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a  b  s  t  r  a  c  t

The  hydrodynamic  interaction  between  an Autonomous  Underwater  Vehicle  (AUV)  manoeuvring  in close
proximity  to  a larger  underwater  vehicle  can  cause  rapid  changes  in  the  motion  of  the  AUV.  This  interac-
tion  can  lead  to mission  failure  and  possible  vehicle  collision.  Being  self-piloted  and  comparatively  small,
an AUV  is  more  susceptible  to these  interaction  effects  than  the  larger  body.  In an  aim  to  predict  the
manoeuvring  performance  of  an  AUV  under  the  effects  of  the  interaction,  the  Australian  Maritime  Col-
lege (AMC)  has  conducted  a series  of  computer  simulations  and  captive  model  experiments.  A  numerical
model  was  developed  to  simulate  pure  sway  motion  of  an  AUV  at different  lateral  and  longitudinal  pos-
itions  relative  to  a larger  underwater  vehicle  using  Computational  Fluid  Dynamics  (CFDs).  The  variables
investigated  include  the  surge  force,  sway  force  and  the  yaw  moment  coefficients  acting  on the  AUV  due
to  interaction  effects,  which  were  in  turn validated  against  experimental  results.  A simplified  method  is
presented  to obtain  the  hydrodynamic  coefficients  of an  AUV  when  operating  close  to  a larger  underwater
body  by  transforming  the  single  body  hydrodynamic  coefficients  of  the  AUV  using  the  steady-state  inter-

action  forces.  This  method  is considerably  less  time  consuming  than  traditional  methods.  Furthermore,
the  inverse  of  this  method  (i.e.  to obtain  the  steady  state  interaction  force)  is  also  presented  to  obtain
the  steady-state  interaction  force  at multiple  lateral  separations  efficiently.  Both  the  CFD  model  and  the
simplified  methods  have been  validated  against  the  experimental  data  and  are  capable  of  providing  ade-
quate interaction  predictions.  Such  methods  are  critical  for accurate  prediction  of  vehicle  performance
under  varying  conditions  present  in real life.
. Introduction

Autonomous Underwater Vehicles (AUVs) are used in civilian,
cademic, and military applications due to their ability to under-
ake complicated tasks underwater without real-time user control.

 few examples of such applications include underwater surveil-
ance [1] and sampling physical transport processes in lakes [2].
UVs are increasingly required to operate close to larger under-
ater vehicles such as submarines and larger Remotely Operated
ehicles [3], as well as to operate in swarms of AUVs of similar size

4]. When operating in close proximity to a larger moving vehicle
ike a submarine, an AUV can experience motions resulting from the
nteraction of the wake and pressure fields generated by the larger

ody [5]. Being relatively small and self-piloted, the AUV is more
usceptible to these interaction effects, which can result in mission
ailure and, in extreme cases collision between the two  vehicles.
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For this reason, it is critical to understand the manoeuvring perfor-
mance of an AUV under these interaction effects in order to develop
adequate control strategies [6].

While there have been considerable studies on hydrodynamic
interactions between surface ships [7–9], there is currently very
little information on the interaction between submerged vessels
in the public domain. Mawby  et al. [10] developed a high level
architecture model to simulate the interaction between a moving
submarine and a rescue submersible manoeuvring to the escape
hatch of the submarine. This earlier model utilized pre-processed
hydrodynamic interaction data obtained by solving the Laplace’s
equation using a boundary element method for the inviscid, irrota-
tional flow past the vehicles’ surfaces. The limitation of the utilized
potential flow approach is that it does not account for fluid viscosity
or wake field effects of the vehicles and will potentially oversimplify
the interaction effects.

Previous numerical and experimental studies by Leong et al.

[6] have investigated the interaction effects on an AUV operating
close to a larger vehicle for diameter ratios between the vehi-
cles ranging from 2.237:1 up to 13.425:1 (i.e. displacement ratio
from 10.419:1 to 139.878:1 respectively). The influence of different

ghts reserved.
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Nomenclature

D diameter of the body [m]
Fy sway force [N]
Fy′ non-dimensional sway force coefficient, 2Fy

�L2U2

L overall length of body [m]
LS surface length of body [m]
m mass of body [kg]
N Yaw moment [Nm]
N′ non-dimensional yaw moment coefficient, 2N

�L3U2

Re Reynolds number
Rlat lateral body separation ratio
Rlong longitudinal body separation ratio
u forward velocity [m/s]
v sway velocity [m/s]
v̇ sway acceleration [m/s2]
y+ non-dimensional distance from wall to first node
Yv sway force coefficient due to sway velocity [N]
Yv̇ sway force coefficient due to sway acceleration [N]
� displacement [m3]

l
r
D
e
l
c

w
s
d
a
m
i
w
i
w
C
n
b
t
fi
o
b
t
a
b
s
s
t
I
i

2

2

t
E
h
s

Table 1
Principal particulars of the two  models.

SUBOFF model NP01 model

Length (L) 1.438 m 2.850 m
ω sway frequency [rad/s]

ateral and longitudinal distances between the two  bodies over a
ange of speeds were investigated through Computational Fluid
ynamic (CFD) simulations and validated with captive model
xperiments [6]. Leong [11] also carried out dynamic CFD simu-
ations, modelling the pure sway motion of a smaller AUV model in
lose proximity to a larger AUV at one relative longitudinal position.

The work presented in this paper complements this previous
ork by considering a larger range of longitudinal positions and

way motion frequencies, with the information presented for a
iameter ratio of 2.237:1 (i.e. displacement ratio of 10.419:1). The
uthors have also extended the capabilities of the CFD numerical
odel to simulate pure yaw motion of the AUV in close prox-

mity to a larger body; however, will not be presented in this
ork. The numerical model was developed in ANSYS-CFX, utiliz-

ng re-meshing techniques and was validated against experimental
ork conducted in the Towing Tank of the Australian Maritime
ollege (AMC) at the University of Tasmania. Once validated, this
umerical model can be extended to investigate the interaction
etween vehicles of larger diameter ratios, thus better representing
he interaction between typical submarines and AUVs. A simpli-
ed method is presented to obtain the hydrodynamic coefficients
f an AUV when operating close to a larger underwater body
y transforming the single body hydrodynamic coefficients, using
he steady state interaction forces. Using this method, the vari-
tion of hydrodynamic coefficients due to a second body could
e estimated by conducting a less time consuming steady-state
imulation, rather than time intensive dynamic pure sway motion
imulations. Furthermore, the inverse of this method (i.e. to obtain
he steady state interaction force) is also presented and validated.
nverse method is an efficient way of obtaining the steady-state
nteraction force at multiple lateral separations.

. Methodology

.1. Geometric models

The hydrodynamic characteristics of an AUV operating close

o a larger underwater body were investigated through CFD and
xperimental Fluid Dynamics (EFD) using two axisymmetric bare-
ull underwater vehicle geometries. The research utilized a 1:2.801
caled model of the SUBOFF submarine hullform developed by the
Diameter (D) 0.181 m 0.410 m
Displacement (�) 0.031 m3 0.323 m3

Defence Advanced Research Projects Agency (DARPA) [12] as the
smaller AUV, and a larger torpedo-shape body designated as NP01,
with the principal dimensions of the models are shown in Fig. 1(a)
and Table 1. The diameter ratio of the NP01 model to the SUBOFF
model is 2.237:1. The model scales were selected to ensure that
they were sufficiently small to fit within AMC’s towing tank without
causing blockage effects, but large enough to provide magnitudes
of interaction forces that are larger than the experimental error
levels.

2.2. Test parameters

The test runs consisted of straight-line and pure sway motions
of the SUBOFF at different relative longitudinal and lateral positions
to the larger NP01, with the investigated variables consisting of the
surge force, sway force and the yaw moment experienced by the
SUBOFF model. The lateral distance between centrelines of the two
bodies was  assumed to be the lateral separation distance, while the
longitudinal separation distance was measured from the nose tip
of the larger NP01 vehicle to that of the smaller SUBOFF vehicle;
a ‘positive’ distance signifying that the SUBOFF model is located in
front of the larger vehicle as shown in Fig. 1(a). The longitudinal
and lateral distances were non-dimensionalized as follows:

Longitudinal separation ratio (Rlong)

= Distance SUBOFF nose tip to NP01  nose tip
Length of NP01

(1)

Lateral separation ratio (Rlat) = Lateral separation distance
Diameter of NP01

(2)

The coordinate system was  selected according to [13] as shown
in Fig. 1(b).

In order to isolate the interaction forces due to the larger second
body, single body testings of the SUBOFF were conducted to provide
baseline data. A summary of the single-body and two-body test
parameters is outlined in Table 2. The estimated Reynolds number
(ReLS

) is based on the length of the SUBOFF model, which is 1.438 m.

2.3. Definition of test motions

2.3.1. Straight-line motion
In the straight-line motion experiments, the bodies were moved

in an equal forward velocity with a zero angle of attack. The aim of
these tests was  to obtain the sway and drag forces on the smaller
SUBOFF body due to the forward motion when it is alongside the
larger body. The obtained forces are referred to as the forces due to
‘steady state straight-line motion’.

2.3.2. Pure sway motion
In the pure sway motion experiments, the SUBOFF model was

moved forward at a constant velocity while undergoing sinusoidal
oscillations in the y direction around its centre line (see Fig. 2) in
order to obtain the surge force, sway force and the yaw moment

due to sway velocity and sway acceleration. The angle of attack was
maintained at zero. In pure sway motion, the sway displacement
(y) is 90◦ out-of-phase with the sway velocity (v). The sway accel-
eration ( v̇) is in-phase with the sway displacement, while being 90◦
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Fig. 1. (a) The SUBOFF model alongside the larger NP01 model indicating the model dimensions and test rig arrangement along with (b) the assumed coordinate system.

Table 2
Test programme.

Investigated parameters Straight-line motion Pure sway motion

Single body tests
Sway amplitudes (m)  – 0.145
Sway  frequency (Hz) – 0.2, 0.15, and 0.05

Two  body tests
Sway amplitudes (m) –  0.145
Sway  frequency (Hz) – 0.2, 0.15, and 0.05
Longitudinal separation ratios 0.737, 0.491, 0.246, 0, −0.246, −0.491, −0.737 0.737, 0.491, 0.246, 0, −0.246, −0.491, −0.737
Lateral separation ratio 1.829 1.829
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Forces measured

ut-of-phase with the sway velocity. The forces and moments act-
ng on the SUBOFF model due to sway motion is composed of both
nertial and damping components, with the former is dependent on
he acceleration while the latter is dependent on the velocity. The
cceleration dependent component of the sway force becomes zero
hen the force is 90◦ out-of-phase with the displacement (i.e. when

he velocity is at its peak and the acceleration is zero). This is termed
s the ‘sway force due to sway velocity (Fy′

out), with its hydro-
ynamic coefficient obtained by differentiating Fyout with respect
o sway velocity [14] as shown in Eq. (3). Similarly, the accelera-
ion component dominates when the sway force is in-phase with
he displacement (Fyin; i.e. when the acceleration is at its peak and
he velocity is zero), with the coefficient (referred to as the added

ass coefficient) obtained by differentiating Fyin with respect to
way acceleration [14] as shown in Eq. (4).

v = ∂Y

∂v
= Fyout

−a0ω
(3)

v̇ = ∂Y

∂ v̇
= Fyin

−a0ω2
+ m (4)

here Yv is the sway force coefficient due to sway velocity; Yv̇ is
he sway force coefficient due to sway acceleration (added mass
oefficient); a0 is the sway amplitude; ω is the sway frequency;
nd m is the mass of the model.
. Experimental setup

The captive model experiments were conducted in AMC’s Tow-
ng Tank with the dynamic motion of the SUBOFF obtained using a

Lateral Separation

Sway Amplitude

Period (T)

ig. 2. SUBOFF model undergoing the pure sway motion close to the larger NP01.
1.2
19.39 × 105

Surge force, sway force, and yaw moment

Horizontal Planer Motion Mechanism (HPMM). The SUBOFF model
was mounted to the HPMM using a ‘sting’, which connects to the
model through the aft end as shown in Fig. 3(a). The forces acting on
the SUBOFF model were recorded using two 6-Degree of Freedom
(6-DOF) load cells positioned in-line with the force balance located
inside the model. The force balance is an extension of the sting that
connects to the model via the load cells as shown in Fig. 3(a). The
SUBOFF model is not watertight, with vent holes allowing it to fill
with water during testing. A gap in between the aft end of the model
casing and the sting avoids contact between them eliminating fric-
tion and pre-tensioning effects. A Hama boundary layer transition
strip device [15] was attached at 5% of the overall hull length aft
of the model’s leading edge to trip the laminar boundary layer into
a turbulent one. The forces on the larger model were not recorded
as modelling the larger vehicle was  not an objective of this work.
Fig. 3(b) shows the two models, with the NP01 attached to the tow-
ing tank carriage at an Rlat of 1.829. The NP01 had a 1 m gap from
its longitudinal centreline to the nearest side wall and was  shifted
longitudinally to achieve the desired Rlong between the bodies. The
Rlat was  obtained by moving the SUBOFF laterally using the HPMM.

The variation of forces acting on the SUBOFF model due to the
free surface was  investigated by Steel [16], concluding that the sur-
face interference is negligible for non-dimensional depths of H/D
greater than 3.3 (where H is the submerged depth from the sur-
face waterline to the centreline of the vehicle as shown in Fig. 3(a),
and D is the model diameter). For this reason, the vehicles were
positioned 0.75 m below the waterline at mid-depth of the tank in
order to minimize free surface effects as well as tank floor effects
(i.e. the SUBOFF and the NP01 at non-dimensional depths of 4.147
and 1.852 respectively). The distance from the tank floor to the SUB-
OFF’s and the NP01’s bottom surface edges were 0.66 m and 0.55 m
respectively. Further information with regard to the experimental
setup is given in van Barneveld [17].

4. Numerical simulations
To assist with the validation of CFD results against EFD, the width
and depth of the AMC  towing tank were replicated in the numerical
fluid domain. The numerical domain length was reduced to 20 m
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Fig. 3. Experimental set up of (a) the SUBOFF mo

rom the towing tank length of 100 m to reduce the computational
ffort while still capturing the wake field generated by the vehi-
les at the stern (see Fig. 4). Thus, it is assumed that reducing the
odelled length of the towing tank has a negligible effect on the

esults.
In simulating the fluid flow around the submerged bodies, the

eynolds Averaged Navier Stokes (RANS) equations were utilized.
eong [18] evaluated the performance of two RANS-based tur-
ulence models (i.e. Baseline Reynolds Stress Model (BSLRSM)
nd Shear Stress Transport with Curvature Correction (SSTCC))
n predicting the flow around the SUBOFF model and obtaining
ydrodynamic coefficients under translation and rotational flow
onditions. Leong [18] showed that the BSLRSM solution was the
losest in comparison to the experimental results and was thus
tilized in this investigation. This low Reynolds wall treatment
odel is recommended only when accurate prediction of separa-

ion wall-bounded flows are desired and y+ < 1 (where y+ is the
on-dimensional value of the distance from the surface of the body
o the first node of the mesh) is utilized, conditions that were
dhered to in all simulations.

The ANSYS Meshing Platform (AMP) re-meshing method was
sed to simulate the relative motion between the two bodies. The
ssential aspect of this method is that the mesh in the fluid domain
eforms locally around the moving object as it moves, and re-
eshes when the mesh quality is deemed compromised in terms

f accuracy and stability [19]. This overcomes the limited motions
mposed by using a pure mesh deformation approach and allows
otation of the bodies to be compared to other re-meshing meth-
ds. Although mesh deformation is fully supported in ANSYS CFX,
urrently the re-meshing requires the use of a user-defined script.

he latter, triggered by the mesh quality criterion, interrupts the
imulation and transfers the positional state of the SUBOFF into
NSYS Workbench in order to update the geometry and the mesh.
he script then transfers the new mesh into the solver where the

Fig. 4. Numerical fluid domain subdivided to represent the ta
d (b) both the SUBOFF and NP01 model together.

simulation information from the previous mesh is interpolated into
the new mesh and the simulation is resumed. The mesh quality cri-
terion was defined as the orthogonality angle in the mesh cells of no
less than 10◦ [11]. The fluid domain of the study was formed from
three sub-domains (see Fig. 4): the SUBOFF sub-domain, the NP01
sub-domain and the tank domain. In order to reduce the re-mesh
time, the vehicle sub-domains were pre-meshed and were kept
rigid during the solver process, while the tank domain underwent
mesh deformation and re-meshing.

4.1. Meshing

To aid the validation, the experimental setup was  identically
replicated by the CFD mesh model. The mounting arrangement of
the SUBOFF model to the HPMM (i.e. the sting) can cause pres-
sure field variations and generate an additional wake field. Thus,
the sting arrangement was modelled in the CFD simulations. Dur-
ing the experiments, the internal hollow section of the SUBOFF
shell was  filled with water and, as the tests involved accelerative
motions, the inertial effects produced by the water inside the SUB-
OFF model were proven to be significant. Therefore, the internal
water was  meshed and interfaced with the surrounding water as
shown in Fig. 5 (inset). The inertial effects due to the mass of the
SUBOFF’s shell were modelled by defining the density of the shell
material (i.e. fibreglass plastic) to the mesh within the shell. Predic-
tions of the inertial forces may  vary from exact physical values as
the internal water volume and the mass of the SUBOFF shell cannot
be accurately modelled due to the complexity of the force balance
arrangement inside the shell and due to the uneven shell density.

It is well documented that the total thickness of the inflation

prism layers should be at least the thickness of the boundary layer
[20], where the inflation prism layer is a layer with very small
mesh elements in the direction normal to the wall that resolves
the wall region to aid the turbulent model to capture the boundary

nk domain, SUBOFF subdomain and NP01 subdomain.
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Fig. 5. Mesh model around the sting and two  submerged model bodies and the internal water of the SUBOFF (inset) to closely replicate the EFD. The mesh of the SUBOFF
s
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hell  is removed in the inset to provide a detail illustration of the interface gap.

ayer [21]. If the thickness of the inflation prism layers is under-
rescribed, this will ‘squash’ the predicted boundary layer in the
imulation and correspondingly affect the forces acting on the
ehicle. Overprescribing the thickness does not affect the force pre-
ictions; however, it will increase the number of mesh elements.
hus, the total thickness of the inflation layers around the SUB-
FF was matched to Prandtl’s theoretical estimate of the turbulent
oundary layer thickness over a flat plate [20] using 0.16LS/Re1/7

LS
,

here LS is the surface length of the vehicle and ReLS
has previously

een defined.

.2. Mesh independence study

The mesh independence studies were conducted to select the
ptimum mesh size that provides sufficiently accurate results while
aintaining a low computational effort. The studies were first con-

ucted for the pure sway manoeuvres to investigate the effects of
he vehicles’ surface and the surrounding mesh sizes on the interac-
ion prediction. This research work utilized an unstructured mesh
ype and it is not possible to make completely systematic mesh
efinements in unstructured meshes since the size of individual
ells cannot be controlled directly [22]. Therefore, it is difficult to
stimate the mesh uncertainty. However, four meshes (i.e. S1, S2,
3 and S4, where the S1 is the finest mesh and S4 is the coarsest)
ere generated by carrying out mesh refinements with an approx-

mate refinement ratio of
√

2 and, the surge force, sway force and
aw moment solutions were obtained from each mesh. The finest
esh contained 4.86 million elements, while the coarsest mesh

ontained 1.49 million elements. Fig. 6 illustrates the maximum
ercentage difference of the force predictions from each mesh size
ompared to the results from the finest mesh. The computational
ime taken for each mesh size simulation is also provided. The

esh convergence and the mesh uncertainty were investigated
ccording to the procedure recommended by [23,24]. The mesh
onvergence ratios (i.e. RG) for the surge force, sway force and yaw
oment calculated from the finest three (i.e. S1, S2 and S3) and

he coarsest three (i.e. S2, S3 and S4), out of the four meshes were
ithin the range of 0.56 and 0.67. The convergence is deemed to be

chieved since the convergence ratios were within 0 < RG < 1 [23].
herefore, the Richardson extrapolation [22,23] was used to esti-
ate the mesh uncertainty. The estimated mesh uncertainties for

he surge force, sway force and yaw moment were less than 1.6% of
he S1 mesh solutions (i.e. the solutions from the finest mesh) and
ere less than 2.4% of the solutions from the S2 mesh. The S2 mesh
i.e. the 2.8 million element mesh) was selected as the optimum
esh since both the surge and sway force predictions were within

% of the finest mesh force predictions (see Fig. 6) and within 2.4%
f the corrected solutions. The selected mesh maintained around
53% less computational time compared to the finest mesh; i.e. run
time reduced from 9.5 days to 4.5 days.

The mesh independence studies for the steady-state straight-
line simulations were conducted by carrying out mesh refinements
on the vehicle surfaces and the pressure interaction region between
the vehicles. The finest mesh contained 6 million elements, while
the coarsest mesh contained 1.2 million elements. The mesh con-
vergences for the surge force, sway force and yaw moment were
calculated similar to the pure sway simulations and were found to
be within the converging range (i.e. 0 < RG < 1). The estimated mesh
uncertainties were less than 2% of the solutions from the selected
three million element mesh.

To ensure numerical accuracy and stability, all simulations were
performed using a high order advection and second order back-
wards Euler transient scheme. Convergence was deemed achieved
when solution residuals reduced to below 10−4 and reduced by
more than three orders of magnitude using a maximum of 10 inner
iteration loops per time step.

4.3. Time-step independence study

The dynamic simulations tend to fail if the utilized time-step
was too large, since moving wall particles may cross more than
one element per time-step and will pass their node solutions into
an unknown element [19]. The largest possible time-step that could
successfully carry-out the simulation for the selected mesh size
was estimated to be 0.01 s. The influence of the simulation time-
step was  investigated by comparing the sway force responses for
three time steps (i.e. 0.01 s, 0.008 s, and 0.006 s) with the predictions
found to be relatively consistent with respect to the different time-
steps (see Fig. 7). The maximum percentage difference between
the sway force predictions for the time steps 0.01 s and 0.006 s
was 0.4%. Therefore, a 0.01 s time-step was utilized for the sim-
ulations to reduce the simulation time. The spikes observed in
force responses seen in Fig. 7 are due to the simulation initia-
tions at re-mesh events, and are filtered out using a low pass
filter.

5. Validation of numerical results

For validation purposes, the force responses obtained from CFD
simulations were compared against those obtained from EFD. Fig. 8

shows the CFD and EFD sway force responses obtained from a two
body pure sway motion test. It is seen that CFD and EFD responses
vary in both magnitude and phase. The maximum magnitude devi-
ation was  below 5.58% for all validated cases.
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.1. Phase difference between CFD and EFD sway force responses

A phase shift between the CFD and EFD force responses obtained
rom such Planner Motion Mechanism (PMM)  tests and other sim-
lar tests is usually observed [25–28]. Whilst some predict that it is
ue to inaccurate initial conditions [25], others consider these to be
ossible experimental errors. However, this is an area of ongoing
esearch. The minimum phase difference of 0.4% was  seen at the
owest sway frequency (i.e. 0.05 Hz) and the maximum difference
f 4.8% was observed at the highest sway frequency (i.e. 0.2 Hz).
he phase difference between the CFD and EFD sway forces was
irectly proportional to the sway frequency. The effects of mod-
lling uncertainties of the internal hollow section and the shell
ensity of the SUBOFF are more significant at higher sway frequen-
ies due to the higher acceleration. Thus, the phase uncertainty of
FD results could be partly due to the modelling uncertainties of
he internal hollow region and internal free flood water section of
he SUBOFF model. The other possible reasons for the difference
ould be an over prediction of the added mass within CFD and/or
ue to experimental errors. As the phase difference of the results
re less than 5% for all the sampled frequencies and is within the
xperimental uncertainty, it was considered to have minimal effect
o the main findings of the paper.

.2. Validation of hydrodynamic coefficients between CFD and

FD results

In this section, the hydrodynamic coefficients derived through
FD results are compared against those obtained through EFD. The
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 (note that the sway forces from the three time-steps coincide each other).

sway force coefficient due to sway acceleration (Yv̇) is derived using
Eq. (4) from the sway forces recorded in-phase with displacement
(i.e. Fyin as shown in Fig. 8). A positive (+) displacement indicates
that the lateral separation between the SUBOFF model and NP01 is
less than that at the starting position and a negative (−) displace-
ment indicates that the lateral separation between the models is
larger than that at the starting position (for single body tests, this
represents the SUBOFF model at the starboard and the port sides
from the starting position respectively). The non-dimensionalized
CFD & EFD force coefficients, recorded in-phase with displacement,
are presented in Table 3. The forces were non-dimensionalized
using Eq. (5),

Non-dimensional sway force (Fy′) = 2F

�L2u2
(5)

where F is the force, � is the specific density of fresh water,
L is the length of the model, and u is the surge velocity
component.

It is seen that the CFD Fy′
in

are in good agreement with EFD
(with the greatest percentage difference of 5.4%) for sway frequen-
cies of 0.2 Hz and 0.15 Hz. Even though the difference for 0.05 Hz is
around 20%, the actual difference in forces predicted using CFD and

those measured from EFD is smaller due to the lower frequency
and is within the experimental bias error of ±0.2 N. For this rea-
son, it is proposed that the numerical models can be used to obtain
yv̇.
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Table  3
Variation of Fy′

in
with sway frequency.

Frequency CFD Fy′
in

(+) EFD Fy′
in

(+) Difference CFD Fy′
in

(−) EFD Fy′
in

(−) Difference

0.2 Hz 0.0081 0.0077 5.4% −0.0081 −0.0079 2.7%
0.15  Hz 0.0046 0.0048 3.2% −0.0047 −0.0048 2.0%
0.05  Hz 0.0005 0.0006 18.0% −0.0005 −0.0007 19.4%
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Fig. 13 is purely due to the interaction with the larger body. The
positive yaw moment represents the SUBOFF bow attempting to
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Fig. 9. Sway force responses for single and tw

. Results and discussion

The sway force response due to the pure sway motion of the
UBOFF model tested alone (termed as Fy(SUBOFF) in the following
iscussion) is a symmetric sinusoidal response along the time axis.
hus, the hydrodynamic coefficients (i.e. yv and yv̇) derived from
ositive or negative displacement cycles of motion (i.e. when the
UBOFF model is on the starboard or port sides from its starting
osition respectively) are equal in magnitude (see Fig. 9). How-
ver, when the SUBOFF model is operating in proximity of the larger
P01 body, the sway force response is influenced by the interac-

ion with the pressure field of the latter. Fig. 9 shows that the two
ody response is shifted towards the positive y-direction as com-
ared to the single body response. The shift is not uniform (i.e. the

nteraction force is higher when the SUBOFF is closer to NP01). This
s due to the increasing influence of the pressure field generated
y the NP01 as the SUBOFF draws nearer, compared to that when
he SUBOFF is further away. Due to the asymmetry of the two body
way force response; the hydrodynamic coefficients obtained from
ositive and negative displacement cycles are not equal in mag-
itude. Thus, the hydrodynamic coefficients of the SUBOFF, when
oving towards and away from the NP01 are different.

.1. Interaction forces and moments

With the aim of quantifying the interaction forces (i.e.
y(interaction)) acting on the SUBOFF model due to the pressure of
he larger body, the interaction forces are defined as,

y(two body) = Fy(SUBOFF) + Fy(interaction) (6)

The interaction sway force was non-dimensionalized to obtain
he interaction sway force coefficient using Eq. (5) by substituting
y(two body) as the force.

.1.1. Interaction sway force against lateral separation
The variation of the isolated interaction force coefficient when

he SUBOFF model is moving towards and away from the larger
ody is plotted against the sway displacement in Fig. 10. For all
he analyzed cases, the interaction force when the SUBOFF is mov-
ng away from the larger body was observed to be higher than

hen it is moving towards it. Fig. 11 shows that a low pressure
eld is generated throughout the span of the larger body, which

ecomes significant in the regions with longitudinally curved sur-
aces (i.e. just after the bow and just before the stern). When the
UBOFF model sways while moving forward, a low pressure region
s generated at the opposite side to the SUBOFF’s sway direction.
y simulations (at Rlong of 0 and Rlat of 1.829).

In Fig. 11(a) when the SUBOFF model moves towards the larger
body, the low pressure fields due to the larger body and the SUB-
OFF’s sway motion are at opposite sides of the SUBOFF. Thus, the
interaction sway force due to resultant pressure field is lower, as
the SUBOFF’s pressure field due to the sway motion is opposing the
interaction force of the NP01. However, when the model moves
away from the larger body as seen in Fig. 11(b), the low pressure
fields due to the larger body and the SUBOFF’s sway motion are
both in between the two bodies. Thus, the SUBOFF’s own pressure
field complements the interaction sway force, resulting in a higher
attraction force.

6.1.2. Interaction sway force and yaw moment against
longitudinal separation

The variation of the interaction sway force and yaw moment
coefficients against the longitudinal separation of the two  bodies
are shown in Figs. 12 and 13 respectively. The forces and moments
were recorded at positive peaks of the sway displacement (i.e. when
the SUBOFF is closest to the NP01 model during each cycle). The
sway forces were quantified for three sway frequencies of 0.2 Hz,
0.15 Hz and 0.05 Hz. The yaw moment was  calculated at a reference
point where the single body yaw moment reached zero (i.e. 0.701 m
aft of the SUBOFF nose tip). Therefore, the yaw moment shown in
Sway displacement  (m)

NP01away from  NP01 

Fig. 10. Interaction sway force coefficient against sway displacement (at Rlong of 0).
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Fig. 11. Visualization of the predicted two-body pressure interaction field with (a) the SUBOFF moving towards NP01 and (b) the SUBOFF moving away from NP01 (at Rlong

of 0 and Rlat of 1.829).
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Fig. 12. Interaction sway force coefficient due to sway acceleration vs. R

aw towards the NP01 as shown in Fig. 1(a). The yaw moment was
on-dimensionalized using Eq. (7),

on-dimensional yaw moment (N′) = 2N

�L3u2
(7)

here N is the yaw moment, � is the specific density of fresh water,
 is the length of the model, and u is the surge velocity component.

Fig. 14 illustrates the pressure visualization with longitudinal
eparation. When Rlong is −0.737, the SUBOFF nose tip reaches the
ow pressure region around the aft section of the NP01 model. Fur-
hermore, the confined area between the SUBOFF bow and the NP01
auses an increase in the flow velocity between the two  bodies,
esulting in the intensification of the low pressure field (in accor-
ance with Bernoulli’s theorem). The low pressure field between
he two bodies attracts the SUBOFF towards the NP01 (i.e. a pos-
tive interaction force as shown in Fig. 12). However, the stern of
he SUBOFF is still within the relatively higher pressure region aft of
he NP01. Thus, the combination of the high and low pressure fields
cting on the stern and forward regions of the SUBOFF respectively

esults a positive yaw moment as shown in Fig. 13 (i.e. a moment
cting on the SUBOFF yawing its bow towards the larger body).

When Rlong is −0.491, the entire SUBOFF model is within the
ow pressure interaction field created by the aft section of the NP01.
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Fig. 13. Interaction yaw moment coefficient vs. Rlong (at Rlat of 1.47
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 Rlat of 1.475, sway amplitude of 0.145 m and sway frequency of 0.2 Hz).

Furthermore, the restricted space between the two bodies creates a
second low pressure field along the length of the SUBOFF. These two
low pressure fields attract the SUBOFF towards the NP01, causing
the highest attraction force. However, the yaw moment is relatively
small as both the bow and the stern of the SUBOFF are attracted
towards the NP01 model.

When Rlong is −0.246, the SUBOFF is located within the mid-
body region of the larger NP01 model. The intensity of the low
pressure field due to the NP01 reduces in this region due the par-
allel mid-body section. However, the low pressure created due to
the accelerated flow field between the two  bodies attracts the SUB-
OFF towards the NP01, producing the lowest interaction force. The
SUBOFF bow is attracted towards the NP01 due to the low pressure
field created at the bow of the NP01, resulting in a positive yaw
moment.

The attraction force again increases when the Rlong is 0, due to
the increase in the low pressure field located just aft of the bow of
the larger body. The SUBOFF bow is pushed away from the NP01
by the high pressure field around the stagnation point of the latter,

while the SUBOFF stern is attracted towards the NP01, resulting in
a negative yaw moment.

As the SUBOFF moves further along the length of NP01 to a Rlong
of 0.246, the bow of the SUBOFF model moves into the high pressure

0.000 0.492 0.984

paration Ratio (Rlong)

5, sway amplitude of 0.145 m and sway frequency of 0.2 Hz).
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Fig. 14. Pressure visualization

egion around the stagnation point of the NP01, which pushes the
ow of the SUBOFF further away from the larger body, The stern of
he SUBOFF is pulled towards the NP01 by the low pressure field
ocated just after the bow of the latter. This results in an overall
egative sway force and a yaw moment.

When Rlong is +0.491, the entire SUBOFF is within the forward
igh pressure region, causing the highest repulsive interaction

orce. The stern of the SUBOFF is pushed away from the NP01 due to
he high pressure region at the stagnation point of the NP01 caus-
ng a slightly positive yaw moment. When Rlong is 0.737 the smaller
ody moves further away from the high pressure region, progres-
ively reducing the repulsive interaction sway force as well as the
ositive yaw moment.

Although the trends of interaction force variations for the
hree frequencies shown in Fig. 12 are similar, their magnitudes
o vary as much as 24%, especially when the two  bodies are
longside. This shows that the interaction force is frequency depen-
ent.

.1.3. Interaction surge force
A similar analysis was carried out for the interaction surge force

Fx(interaction)), which varies with the sway displacement and the
irection of sway (i.e. whether towards or away from the larger
ody). However, unlike the interaction sway force, the interaction
urge force is higher when Rlong is below 0.246 and the SUBOFF
odel is moving away from the larger body than when moving

owards it, but opposite when Rlong is above 0.246 (see Fig. 15).
According to the pressure visualizations shown in Fig. 14, at

long of −0.737 and −0.491, a low pressure region is located ahead
he SUBOFF, effectively reducing the drag force. Thus, when Rlong
s lower than −0.491, the drag force acting on the SUBOFF model
ue to the interaction with the larger body is lower than the drag
orce for the single body (see Fig. 15). When the Rlong is higher than
0.246, the high pressure region located forward of the SUBOFF
odel increases the drag force, resulting in it being greater than

he single body drag force. Leong et al. [6] investigated the steady
tate surge force acting on the SUBOFF model when operating in
lose proximity to the NP01, and concluded that it is unaffected by
he larger body when the Rlong is above 1.02 and below −1.19.

The above results indicate that the hydrodynamic coefficients

f an AUV vary with the influence of interactions caused by third
arty objects; in this case a larger moving body. However, similar
utcomes could be expected for other types of boundaries such as
etty walls, seabed, and surface ice layers [29,30].
ifferent Rlong (at Rlat of 1.829).

6.2. Proposed simplified method to predict interaction sway force

A simplified method was developed to obtain the two
body hydrodynamic coefficients using single body hydrodynamic
coefficients and steady-state interaction force due to straight-line
motion. The inverse of this approach was  also validated, i.e. obtain-
ing the steady-state interaction force from two body hydrodynamic
coefficients. The following section introduces the method, its vali-
dation and limitations.

6.2.1. Simplified method: obtaining the two body hydrodynamic
sway forces

A new term called the ‘quasi-static’ sway force is defined
by adding the steady-state interaction force due to straight-line
motion to the single body pure sway force as shown below,

Fy(quasi-static) = Fy(two body, steady state) + Fy(single body, dynamic) (8)

where Fy(two body, steady state) – steady state sway force on the smaller
body due to straight-line forward motion of the two bodies
together.* Fy(single body, dynamic) – sway force on the smaller body
obtained from single body pure sway motion.* (*The lateral sep-
aration ratio of the tests should be maintained at the ratio at which
the quasi-static sway force is required.)

The quasi-static sway forces are compared against the sway
forces obtained from two body pure sway motion tests (i.e.
Fy(two body, dynamic)) in Fig. 16. The sway forces were recorded in
phase with displacement (i.e. the sway force due to sway accel-
eration). The positive (+) and negative (−) signs indicate that the
forces were measured when the SUBOFF model is closer or further
away from the centreline of motion to the larger NP01 body respec-
tively. The maximum percentage difference between Fy(quasi-static)
and Fy(dynamic) is below 14% for all the test cases. Therefore, it could
be deduced that the quasi-static sway force (Fy(quasi-static)) is a good
indicator of the two body dynamic sway force acting on the smaller
body (Fy(two body, dynamic)).

Using this method, the hydrodynamic coefficients of an AUV
when operating close to a larger body could be estimated by sim-
ply adding the steady-state interaction force coefficients (obtained
from Eqs. (3) and (4) by substituting Fyout and Fyin with the steady-
state force) into the single body hydrodynamic coefficients (i.e. Yv̇

and Yv). Therefore, the variation of hydrodynamic coefficients due
to a second body could be estimated by conducting a cost effec-
tive steady-state simulation, rather than time intensive dynamic
pure sway motion simulations. This method might also be valid
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or when the AUV is manoeuvring near other types of stationary
oundaries such as sea-bed, wall boundaries, and under ice lay-
rs, and is worth investigating since the method will save time.
owever, the proposed method has the following limitations:

the sway frequency and amplitude of the single body pure sway
motion tests should be the same as the sway frequency and ampli-
tude of the required Fy(quasi-static);
the lateral body separations of the measured Fy(steady state) and
Fy(single body, dynamic) should be equal to the lateral body separation
of the required Fy(quasi-static); and
the proposed quasi-static approach is validated only for the range
shown in Table 2.

.2.2. Inverse of the simplified method: obtaining the steady-state
nteraction sway force

Inverse of the above simplified method is to obtain the two body
teady-state interaction force due to straight-line motion using the
way forces obtained from two body pure sway motion tests. The
econd order polynomial extrapolation of Fy(two body, dynamic) meets
he steady-state interaction force at the sway frequency of 0 Hz
see Fig. 16), with a percentage variation of less than 8%. Similar
atterns were observed in all the analyzed cases. Therefore, this
ethod could be used to obtain the steady-state interaction sway

orce due to forward motion at any lateral separation (within the
way amplitudes) using a set of pure sway motion tests and this
ethod is an efficient way of obtaining the steady-state interaction

orce at multiple lateral separations. The limitations of this method
re as follows:

validations is limited to the range shown in Table 2; and
the steady-state interaction forces obtained from the current

study are relatively small due to the small body diameter ratio
between the two models, thus, the accuracy of the proposed
method needs to be further validated by replicating the study
for models having a larger body diameter ratio.
static and dynamic Fy′
in

.

7. Conclusions

An investigation into the hydrodynamic interaction between an
AUV operating in close proximity to a larger moving vehicle such
as a submarine was conducted, with the development of a CFD
model to replicate the pure sway motion of the AUV under these
conditions. The model was validated through physical experimen-
tal work conducted using an AUV model fitted to an HPMM and
a larger adjacent body moving along the axial direction in AMC’s
Towing Tank. The percentage difference between the CFD and EFD
sway forces were generally below 6% and within the experimental
error margins.

The maximum hydrodynamic interaction sway force acting on
the smaller body due to the presence of the larger NP01 body was
found to be an attraction force when the former is located behind
the nose of the latter (i.e. when the longitudinal separation ratio is
below zero) and vice versa. This was due to the low pressure field
created around the span and the high pressure field created around
the nose region of the larger body. The lowest interaction between
the two bodies occurred when the smaller body is located around
the midship section of the larger body. Furthermore, the interac-
tion sway force coefficient when the SUBOFF is moving towards
the NP01 was found to be lower than that when it is moving fur-
ther apart due to the low pressure field created around the span of
the larger body.

The proposed simplified method is able to estimate the hydro-
dynamic coefficients of an AUV when operating close to a larger
underwater body by simply adding the steady-state interaction
force coefficient to the single body hydrodynamic coefficient, with
a maximum percentage variation of 14%. Therefore, the varia-
tion of hydrodynamic coefficients due to a second body could be
estimated by conducting a cost effective steady-state simulation,
rather than time intensive dynamic pure sway motion simulations.
The inverse of this method is able to provide an approximation of
the steady-state interaction force at any lateral separation (within

the amplitudes of the pure sway motion tests) using the two  body
sway force due to pure sway motion with a maximum percentage
variation of 8%. This method is an efficient way  of obtaining the
steady-state interaction force at multiple lateral separations.
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