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ABSTRACT

Understanding the hydrodynamic behavior of Autonomous Underwater Vehicles (AUVs) is essen-
tial for evaluating their stability and control. In this study, a computational approach is employed
to investigate the stable motion characteristics of an AUV operating at a design speed of 1.5 m/s.
The simulation setup replicates procedures similar to those used in the towing tank and rotating
arm tests, as standardized by the International Towing Tank Conference (ITTC). The goal is to deter-
mine the hydrodynamic derivatives associated with the AUV's motion in both the horizontal and
vertical planes. By applying Computational Fluid Dynamics (CFD), the study calculates reaction
forces and moments acting on the AUV's body under controlled flow conditions. These values are
then used to identify the linear coefficients in the vehicle's equations of motion. Stability analysis
is performed using the Routh-Hurwitz criterion to assess straight-line stability at the selected op-
erating speed. The CFD simulations are performed using ANSYS FLUENT, a widely used and robust
commercial software for fluid dynamics problems. The fluid domain is modeled under steady con-
ditions, and the turbulence effects are accounted for using the Reynolds-Averaged Navier-Stokes
(RANS) model. Near-wall effects, which are critical for accurately predicting pressure distributions
and shear forces, are handled using the standard k—€ turbulence model. This combination offers a
practical compromise between computational time and accuracy, especially when assessing pres-
sure and shear distributions around the hull. The study demonstrates that CFD can be effectively
used to evaluate dynamic stability in the early stages of AUV design. This method reduces the need
for costly physical testing and provides designers with critical insights into hydrodynamic behavior,
which is beneficial for optimizing control systems and improving vehicle performance in underwa-

ter missions.
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INTRODUCTION

Kinematic coeflicients such as damping force and
added-mass factors are physical properties associated
with the profile of the AUV and are expressed in the
dynamic equations of the AUV. Some experimen-
tal methods to determine these coefficients include
the steady rotating arm experiment (the subject is
mounted on a rotating arm), AUV oscillation in the
vertical or horizontal plane, and PMM'!. However,
those experimental methods require spacious facil-
ities and expensive equipment. A CFD simulation
to determine the kinetic coefficients has been per-
formed by many authors to investigate the interaction
between the AUV and the fluid flow. The CFD simu-
lation model often reproduces the methods specified
in the experimental procedures guide issued by the
ITTC (2005)%. There have been many academic pa-
pers about simulating AUV rotation around one fixed
point with a given radius, ignoring the effect of exter-
nal flow. For instance, Zhang et al. simulate the flow
when rotating an AUV profile with a constant radius

regardless of time to determine the total impact force
on the AUV body while changing its sliding angle as
well as to inspect the vortex adjacent to the body>.
Racine and Paterson simulate a NNEMO diving de-
vice rotating around a fixed point, taking into account
the effect of time, using the overset-mesh method for
mesh generation to determine the hydrodynamic co-
efficients of AUV NEMO®*. This method requires a
lot of computational resources and can be consid-
ered time-consuming to determine the mesh size at
the transition regions. The AUV design consists of
two wings on both sides for the self-propelled mode,
which takes advantage of the gravitational effect and
reduces the time the AUV returns to the water sur-
face. This research focuses on the sum of the impact
forces on the AUV using the CFD method. The sim-
ulations are created and solved using the commercial
software ANSYS Fluent. Furthermore, this research
also focuses on solving for the kinematic coeflicients
in the system of equations describing the motion of
the AUV; these coeflicients will help evaluate the im-
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pact of the side wings on the stability of the AUV—
the ability to maintain the advancing direction of the
AUV under disturbances in the yaw direction. The
AUV 2000 design consists of two wings on both sides
for the self-propelled mode, which takes advantage of
the gravitational effect and reduces the time the AUV
returns to the water surface. This research focuses on
the sum of the impact forces on the AUV using the
CFD method. The simulations are created and solved
using the commercial software ANSYS Fluent. Fur-
thermore, this research also focuses on solving for the
kinematic coefficients in the system of equations de-
scribing the motion of the AUV; these coeflicients will
help evaluate the impact of the side wings on the sta-
bility of the AUV—the ability to maintain the advanc-
ing direction of the AUV under disturbances in the
Yaw direction. Therefore, the authors can evaluate the
maneuverability and control ability of the AUV 2000
when there is no external flow and no rudder steering.

METHODS OF CFD SIMULATION
MODELING AND PROCESSING OF
SIMULATION RESULTS

The geometry of AUV

The AUV is designed in accordance with the Myring
shape”, comprising three primary sections: the head
section, the body section, and the tail section. De-
tailed representations of its form and dimensions are
provided in Figure 1 and Table 1 below.

b c
< © »l
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f

Figure 1: Displaying the projections and dimen-
sions of the AUV

where n are parameters to control the curve shape of
the AUV’s head, with the AUV’s head shape described
by equations such as:

Table 1: Basic parameters of the

AUV

Parameter  Value Unit
a 2650 mm
b 1790 mm
[ 245 mm
d 250 mm
o 20 degrees
e 1450 mm
f 320 mm
n 2

where :

r(w):%d {1_(956161)2];

For the purpose of facilitating simulation presenta-

tion, we establish a coordinate system to assess the
maneuverability of the AUV, as shown in Figure 2.

Roll()

Ox
(X.1,p)

Figure 2: The coordinate system used to examine
the maneuverability of the AUV

Linear stability when moving in the hori-
zontal plane

After omitting the non-considered degrees of free-
dom from the ordinary equation describing the mo-
tion with six degrees of freedom (Fossen, 2011, p. 8)°,
the new system of equations only describe the mo-
tion of the AUV in the horizontal plane includes surge
(transitional motion in the xaxis), sway (translational
motion in the y axis), yaw (rotational motion around
the z axis), a coordinate system rigidly attached to the
AUV’s body and is positioned exactly at its center of
gravity. (Fossen, 2011, p. 9) .

m (i —vr) =Xcrp
m(u —W‘):YCFD (01)

I:i = Ncrp
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ince the operating speed of the AUV is only 1 to 3
knots, the external impact force on the AUV in the
horizontal plane can be linearized through the Taylor
expansion as follows (Lewis, 1988, pp. 217-233)

vy L Q) )
CDF — - = .
v oy 0 or

v 9N 9N %on  (02)

N =Nerp = v + v 42 4720
CFD =Y TV oy T T o

If only sway and yaw motions are considered, then by
applying the Routh stability criterion, we can obtained

the following conditions for the AUV to achieve sta-
bility (Fossen, 2011, p. 351; Lewis, 1988, pp. 199-201)

NY, =N, (Y, —mU) >0 (03)

N, Ny
<:> —_
Y,—mU Y,

>0 (04)

Note:
m is the total mass of AUV
U is the magnitude of the total velocity vector

N5
~

Y, is the partial derivative of Y with respect to v

~ =

Y, is the partial derivative of Y with respect to r (
N, is the partial derivative of N with respect to v (

HE ¥ o

m
2

N N N

Ny is the partial derivative of N with respect to r < 3
These results can be obtain using the following nondi-
mensionalization formula:

i ! i !
m= R — v =L =% =
— PL3 2
A L N
N = (s b = pse 4N = (i

By applying Routh stability criterion, thefollowing in-
Equation (05) can be obtained:

/ N/
/77‘//>0
Y,

v

Nr
Y —m

r

(05)

Rotating stability when moving in the hori-
zontal plane

The investigated AUV’s motions include surge (trans-
lational motion in the x; axis), sway (translational
motion in the yj, axis), yaw rotation around z;. (Min-
nick, 2006, p. 20)”.

m(w—qU) =Zcrp
IzzP:KCFD (06)
Iyyg =Mcrp

Because of the AUV low speed, a linear model can be
used to describe the AUV moving in the vertical plane

Z 9z 9z oz
Z:ZCFD:W7+W7,+L]7+Q7, (07)
ow aw dq dq
oM oM  IM oM
M= MCFD Wa +Wa +q7q+qTq

By ignoring the roll motion, then adding Equation (06) to
Equation (07) and apply the Routh stability criterion,
the stability condition for the AUV movement in the
vertical plane can be obtained (Minnick, 2006):

ny M,,

L —2" >0
Zg+mU  Z, 08)

Where:

Z, is the partial derivative of Z with respect to ¢ (3—2>

M, is the partial derivative of M with respect to
oM

4 ( 9q )

Z,, is the partial derivative of Z with respect tow <§—£>

M,, is the partial derivative of M with respect to
M

()

These results can be obtain using the following nondi-

mensionalization formula:

S m ' _w | _qL o _  Z,
m = 1 , W _an _ﬁ7zw_ (l)pL2U7
— pL3 2
2
’ /
M, = M Z,= andM M

Cong thiic
By applying Routh stability criterion, the following in-
Equation (09) can be obtained:

Mg Mw

Zarm zw (09)

CFD SIMULATION PROPERTIES AND
MESH GENERATION

ANSYS Fluent is used to calculate the fluid flow
around the AUV. The AUV is put under a rotating
reference frame (Single Rotating Reference Frames
(SRF)), and the speed, pressure, etc. variables are
discrete in the second-order upwind differencing
scheme. The least-squares cell-based method is used
to determine the gradients. The RANS model is used
because it is computationally simple, generates the re-
sults in a time-effective manner, is suitable for the re-
search aims of this paper, and has an acceptable ac-
curacy for industrial applications (Argyropoulos &
Markatos, 2015) 8. The k-epsilon turbulent model is
used to model turbulent flow because it is suitable for
modeling flows subject to high shear stress near the
AUV body profile, moderate energy eddy flows, and
local transitional flows (stratum boundary layer, etc.)
(Song et al,, 2018)°.
tional domain, we imported the complete 3D model

After setting up the computa-

of the AUV into the Fluent environment of Ansys
2020R1 for meshing. For each distinct state of the
AUV, such as changes in pitch and yaw angles dur-
ing straight-line movement or changes in pitch and
yaw angles during turns, a separate mesh model was
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created. These mesh models were generated using
polyhedral meshing; however, specifically, hexahe-
dral meshing was utilized due to its ability to pro-
vide good element quality and reduce the number of
nodes, thereby reducing simulation time. The bound-
ary layer mesh was divided into a prism mesh com-
prising five layers, with the first layer having a thick-
ness of Imm and a growth rate of 1.2. The mesh
was refined near the AUV’s surface and coarsened to-
wards the outer shell. Mesh quality was assessed based
on criteria such as Non-Orthogonality and Equiangle
Skewness. The meshing results are displayed in Fig-
ure 3.

Figure 3: Meshgeneration result

Boundary condition properties

The shape of the flow region is rectangular when it
is necessary to calculate the coefficients representing
the changes of impact force and torque in accordance
with translational velocity in the direction of veloci-
ties v and w. The size and condition of the boundary
are shown in Figure 4.

Noslip
wal

s
(efand righ?)

16D A 10D

Figure 4: Flow region for AUV translational motion

Where it is necessary to determine the coefficient rep-
resenting the change of impact force and moment

with respect to angular velocities, the shape of the flow
region is the disk sector in the case of R < 2.5L (L is
the length of the AUV) and is an annulus if R > 2.5L.
The center of the inertial coordinate system is set to
coincide with the geometric center of the AUV body,
and the center of rotation is set at a distance R from
the origin of the inertia. To solve for turning radius
R and angular velocity in simulation, we choose the
value of dimensionless angular velocity in the range
0.2 to 0.5 (Feldman, 1987)'°, and the tangential ve-
locity U is set at 1.5 knots (as the designed speed of
AUV) (Sen, 2011) ''. From these selected values, we
can determine the turning radius R used in the simu-
lation.

The size and condition of the boundary are shown in
Figure 5. The zero-constant-velocity boundary con-
dition is established for the Velocity inlet. The pres-
sure outlet, which is the outlet of fluid flow, is set at an
absolute static pressure of 5 bar. The remaining faces
have boundary conditions for symmetry.

Figure 5: Flow region for AUV rotatingmotion

RESULTS

Result for AUV motion in the horizontal plane

The simulation results in the horizontal plane are il-
lustrated through Figure 6 to Figure 13, covering both
translational and rotational motion scenarios of the
AUV. These results are fundamental for estimating
hydrodynamic derivatives and analyzing the dynamic
response of the vehicle. Figure 6 and Figure 7 present
the variation of lateral force Y’ and yawing moment
N’ as functions of the non-dimensional forward ve-
locity v/. These relationships are essential for deter-
mining sway force and yaw moment coefficients as-
sociated with translational motion. Complementary
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to these, Figure 8 and Figure 9 visualize the velocity
and pressure contours when the AUV is moving in
a straight line with a 10-degree yaw deviation. The
asymmetric flow separation and pressure fields ob-
served in these figures illustrate the source of hydro-
dynamic forces and moments acting on the vehicle
during off-axis motion. Figure 10 and Figure 11 show
the computed lateral force Y’ and yawing moment
N’ in response to the angular velocity r/, represent-
ing the hydrodynamic behavior during rotational mo-
tion about a fixed center. These datasets are critical
for evaluating rotational damping and added moment
coefficients in the yaw direction. Supporting these
numerical data, Figure 12 and Figure 13 provide flow
field visualizations in terms of velocity and pressure
contours under rotational motion. The flow asymme-
tries and high-pressure zones near the hull confirm
the trends observed in force and moment outputs.
The coefficients Y, and N, are obtained using regres-
sion on statistics representing the change of Y and N
with respect to velocity v (v=U sing) while the AUV is
advancing at U = knots with shear angles ¢ from 0 to
10 degrees in 2.5-degree increments. Then, we nondi-
mensionalize ¥, and N, to obtain Yv/ and N:, using the
following formulas:

LY, , N,

Y, N, =

'l L2U'7 ! L3U
2P 2P

0 o

0 .. 005 01 0.15 02
-0.0005 ‘e

-0.001
-0.0015
-0.002

-0.0025

-0.003 y =-0.0599%2- 0.0083x - 5E706‘"~,.

R?=1
-0.0035

Figure 6: Force Y’ as a Function of velocity v’

The coefficients ¥, and N, are obtained using regres-
sion on statistics representing the change of Y and N
with respect to angular velocity while the AUV is ad-
vancing at U = 3 knots with shear angles f3 equals 0.
Then, we nondimensionalize Y, and N, to obtain Y,,
and N, using the following formulas:

yo Y o N

T T .
~pI3U ~pltU
2P 2P

00025

0,002 y =-0.0096x +0.0131x+3E-06_o

R? =0.9999 :

00015

0.001 L
0.0005 —2]

0 e
0 005 01 015 02

Figure 7: Torque N’ as a Function of velocity v’

Figure 8: Velocity contour of the fluid when the AUV
is intranslational motion with an angle of deviation
of 10 degrees in the horizontal plane

Figure 9: Pressurecontour of the fluid as the AUV ro-
tates translationally with an angle of 10 degrees in
the horizontal plane

0.0012 3

y = 0.0041x? +0.0002x + 8E-07 .
R? =0.9981 !

0.0008 i3

0.001

0.0006 e
0.0004

0.0002

0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 10: Force Y’ as a Function of angular velocity
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Figure 11: Torque N’ as a Function of angularveloc-
ity r’

Figure 12: Velocity contour of the fluid as the AUV
rotates around afixed center in the horizontal plane

Figure 13: Pressure contour of the fluid as the AUV
rotates around afixed center in the horizontal plane

The hydrodynamic coefficients in Table 2 are added to
Equation (05) to determine the stability of the AUV
motion in the horizontal plane. These hydrodynamic
coeflicients are obtained through the use of a first-
order Taylor series expansion in regression analysis
of the forces and moments acting on the AUV. These
functions are represented in Figures 6, 7 and 10 and
11.

Result for AUV motion in the vertical plane

The vertical plane simulation results, presented in Fig-
ure 14 through Figure 21, provide key insights into
the hydrodynamic behavior of the AUV under both
translational and rotational motions in the pitch di-
rection. These simulations are conducted to extract
hydrodynamic derivatives associated with heave and
pitch dynamics, which are vital for assessing vertical
plane stability and control performance.

Table 2: Linearhydrodynamic
coefficients of AUV motion in the
horizontal plane

Hydrodynamic coefficients ~ Value
Y, -0.0083
N, 0.013
Y, 0.0002
N, -0.0008

Figure 14 and Figure 15 show the variation of verti-
cal force Z' and pitching moment M’ as functions of
the vertical velocity w/, corresponding to heave mo-
tion with different angles of attack. These force and
moment responses are used to estimate added mass
and damping coefficients in the vertical direction. To
support the force and moment analysis, Figure 16 and
Figure 17 illustrate the velocity and pressure contour
fields when the AUV is in translational motion with a
varying angle of attack. The observed changes in flow
separation, wake region, and pressure gradients indi-
cate how the fluid field reacts to pitch-induced body
inclination. Rotational motion analysis is detailed in
Figure 18 and Figure 19, where the relationships be-
tween Z' and pitching angular velocity q’, as well as M’
and q', are plotted. These results allow for the iden-
tification of pitch-related hydrodynamic coeflicients
that govern the vehicle’s response to rotational exci-
tation. Figure 20 and Figure 21 complement these
findings by providing velocity and pressure contours
as the AUV rotates about a fixed transverse axis in
the vertical plane. The symmetry-breaking flow struc-
tures and localized pressure zones confirm the mech-
anisms generating the observed moments and forces.
Similar to the AUV motion in the horizontal plane,
the coefficients Z,, and M,, are obtained using regres-
sion on statistics representing the change of Z and M
with respect to velocity w (w= U sinf) while the AUV
is advancing at U = 3 knots with pitch angles 6from
0 to 10 degrees in 2.5-degree increments. Then, we
nondimensionalize Z,, and M,, to obtain Z,, and M,
using the following formulas:

Z, % M, =

3 pL°U

M,
ALY
3 P
The coefficients Z; and M, are obtained using regres-
sion on statistics representing the change of Y and N

with respect to angular velocity r while the AUV is ad-
vancing at U = 3 knots with pitch angles 6 equals 0.
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Figure 14: Force Z' as a Function of velocity w’
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Figure 15: Torque M’ as a Function of velocity w’

Figure 16: Velocity contour of the fluid when the
AUV is intranslational motion with a variable angle
of attack

/

Figure 17: Pressure contour of the fluid when the
AUV is intranslational motion with a variable angle

of attack

Then, we nondimensionalize Z, and M, to obtain Z;

and M,; using the following formulas:

0.0005

-0.0005
-0.001
-0.0015
-0.002
-0.0025
-0.003
-0.0035
-0.004

S M,

)

0.2 03 0.4 0.5 0.6

‘..
¥ =0.0008¢2 - 0.0076x +2E-06...

R?=0.9993

Figure 18: Force Z' as a Function of angularvelocity
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.- ]
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Figure 19: Torque M’ as a Function of angular veloc-

ity g

The hydrodynamic coefficients in Table 3 are added to
Equation (09) to determine the stability of the AUV in

the vertical plane.

DISCUSSION AND CONCLUSION

CFD simulations and Routh criteria are used to inves-
tigate the stability of the AUV in the vertical and hor-
izontal planes during motion without external flow
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Figure 20: Velocity contour of the fluid as the AUV
rotates around afixed center in the vertical plane

Figure 21: Pressure contour of the fluid as the AUV
rotates around afixed center in the vertical plane

Table 3: Linear hydrodynamic coefficients of AUV
motion in the vertical plane

Hydrodynamic Value
coefficients

z, -0.19

M, 0.0071

Y, 0.0076

N, 0.0012

v

and how impact force affect the original orbit of the
AUV in the yaw direction and itch when there is no
steering control using the rudder.

To determine the change of force and torque with re-
spect to yaw velocity, the AUV is simulated in advanc-
ing motion with various shear angles and deflections.
When simulating an advancing AUV, we need six in-
dependent simulations instead of 18 while varying the
shear angle and deflection to determine the kinematic
coeflicients in both the vertical and horizontal planes
(ITTC, 2005) . By varying the radius and tangential
velocity while keeping the angular speed constant, we
obtain force and torque values that vary with tangen-
tial velocity. The number of simulations is 12 to meet
the original requirements. Then, the hydrodynamic
coefficients (viscosity coefficient) obtained from Ta-
ble 2 and Table 3 are determined through the use of a
first-order Taylor series expansion in regression anal-
ysis of the forces and moments acting on the AUV.

Simulation results show that the AUV is stable when

moving in the horizontal plane but unstable in the
vertical plane when no steering controls are involved.

To increase the stability of the AUV, we can add addi-
tional glider wings to the rear of the AUV. The glider
wings would create drag that stabilizes the AUV’s
movement. They would function as fletching on ar-

Trows.
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trong viéc danh gid khd nang én dinh va diéu khién ctia thiét bi khi hoat dong dudi nudc. Trong
nghién clu nay, phuong phap moé phéng sé dugc st dung dé phan tich chuyén déng 6n dinh clia
AUV & toc do thiét ké 1,5 m/s. Quy trinh md phong duoc xdy dung dua trén nguyén ly clia cac thir
nghiém thuc nghiém theo khuyén nghi clia ITTC, nham dam bdo dé tin cdy trong viéc xac dinh
c4c hé s6 trong mé hinh lién quan dén chuyén dong ctia AUV trong hai mat phdng ngang va doc.
Thong qua mo phong CFD, luc va md men tac dung lén than AUV dugc tinh toan trong diéu kién
dong chay dugc kiém soét. Tu cac két qua nay, cac hé s tuyén tinh trong mé hinh phuong trinh
chuyén dong dugc tinh toan. Dong thdi, tieu chudn Routh-Hurwitz dugc ap dung dé kiém tra én
dinh chuyén déng thang clia AUV tai van t6¢ khao sat. Qué trinh mé phéng dugc thuc hién trén
phan mém ANSYS FLUENT. Mién dong chay dugc gid lap & trang thai 6n dinh, va mé hinh RANS
duoc sir dung dé xét dén hiéu tng clia nhiéu dong. Anh huéng gan thanh, rat quan trong trong
viéc dy dodn phan bé ap suét va luc cét, dugec méd hinh héa bang mé hinh k-¢ tiéu chudn nhdm
nang cao do chinh xac trong viec mé phong phan bé dp sudt va ting sudt cat doc theo bé mat
than tau. K&t quéa nghién ctu cho thay phuong phap CFD c6 thé &p dung hiéu qua trong giai doan
thiét ké ban dau, giup gidm thiéu su phu thudc vao thir nghiém thuc té, dong thdi cung cap co s&
d{ liéu tin cay cho viéc phan tich 8n dinh va tir d6 ho trg t6i uu héa hé théng diéu khién va nang
cao hiéu sudt hoat déng clia phuong tién 1an trong moéi trudng dudi nudc.
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