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Abstract

To achieve hydrodynamic design excellence in Autonomous Underwater Vehicles (AUVs) largely depends on the accurate prediction of lift and
drag forces. The study presents Computational Fluid Dynamics (CFD)-based lift and drag estimations of a novel torpedo-shaped flight-style
AUV with bow-wings. The horizontal bow-wings are provided to accommodate the electromagnetic arrays used to perform the cable detection
and tracking operations near the seabed. The hydrodynamic performance of the AUV due to addition of these horizontal bow-wings is required
to be investigated, particularly at the initial design stage. Hence, CFD techniques are employed to compute the lift and drag forces observed
by the flight-style AUV, maneuvering underwater at different angles of attack and varying speeds. The Reynolds-Averaged Navier-Stokes
Equations (RANSE) closure is achieved by employing the modified & — ¢ model and Two-Scale Wall Function (2-SWF) approach is used for
boundary layer treatment. Further, the study also highlights the unique mesh refinement and solution-adaptive meshing techniques to perform
the CFD simulations in Solidworks Flow Simulation (SWFS) environment. The drag polar curve for flight-style AUV with and without bow-
wings is generated using the computed lift and drag coefficients. The curve provided essential insights for achieving hydrodynamically efficient
and optimized AUV design. From the drag polar curve, it is revealed that due to horizontal bow-wings, the flight-style AUV is capable to
generate higher lift with less drag and thus, it gives better lift-to-drag ratio compared to the AUV without bow-wings. Moreover, simulated
results of axial drag observed by the AUV have also been compared with free-running experimental results and are found in good agreement.

Keywords Autonomous underwater vehicle (AUV); Computational fluid dynamics (CFD); Solidworks flow simulation (SWFS); Drag polar
curve; Free-running experiments

1 Introduction creased to perform undersea exploration missions. The
potential of AUVs has been substantially increased due
In recent years, the role of AUVs has significantly in- to the advancements in various technologies. These tech-

nologies include, but are not limited to, advanced sensor
capabilities, Al-driven autonomy, efficient hydrodynamic
design, improved energy storage solutions, robust commu-
nication systems, smart navigation and localization tech-

CFD methods. niques, anq aFlvanced materials technology (Ahmed, et al.,
- The RANSE closure is achieved by employing the modified k- c 2023a; Karimi & Lu, 2021; Mohsan et al., 2022; Zhao et al.,

model and Two-Scale Wall Function (2-SWF) approach is used 2022).

Article Highlights

 Lift and drag forces observed by the novel flight-style AUV at dif-
ferent angles of attack and varying speeds are computed using

for boundary layer treatment. The AUVs’ multifaceted attributes, including access to

« Drag polar curve for novel flight-style AUV revealed that improved challenging undersea terrains, independent navigation, pro-
lift-to-drag ratio is achieved with addition of horizontal bow-wings. longed operational endurance, and efficient data collection,

* Simulation result‘s of axial drag observed by AUV are validated make them as essential tools to perform underwater tasks
through free running underwater experiments. for commercial as well as military applications (Sun et al.,
54 Xianbo Xiang 2020; Zhang et al., 2018). The AUVs have made substantial
xbxiang@hust.edu.cn contributions to areas like oceanography, seafloor map-

ping, environmental monitoring, oil & gas exploration and
reconnaissance missions. The performance efficiency and
cost-effectiveness of AUVs in conducting underwater sur-

. . . veys have streamlined scientific investigations, resource
State Key Laboratory of Intelligent Manufacturing Equipment and . . . . .
Technology, Huazhong University of Science and Technology, 1037, ldentlﬁcatlon’ and environmental assessments (Ll et al'»
Luoyu Road, Wuhan 430074, China 2023b).

School of Naval Architecture and Ocean Engineering, Huazhong
University of Science and Technology, 1037, Luoyu Road, Wuhan
430074, China

@ Springer



F. Ahmed et al.: CFD-Based Lift and Drag Estimations of a Novel Flight-Style AUV with Bow-Wings: Insights from Drag Polar Curves and Thrust Estimations 353

The underwater vehicles should be hydrodynamically
stable, efficient and capable of performing the six-degrees
of freedom maneuvers in harsh and unpredictable undersea
environment. To achieve better hydrodynamic design of an
AUY, the drag polar curve provides important and compre-
hensive understanding of the intricate balance between lift
and drag forces observed by an AUV while maneuvering
underwater at different angles of attack and varying speeds
(Javanmard, et al., 2020b). Improved lift-to-drag ratios
enhance energy efficiency and extend operational range of
an AUV and the drag polar curve provides the optimal
operating points where the lift is maximized and the drag
is minimized. The curve also provide insights in evaluat-
ing AUVs’ stability and maneuverability by examining the
changes in lift and drag at various angles of attack and
speeds (Guerrero et al., 2012). To model the thrust require-
ments of an AUV, it is essential to estimate the axial drag
and for an efficient hydrodynamic design, the axial drag is
to be kept as minimum as possible. Accordingly, the drag
curve also provides valuable data for modeling the thrust
and power requirements.

In addition to various other factors, the impact of bubbles
and cavities in the water have significant implications on
the hydrodynamic design of AUVs. Bubbles can introduce
additional drag to the AUV, while cavitation, particularly at
higher speeds, can detrimentally affect propulsion efficiency
and overall hydrodynamic performance of an AUV. There-
fore, to investigate dynamics of oscillating bubbles such as
cavitation bubbles, underwater explosion bubbles, and air
bubbles, a novel theory to model complex multi-cycle
bubble dynamics, providing new physical insight into inter-
bubble energy transfer and coupling of bubble-induced pres-
sure waves, have been recently introduced (Zhang et al.,
2023a).

Overall, accurate prediction of flow characteristics such
as velocity distribution, drag forces, added mass and lift
forces, is essential for enhancing the hydrodynamic effi-
ciency and maneuverability of AUVs (Ahmed, et al., 2023c;
Javanmard, 2020a; Randeni et al., 2022).

Computational Fluid Dynamics (CFD) tools are increas-
ingly become important to study the fluid flow dynamics
around the AUVs for optimizing their hydrodynamic design,
maneuverability, and overall performance (Ahmed, et al.,
2023b). CFD application for underwater fluid flow simula-
tions are not only limited to the study of flow region from
laminar to turbulent flow transitions but these are recently
extended to simulate the complex fluid dynamics phe-
nomena, such as supercavitation in high-speed underwater
vehicles. For instance, in (Huang et al., 2022) researchers
employed CFD to investigate the behavior of compressible
supercavitation flows around supersonic supercavitating
projectiles. The study focused on understanding the flow
field during the deceleration phase, where the projectile
transitions from supersonic to subsonic speeds.

CFD simulations involve solving the Reynolds-Averaged
Navier-Stokes Equations (RANSE), derived from the Navier-
Stokes equations by incorporating Reynolds averaging
techniques, to analyse the incompressible, Newtonian fluid
flow around the underwater vehicles (Javanmard, et al.,
2020b). To solve the fluid flow Navier-Stokes governing
equations through CFD techniques to simulate the flow
around AUVs is a common practice and can be achieved
using various commercially available CFD tools including,
STARCCM+, ANSYS Fluent, CFX and others (Gao et al.,
2022; Go & Ahn, 2019; Javanmard, et al., 2020b; Zhang
et al., 2010; Zhang et al., 2022). Besides, Solidworks Flow
Simulation (SWFS) is also considered one of the commonly
used CFD tool to perform fluid flow analysis for various
engineering applications (Korres et al., 2019; Matsson,
2023; Mohanty et al., 2023; Rodriguez et al., 2019; Zhang
et al., 2023c). However, despite having vast availability of
the CFD tools, it is still challenging to perform the CFD
simulations to achieve the accurate results at minimal com-
putational cost and time. The researchers continuously look
for trade off between the accuracy, computational resources,
user friendly meshing techniques, boundary layer treat-
ments and improved approaches to turbulence modeling
provided by these CFD tools.

To simulate unsteady underwater turbulent flows for
higher Reynolds number using RANSE requires averaging
the fluid flow governing equations over the time to separate
the mean flow from the fluctuating turbulent flow. The aver-
aging process introduces additional terms called Reynolds
stresses, which need to be modelled in order to close the
system of equations. Usually, two-equation turbulence
models k- € and k- @ models are used for closure of the
Reynolds stresses by solving additional transport equations
for the turbulent kinetic energy (k) and dissipation rate (¢
or w). In RANS simulations, the equations for the mean
flow variables (velocity, pressure, etc.) and the two turbu-
lence model equations (k and € or w) are solved simultane-
ously to obtain a solution that represents the averaged flow
properties and the turbulence characteristics (Jagadeesh
et al., 2009; Kadivar and Javadpour, 2021; Menter, 1994).
However, to effectively model the turbulent flow is a com-
plex and challenging task. Consequently, a significant focus
of researchers remained on effectively modeling turbulence
phenomena while solving RANSE through CFD tech-
niques (Guo et al., 2023; Jagadeesh & Murali, 2005; Phil-
lips et al., 2007; Vardhan & Sztipanovits, 2023; Wang et al.,
2023). For instance, Lidtke et al. (2017) used k, — k, — @
RANS model by Walters and Cokkjat (2008) to model the
transition flow to observe more realistic hydrodynamic per-
formance of an underwater glider, particularly at the initial
design stage.

Additionally, mesh refinement techniques and solution
convergence analysis are also considered important factors
in CFD simulations as these directly influence the accuracy
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and computational efficiency of the simulations (Javanmard,
2020a; Li et al., 2023a; Rizk et al., 2023; Xiang et al., 2020).

In this paper CFD-based hydrodynamic lift and drag
estimations of a newly designed torpedo-shaped flight-style
AUV with bow-wings maneuvering at different angles of
attack and speed are presented. Accordingly, in the present
study the RANSE closure is achieved using modified k- ¢
model to capture the turbulent flows and Two-Scale Wall
Function (2-SWF) approach is employed for the wall treat-
ment. Moreover, unique mesh refinement and solution-
adaptive features offered in SWFS environment have been
used which allows the mesh to dynamically evolve during
the simulations while adapting to the flow characteristics
and capturing boundary layer phenomena more accurately
(Wallace, 2019). Simulated results, particularly for axial
drag, have been compared with experimental findings ob-
tained through free running underwater experiments of
flight-style AUV. The main contribution presented in this
article are three-fold and summarized as follows:

* CFD-based hydrodynamic design analysis of novel
bow-wings AUV: Computed drag and lift forces for differ-
ent angles of attack and speed of novel flight-style AUV.
Insights from drag polar curve for AUV with and without
bow-wings have been provided.

* SWES capabilities to simulate the fluid flow around
AUV: The RANSE closure is achieved by employing the
modified k- ¢ model. For boundary layer treatment 2-SWF
approach is used. Further, mesh refinement and solution-
adaptive meshing features of SWFS have also been dis-
cussed in detail.

» Experimental validations: Simulated results for axial
drag have been compared with free running underwater
AUV maneuvering test results.

The paper is structured as follows: After the introduction,
Section 2 presents the features and characteristics of the
novel flight-style AUV. In Section 3, simulated results for
lift and drag using CFD methods are provided. Subse-
quently, insights from the drag polar and axial drag are dis-
cussed in Section 4. Section 5 includes experimental vali-
dations of simulated axial drag, and it also provides insights
into the relationship between the AUV thrust and drag.
Finally, the study is concluded in Section 6.

2 Flight-style AUV: features and characteristics

The AUV, shown in Figure 1, has been designed and
developed by the Lab of Advanced Robotic Marine Systems
(ARMs), School of Naval Architecture and Ocean Engi-
neering (SNAOE), Huazhong University of Science and
Technology (HUST), Wuhan, China (Zhang et al., 2023b).
The AUV is featured with a unique modular design
equipped with removable bow-wings and fins subject to
the application requirements. This study refers AUVs with
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bow-wings and without bow-wings as AUV, and AUV,,
respectively (see Figure 2).

Figure 1 Torpedo-Shaped Flight-Style AUV with bow-wings

(a) AUV, (Flight-Style AUV with bow-wings)

(b) AUV, (Flight-Style AUV without bow-wings)

Figure2 Reversible configurations of Flight-Style AUV

The flight-style AUV with bow-wings is mainly designed
and developed to perform the complex undersea cable detec-
tion and tracking operation in harsh sea environment. There-
fore, it requires efficient and stable hydrodynamic design
having better lift-to-drag ratio. The provision of bow-wings
has dual purpose: one is to mount the electromagnetic arrays
on each bow wing and the other is to provide the improved
and efficient hydrodynamic performance of the AUV.
Hence, the design optimization of the bow-wings has been
focused to fulfil the functional requirements as well as to
achieve improved hydrodynamic performance by generat-
ing maximum lift with minimal drag.

Moreover, following the fixed-wings aircraft design, the
AUV is provided with fixed-wings as well as moving con-
trol planes (fins) at both stern and bow ends of the AUV.
Both fixed-wings and moving fins follow the NACA 0010
profile. The length (/) and diameter (d ) of the AUV are
2.71 m and 0.24 m respectively. Unlike the traditional
torpedo-shaped AUV, the flight-style AUV has relatively
larger length-to-diameter ratio (//d is 11.3). The dry weight
of the AUV is approximately 85 kilograms. 3D CAD models
of the AUV hull, wings, fins and other sub-assemblies have
been generated using Solidworks CAD software. Exploded
view of the flight-style AUV indicating the main sections
and sub-sections is shown in Figure 3.

The flow characteristics of the AUV with bow-wings
encompass hydrodynamic efficiency, lift and drag perfor-
mance, stability, maneuverability, and overall fluid dynamics
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Figure 3 Exploded view of Flight-Style AUV

behavior. These aspects are shaped by the AUV’s form,
wing design, control surfaces, and hydrodynamic attributes.
The bow-wings introduce unique flow interactions that
impact lift generation, drag reduction, and overall under-
water performance. Accordingly, in this study drag curves
for both the configurations of AUV that is with and without
bow-wings have been investigated.

3 CFD simulations

The continuity and momentum equations are given in
equations 1 and 2 respectively (Anderson & Wendt, 1995;
Yu et al., 2023).

=0 1
ox @
du,  Juu, Lap . o*u;, 0 ——
Uu; J — _f7p+vi_7u;u} (2)
ot ox; p ox; ox;0x;  dx;

where, p is the fluid density, p is the pressure term, v is the
dynamic viscosity, u, is the flow velocity components and
pTu} is the Reynolds stress tensor which characterizes the
turbulent behaviour of the fluid flow and captures the cor-
relations between the fluctuating velocities u, and u_j within
the flow field.

The RASNE closure in SWFS achieved by utilizing
transport equations for turbulent kinetic energy and its dis-
sipation rate, employing the modified k—e¢ model. The
classical two equation k- ¢ turbulence model (Wilcox, 1994)
is modified by applying empirical adjustments to capture

B Sensors
M rower supply unit
B Actuators
. Controller

the variety of turbulent flows such as rotational and shear
flows.

The modified k-e¢ turbulence model with damping
functions (Lam & Bremhorst, 1981; Sobachkin & Dumnov,
2013) characterizes the behavior of laminar, turbulent, and
transitional flows in the governing equations of the conser-
vation laws.
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€ R 0U; pe?
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Yooox;  ox, 3 Yax
p,=- &1
og p Ox;

where, C,=0.09, C, =144, C, =192, g1, 0, = 1.3,
0;,=09,C,=1ifP,>0,Cy=0if Py <0.

Further, turbulent viscosity x, and Lam & Brembhorst’s
(Lam & Bremhorst, 1981) damping function (f,, f, & f,) are
defined in equations 6 and 7, respectively.
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. C, pk? 6 the initial mesh with refinement levels ranging from 1 to 7.
K _f# c (©) It can be seen in Figure 4 that the cell size decreases when
the mesh progresses from the outer boundary of the domain
7= (1 _ O_OZSRV)Z i+ 20.5 to the surface of the model.
“ Rt
3 (7)
=1+ 0.05
Ju
=1-e '
f2 Levellt(‘)‘5 :
| 2 L1zl (alsr
where, R, = p\/%y’ R, = Pk and y is the distance to the Sessss | | i
u e

wall from the point.

In case the damping functions f,, f, and f, are equal to
1, the modified k- ¢ models turns to be the original k—¢
(Lam & Brembhorst, 1981; Sobachkin & Dumnov, 2013).

3.1 Boundary layer treatment

SWES directly utilizes the native CAD format as the pri-
mary source of geometry information and seamlessly com-
bines with 3D CFD modeling even when the mesh resolution
is insufficient for a complete 3D simulation (Sobachkin &
Dumnov, 2013). The non-body-fitted Cartesian meshes are
considered optimal for handling native CAD data serving
as the fundamental basis for the CAD/CFD integration.
However, the main challenge with Cartesian immersed-body
meshes is the resolution of boundary layers on ‘coarse
meshes’. Accordingly, a unique 2-SWF approach is em-
ployed in SWFS, combining with its Cartesian mesh tech-
nology for CAD/CFD integration. When the mesh at the
solid-fluid interface (near-wall cells) is too coarse for accu-
rate Navier-Stokes equation solving in the high-gradient
boundary layer, the 2-SWF approach is used for wall treat-
ment. The process for coupling boundary layer is delineated
as follows (Sobachkin & Dumnov, 2013):

* If the number of cells near the boundary layer is insuf-
ficient, a thin boundary layer treatment is employed.

* If the number of cells across the boundary layer exceeds
the necessary amount for accurately resolving the boundary
layer, a thick boundary layer approach is utilized.

* A combination of both thin and thick boundary layer
treatments can also be applied, depending on the specific
problem requirements.

Utilizing the CAD/CFD integaration capabilities of
SWEFS, the fluid flow around the flight-style AUV, CAD
modelled in Solidworks, has been simulated.

3.2 Meshing techniques

Both global and local meshing techniques have been
employed to discretize the computational domain for fluid
flow simulations around the AUV, as depicted in Figure 4.
The global mesh feature in SWFS enables users to define
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Figure 4 Global mesh refinement to level 5 and higher mesh density
around the AUV

To accurately capture high-gradient flows or flow patterns
passing through complex geometries, local meshing tech-
niques are applied. These techniques enable precise mod-
eling of boundary layers, recirculation zones, and localized
flow behavior.

Additionally, solution-adaptive meshing feature of SWFS
allows the users to refine the mesh dynamically during the
run-time simulations.

The software splits the mesh cells in the high-gradient
flow regions and merge the cells in the low-gradient flow
regions which ensures better accuracy during the calcula-
tion. The requisite modification to the initial state of the
mesh is achieved by selecting the level of refinement from
the ‘calculation control option’ dialogue window. The refine-
ment level indicates that how many times the initial mesh
cells can be divided to achieve the solution-adaptive refine-
ment criteria. Simply each cell is segmented into smaller
successor cells.

To achieve optimal solution with minimal computational
effort, SWFS meshing techniques are systematically evalu-
ated for various settings. Accordingly, following two dif-
ferent case studies have been conducted:

Case Study (1): The study includes three sets of flow
simulations having distinct mesh configurations: coarse,
medium and fine. The size of computational domain was
automatically determined by the software based on the size
of the AUV model. To evaluate the impact on computational
results, mesh refinement techniques including global refine-
ment, local refinement, and auto-meshing have been applied.

Case Study (2): The study includes three different sets
of flow simulations having different domain sizes with fixed
global mesh refinement level to 3. Additionally, flow simu-
lation were also performed with global mesh refinement
level to 5.

Simulation parameters configuration for both the case
studies are presented in Tables 1 and 2 respectively. In
both the case studies, the axial drag has been computed for
the AUV speed of 1kn. The convergence criteria was set to
achieve the target value of 107° ensuring the solution
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reached a steady state for velocity and drag. Computational
meshed domain is shown in Figure 5.

Table 1 Simulation parameters configuration: Case Study (1)

Default domain size

(6<¥<Z) inm X (6.58) Y (3.385) Z(3.836)
Global mesh level 3 5 5
(Mesh resolution)

Calculation control option 1 1 1
(Refinement level)

Auto-meshing feature - - Added
Mesh designation Coarse Medium Fine
Figure 6(a) 6(b) 6 (c)

Table 2 Simulation parameters configuration: Case Study (2)

(A) (B) © (D)
X(6.58) X (127) X (15 X(15)
Y(3385) Y(48) Y(7) Y
7(3.836) Z(48) Z(7) Z(7)

Global mesh level 3 3 3 5
(Mesh resolution)

Variable domain size
(XXYxZ) in m

Calculation control option 1 1 1 1
(Refinement level)

Auto-meshing feature Added  Added Added Added

Figure5 Computational domain
3.3 Case study (1): findings and analysis

The effect of mesh refinement on computational results is
investigated in this study and three sets of simulations have
been performed. The input and output parameters are pre-
sented in Table 1 and 3 respectively. The first set of simula-
tion (Figure 6a) is performed on coarse mesh with global
mesh level of 3. Subsequently, the mesh is refined from
coarse to medium and global mesh refinement level increased
to 5 during the second set of simulations (Figure 6b). In
the third set of simulation (Figure 6c¢), similar settings as
the medium mesh have been employed, however, an auto-
mesh refinement option is activated during the simulation
run at iteration 47. A higher global mesh level necessitates
flow calculations across the entire computational domain,
consequently leading to an increased computational cost.
Alternately, the auto-meshing technique improves compu-

tational efficiency by dynamically refining the mesh, direct-
ing more cells to regions with complex flow, and reducing
cell density in areas characterized by uniform flow. Subse-
quent to the iteration 47, rapid convergence of variables
(velocity and drag) have been observed. Figure 7 shows
the linear relationship between mesh refinement and the
convergence of velocity and drag in all three simulation
sets. Once values reach a steady state, the solver halts fur-
ther computations. The use of wall functions, compared to
Y+ methods, reduces the need for extremely fine meshes
near solid surfaces or within boundary layers. Thus, 2-SWF
offers flexibility in mesh coarseness to capture the near-wall
flow behavior while reducing sensitivity to mesh refine-
ment near solid surfaces.

Table 3 Computational results-Case Study (1)

Coarse Medium Fine
Parameters
mesh mesh mesh
Total cells/Fluid cells 70 752 334 336 414 343
Iterations 152 186 307
CPU time (s) 108 495 1086
Velocity convergence (m/s)  0.51371  0.51390  0.51399
Axial drag force (N) 2.52 2.45 2.13

3.4 Case study (2): findings and analysis

In this case study, three different sizes of computational
domains 4, B, and C are defined such that C > B > 4. The
global domain mesh refinement level was set to 3 for all
three domain sizes. It ensures consistent level of mesh
detail throughout the simulations and enhances the accuracy
of the results by capturing the flow features and gradients.
Additionally, the auto-meshing refinement has been acti-
vated at iteration number 47. Additional results are also
obtained using computational domain C with domain mesh
refinement level 5, and auto-meshing feature activated at
iteration number 52. The simulated results are presented in
Table 4.

Figure 8 depicts the mesh density and velocity contours
for the three types of domain sizes. These visual represen-
tations are useful in comprehending the distribution of mesh
and flow patterns within the domains. The plots in Figure 9
offer insights into the behaviour and convergence trends of
these flow parameters which help to analyse the impact of
domain size and mesh refinement on the simulation results.
However, appropriate selection of domain size and mesh
refinement levels are required to trade-off between accuracy
and computational cost and time.

3.5 A quantitative assessment: standard deviation
(0) and coefficient of variation (CV) calculations

To quantify the spread or variability of the computed
results of axial drag of the AUV in both the case studies,
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gy 0.553 744 m/s

IOm/s

Iteration=152

(a) Coarse mesh-Axial velocity (m/s)
w 0.607 334 m/s

. l—0.071 348 6 m/s
(H

Iteration=186

(b) Medium mesh-Axial velocity (m/s)
w 0.643 11 nv/s

—0.126 157 m/s

- |

LesaionS07 (c) Fine mesh-Axial velocity (m/s)

Figure 6 Velocity contours for different mesh configurations

0.51405r where, ¢ is the standard deviation of sample data, x is indi-
%\ gzig 8(5) vidual data in the sample, v is the mean of the data sample
= 0,513 90 and N is the total number of data points in the sample.
% 0513 85 To further examine the standard deviation (o) as a per-
g 0.513 80+ — Coarse centage, coefficient of variation (CV) has been calculated
] g:g ;(5) i - %’E‘eﬁum using the equation 9.
0313655 100 150 200 250 300 350 cv =2 x 100 )
Iterations
(a) Velocity convergence plots
Z‘  Coarse The computed results for both the studies in terms of
s — Mdiuii (0) and CV are presented in Table 5.
24 — Fine Based on the results summarized in Table 5, it can be
2 inferred that suitable mesh densities can be selected for CFD
A 5L simulations using SWFS tool. Since, in SWFS, wall func-
L tion are used for boundary layer treatment in a computa-
tional domain, therefore, increasing the mesh density near

0 50 100 150 200 250 300 350

Iterations
(b) Drag convergence Table4 Computational results-Case Study (2)
Figure 7 Velocity and drag convergence plots Domain Domain Domain Domain
Parameters . . . .
o ) ) Size (A) Size (B) Size (C) Size (C)

stande.lrd dev1at1'on calculations haye .beefl pf:rformed using Refinement level 3 3 3 5

equation 8. A higher standard deviation indicates a greater .
Fluid cells 97037 183795 284930 1020108

dispersion or variability in the computed results, while a

lower standard deviation suggests more consistency or simi- | uid cells contacting solids 2475 2734 2742 >2742

larity among the computed data. Iterations 177 176 242 363
CPU time (s) 141 250 540 3149
D (JC- _ 'u)z Velocity convergence (m/s) 0.5138 0.5137 0.5138 0.5139

o= N (8)  Axial drag force (N) 335 301 30 239
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Iteration=177

wr 0.595 843 m/s

I —0.044 186 4 m/s

(a) Domain size A-Axial velocity (m/s)

Iteration=176

» 0.645 041 m/s

I —0.056 134 8 m/s

(b) Domain size A-Axial velocity (m/s)

Iteration=225

Figure 8 Velocity contours for different domain sizes

0.514 05
~ 0.514 00
g 051395
= 0.513 90 A
< 051385
> 0.513 80 — Domain 4
'S 051375 — Domain B
3 051370 Domain C
> 051365 — Domain C+Level 5
L 600 100 200 300 400
Iterations
(a) Velocity convergence plots
8
7 — Domain 4
6 — Domain B
g 5 Domain C
— Domain C+Level 5
o0 4
53 e
2
1
0 1 1 L J
0 100 200 300 400

Iterations
(b) Drag convergence

Figure 9 Velocity and drag convergence plots

Table5 Summary of computed drag of Case Study (1) & (2)

Case . N

Study Axial drag (N) 4 CV (%)
(1) 2.52,2.45,2.13 0.17 7.1
2) 3.35,3.01, 3.0, 2.39 0.346 11.8

(1) & (2) 2.52,2.45,2.13,3.35,3.01,3.0,2.39 04 14.35

the walls of the AUV may not yield significant improve-
ments as the same is evident from the findings elaborated
above. However, it is essential to strike a balance between

w 0645761 m/s

I—0.072 055 1 m/s

(c) Domain size C-Axial velocity (m/s)

computational cost and accuracy. From the analyses, it can
be deduced that for the streamlined shapes such as torpedo-
shaped AUV, the domain size generated by SWFS consid-
ering the size of the model geometry is considered suffi-
cient to simulate the fluid flow past over the object, unless
specific far field boundary treatments are required. More-
over, by optimizing the mesh settings and employing a
mesh refinement level of 3—5 with default computational
meshed domain, it is possible to conduct fluid flow simula-
tions around the AUV with acceptable accuracy. These
results can be achieved with minimal computational efforts
in SWFS environment as compared to traditional CFD tools,
which typically require extensive user expertise in creating
the computational domain, meshing the domain, boundary
layer treatments specially near the wall and careful consid-
eration of Y+ resolution. Hence, CFD tools like SWFS offer
a favourable alternative, allowing for efficient simulations
of fluid flow around the AUV with acceptable accuracy
while minimizing the effort required for domain setup and
meshing, particularly in comparison to other conventional
CFD approaches.

Finally, based on the findings from the above two case
studies, series of simulations have been conducted to esti-
mate the drag and lift forces at different speeds and angles
of attack for both the configurations of AUV.

4 Drag polar curve

To achieve hydrodynamically efficient design of an AUV,
it is required to achieve higher lift with lesser drag as much
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as possible. Accordingly, drag polar curve offer insights into
hydrodynamic performance of AUV and considered useful
to evaluate the efficiency, stability, and maneuverability of
AUV under varying conditions.

An example of a drag polar curve of a symmetrical
wing is illustrated in Figure 10. The figure shows the rela-
tionship between the drag coefficient (C),) and the lift coef-
ficient (C;). Where, C, represents the minimum drag coef-
ficient (C),,;,,) and coincides with the extremum of the par-
abolic-shaped drag polar curve. At this point, C, is equal
to 0, as illustrated in Figure 10.

D’ max

Maximum lift-to-drag coefficient ratio

G, :
|
]
I
CDO : KCLZ
|
|
wg | \
an |
2% | Cp-Cp, KTy
=8
2E D 1
=) rag polar curve
N g | \(Q)
! C
I
|
|
)
|/

C (Zero lift drag coefficient)
D

min

Pl CD0=

G

Figure 10 Example of drag polar curve for a symmetrical wing
(Guerrero et al., 2012)

The tangent line originating from the origin of coordi-
nates identifies the maximum lift-to-drag ratio (C,/Cp )
The intersection of the drag polar curve with the C,, axis
corresponds to Cj,, gives minimum drag value. The area
between the polar curve C,,, + KC, *and C,,, represents the
induced drag (Cp,) which is proportional to C,>. Each
point on the drag polar curve corresponds to a different
angle of attack of the wing. For symmetrical wings, the total
drag can be expressed as C,, = Cp, + KC,* (Guerrero et al.,
2012).

Considering the top/bottom and port/starboard shape
symmetry of the flight-style AUV, the drag polar curve is
taken as reference to comprehend and interpret the com-
puted (C,/C,)) values for both the configurations of flight-
style AUV (see Figure 10).

To establish the drag polar curve for flight-style AUV, a
series of simulations have been performed and estimated
the drag and lift forces for angles of attack (-3°, 0°, 3°, 6°,
9° and 12°) and different speeds of AUV ranging from 1-6
knots. The simulated results for drag and lift forces for both
configurations of the flight-style AUV (AUV, & AUV,) at
different angles of attack and flow speeds are presented in
Table 6 and Table 7 respectively. Figure 11a—11f shows
the change in lift and drag with angle of attack and speeds
of AUV. Additionally, Figure 12a—12b shows velocity con-
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tours of AUV cruising underwater at the speed of 3 knots
at an angle of attack —3°and +6°, respectively.

Table 6 Drag (N) at different angles of attack (&) and varying speeds

a(°) -3¢ 0° 3° 6° 9° 12°
u=1kn ~ 0.514 n/s

AUV, 3.83 2.41 3.36 4.32 4.6 7.5

AUV, 2.7 2.2 2.74 3.0 3.87 5.14
u=2kn~ 1.02m/s

AUV, 12.7 11.63 12.93 14.4 19.5 26.16

AUV, 10.3 8.79 10.44 11.41 1591  20.07
u=3kn~ 1.54m/s

AUV, 35.65 256 29.82  39.64 4139 673

AUV 2243 189 24.5 27.4 36.8 459

2

u=4kn ~2.05m/s
AUV, 50.02 475 51.2 58.02 783 99.7
AUV, 41.14 375 43.6 49.6 65.9 81.5
u=>5kn~=257m/s
AUV 100.25 64 84.2 112.8 1182  190.5
AUV, 64.12 563 69 78.5 1044  128.6
u=6kn =~ 3.08 m/s
AUV, 112,65 97 116.4 13132 180.0 2424
AUV, 93.4 80.6 98.85 113.5 149.8 186

1

Table7 Lift (V) at different angles of attack (&) and varying speeds
a(®)y— -3° 0° 3° 6° 9° 12°
u=1kn = 0.514m/s
AUV, -5.18 -0.32 3.95 7.58 13.5 19.24
AUV -24 0.015 1.76 5.22 7.3 9.5

2

u=2kn = 1.02m/s
AUV -20 -0.28  18.01 37.2
AUV, -8.9 -1.59 8.6 15.95
u=3kn = 1.54m/s

5543 7651
35.24 41.9

1

AUV, 4492 -1338 39.1 76.01 1249 1722

AUV, -18.76 —4.1 22.67 49.63  66.24 85.5
u=4kn ~2.05m/s

AUV, -81.71 -0.096 80.0 146.6 2222 2975

AUV, -38.5 -4.8 39.6 85.6 1156 1513
u=5kn~257m/s

AUV, -1273 -435 1263 221.15 3612 4864

AUV,  -56.03 -4.5 60.7 133.25 181.6  239.1
u=6kn =~ 3.08 m/s

AUV, -182.87 1.1 179.6  339.87 50326 687.8

AUV -83 -9.07 87.3 1942 2603 3442

2

The maximum lift-to-drag ratio represents the optimal
balance between the lift and drag forces such that the AUV
achieves the maximum lift for the minimum drag. A higher
lift-to-drag (L/D) ratio of an AUV indicates better hydrody-
namic performance. Accordingly, from the results tabulated
in Tables 6 and 7 and demonstrated in Figure 12, it can be
seen that AUV, showed higher lift-to-drag ratios compared
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Figure 11 Drag and lift forces observed by AUV maneuvering underwater at different angles of attack and varying speeds
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Figure 12 Velocity contours of AUV at u=3 kn, a=-3" & 6’

to AUV, thereby, demonstrating superior hydrodynamic
efficiency and improved performance. In fact, the addition

of bow-wings played significant role in enhancing the hydro-
dynamic performance of AUV, by enabling efficient lift
generation with minimum addition of drag and thus resulted
in increased overall performance of AUV in terms of speed,
range, and endurance.

The computed results of lift coefficient C,, drag coeffi-
cient C,, and corresponding lift-to-drag coefficient (CL/CD)
ratios are presented in Table 8. The computed values are
used to generate the drag polar curves for AUV, & AUV, as
shown in Figure 13.

5 Experimental validations: axial drag
5.1 AUV thrust and drag relationship
The drag observed by the AUV while maneuvering under-

water corresponds to the ‘reduced thrust’ produced by the
propeller. When the propeller is mounted at aft of the AUV,
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Table 8 Drag and lift coefficients corresponding to forces at different
angles of attack (e) for both configurations of flight-style AUV

a®—  -3° 0° 3° 6° 9° 12°
AUV,
c, 038 028 036 044 052 076
c, -046 -0.07 041 078 126 173
c,/C, -12  -024 116 18 243 227
AUV,
c, 028 024 029 033 044 055
c, -025 -0.03 025 056 082 105
c,/C, -088 -0.12 084 168 185 19
G

Maximum lift-to-drag
2.0 coefficient ratio

G
15 (&),
10 ( Gy p —AUV 1
’ C/mas —AUV2
. C, Drag polar curves
0 o -
02\ 014 0.6 0.8
-0.5 \CDO
Cp=Cp .. (Zero lift drag coefficient)
-1.0

G
Figure 13  Drag polar curve of AUV, and AUV,

the performance of the propeller is reduced and denoted by
the thrust reduction factor ¢. The value of ¢ ranges between
0.25-0.4 (Min et al., 2020; Pivano, 2008). The relationship
between the thrust and drag are as follows (EV, 1989):

R,=(1-1)T

C
Ry =" pSU?

10
T=K,pn*d*(1 -t) (10)
K,pn*d* = 2”’ pSU>

where, T is propeller thrust, p is density of water, n is revo-
lutions per second, d is propeller diameter, R, is hull resis-
tance/drag, C), is drag coefficient, K is thrust coefficient,
S is surface area of the AUV hull and U is the speed of AUV.

The propeller characteristics can be defined using a non-
dimensional variable .J, which is known as ‘advance ratio’

and can be computed as J = E The thrust coefficient C),

nd
can be estimated by re-arranging the terms in equation 10
and given as follows.

_2(1-0)d’K,

CDT SJZ

(11)
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5.2 Propeller thrust-Mooring thrust test

To meet the thrust and propulsion requirements of the
flight-style AUV, a thruster named ‘Whale 1 214’ as shown
in Figure 14, has been designed and developed by an inland
manufacturing facility. It is a compact and high-efficiency
deep-sea thruster with a specialized shrouded propeller.
With its maximum diameter of only 140 mm, it manages
to achieve an impressive performance within a small form
factor. Power rating of the electric motor is 450 W.

Figure 14 Thruster ‘Whale 1 214’

The thruster is capable to generate maximum thrust of
14.8 kg to propel AUV through the water. Additionally, it
has a rated mooring thrust of 12.5 kg, indicating its ability to
provide consistent and stable thrust during stationary oper-
ations, such as holding a specific position or maintaining
a steady heading as shown in Figure 15. The thruster is
capable to operate reliably in challenging underwater envi-
ronments at a depth of up to 6 000 m.

Figure 15 Mooring thrust and fatigue test

The characteristics of a screw propeller encompass sev-
eral non-dimensional coefficients, which involve factors like
advance velocity, revolutions, propeller diameter, and water
density (Newman, 2018). These non-dimensional coeffi-
cients are derived from the Propeller Open Water (POW)
test results. From these coefficients the thrust and torque at
specific rotational speeds can be estimated (Lee et al.,
2010). The rotational speed and thrust measured during
the mooring thrust and fatigue test are presented in Table 9.

Table 9 Propeller thrust at different rotational speeds n

n(r/min) 1100 1300 1500 1700 1900 2100 2300 2500
Thrust (N) 25 40 55 70 88 105 125 13

5.3 Free running underwater experiments

The free running underwater experiments of AUV were
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conducted in an inland lake located at Cangzhou City,
Hebei Province, China as shown in Figure 16.

[

Figure 16 Free running experiments of flight-style AUV

Considering the mooring thrust data (Table 9) and rela-
tionship for thrust and resistance in equation 10, the axial
drag observed by the AUV have been estimated during the
free running underwater tests. Velocity curves for AUV
speeds 2 kn, 3 kn and 4 kn and propeller rotational speed
in rpm recorded during the free-running underwater tests
are shown in Figure 17a and Figure 17b, respectively.
The thrust reduction factor considered to be 0.4 (Min et al.,
2020; Pivano, 2008).

2.5¢
2.0F
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N
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(b) AUV propeller rotational speed curves-Free
running experiments

Figure 17 Free running underwater experimental data-AUV speed
and propeller rpm curves

Figure 18 shows the actual trajectory of flight-style AUV
maneuvering at 3 kn during underwater tests.

The comparison between simulated and experimental re-
sults for axial drag observed by AUV, is shown in Figure 19.
Moreover, to differentiate between both configurations of
AUV with respect to the effect of bow-wings on axial drag,
the results for drag observed by AUV, are also presented in
Figure 19.

Figure 18 AUV trajectory during the free running experiment
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Figure 19  Axial drag-Simulated and free-running underwater
experimental results

6 Conclusion

In this study, CFD techniques, particularly using the modi-
fied k—¢ model and Two-Scale Wall Function (2-SWF)
approach within the SWFS environment, have been em-
ployed to evaluate the hydrodynamic performance of a
novel flight-style AUV equipped with bow-wings. Specifi-
cally, the horizontal bow-wings have been designed and
integrated with the flight-style AUV for the dual purpose:
one is to accommodate the electromagnetic arrays which
are required for cable detection and tracking near the seabed
and secondly to enhance the overall hydrodynamic perfor-
mance of the AUV. The lift and drag have been estimated
through a series of CFD simulations for two configurations
of flight-style AUV: one with bow-wings and the other
without bow-wings. The simulations were performed for
AUV maneuvering at various angles of attack and speeds.
The performance of both the configurations of flight-style
AUV in simulation environment found consistent.

The drag polar curves for both the configurations of AUV
have been generated using the computed lift and drag coef-
ficients. The AUV equipped with bow-wings demonstrated
improved lift and drag characteristics compared to the
AUV without bow-wings. The drag polar curve highlighted
a better lift-to-drag ratio for flight AUV with bow-wings
as compared to the traditional torpedo-shaped AUV with
wings and control surfaces only at the aft end. Overall, the
findings emphasize the potential benefits of the bow-wings
in enhancing the overall hydrodynamic performance of the
AUV, contributing to improved stability and efficiency
during underwater maneuvers, particularly to perform the
specialized tasks. Additionally, simulated results for axial
drag observed by the AUV maneuvering at different speeds
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at 0 angle of attack have also been compared with experi-
mental results and were found in good agreement.
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