined
source terms.

The Volume of Fluid (VOF) model[44] is used to pre-
dict fluid behaviour, effectively representing the interface
between the air and water surfaces caused by wave propa-
gation. This method relies on the concept of air-water mix-
ture velocity, which involves tracking the volume fraction
of each fluid phase within the computational domain.

v, = ovf + (1 —o)vy (10)
where o represents the volume, fraction equals 1 when fully
occupied by air, v{* denotes the velocity for the phase of air,
and v} denotes the velocity for the phase of water.

In the case of deep-water waves, nonlinear wave the-
ory [45] is generally used. It refers to a generation of waves
whose behavior deviates significantly from linear wave
theory. In linear wave theory, waves are assumed to inter-
act weakly with each other, whereas in nonlinear wave
generation, the interactions between waves become sig-
nificant, leading to phenomena such as wave steepening,
wave breaking, and the generation of higher harmonics. In
this study, third-order Stokes wave theory is utilized. The

reason behind choosing third-order Stokes wave theory is
due to its accuracy in deep water depths, wave steepening,
and nonlinear effects. The expression for the wave profile is

n(x,t)=acos(Kx — wyt) + %Ka2 cos(2Kx — 2w,t)

11
+§ Ka® cos(3Kx — 3wqt) (1)

where 1 denotes the surface elevation of the wave, a rep-
resents the wave amplitude, and K represents the wave
number, w, signifies the wave frequency, x denotes the hor-
izontal distance, and t represents the time.

In the case of deep-water waves, the wave number K and
wave frequency w are related as

w? = gK (12)

where g is the acceleration due to gravity.

Mesh Generation and Validation

Figure 3 represents the computational domain with
boundary conditions. A high-quality mesh, as illustrated
in Figure 4, was generated using ANSYS Fluent to estimate
the uncertainties on the hydrodynamic performance of the
AUV. Numerical uncertainties are estimated by multiply-
ing the numerical error by a safety factor. The numerical
error consists of three parts, i.e., round-off error, iterative
error, and discretization error [46,47]. Round-off error is
minimized due to the use of double precision during setup
conditions. The iterative error is the difference between
the current numerical solution and the theoretically con-
verged solution obtained after a large number of iterations.
Discretization error is the difference between the exact
solution of the continuous problem and the solution of
the discretized problem. Seven different mesh grids were
studied to evaluate the grid independence, and observed
that more than 5.8 million elements have a skewness error
percentage less than 1.5%, as shown in Figure 5. Elements
beyond 5.8 million are independent of changes in solution
with a y+ value of 30. So, 5.8 million elements are con-
sidered in this study. The value of skewness considered
in this study is 0.78. The simulations were performed at a

Figure 4. Mesh generation.
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submergence depth of 1m, with a velocity of 1 m/s under

no-wave conditions. The AUV is positioned one-third of 0.052 4 —=— Ali Nematollahi et al.[4]
the way from the left boundary and submerged at a depth 0,050 —*— Numerical Analyis

of 4D below the free surface. Boundary conditions include

an open channel wave boundary with uniform velocity at % 0.048

the inlet, a pressure outlet at the outlet, no-slip wall condi- £ 0,046

tions on the AUV surfaces, smooth wall conditions at the 5

top and bottom boundaries, and symmetry conditions on 5 0.044-

the domain’s sides. Wave propagation is simulated by apply- % 0062

ing an open channel wave boundary on the left side, using S

a shallow/intermediate wave as the boundary condition. 0.040 -
Both the wave heading angle and phase difference are set
to zero to ensure consistent alignment of wave propagation.

Validation is performed by comparing the CFD results 10 Is 20 25 30 3.5 4.0
with wave elevation data calculated using Stokes wave the-
ory. The accuracy of the numerical method is evaluated
based on its ability to accurately predict both the hydrody-  Figure 6. Validation of drag coefficient.
namic coefficients under calm conditions and the shape of
the wave. Figure 6 represents the validation of drag coeffi-
cients corresponding to different velocities. It’s important
to note that the drag coefficients were calculated relative to
the length of the AUV. It is observed that the values are in 0.03 1
good agreement with the data provided by Ali Nematollahi
et al. [4], with a minimum percentage of 5.11% obtained
for a Reynolds number of 3.645 x 10° and a maximum per-
centage of 13.04% obtained, corresponding to a Reynolds
number of 1.0 x 10°. Figure 7 presents a comparison of wave
elevation over time, showing a strong correlation between
the CFD and analytical results. However, the CFD method
predicts a slightly lower wave height compared to the ana-
lytical solution due to the physical properties of water, like
viscosity. A convergence criterion of 10~ was applied with
a time step size of 0.002 based on stability analysis with the -0.04 T T ' ' ' '
CFL criterion.

0.038 4

Reynolds Number x 10°

Analytical
Numerical

-0.01 4

Wave Elevation in m
[=]
[=]
(=)
1

-0.02 4

-0.03

Time in Sec

Figure 7. Validation of the wave.
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354 RESULTS AND DISCUSSION
£ 304 Influence of Submerged Depth on Hydrodynamic
= Parameters
Eﬂz s The submergence depth significantly affects the hydro-
£ dynamic forces acting on submerged objects, such as drag,
;?:20_ lift, and moment. The drag coefficient decreases steadily
’ with increasing submergence depth. At S/D = 4, the drag
coefficient is at its maximum, but as the AUV is submerged
7 deeper, the coefficient of drag decreases from 0.002285 to
! 0.002054. This trend suggests that deeper submergence
10 T T T L T o 3 3 1
T as a0 a5 50 a5 s es  so resultsin lower resistance forces acting on the AUV, likely

due to lower interaction with the surrounding fluid. The
lift coefficient shows a monotonic behaviour with sub-
Figure 5. Grid independence test. mergence depth, decreasing from 0.144055 to 0.113835,

No of Elements x 10°
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Figure 8. Effect of hydrodynamic parameters on different
depths of submergence.

indicating that the upward pressure difference across the
AUV decreases. The moment coefficient follows a clear
decreasing trend with submergence depth. This suggests
that the coefficient of moment decreases due to a more
symmetric distribution of pressure and a lesser change in
the shift of the centre of pressure along the AUV’s body, as
shown in Figure 8.

At a submergence depth of 1m, the hydrodynamic coef-
ficients are at their highest. The proximity to the wave crest
results in strong wave-induced forces acting on submerged
objects. The lift experienced by submerged objects is also
significant at this depth due to the high-pressure differen-
tials and force magnitudes. At S/D = 8, wave energy disper-
sion starts to take place in such a manner that there are lower
force magnitudes on the submerged objects due to the dis-
sipation of energy. Interaction with the wave becomes more
stable as the forces witness a reduction in fluctuations. At
S/D = 12, the hydrodynamic parameters have even lower
drag and lift. The wave has a minimal effect on the sub-
merged objects in this associated condition. With this asso-
ciation, the moments experienced by the objects also get
smaller with the further reduction of pressure differentials.
However, the forces demonstrate consistent and moderate
fluctuations. At a depth of submergence of S/D = 16, the
representation of drag and lift can almost be disregarded.
Wave energy has dissipated greatly, and the forces are weak.
The representation of moments remains at insignificant
values because of the low-pressure difference. Because of
this, the forces are very consistent as the influence of the
wave is not prominent.

Influence of Submerged Depth on Velocity Contours

As the submergence depth (S/D) ratio increases, the
contours display lower concentrations and disruptions of
the velocity, displaying a direct dependency on the disrup-
tion created by the flow around the body. It is indicative that
at lower S/D values, S/D=4, the resistance factors around
the submerged body exhibit major disturbances because

of surface factors in the fluid domain. These disturbances
create localized regions of higher velocity gradients, which
contribute to increased drag and lift forces, as evidenced
by the relatively higher Cd = 0.002285 and CI = 0.144055.
The non-uniformity in velocity fields at shallow depths can
lead to unsteady forces and reduced stability. As the sub-
merged depth increases, S/D=8 and S/D=12, the velocity
contours become more symmetrical, with smoother flow
patterns around the body. This transition reduces the
velocity gradients near the surface and minimizes flow sep-
aration. Consequently, both the drag coefficient (Cd) and
lift coefficient (Cl) decrease, indicating improved hydrody-
namic efficiency and stability. At greater depths, S/D=16,
the velocity contours show further uniformity, with fewer
disturbances in the flow field. The steep velocity gradients
observed at shallower depths diminish, and the flow stabi-
lizes around the body. This leads to the lowest drag coef-
ficient Cd = 0.002054 and lift coefficient Cl = 0.113835 in
the dataset. Additionally, the reduced moment coefficient
Cm = 0.05231 reflects the reduction of pitching or yawing
tendencies, contributing to more stable operation. At S/D =
4, the separation region behind the AUV is relatively larger,
indicating strong flow detachment due to the proximity to
the free surface. As S/D increases, the separation region
gradually reduces, suggesting a smoother flow transition
with less disturbance from surface effects. At S/D = 16,
the separation region is minimal, implying better hydro-
dynamic stability at deeper submergence. The boundary
layer appears thicker at lower submergence depths (S/D =
4, 8) due to increased shear stress and surface interactions.
As the submergence depth increases, the boundary layer
thickness decreases, showing a more stable and uniform
velocity distribution. At higher S/D values (12 and 16), the
boundary layer is well-developed and thinner, indicating
reduced wall effects and smoother flow. Figure 9 represents
the velocity contours corresponding to different depths of
submergence. Overall, the deeper the body is submerged,
the simpler and more uniform the velocity field becomes,
leading to reduced drag, lift, and moments. These changes
enhance energy efficiency, stability, and performance, mak-
ing deeper submergence an advantageous condition for
applications requiring precise and stable trajectories, such
as underwater vehicles.

Influence of Submerged Depth on Pressure Contours
The pressure contours exhibit distinct variations as the
submerged depth ratio increases, as illustrated in Figure
10. These changes in the intensity and distribution of
pressure fields are directly linked to the hydrodynamic
performance of the submerged body. At a submergence
depth of S/D=4, the pressure contours are relatively sym-
metrical throughout the AUV. This uniformity demon-
strates that the fluid interaction is balanced, which does
not permit excessive induced pressure to act. At this
depth, the symmetric pressure field is at its buoyancy
coefficient Cl = 0.144055, and the capacity at which drag
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Figure 9. Velocity contours at different depths of submergence ratios at t = 4.8 sec.
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Figure 10. Pressure contours over the AUV at different depths of submergence ratios at t = 4.8s.

can be sustained is moderate Cd = 0.002285. This signi-
fies that the submerged body is in stable operation with an
average amount of hydrodynamic forces. Such a balance is
conducive to propulsive efficiency as well as for constant
trajectories. When the submerged depth is increased to S/
D=8, the pressure contours appear to have a more rapid
change over the hull surface of the AUV. High-pressure
regions appear to be more pronounced towards the bow
of the body, while the low-pressure areas form around the
stern. This pressure gradient reduces the drag such that
Cd = 0.002185 and slightly lowers the lift, Cl = 0.133786,
implying that the resistance forces have started building
up. Higher resistance forces may call for additional power
to be used when in motion, thus affecting the level of oper-
ational efficiency. When at a submerged depth of S/D=12,
the pressure field shows further stabilization. The pressure

variations along the hull are more consistent, and no sig-
nificant asymmetry is visible. The influence of surface-in-
duced disturbances becomes minimal, and the pressure
gradually transitions from high at the stagnation region
to low towards the tail, causing further reduction of the
lift Cl = 0.123649 and moment coefficients Cm = 0.05393,
indicating a shift toward improved stability. At S/D=16, a
stable flow regime with a minimum amount of drag Cd
= 0.002054, lift force Cl = 0.113835, and moment Cm =
0.05231 is observed. These variations are very important
in the design of submerged vehicles and structures like
underwater vehicles. At S/D = 4, the high-pressure region
at the front of the AUV is more pronounced, and a strong
low-pressure region is observed at the stern, indicating
early flow separation. As S/D increases, the low-pressure
region at the rear becomes less intense, suggesting delayed
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or reduced separation. At S/D = 16, the pressure distribu-
tion is more uniform, indicating a more streamlined flow
and minimal separation effects. For S/D = 4, the stern
experiences a significantly low-pressure region, indicating
an increase in flow detachment. At S/D = 16, the recircu-
lation zone is significantly reduced, leading to better pres-
sure recovery and lower drag. At lower S/D values 4 and
8, the boundary layer appears thicker, indicating higher
shear stress and interaction with the free surface. As the
AUV submerges deeper, S/D = 12 and 16, the boundary
layer becomes thinner and more stable, reducing overall
hydrodynamic resistance. The pressure gradient along
the hull stabilizes at higher S/D values, which contributes
to smoother flow development. Shallow submergence
causes stronger separation and thicker boundary layers,
increasing drag. Deeper submergence (high S/D) results
in smoother flow and thinner boundary layers, leading to
improved hydrodynamic performance.

CONCLUSION

It is evident that the drag characteristics, namely, the
coefficient of drag, decrease by about 10.12% with an
increase in depth of submergence (S/D). This trend demon-
strates that as the vehicle is under more depth, the resistive
forces encountered are likely reduced due to the fluid’s better
streamline surrounding the Autonomous Underwater vehi-
cle. There is a monotonic behaviour for the lift coefficient
that is similar when submergence depth changes for that of
the drag coefficient. This is due to the symmetric distribu-
tion of flow regimes and pressure around the Autonomous
Underwater vehicle as it submerges deeper, thereby lower-
ing the maximum lift by about 20.97%. The moment coef-
ficient significantly decreases by about 6.23% with depth.
This suggests a reduction in pitching or yawing tendency
and better stability of the vehicle. At shallow depths, the
interaction of autonomous underwater vehicles with sur-
face waves introduces significant changes in pressure and
velocity gradients. This led to higher drag, lift, and moment
forces, making it challenging to achieve stable operation.
As the Autonomous Underwater Vehicle submerges deeper,
the influence of surface waves diminishes, and the hydro-
dynamic forces stabilize. Hull shaping can be optimized to
enhance streamlined flow and further reduce drag. This
highlights the importance of operating at sufficient depths
to avoid wave-induced instability and energy inefficiency.
In future work, a detailed study on varying wave steepness,
heights, irregular waves, and cavitation phenomena can be
conducted to analyse their impact on the performance of
the AUV. The present study utilizes velocity conditions that
are less likely to induce cavitation; however, future investi-
gations can focus on higher velocity regimes and varying
operational conditions to assess cavitation formation and
its effects on efficiency.

NOMENCLATURE

Length of the nose

is the wave amplitude

Length of the middle section
Length of the tail

Maximum diameter of AUV
represents the cross-diffusion term

oo o

e

Fi External body force components

Gk and Guw represent the generation of k and w from tur-
bulent mean-velocity gradients.

g Acceleration due to gravity

H Wave height

k Turbulent kinetic energy

K represents the wave number

L Length of the AUV

n Myring body parameter

p Total pressure

S Submerged depth

Skand S, are user-defined source terms

t Time

v Velocity of AUV

X Location of the nose tip

X, Location of the tail tip

0 Tail half angle in degrees
Fluid density

u Dynamic viscosity of the fluid

w Specific dissipation rate

w, signifies the wave frequency

X denotes the horizontal distance

.0 represents the volume fraction.

n Represents the surface elevation of the wave

0 Angle at the tail tip

A Wavelength

CFL Courant-Friedrichs-Lewy Condition (Courant
Number).
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