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ABSTRACT

The accuracy of experimental procedure used to calculate the drag coefficient of an Autonomous underwater
vehicle (AUV) in a towing tank is investigated using computational fluid dynamics. Effects of struts, used to
connect the AUV model to towing carriage, on the hydrodynamics coefficient of the AUV at various relative
submergence depths, at AUV speeds of 1.5 and 2.5 m/s are numerically simulated. VVarious numerical modeling
are performed to investigate the effects of free surface with and without presence of struts on the drag coefficient
of the AUV. Volume of fluid (VOF) model is used to solve the two phase flow RANS equations. The drag
coefficients obtained from two phase flow simulations are compared with those obtained from single phase
flow at corresponding velocities. The results obtained from experiments conducted in the towing tank of the
Subsea Science and Technology centre, on a full-scale model of the AUV developed in this Centre, agreed well
with those obtained by numerical simulations.
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NOMENCLATURE

Cy4 drag force coefficient SIM-4 simulation of AUV when it moves in an
Cp pressure coefficient infinite medium
Cstrut chord length of the struts U, U] reynolds stress

(NAC_AOMZ) Re; reynolds based on length
D hull diameter S reference surface area
Fq drag force Savv reference surface area for AUV
Favvy net resistance force of AUV Sstrut reference surface area for Strut
Fistruts) total axial force exerted on the struts SIM-1  simulation of AUV and its struts when
Fauv+strutsy force exerted on the AUV and the they move in the towing tank

struts 4 total volume
h distance of the free surface from the \' velocity vector

AUV upper surface V; volume of phase i
h* relative submergence depth v reference velocity
L hull length
p pressure v towing speed or AUV speed
Pres reference pressure a; volume fraction of phase i
SIM-2 simulation of AUV when it moves p density

under free surface, without pi density of phase i

considering any struts Pm bulk density
SIM-3 simulation of struts when they move Um bulk viscosity

in the towing tank alone 6 boundary layer thickness

Ay first layer thickness
Ay* dimensionless First layer thickness
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1. INTRODUCTION

Autonomous underwater vehicles (AUVSs) play an
important role in different application fields, such as
underwater surveys, environment monitoring,
oceanographic studies, military, homeland defense,
etc. Extensive use of AUVs in various maritime
fields, therefore, necessitates investigation of their
hydrodynamics performance. The hydrodynamics
performance of AUVs as well as their navigation and
control requires a better understanding of various
forces acting on these vehicles under various
conditions. Since various forces acting on these
vehicles are expressed in terms of hydrodynamics
coefficients, a great deal of researches was
conducted on the subject of calculation of
hydrodynamic coefficients of these vehicles. A
number of methods have been reported for
calculating the hydrodynamics coefficients of
underwater vehicles. They include computational
fluid dynamics (Hopkin and Den Hertog, 1993;
Nahon, 1993; Bellevre et al., 2000; Wu et al., 2005;
Tyagi and Sen, 2006; Philips et al., 2007; Broglia et
al., 2007; Barros et al., 2008; Jagadeesh and Murali,
2010; Zhang et al., 2010; Malik et al., 2013;
Mansoorzadeh and Javanmard, 2014), experimental
(Jagadeesh et al., 2009; Julca Avila et al., 2012;
Zhang and Zou, 2013; Javanmard, 2013;
Krishnankutty, 2014) and analytical and semi-
empirical (ASE) methods (Jones and Clarke 2002;
Peterson 1980). Although experimental methods
seem to be the most accurate, relative to the other
methods, they are associated with many sources of
errors and uncertainties. For example, experimental
results obtained in a towing tank suffer from errors
associated with test setup, scale effects, model
fabrication inaccuracies, calibration errors, tank wall
effects, etc. On the other hand, the results obtained
from numerical simulations suffer from inaccuracies
in physical models and numerical errors. Judging
which method is more accurate is not very
straightforward. However, using both methods
together and comparing the results can lead to more
elaborate results. In this paper a set of numerical
simulations was carried out in order to model the
experiments usually conducted in towing tanks to
calculate the drag force and its pertinent
hydrodynamics coefficients of a submersible vessel.
The effect of the free water surface and struts used to
connect the model to the towing carriage, on the
obtaining results are investigated. Since AUVs are
designed to move in deep water, (far from the free
surface), to calculate their hydrodynamic
coefficients experimentally in a towing tank, free
surface effects should be eliminated. Therefore the
AUV model should be towed in a depth at which free
surface effect is negligible. A set of experiments at
various depths and speeds should, therefore, be
conducted, to find a minimum depth at which the
surface effect on hydrodynamic coefficients is
negligible. To calculate the drag coefficient of an
AUV in a towing tank, experimentally, a scaled
model of the AUV is towed at various constant
speeds. The resistance force is then measured by a
dynamometer (force meter) at each speed. The drag
coefficient can be calculated as:
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Cq =Fy /1052 )
Where F,; is the drag resistance force measured by
the dynamometer, p is the density of the water, v is
the towing speed and S is the reference surface area.
To tow the AUV model by the towing carriage at
various speeds, it is usual to use one or two struts, as
shown in Fig. 1 or to use a sting mechanism as shown
in Fig. 2. A sting is a long shaft attaching the
downstream end of the model so that it does not
much disturb the flow over the model. The rear end
of a sting usually has a conical fairing blending into
the model support structure. In both cases, presence
of struts or sting can disturb the flow around and
behind the AUV model. Presence of struts changes
the stream lines of the surrounding fluid. Therefore,
the drag force measured by the load cell is influenced
by the disturbance caused by the struts or sting.
Although the disturbance of a sting is expected to be
much lower than struts, the effect of AUV propeller
cannot be investigated, when sting is installed behind
the AUV. There is no direct experimental method to
measure the effect of struts on the measured drag
force. In order to minimize the disturbance of struts,
stream lined NACA shaped struts are mostly used to
connect the AUV model to the carriage load cells. On
the other hand , if an external load cell is used to
measure the resistance force, as indicated in Fig. 1,
the force indicated by the load cell includes both
AUV and strut resistance force. Therefore to obtain
the net AUV resistance forces, an additional

experiment should be conducted to calculate the
resistance force of the struts alone, at each speed.
This force should be subtracted from the force
measured in the first experiment to obtain the net
resistance force of the AUV.

Fig. 1. Experimental setup ihdicating AUV
connected to the towing carriage using struts.

Fig. 2. Application of sting mechanism in the
towing tank tests (Rhee et al., 2000).
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Fig. 3. Various experimental configurations used to calculate the drag force of AUV, including: A
schematic of an AUV model connected to the struts and towed with a constant speed, corresponding to
numerical simulation SIM-1(a), A schematic of an AUV model without struts corresponding to
numerical simulation SIM-2 (b), A schematic of struts towed with a constant speed, corresponding to
numerical simulation SIM-3 (c).

Now, the question is how accurate the results
obtained by this experimental method are? Here we
attempt to describe this problem in more details.

Figure 3(a) shows a schematic of an AUV model
connected to the struts and towed with a constant
speed. The resistance force that an external load cell
measures is the total axial force exerted on the AUV
and the struts.  We indicate this force by
Flauv+struts)- Figure 3(c) shows a schematic of the
struts towed with the same speed as in Fig. 3(a). The
total axial force exerted on the struts can be measured
by the load cell. We indicate this force by Fissrues).-
To obtain the net resistance force of the AUV alone,
Feayvy » as shown in Fig. 3(b), the following
assumption can be made:

Fauv ) = Fauv sstuts) ~ Fistruts) @)
Both Frayv+struts) and  Fiserues) Can be measured
experimentally. However, Fyyy can only be
evaluated by Eq. (2). This force cannot be measured
experimentally. For the following reasons Fiyy,)
obtained by Eq. (2) is only an approximation:

1. Presence of struts disturbs the stream lines
around the AUV, therefore F(,yy, obtained by
Eqg. (2) is a result of disturbed stream line

around the AUV.

Presence of AUV next to the struts disturbs the
streamlines around struts, therefore, Fissryes)
obtained from the experiment, conducted as
shown in Fig. 3(c), differs from the force
exerted on the struts connected to the AUV, as
shown in Fig. 3(a).

Motion of AUV and struts near the free surface
can create a wave on free surface. Wave
making resistance, therefore, plays an
important role on the total resistance force,
sensed by the load cell. The motion resistance,
in this case depends on the wave profile created
on the free surface. The wave profile in Figs.
3(a), 3(b) and 3(c) might be different.
Therefore each term in Eq. (2) is measured, or
calculated, under different surface wave
profile. This increases the uncertainties
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associated with Eq. (2).

In the present paper an attempt has been made to use
CFD to justify the experimental procedure used for
calculation of AUV drag. Computational fluid
dynamics can be used to simulate the AUV motion
in a towing tank and calculate the drag force of AUV
and its struts, exactly in the same way it is measured
experimentally, as shown in Fig. 3(a). We call this
simulation SIM-1. It is also possible to use CFD to
calculate the drag force of the AUV directly, when it
moves under free surface, without considering any
struts, as shown in Fig. 3(b). We call this simulation
SIM-2. We can also numerically calculate the drag
force of struts when they move in the towing tank,
separately, in the same way that we measured it
experimentally, as shown in Fig. 3(c). We call this
simulation SIM-3. Comparing the results obtained
for the drag forces of AUV and struts from numerical
simulations SIM-2 and SIM-3, respectively, with
corresponding values obtained from simulation SIM-
1 shows how accurate Eq. (2) is for evaluation of the
drag coefficient of the AUV. Another set of
simulations, called SIM-4, is also performed, in
which AUV moves in an infinite medium. There is
no free surface effect in this case. The results
obtained at various depths and speeds from
simulations SIM-1 and SIM-2 can be compared with
those of simulation SIM-4, to investigate the effect
of free surface on the drag force. The accuracy of Eq.
(2) is a function of shape of the AUV and its struts,
its speed and the AUV distance from the free surface.
This study was carried out for the AUV developed
and constructed in the Subsea Research and
Development center of Isfahan University of
Technology (IUT), located in Iran. A photo of the
AUV is shown in Fig. 4 and its main specifications
are listed in Table 1. The simulations are performed
for various submergence depth and two different
speeds namely 1.5 m/s (nominal speed of the AUV)
and 2.5 mfs, to investigate the effect of speed
increase on the results. The two phase flow results
are compared with the corresponding results
obtained from the single phase flow simulations,
performed for an infinite domain. The numerical
results are then compared with the available
experimental results conducted in the subsea R&D
center of IUT.
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Fig. 4. IUT Autonomous Underwater Vehicle.

Table 1 AUV Characteristics

Parameters Description
Shape Torpedo
Length(L) 145cm
Diameter(D) 23¢cm
Weight in air 45 kg
Depth of operation 200 cm
Time of operation 25hr
Fins shape NACAOQ015
Horizontal velocity 3 knot
Sauv 415.5 cm?

2. EXPERIMENTAL SETUP

A fiber-glass full-scale model of the subsea R&D
AUV was fabricated to conduct the experiments. The
experiments were carried out in the IUT towing tank.
The length, width and depth of the towing tank were
108, 3 and 2.2 m, respectively. The AUV model, as
shown in Fig. 1, was connected to the carriage
dynamometer through two Naca0012 struts with a
chord length of Cstrw=10cm. The AUV model
distance from the surface water could be adjusted by
an elevator mechanism. Table 2 shows the various
conditions in which experiments were carried out. In
order to measure the net force exerted on the vessel
body, experiments were carried out in two steps. In
the first step, the force required to tow the AUV
model together with its struts at a specified speed,
was measured. In the second step, the forces required
to tow only the struts, at the same speed, was
measured. By subtracting the force measured in the
second, from the one in the first step, the pure force

required to tow only the vessel body was calculated.
3. NUMERICAL SIMULATIONS

3.1 Theoretical Background

To capture the free surface effects over the AUV
numerically, the volume of fluid (VOF) method is
adopted. The VOF method is one of the most popular
schemes for tracking interfaces and locating the free
surface (Lafaurie et al., 1994; Pilliod Jr and Puckett
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1994; Rider and Kothe 1995, 1998; Scardovelli and
Zaleski (1999). In this method, the data structure that
represents the interface is the fraction a of each cell
that is filled with a reference phase, say phase 1. The
scalar field a is often referred to as the color
function. We have 0 < a < 1 in cells cut by the
interface and « = 0 or 1 away from it. The data «
are given at the beginning of a computational cycle
but no approximation of the interface position is
known (Gueyffier etal., 1999). To model the motion
of the AUV under the water free surface, the
equations governing the conservation of mass and
moment of the air and water should be solved. With
this background, the two phase flow conservation of
mass and momentum equations can be expressed as
Eq. (3) to Eq. (7) (ANSYS, 2009b).

g((xip,)+v.(aip|V)=O i=12 @)

Vi _
o :V_ i=12 (4)
D =10
i (5)
ZV(a,V):O
i Q)
g(pmV)+V.(pmV><V):

-

v.(-p i ((VV)+(VV) )) -

Where, a;, p; and V; are the volume fraction,
density and volume of phase i, respectively. The
velocity vector is denoted by V, while, V is the total
volume. w,, and p,, are the bulk viscosity and
density, respectively, and P is the pressure. The
volume fraction everywhere is either one or zero,
except at boundaries of the phases (ANSY'S, 2009a).
Therefore a homogeneous model or single velocity
field can be used to solve these equations. The
Reynolds averaging (Wilcox and Rubesin, 1980) and
k- or shear stress transport (SST) turbulence models
are used in this study. Various turbulence modelings
and their application are described in ANSYS
(2009a). To model the control surfaces in which flow
separation is very important, SST turbulence model
was used. SST blends a k — & model with a variant
of k- model far from the wall, in the outer boundary
layer. k — & model was used when the hull alone was
modeled. The computational domain is a cuboid and
the solid body is a full-scale model of the AUV.
Numerical simulations are performed for both two
phase flow and single phase flow. In two phase flow
simulations, water and air are separated by a free
surface. The numerical simulations are conducted for
various vehicle submergence depths (h), with and
without presence of the supporting struts. The
obtained results were compared with the
corresponding single phase results, in order to
investigate the free surface effects on the drag and
lift coefficients.
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Fig. 5. Computational domain and boundary conditions for SIM-1(a), SIM-2 (b), SIM-3 (c), SIM-

4(d).

Table 2 Various experimental and numerical simulation conditions

Experimental conditions

Velocity(m/s) Height (cm)

Non-dimensional height (h*=h/D)

15-25 40-60

1.74-2.61

Numerical simulation conditions

Velocity(m/s) Height (cm)

Non-dimensional height (h*=h/D)

1.5-25

20-30-40-50-60-80-90-100-120

0.87-1.3-1.74-2.17-2.61-3,48-3.91-4.35-5.22

3.2 Boundary Conditions

Various boundary conditions and computational
domains which are used for the simulations are
shown in Fig. 5. According to Table 2, various inflow
velocities were specified as the inlet boundary
condition. A zero relative pressure is specified as the
outlet boundary condition. Free-slip boundary
conditions were considered for the lateral walls,
while, no slip boundary condition was used on the
hull surface. For two phase flow, simulations were
conducted at various AUV submergence depths,
according to Table 2. Due to left and right
geometrical symmetry, only half of the domain was
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modeled.
3.3 Grid Generation

The unstructured meshes, used for the simulations
SIM-1 to SIM-4 are shown in Fig. 6. Similar meshes
were tried to be used for the simulations in order to
obtain grid independent results. A finer mesh was
used near the free surface and areas with large
gradients like fins and the nose of the AUV. A prism
layer near the wall of quadrilateral cells was
generated to resolve the high gradient boundary
layer. For a specified y*, the first layer thickness can
be estimated (ANSYS, 2009a) as:
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Boundary layer thickness §; can be obtained (White,
2006) using:

1) 0.382

&4 5 9)
L Re ™

For a velocity of 1.5 m/s, for example, and ~ y* =

30, the first layer thickness and the boundary layer
thickness were about 0.5105 and 29 mm,
respectively. Therefore, by using an expansion factor
of 1.3, the boundary layer would contain 13 layers of
meshes to use for a simulation with k — & model.

3.4 Grid and Domain Study

In order to show that the obtained results were grid

4. NUMERICAL AND EXPERIMENTAL
RESULTS AND ANALYSIS

Using domain and boundary conditions indicated in
Fig. 5, simulations SIM-1 were performed to
calculate the drag force of the AUV together with its
struts at various submergence depths as well as drag
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independent, for various grid sizes, the pressure
coefficient C, was calculated, using Eq. (10), along
lines A and B, shown in Fig. 7. Variation of Cp with
the non-dimensional parameter X/D for the most
critical case, v = 2.5 m/s and h=20 c¢cm is shown in
Fig. 8. Variation of Cp along these lines did not
change significantly, as the number of elements
increased from 2.9 million to 3.5 million elements.
Therefore, use of 2.9 million elements ensured that
the results were grid independent. This number of
element was also numerically cost effective. A
domain study was also carried out with a number of
domain sizes. The domain sizes indicated in Fig. 5
were shown to be cost effective and ensured that the
results were domain independent.
_ P P
0.5p/ 2

forces of AUV and its struts, independently. Figure
9 shows the variation of the drag force of the AUV
together with its struts as a function of submergence
depth , at AUV speeds of 1.5 and 2.5 m/s. Figure 9
shows that, by increasing the submergence depth,
hence the struts surface area, the total drag force of
the AUV and its struts increases. Drag forces of the
AUV, alone, and its struts, separately, at

P (10)
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Fig. 7. Schematic of the AUV model and the location of Line A and Line B used for Cp distribution in
zox plan (a) and xoy plan (b).
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Fig. 8. Variation of pressure coefficient with non-dimensional parameter X/D on line A (a) and line B
(b), obtained for various grid sizes, Re; = 3.16 x 10%, h* = 0.87.
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Fig. 10. Comparing the results obtained from simulations SIM-1 and SIM-3, for the drag force of struts at
v=1.5m/s (a) and v=2.5m/s (b).

corresponding depth are also shown in this figure. As
indicated in this figure, as the AUV submergence
depth increases, the struts drag force increases
linearly. This figure indicates that at an AUV speed
of 1.5 m/s and at a submergence depth of 20 cm, the
drag force ratio of the AUV to struts is about 4.7.
This ratio decreases to 0.75 at a depth of 120 cm. For
the AUV speed of 2.5 m/s the corresponding ratios
are 6.1 and 0.71, respectively. The drag force of
struts is also calculated by simulations SIM-3, in
which the struts are simulated separately. The
simulation results showed that drag of struts when
they move separately is slightly smaller than that
when they are connected to the AUV. Comparing the
results obtained from simulations SIM-1 and SIM-3,
for the drag force of struts, as shown in Fig. 10,
indicates that, the maximum difference between two
drag simulations is less than 4 percent. Non-
dimensional form of this figure is shown in Fig. 11.
Figure 9 shows that if a long strut is used, the drag
force of the strut compared with the drag force of the
AUV is large. Therefore, using Eq. (2) to calculate
the AUV drag force, for a specific percent of error in
calculation of the drag force of struts, results in a
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larger error for longer struts. We conclude from the
above discussion that although using large struts
(large submergence depth) decreases the influence of
free surface on the drag measurement of the AUV; it
introduces larger errors in Eq. (2). A numerical and
experimental study conducted by Javanmard (2013)
on the same AUV showed that the strut to AUV drag
ratio of circular struts, at a depth of 60 cm, was more
than 3, comparing with 0.67 for NACA 0012 struts.
Therefore using circular struts with large drag force
may result in large error in calculation of AUV drag
force. To proceed our numerical investigations, it is
now necessary to compare the obtained numerical
results with the available experimental results. The
experiments were conducted under conditions shown
in Table 2. The setup of experiments were
corresponded to the numerical simulations SIM-1
and SIM-3, for AUV speeds of 1.5 and 2.5 m/s and
submergence depths of 40 and 80 cm. A thorough
uncertainty analysis made for the experiments
showed that the maximum uncertainty value of the
drag coefficient was about 0.61% of the drag
coefficient value. Table 3, compares the numerical
and experimental results obtained for Fayy4seruts)
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Fig. 11. Comparing the results obtained from simulations SIM-1 and SIM-3, for the drag coefficient of struts at
v=1.5m/s (a) and v=2.5m/s (b).

Table 3 Experimental and simulation (SIM-1 and SIM-3) results

Test Velocity(m/s) Height (cm) Drag (N)-EXP | Drag (N)-CFD | %Diff
AUV + Struts 15 40 12.9 12.44 3.57
AUV + Struts 15 60 14.95 14.88 0.47
AUV + Struts 25 40 41.01 39.546 3.57
AUV + Struts 25 60 43.2 41.725 341

Struts 15 40 4.027 3.842 4.59

Struts 15 60 5.984 5.89 1.57

Struts 25 40 111 10.67 3.87

Struts 25 60 171 16.29 4.74

Table 4 Drag force obtained from Eq. (2) using experimental and numerical results

Velocity(m/s) | Height (cm) Drag AUV(N)-EXP Drag AUV (N)-CFD %Diff
1.5 40 8.873 8.598 3.1
15 60 8.966 8.99 0.23
25 40 2991 28.876 3.46
25 60 26.1 25.435 2.55

and Fiseruts)- Using the numerical and experimental
values shown in this table, the drag of AUV was
calculated by Eq. (2). Table 4, compares the drag
values obtained experimentally and numerically by
Eqg. (2). As indicated in this table, numerical results
agreed well with those of experiments. The
numerical results, therefore, can be used to continue
our study on the effect of struts and free surface on
the calculation of AUV drag force. Numerical results
shown in Fig. 12 reveals that, at the AUV speed of
1.5 m/s, up to a depth of 50 cm, as the submergence
depth increases, the AUV drag force decreases.
However, as the submergence depth increases
further, the AUV drag first increases and then, after
some small oscillations, approaches to its infinite
medium drag of 8.8, obtained from simulation SIM-
4. The AUV drag was also calculated from SIM-2, in
which the struts are removed from the AUV. The
difference between the AUV drags obtained from
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SIM-1 and SIM-2 should, then, be only due to the
presence of struts. Figure 12 compares the results
obtained from these two simulations

increase of submergence depth and approaches to its
infinite medium drag value. A careful observation of
this figure showed that at the AUV speed of 1.5m/s,
and submergence depth of 20 cm, the AUV drag
obtained from simulation SIM-1 was 9.023, while, a
value of 9.57 was obtained from simulation SIM-2.
It means that presence of struts decreases the drag
force of AUV by 6 percent. A comprehensive grid
study showed that this difference was not due to the
mesh structures used for two simulations. This figure
shows that up to a depth of 50 cm the drag force of
AUV with struts is almost 6 percent less than that
without struts. This is somehow in agreement with
Bertram explanation that a cylinder with a flat plate
in the wake has a considerable lower resistance
coefficient than a cylinder without a plate. The
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reason is vortex shedding behind the cylinder with
large vortices oscillating from one side to the other,
see Fig. 13. These large vortex oscillations are
blocked by the flat plate (Volker, 2000). One can,
then, conclude that the wakes created near the free
surface, as a result of AUV motion, create oscillating
vortices next to the AUV body. The oscillating
vortices increase the resistance force. If the AUV is
connected to the struts, the oscillations can be
blocked by the struts and resistance force decreases.
As the submergence depth increases further, the
difference between the drag force of AUV with and
without struts decreases. It shows that as the free
surface effect on the AUV decreases with
submergence depth, the struts do not decrease the
drag of AUV anymore. In this case, results obtained
from SIM-1 and SIM-2, for the drag force of AUV
become almost equal. In order to generalize the
results obtained from the above simulations, drag
coefficient is calculated as a function of relative
submergence depth (h"=h/D), where, h is the
distance of the free surface from the AUV upper
surface, and the drag value obtained for an infinite
depth.

O
O

Fig. 13. A cylinder with a flat plate in the wake
has a considerable lower resistance coefficient
than a cylinder without a plate.

222222222222
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As shown in this figure, the drag force calculated
from simulation SIM-2 continuously decreases with
and D is the AUV diameter. Figure 14, compares the
percent of deviation of the AUV drag coefficient,
obtained from simulations SIM-1 and SIM-2, from
the drag coefficient obtained for an infinite medium
in which there is no free surface and strut effect. This
drag coefficient is denoted by CD (o) and obtained
from simulation SIM-4, as a function of relative
submergence depth h*, for AUV speeds of 1.5 and
2.5 m/s, corresponding to Reynolds numbers of 1.9
and 3.16 million, respectively.

As shown in this figure, simulations SIM-2 show
that, at the Reynolds number of 1.9 million, the
percent of deviation of AUV drag coefficient, from
infinite drag coefficient, starts from 8.5 percent, at a
h*of 0.87, and approaches a constant value of 1.8
percent, at a h*of 2.6. When struts are also simulated,
in simulation SIM-1, however, the deviation starts
from 2.5 percent, reaches a maximum deviation of 4
percent at h*=2.17, then, oscillates within 1 percent
at higher submergence depths. To investigate the
effect of AUV speed, similar simulations repeated
for an AUV speed of 2.5 m/s. The results are also
shown in Figs. 9(b), 10(b), 12(b) and 14(b). Almost,
similar general behavior was observed in both
speeds. One can conclude again, from Fig. 12 for the
AUV speed of 2.5 m/s that the drag of AUV obtained
from simulations including the struts (Simulation
SIM-1) is smaller than that obtained from SIM-2.
Although the difference between the drag of AUV
obtained from simulations SIM-1 and SIM-2 is larger
for speed of 2.5m/s than that for the speed of 1.5 m/s,
the relative difference (difference divided by the
magnitude of the AUV drag) is smaller at AUV
speed of 2.5 mfs. Therefore, performing the
experiments at larger speeds causes smaller relative
error. Figure 14 shows that while, at a relative
submergence depth of 0.87, the percent of deviation
of the AUV drag coefficient from its infinite medium
value was 8.5 percent for the AUV speed of 1.5 m/s,
the corresponding value was 60 percent for the AUV
speed of 2.5 m/s. Comparing these figures also
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Fig. 14. Comparing the percent of deviation of the drag coefficient as a function of relative
submergence depth h*, obtained from simulations SIM-1 and SIM-2, from the drag coefficient
obtained from simulation SIM-4, for an infinite medium, for Reynolds numbers of 1.9 million (a) and
3.16 million (b).

showed that, while the AUV drag coefficient
approaches its infinite medium drag value (0.189
obtained from SIM-4) at a relative submergence
depth of 2.5, for an AUV speed of 1.5 m/s, the
AUV drag coefficient approaches its infinite drag
value (0.177 obtained from SIM-4) at a relative
submergence depth of 4.34. It means that in order
to eliminate the free surface effect on the drag
coefficient of the AUV, longer struts should be
used to conduct towing tank experiments at larger
speeds. As mentioned earlier, however, longer
struts introduce larger errors in Eq. (2). It is worth
mentioning that using longer struts is also
associated with some technical problems related to
their natural frequency, which sometimes disturb
the experimental results. When the length of the
struts increases, the vibration frequency of the
structure, including the struts and body of the
AUV, gets closer to the natural frequency of the
system causing high frequency oscillation in the
force measured by the dynamometer. This
phenomenon has been observed and documented
by the authors, when two long circular struts are
used instead of NACA struts.

5. CONCLUSION

Computational fluid dynamics was used to
simulate the experimental procedure used to
calculate the drag coefficient of an AUV in a
towing tank. Since using struts for towing the
model of the AUV in a towing tank is inevitable
and there is no experimental method to investigate
the effect of presence of struts on the drag
coefficient of the AUV accurately, a set of
numerical simulations was performed in order to
investigate this effect. The effects of free surface
and its interaction with both struts and AUV hull
were also numerically simulated. In order to
justify the obtained results, the numerical results
were compared with the experimental results
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conducted in a towing tank. The numerical results,
obtained according to the experimental procedure
used to calculate the drag coefficient of the AUV,
agreed well with those of experimental results.
This showed that the numerical simulation can
also be used to study the effect of struts and free
surface on the drag coefficient of the AUV. The
numerical results showed that the drag force of an
AUV without struts is larger than that for an AUV
with struts. The amount of difference depends on
the submergence depth and speed of the AUV
model in the towing tank. The numerical results
showed that when the relative submergence depth
increased beyond some value, this difference
approached to a very small value. This was
attributed to the mutual effect of free surface and
struts on the drag coefficient. The numerical
results also showed that when AUV speed was
increased, the drag coefficient approached to its
infinite drag value at larger submergence depths.
Generally speaking, one can conclude that because
of the presence of struts, the AUV drag obtained
in a towing tank at low submergence depths is
smaller than the real drag coefficient of the AUV.
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