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Simulation and Validation of an AUV in Variable Accelerations
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This paper presents computational and experimental studies of an Autonomous Underwater Vehicle (AUV) undergoing
prescribed lateral and angular acceleration manoeuvres (pure sway and pure yaw). The Computational Fluid Dynamics (CFD)
modelling is based on the Unsteady Reynolds-averaged Navier-Stokes (URANS) equations with the use of a hybrid meshing
scheme through systematic grid refinement. The obtained CFD predictions were validated through Experimental Fluid
Dynamics (EFD) utilising a captive model fitted to a Horizontal Planar Motion Mechanism (HPMM). The present investigation
will contribute to the identification of force and moment coefficients for the development of control system algorithms for
underwater vehicles.

NOMENCLATURE

� Fluid density (kg/m35
� Fluid kinematic viscosity (m2/s)
U0 Free stream velocity (m/s)
g Gravitational acceleration (taken as 9.810 m/s2)
� Normal stress (N/m25
L Overall length (m)
p Pressure (N/m25
t Time (s)
� Viscous shear stress (N/m25

INTRODUCTION

Interest in the research and development of Autonomous Under-
water Vehicles (AUVs) has grown substantially in recent decades
due to the increasing need for such vehicles for underwater explo-
ration (Farrell et al., 2005), hydrographical survey (Doble et al.,
2009), and defense (U.S. Navy, 2004). Limited underwater acoustic
communication has resulted in the need for the vehicles to operate
independently for significant periods of time without user inter-
vention. This requires pre-programmed control systems that are
able to maintain the desired trajectory of the vehicle under varying
conditions.

When an AUV is in motion, hydrodynamic forces on the vehicle
and inertial reaction forces caused by the vehicle’s acceleration can
result in rapid changes to the vehicle’s motion. This may lead to
the vehicle failing to reach given waypoints or to collision when
operating close to other vessels, the seabed, or hazards. A good
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understanding of the vehicle’s manoeuvring characteristics is a
prerequisite for designing a control system to maintain the required
trajectory under different manoeuvres and for establishing the
manoeuvring limitations and a safe operating envelope (Gregory
et al., 2004). The manoeuvring characteristics of an underwater
vehicle can be quantified by obtaining the forces and moments
acting on the vehicle through numerical modelling, experimental
testing, or a combination of both (Zhang et al., 2010). These
characteristics are then represented in the form of the force and
moment coefficients that are, in turn, fed into a control system
simulation.

One method of numerically obtaining the coefficients is to
conduct Computational Fluid Dynamics (CFD) simulations of the
vehicle’s manoeuvres. With the increasing capabilities of CFD
software and computer resources, CFD has proven to be a powerful
prediction tool (Godderidge et al., 2008). However, the level of
accuracy is highly dependent on the mesh quality and model
settings (Stern et al., 2013). The credibility of CFD predictions can
be established by the verification of the CFD settings and validation
through Experimental Fluid Dynamics (EFD) (ITTC, 2011b).

In recent years, researchers (Jagadeesh et al., 2009; Phillips,
2010) have successfully used CFD and EFD to predict the velocity-
based coefficients under prescribed steady state motions (straight
line, drift angle, uniform rotation, etc). With some exceptions
(Malik and Guang, 2013; Tyagi and Sen, 2006; Zhang et al.,
2010), the acceleration-based coefficients under prescribed unsteady
motions (e.g., pure sway and pure yaw) have not been extensively
investigated. This is mainly due to the modelling difficulties
experienced in CFD for such motions, and in most cases, without
the validation through EFD due to the lack of suitable test facilities.

This paper presents an investigation into the capabilities of CFD
as a tool to predict the forces and moments acting on an axisymmet-
ric AUV hull under prescribed horizontal acceleration manoeuvres
(pure sway and pure yaw). This enables the determination of the
acceleration-based coefficients, which include the added inertia
due to the acceleration of the surrounding water. Complementary
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EFD testing was carried out in the Australian Maritime College
Towing Tank (AMCTT) with the use of a Horizontal Planar Motion
Mechanism (HPMM) to validate and supplement the CFD results.

THEORY

Equations of Motion

The behaviour of the submerged body is described through a six
degree-of-freedom (6DOF) body coordinate frame of reference,
which is located at the centre of buoyancy (B) with the positive
directions, as shown in Fig. 1. The variables of the motions are
defined in Table 1.

The behaviour of an underwater vehicle is a complex nonlinear
problem with coupling forces and moments in 6DOF. With the
assumption that the forces and moments vary only as functions of
the velocities and accelerations of the vehicle, the problem can be
simplified to a set of linear equations, with the forces and moments
usually decoupled in the vertical and horizontal planes (Lewis,
1988). As this paper concentrates exclusively on the horizontal
plane motions, the linear equations in the horizontal plane are
described as:

−Xu4u− u05+ 4m−Xu̇5u̇= 0 (1)

−Yvv+ 4m− Yv̇5v̇− 4Yr −mu05r − 4Yṙ −mxG5ṙ = 0 (2)

−Nvv− 4Nv̇ −mxG5v̇− 4Nr −mxGu05r + 4Iz −Nṙ5ṙ = 0 (3)

where u and u̇ are the velocity and acceleration in the x-axis, u0

is the initial velocity in the x-axis, v and v̇ are the velocity and
acceleration in the y-axis, r and ṙ are the rotational velocity and
acceleration in the z-axis, m is the mass, xG is the longitudinal
distance from the midship to the centre of gravity, and Iz is the
moment of inertia around the z-axis.

The velocity- and acceleration-based coefficients used in the
above equation set can be identified for the vehicle under the

Fig. 1 Body coordinate frame

DOF Displacement Force and Velocity Acceleration
moment

1 (surge) x X u u̇
2 (sway) y Y v v̇
3 (heave) z Z z ẇ
4 (roll) � K p ṗ
5 (pitch) � M q q̇
6 (yaw) � N r ṙ

Table 1 Motion variables in a body coordinate frame of reference

Category Coefficient Nondimensionalised Manoeu-
coefficient vre

Velocity
-based
coefficient

Yv Y ′
v =

Yv
005�L2V

Pure
sway

Nv N ′
v =

Nv

005�L3V

Pure
sway

Yr −mu0 Y ′
r −m′u′

0 =
Yr −mu0

005�L3V

Pure
yaw

Nr −mxGu0 N ′
r −m′x′

Gu
′
0 =

Nr −mxGu0

005�L4V

Pure
yaw

Acceleration
-based
coefficient

Yv̇−m Y ′
v̇ −m′ =

Yv̇−m

005�L3

Pure
sway

Nv̇−mxG N ′
v̇−m′x′

G =
Nv̇−mxG

005�L4

Pure
sway

Yṙ −mxG Y ′
ṙ −m′x′

G =
Yṙ −mxG
005�L4

Pure
yaw

Nṙ −Iz N ′
ṙ −I ′

z =
Nṙ −Iz
005�L5

Pure
yaw

Table 2 Force and moment coefficients on the horizontal plane

prescribed manoeuvres (pure sway or pure yaw). The nondimen-
sionalised coefficients investigated in this study are outlined in
Table 2, with the axial and lateral forces and the lateral moment
nondimensionalised by:

X ′
=

X

005�U 2
0 L

2
1 Y ′

=
Y

005�U 2
0 L

2
1 N ′

=
N

005�U 2
0 L

3
(4)

Note that Yv, Yv̇, Yr , and Yṙ are partial derivatives of Y with respect
to v, v̇, r , and ṙ , respectively. Similarly, Nv, Nv̇, Nr , and Nṙ are
partial derivatives of N with respect to v, v̇, r , and ṙ , respectively.
m is the mass of a vehicle, and xG is the distance from the origin
of the earth axes to the position of the centre of gravity. Iz is the
mass moment of inertia of the vehicle about the z-axis.

Pure Sway Manoeuvres

Pure sway manoeuvres (see Fig. 2) consist of cyclic oscillation
in the y-axis at a constant velocity 4U05 in the x-axis. The vehicle’s
heading is fixed along the x–axis (i.e., � = r = ṙ = 05, so that the
heading is kept parallel to the tank’s centreline during the course
of the motion. This leads to the simplification of Eqs. 2 and 3 for
the lateral force 4Y 5 and moment 4N 5, resulting in:

−Yvv+ 4m− Yv̇5v̇ = Y (5)

−Nvv− 4Nv̇ −mxG5v̇ =N (6)

Fig. 2 Pure sway manoeuvre
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The acceleration exerted on the vehicle in pure sway manoeuvres
involves only the lateral acceleration 4v̇5 component. The axial
acceleration 4u̇5 component is zero as a constant axial velocity
4U05 is applied. Since the pure sway motion can be described as
a sinusoidal function in the x-y plane, the lateral acceleration is
derived from the lateral displacement as follows:

y = y0 sin�tt (7)

v = ẏ = y0�t cos�tt (8)

v̇ = ÿ = −y0�
2
t sin�tt (9)

where y0 is the amplitude of the sinusoidal motion, � is the
oscillatory frequency, and t is time.

From Eqs. 5 and 6, the velocity-based coefficients are computed
when the acceleration is zero (v̇ = 0 and v = y0�t). Since the
lateral velocity 4v5 is a cosine function that is 90 degrees out of
phase with the lateral displacement 4y5, the out-of-phase force
components (e.g., Yout and Nout) are used to derive the velocity
coefficients as follows:

Yv =
−Yout

y0�t

1 Nv =
Nout

y0�t

(10)

Similarly, the acceleration-based 4v̇5 coefficients are obtained by
using the in-phase components (e.g., Yin and Nin), as the acceleration
is a sine function that is in phase with the lateral displacement 4y5.
From Eqs. 5 and 6, the acceleration-based coefficients are calculated
as follows when the velocity is zero (v = 0 and v̇ = −y0�

2
t ):

Yv̇ −m=
Yin
y0�

2
t

1 Nv̇ −mxG =
Nin

y0�
2
t

(11)

Pure Yaw Manoeuvres

Pure yaw manoeuvres involve cyclic oscillation of the model
by rotation in the x-y plane, with a constant velocity along the
x-axis (see Fig. 3). The angular displacement 4�5 for the sinusoidal
motion and its relationship with the motion parameters are given as:

� = −�0 cos�r t (12)

tan� =
ẏ

U0
(13)

As the lateral velocity components in the body coordinate 4v5 are
zero, Eqs. 2 and 3 are simplified and given as:

4Yr −mu05r + 4Yṙ −mxG5ṙ = Y (14)

4Nr −mxGu05 r − 4Iz −Nṙ5 ṙ =N (15)

Fig. 3 Pure yaw manoeuvre

The yaw velocity 4r5 and acceleration 4ṙ5 in Eqs. 16 and 17 are
derived from the yaw displacement 4�5, which can be expressed as:

r = �̇ = �0�r sin�r t (16)

ṙ = �̈ = �0�
2
r cos�r t (17)

The rotation-related force and moment coefficients are computed by
decomposing the force 4Y 5 and moment 4N 5 into in-phase and out-
of-phase components with the angular displacement 4�5 as follows:

Yr −mu0 =
Yout

�0�r

1 Nr −mxGu0 =
Nout

�0�r

(18)

Yṙ −mxG =
Yin
�0�

2
r

1 Nṙ − Iz =
Nin

�0�
2
r

(19)

Governing Equations for Computation

The Unsteady Reynolds-averaged Navier-Stokes (URANS) sys-
tem of equations in the conservation form given below is adopted
within the ANSYS CFX solver:

¡�

¡t
+

¡

¡xj
4�Uj5= 0 (20)

¡�Ui

¡t
+

¡

¡xj

(

�UiUj

)

= −
¡p

¡xi
+

¡

¡xj

(

�ij −�uiuj

)

+ SM (21)

where � is the molecular stress tensor (including both normal and
shear components of the stress). Note that the terms in the equations
are averaged quantities, except for products of fluctuating quantities
(�uiuj 5, which are referred to as turbulent or Reynolds stresses. A
comprehensive description of the terms in the equations can be
found in the ANSYS CFX-Solver Theory Guide (ANSYS, 2012).

Turbulence Models

Equation 21, which includes the Reynolds stresses, can be
solved by introducing the additional turbulence model equations
(ANSYS, 2012). The Reynolds-averaged Navier-Stokes (RANS)-
based turbulence models can be classified into two categories:

• Eddy-viscosity models (e.g., k-epsilon (k-�5, standard k-omega
(k-�5, and Shear Stress Transport (SST))

• Reynolds stress models (e.g., Baseline Reynolds Stress Model
(BSLRSM)).

The Reynolds stress models use more transport equations to
solve the Reynolds stress tensor and the dissipation rate compared
to the eddy-viscosity turbulence models. Thus, the Reynolds stress
models are generally inclined to provide better prediction than the
eddy-viscosity turbulence models, although the higher degree of
complexity and rigidness in the former requires more computational
resources.

The eddy-viscosity models are based on the eddy-viscosity
hypothesis that the Reynolds stresses are assumed to be propor-
tional to the mean velocity gradients. Based on this hypothesis,
the Reynolds-averaged momentum and scalar transport equation
becomes:

¡�Ui

¡t
+

¡

¡xj

(

�UiUj

)

= −
¡p′

¡xi
+

¡

¡xj

[

��ff

(

¡Ui

¡xj
+

¡Uj

¡xi

)]

+ SM (22)

where SM is the sum of the body forces, ��ff is the effective
viscosity (i.e., the sum of the dynamic viscosity and turbulence
viscosity), and p′ is a modified pressure term.
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The Reynolds stress models are based on the seven transport
equations for the individual components of the Reynolds stress
tensor and the dissipation rate. These models do not use the eddy-
viscosity hypothesis. The equation for the transport of the Reynolds
stresses is given as:

¡�uiuj

¡t
+

¡

¡xk

(

Uk�uiuj

)

−
¡

¡xk

[(

�+
2
3
CS�

k2

�

)

¡�uiuj

¡xk

]

= Pij − �ij��+êij +Pij1b (23)

where êij is the pressure-strain correlation, and � and Pij1b are the
shear and buoyancy turbulence terms of the Reynolds stresses. In
addition, a transport equation for BSLRSM is written as:

¡ 4��5

¡t
+ ¡ 4Uk��5= �3

�

k
Pk +P�b −�3�

2

+
¡

¡xk

((

�+
�t

��3

)

¡�

¡xk

)

+ 41 − F152�
1

�2�

¡k

¡xk

¡�

¡xk
(24)

Values for the various constants in the turbulence models and a
description of the terms in the equations are detailed in ANSYS
CFX-Solver Theory Guide (ANSYS, 2012).

Computation of Forces and Moments

The total force 4FT 5 on a specified wall region is computed by
summing the dot product of the normal force (i.e., pressure force)
components and tangential force (i.e., viscous) components with
the specified force vector 4�5 (ANSYS, 2009). The equation can
be written as:

FT = � · Fn + � · Ft (25)

where Fn is a normal force vector and Ft is a tangential force vector.
The total moment 4®MT 5 on a specified wall region about a

specified centre (A) is calculated by summing the cross products of
the normal and tangential force vectors with the moment vector �AB ,
which is the vector from the specified moment centre (A) to the
force origin (B) (ANSYS, 2009). The equation can be written as:

®MT = �AB × Fn + �AB × Ft (26)

METHODOLOGY

The investigation consists of the following phases:
• URANS CFD simulations utilising the Moving Domain Method

(MDM)
• EFD testing on a captive model of the vehicle in the Australian

Maritime College’s (AMC’s) towing tank utilising the HPMM to
validate the CFD results.

A series of the URANS CFD simulations was performed to solve
the flow field by RANS equations in conjunction with the BSLRSM
turbulence model (ANSYS, 2012) by using the commercial CFD
code, ANSYS CFX. URANS was selected due to its capability of
capturing unsteady features with good computational efficiency in
comparison to Detached Eddy Simulation (DES) or Large Eddy
Simulation (LES) (Alin et al., 2010). Utilising MDM within the
CFD phase involved applying the motion to the complete mesh
domain (representing both the body and the fluid), while keeping
the fluid stationary. This method allowed the simulation of unlimited
motion options, as it was not restricted by mesh deformation or
domain boundaries. The former prevented the degradation of the
mesh quality that could significantly affect the accuracy of the CFD
results, while the latter reduced boundary effects. The HPMM in

Fig. 4 Schematic and geometry of the SUBOFF model and attach-
ments

the EFD phase provided the forces and moments in the horizontal
plane to validate the CFD simulation data.

The present CFD and EFD testing utilised a scaled model of the
axisymmetric SUBOFF submarine hull form (Groves et al., 1989)
developed by the Defense Advanced Research Projects Agency
(DARPA). The diameter and length of the geometry used in the
current research are 0.181 m and 1.440 m, respectively, with Fig. 4
showing the principal dimensions. The CFD simulation included
the mounting strut and sting arrangement to ensure compatibility
between the CFD and EFD results (see Fig. 4).

CFD Simulation

The CFD phase involves the development of a simulation model
for the SUBOFF geometry using ANSYS CFX. The geometry was
imported into the ANSYS DesignModeler and was modified to
bring it in line with the current model configurations.

Simulation Model. The simulation model replicated the EFD
testing as closely as possible. An important feature was the inclusion
of a free-flooding SUBOFF model, thus allowing the water to
enter the hull so as to account for the additional inertia due to
the water trapped in the hull and the internal hydrostatic pressure.
The entrapped water (including that in the inner force balance)
and the SUBOFF body (in Fig. 4) were separately meshed and
interfaced in CFX. However, due to the difficulty in modelling the
SUBOFF shell weight (m= 404 kg), the inertia of the shell weight
was calculated based on Newton’s second law (i.e., F = ma), with
the lateral acceleration estimated by Eq. 8. The computed added
inertia was then added manually to the results. This ensured that
the inertia due to the SUBOFF hull weight was taken into account
within the CFD results.

Fig. 5 Front view of the SUBOFF model in the towing tank, with
the ratio of the SUBOFF diameter (d) to depth (D) set at 0.240
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Fig. 6 The boundary conditions of the computational model

In keeping with the EFD settings, a water depth of 1.500 m
was used with the SUBOFF submerged to 50% of the depth. This
enabled the free surface effects to be disregarded, as previous
studies at AMC (Neulist, 2011) found that the free surface effect
for the unappended SUBOFF model was negligible at depths where
the ratio of the SUBOFF diameter (d) to depth (D) was less than
0.240 (see Fig. 5). This reduced the complexity of the simulation
model to a single-phase domain and hence reduced the required
computational resources. The fluid was assumed to be fresh water,
incompressible, and isothermic.

The same width (3.55 m) as the EFD fluid tank was kept, so
that the length of the computational fluid domain was shortened to
four lengths forward and six lengths aft of the SUBOFF model.
This was carried out to reduce the mesh size while ensuring that
the SUBOFF’s pressure and wake fields were captured within the
domain. The boundary conditions for the MDM involved applying
the motion to the complete mesh domain (representing both the
body and the fluid) while keeping the fluid stationary. The boundary
conditions are shown in Fig. 6.

Note that the simulations employed a high-order advection
scheme and a second-order backward Euler transient scheme in
order to minimize numerical diffusion. The maximum normalised
residuals for mass and momentum were below 1 ·10e-4 with the
use of a maximum of eight inner iteration loops per each time step.
Double precision was adopted throughout to minimize round-off
error.

Mesh Strategy

Luo et al. (2001) stated that an unstructured mesh offers the
greatest flexibility, but often struggles to provide good resolution of
boundary layers and fluid interfaces. However, Godderidge et al.
(2008) demonstrated that an unstructured tetrahedral mesh, with the
use of an inflation prism layer to capture boundary layers, provides
good accuracy. In addition, this method provides computational
efficiency in comparison with the structured mesh, although it
is difficult to reproduce and refinement is limited. In the present
CFD mesh model, an unstructured mesh using the ANSYS Mesh
Platform was used on both the SUBOFF model and the fluid
domain. An example is shown in Fig. 7, where the inflation prism
layers for the boundary layer around the body were applied. The
total boundary layer thickness 4�5 was estimated based on Eq. 27
for the turbulent boundary layer over a flat plate (Blasius, 1908):

�≈
00382 ·L

Re1/5 (27)

To accurately capture the effect of the boundary layer near the
surface of the body, the total thickness of the boundary layer was
resolved within the inflation prism layers of the mesh.

Fig. 7 Unstructured mesh for the external fluid domain, the SUB-
OFF model, and the entrained water, showing the boundary layer
treatment around the body

Mesh Independence

The mesh discretization errors and uncertainty of the current
simulation were examined through a mesh independence study
performed with a series of geometrically similar mesh of varying
mesh densities and distributions (Werner et al., 2007). The various
mesh densities were defined by the ratio of the SUBOFF diameter
(d) to the SUBOFF Mesh Surface Size (MSS) (see Fig. 8). The
mesh was incrementally refined from a ratio of 5 to 80, at a free
stream velocity of 1.200 m/s 4ReL û 10942 × 1065 and an incident
angle of 10 degrees (0.170 rad). These values were taken from the
maximum values of the pure sway and pure yaw simulation cases.

Figure 8 shows the percentage differences of the axial and lateral
forces compared to those for the finest mesh (i.e., d/MSS = 80).
The results show that further mesh refinement beyond a d/MSS ratio
of 10 affects the axial force by less than 4% and the lateral force
by less than 1%. However, the required computation time was sig-
nificantly increased by around nine times. Given the computational
efficiency as well as the acceptable accuracy, the present study
adopted a d/MSS ratio of 10 with an associated 4% computational
uncertainty.

Verification – Turbulence Model and Y+ Selection

To adequately model the boundary layer with the successful
replication of a gradient between the fluid at the surface of the
body and the fluid in the free stream, the fluctuation of the fluid
elements in the transition and turbulent flow regimes needs to
be developed. This can be solved by quantifying the complex

Fig. 8 Mesh independence study (at 1.200 m/s 4ReL û 10942×1065,
10 deg), with the ratio indicating the SUBOFF diameter (d) to the
SUBOFF Mesh Surface Size (MSS)
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SST k-� BSLRSM

y+ X Y X Y X Y
(%) (%) (%) (%) (%) (%)

0.5 2096 10030 9017 24082 1070 5004
1 3042 10024 9001 24057 2023 5055
2 3040 9072 8061 24010 1069 5064
4 1016 8053 8048 23057 1081 6042
10 1016 10071 8010 21040 8052 4089
20 1023 17034 6094 18029 8052 0017
40 4021 26062 6035 14045 15010 12080

Table 3 Percentage differences of the forces between CFD and
EFD at various y+ values for the turbulence models (at 1.200 m/s
4Re� û 90592 × 1035, 10 deg). The number of mesh elements
adopted ranges from 0.9 million (at y+ = 005) and 0.6 million (at
y+ = 40).

turbulent flow through the use of numerical models. The present
simulation used URANS to capture unsteady features and greatly
reduce the computational cost in comparison to DES and LES.
This is mainly the result of lesser mesh requirements needed to
capture the boundary layers on the vehicles (Alin et al., 2010). The
complete solution of the URANS equations is carried out with the
selection of the appropriate turbulence model.

The present study examined three turbulence models (BSLRSM,
SST, and k-�) to select the model providing the most accurate
prediction. In Table 3, the percentage differences of the CFD axial
and lateral forces in comparison with the EFD measurements are
presented at various y+ values for the three different turbulence
models. Note that y+ is the dimensionless distance measured from
the wall surface to the edge of the first layer. The resolution of
the boundary layer was estimated by prescribing the number of
inflation prism layers, the growth rate, and the first node wall
distance 4¡y5 reflected by the y+ value, as shown in Eq. 28:

¡y = L× ¡y+
√

80 Re−13/14 (28)

Observations in Table 3 demonstrate that BSLRSM provides the
closest predictions of the EFD measurements (provided by the
current EFD testing) of both the axial force (at y+ less than 4)
and the lateral force (at y+ less than 40). Thus, the present study
adopted the BSLRSM model and a mesh with 40 inflation prism
layers with a growth rate of 1.150. This setup resulted in a total
thickness of 20 mm to ensure sufficient nodes within the boundary
layer and a y+ of 1 for a speed of 1.200 m/s.

EFD Testing

The EFD testing phase involves replicating the manoeuvres
by using the HPMM and the captive model of the SUBOFF in
the AMCTT (see Fig. 9). The present experiments used a Hama
strip as a turbulent flow stimulation device (Hama, 1957) in order
to maintain the dynamic similarity between the model-scale and
full-scale results (ITTC, 2011a). The thickness and location of
the strip were determined with reference to the previous AMC
experimental study by Neulist (2011).

The schematic of the HPMM testing assembly is shown in
Fig. 10, where the SUBOFF model is mounted via load cells on
the inner force balance located inside the hull. Two 6DOF load
cells located forward and aft measured the forces and moments
in all three directions. The use of a flexure at the aft load cell
provided a frictionless coupling that prevented the prestressing of

Fig. 9 HPMM on the Towing Tank carriage with the SUBOFF
model utilising a Hama strip with a nominal thickness of 0.600 mm
fitted at 5% of the hull length from the nose

Fig. 10 Schematic of the HPMM testing assembly

Speed Current Wilson- Diff. Van Steel Diff.
[m/s] setting [N] Haffenden [N] [%] [N] [%]

0.600 0.661 0.640 3.22 0.631 4.57
1.200 2.302 2.301 0.08 2.220 3.61

Table 4 Validation of the present EFD model installation

the load cell as well as the distortion of the measurements at the
load cell (Neulist, 2011).

The experimental settings were validated through comparison
against previous AMC experimental measurements at static straight
line speeds of 0.600 m/s and 1.200 m/s (Van Steel, 2010; Wilson-
Haffenden, 2009) and were found to be in good agreement, with a
maximum difference of 4.57%, as shown in Table 4.

An uncertainty analysis was performed in accordance with the
guidelines provided by the International Towing Tank Conference
(ITTC) (2002). The uncertainty was calculated at 9.54% 4û

10%5 and was taken as the experimental uncertainty threshold for
comparison with the present CFD results.

RESULTS AND DISCUSSION

Pure Sway Manoeuvres

The investigation of the forces and moments in pure sway
motion through CFD and EFD was carried out at different lateral
accelerations calculated from Eq. 9 at various amplitudes and
frequencies (see Table 5). The maximum amplitude and frequency
of the HPMM were applied to the present study, which were
0.140 m and 0.200 Hz, respectively. As commercial AUVs usually
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Amplitude Frequency Lateral acceleration
4yo5 [m] 4�t5 [Hz] 4v̇5 [m/s2]

0.14 0.2 42� · 00252 · 0014 · sin42� · 0025 · t
0.14 0.1 42� · 00152 · 0014 · sin42� · 0015 · t
0.1 0.2 42� · 00252 · 001 · sin42� · 0025 · t
0.1 0.1 42� · 00152 · 001 · sin42� · 0015 · t

Table 5 Lateral accelerations in pure sway manoeuvres

Amplitude 4yo5 [m], Diff. Diff.
Frequency 4�t5 [Hz] X ′ (CFD) [%] X ′ (EFD) [%]

0.14, 0.2 1.553E-03 0.45 1.674E-03 9.51
0.14, 0.1 1.540E-03 0.50 1.665E-03 8.81
0.1, 0.2 1.547E-03 0.05 1.668E-03 9.02
0.1, 0.1 1.549E-03 0.20 1.641E-03 7.04

Table 6 Comparison of the time-averaged axial force coefficients
in CFD and EFD with the EFD straight-line manoeuvre results at
the same axial speed (1.200 m/s)

operate at speeds between 1.000 m/s and 1.500 m/s (Cruz, 2011),
the current study adopted a constant axial speed 4U05 of 1.200 m/s
4ReL û 10942 × 1065. The axial acceleration of the model was kept
at zero. Note that the forces and moments were nondimensionalised
using Eq. 4.

To ensure that the body was purely subjected to the lateral forces
during the lateral oscillating motion in both the CFD and EFD, a
comparison of the time-averaged axial force coefficients with those
of the EFD straight line manoeuvre results at the same axial speed
(1.200 m/s) was carried out. Table 6 shows that the CFD and EFD
results were in good agreement with the EFD straight line results,
with a maximum discrepancy of around 10%, which is within the
EFD uncertainty thresholds.

Figures 11 and 12 show the time histories of the lateral force
and moment coefficients at different accelerations in CFD and
EFD. The overall trends of both time histories appear to be in
good agreement, with a maximum error of 12.15%, which is within
the total CFD and EFD uncertainty thresholds (14%).

A comparison of the CFD and EFD results for the force and
moment coefficients (Y ′

v , N ′
v, Y

′
v̇ −m′ and N ′

v̇ −m′x′
G, respectively)

Fig. 11 Time history of the lateral force coefficients for CFD and
EFD

Fig. 12 Time history of the CFD and EFD lateral moment coeffi-
cients.

derived from the pure sway manoeuvres is shown in Table 7. The
results indicate that more discrepancies were found at the higher
frequency. Both results show overall good agreement within the
allowable range of the discrepancy (14% for the CFD and EFD
uncertainty thresholds). The discrepancies are partly attributed to
the geometry simplification of the inner force balance (see Fig. 4
and Fig. 10) in the CFD model, which uses a different volume of
entrapped water to estimate the forces. Furthermore, it is suggested

Y ′
v N ′

v Y ′
v̇ −m′ N ′

v̇ −m′x′
G

CFD 0.06188 −0000917 0.04104 5.34E-05
4yo = 0014 m,
�t = 002 Hz)
EFD 0.06859 −0001043 0.04548 4.90E-05
4yo = 0014 m,
�t = 002 Hz)
Diff. (%) 9.77 12.15 9.78 –
CFD 0.03285 −0000969 0.04357 1.20E-05
4yo = 0014 m,
�t = 001 Hz)
EFD 0.03549 −0001039 0.04707 1.75E-05
4yo = 0014 m,
�t = 001 Hz)
Diff. (%) 7.45 6.71 7.45 –
CFD 0.06193 −0000918 0.04107 6.13E-05
4yo = 001 m,
�t = 002 Hz)
EFD 0.06844 −0001029 0.04539 5.18E-05
4yo = 001 m,
�t = 002 Hz)
Diff. (%) 9.51 10.78 9.51 –
CFD 0.03349 0.00977 0.04442 1.45E-05
4yo = 001 m,
�t = 001 Hz)
EFD 0.03480 0.01006 0.04615 2.67E-05
4yo = 001 m,
�t = 001 Hz)
Diff. (%) 3.75 2.91 3.75 –

Table 7 Comparison of CFD and EFD values for the force and
moment coefficients derived from pure sway manoeuvres
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Yaw amplitude Frequency Yaw acceleration
4�5 [rad] 4�r5 [Hz] 4ṙ5 [rad/s2]

0.14 0.2 42� · 00252 · 0014 · cos42� · 0025 · t
0.1 0.2 42� · 00252 · 001 · cos42� · 0025 · t
0.07 0.2 42� · 00252 · 0007 · cos42� · 0015 · t
0.14 0.15 42� · 001552 · 0014 · cos42� · 0015 · t

Table 8 Angular accelerations in pure yaw manoeuvres

Amplitude 4�5 [rad], Diff. Diff.
Frequency 4wr5 [Hz] X ′ (CFD) [%] X ′ (EFD) [%]

0.14, 0.2 1.553E-03 4.35 1.657E-03 8.20
0.1, 0.2 1.540E-03 5.85 1.642E-03 7.08
0.07, 0.2 1.547E-03 6.25 1.630E-03 6.24
0.14, 0.15 1.549E-03 5.75 1.617E-03 5.23

Table 9 Comparison of the time-averaged axial force coefficients
in CFD and EFD with the EFD straight-line manoeuvre results at
the same axial speed (1.200 m/s)

that the added inertia due to the SUBOFF shell weight should be
estimated directly through the simulation, as it was approximated
using Newton’s second law in this study. The coupled added inertia
coefficient 4N ′

v̇ −m′x′
G5 is a small nonzero value, since the vehicle

is not symmetrical about the y-z axis (Lewis, 1988). This coefficient
was excluded from the comparison since it was difficult to obtain
an accurate estimate through CFD and EFD.

Pure Yaw Manoeuvres

Pure yaw manoeuvres were carried out under the various angular
accelerations prescribed by the yaw amplitudes and frequencies,
as shown in Table 8. The constant axial speed 4U05 of 1.200 m/s
4ReL û 10942 × 1065 was maintained, ensuring no contribution
from the axial acceleration of the model during the course of the
manoeuvre.

Table 9 shows the percentage differences of the time-averaged
axial force coefficients in both CFD and EFD runs, in comparison
with those of the EFD straight line manoeuvre results at the
same axial speed (1.200 m/s). The results of both CFD and EFD
show good agreement with the EFD straight-line results, with a

Fig. 13 Time series of the lateral force coefficients for CFD and
EFD

Fig. 14 Time series of the yaw moment coefficients for CFD and
EFD

maximum discrepancy of 8.2%, which is within the EFD uncertainty
thresholds (around 10%). This indicates that the CFD and EFD
were conducted in the nature of pure yaw manoeuvres.

Figures 13 and 14 show the time series of the lateral force
and yaw moment coefficients for CFD and EFD runs at various
accelerations. Both the CFD and EFD data show good agreement
in terms of magnitudes as well as phases in time. Table 10 shows a
comparison of the lateral force coefficients (Y ′

r −m′u′
0, N ′

r −m′x′
Gu

′

0,
Y ′
ṙ −m′x′

G, and N ′
ṙ − I ′

Z5 between CFD and EFD derived from pure

Y ′
r −m′u′

0 N ′
r −m′x′

Gu
′
0 Y ′

ṙ −m′x′
G N ′

ṙ −I ′
z

CFD −0002385 −0000497 2.91E-5 −0000275
4yo =0014 m,
�r =002 Hz)
EFD −0002462 −0000482 2.75E-5 −0000266
4yo =0014 m,
�r =002 Hz)
Diff. (%) 3.09 2.96 – 2.96
CFD −0002385 −0000497 6.40E-5 −0000275
4yo =001 m,
�r =002 Hz)
EFD −0002487 −0000472 7.14E-5 −0000261
4yo =001 m,
�r =002 Hz)
Diff. (%) 4.13 5.02 – 5.02
CFD −0002378 −0000501 1.73E-5 −0000277
4yo =0007 m,
�r =002 Hz)
EFD −0002509 −0000519 4.58E-5 −0000287
4yo =0007 m,
�r =002 Hz)
Diff. (%) 5.21 3.45 – 3.45
CFD −0001893 −0000372 5.83E-5 −0000274
4yo =0014 m,
�r =0015 Hz)
EFD −0001938 −0000340 5.37E-5 −0000251
4yo =0014 m,
�r =0015 Hz)
Diff. (%) 2.33 8.58 – 8.58

Table 10 Comparison of CFD and EFD values for the force and
moment coefficients derived from pure yaw manoeuvres
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yaw manoeuvres. The CFD predictions provide a good estimate of
the coefficients, within 9% of the experimental values, which is
within the experimental uncertainty limits. In a fashion similar
to the pure sway manoeuvres, Y ′

ṙ −m′x′
G, which is the coupled

added inertia coefficient, was excluded from the comparison due to
its relatively small value for an axisymmetric body about the x-z
plane (see Table 8) (Lewis, 1988; Sakamoto et al., 2012).

CONCLUSIONS

This paper examined the capability of CFD as a tool to predict
the forces and moments acting on an axisymmetric underwater hull
form under prescribed horizontal acceleration manoeuvres (pure
sway and pure yaw). The commercial CFD solver, ANSYS CFX,
was utilised to solve the flow field using URANS equations in
conjunction with the BSLRSM turbulence model. The pure sway
and pure yaw manoeuvres were prescribed by adopting the MDM
method, which allowed the simulation of the prescribed dynamic
motion without mesh deformation or domain limits, thus reducing
the effect of poor mesh quality and the boundary effects that can
significantly affect the accuracy of the CFD results.

The credibility of the CFD predictions was established through
verification and validation. The former involved mesh independence
and y+ studies, while the validation was carried out through
comparison against EFD captive model testing utilising a HPMM in
AMCTT. The forces and moments predicted by CFD simulations in
the acceleration manoeuvres were in good agreement with the EFD
measurement, being within the uncertainty limits. It is seen that the
developed simulation environment using URANS with the correct
turbulence model is capable of predicting, with reasonable accuracy,
the force and moment variations on an underwater body undergoing
acceleration manoeuvres. This enables the economic determination
of the acceleration-based force and moment coefficients, unlike
more complex CFD solvers or an experimental approach that
requires significantly higher infrastructure, resources, and time.

The accurate prediction of acceleration-based coefficients is
important as they take into account the added inertia due to the
acceleration of the surrounding water. The predicted coefficients in
the current study play a significant role in developing underwater
vehicle control systems to compensate for unwanted movement
of the vehicle while it is undergoing acceleration or non-uniform
vehicle motions. They also contribute to the prediction of linear
force and moment coefficients for the development of the control
system algorithms. This study is being expanded to determine
the nonlinear force and moment coefficients through free-running
simulations. In addition, simulations including the effects of the
free surface are being carried out to model near-surface operations.
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