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Abstract In the present paper, CFD investigation is performed in order to analyze the effect of angle of attack and
strut arrangement within towing tank facility on prediction of the hydrodynamic drag of an autonomous underwater
vehicle. Single and two phase calculations basing on Reynolds Averaged Navier–Stokes (RANS) equations were
solved using ANSYS FLUENT in order to analyze the effect of free surface on flow features. Therefore, the results
were compared with experimental ones provided from a captive model in towing tank tests. The study is
accomplished at the depth of 4 of the AUV diameter over various angles of attack from 0° to 15° and different
velocity ranging from 0.4m/s to 1.4 m/s. The integration of strut arrangement in CFD analysis shows a significant
effect on the hydrodynamic characterization of the hull especially with high incidence. Also, the sensitivity of the
free surface to aft body deviation of the AUV has relatively affected the measurement of drag forces.
Keywords: AUV, CFD, drag, aft body, flow separation, wake
Cite This Article: Aymen Mohamed, Hedi Kchaou, Mohamed Salah Abid, and Zied Driss, “Numerical Study
of Attack’s Angle Effect on Drag Coefficient of AUV Hull Design.” American Journal of Mechanical
Engineering, vol. 5, no. 1 (2017): 8-13. doi: 10.12691/ajme-5-1-2.

1. Introduction
Autonomous underwater vehicle (AUV) is a submersible
vehicle which has a self-governing system to operate
without any direct intervention from operator. Using an
onboard computer, the control surfaces and the propulsion
system are monitored to accomplish the mission which
can be carried out in several fields like commercial,
offshore industry and military. Therefore, an efficient
prediction of hydrodynamic features of vehicle is imperative
for an appropriate exploitation of the limited onboard
power in order to achieve the tasks successfully. Currently,
there are some methods mainly useful for estimation of
these parameters. Empirical and semi-empirical (ASE)
method is an approach which commonly deployed to
predict the hydrodynamic coefficients based on geometrical
characteristics of the vehicle and can be validated with
experiments as presented by De Barroset al. [1]. However,
this methodology is becoming a fairly traditional with the
development of CFD (Computational Fluid Dynamics)
packages which are capable to give crucial results at
different level of complexity like a high turning rate as
developed by Phillips et al. [2] or high angle of incidence
as presented by Tyagiand Sen [3]. But in return, the
correct results can be obtained only if the parameters of
CFD calculation are properly defined including the
investigation of mesh generation and the good selections
of numerical model. In order to validate this numerical
study, it is important to collect data from experiment tests.

The customary procedure to extract these types of data is a
captive model in towing tank as performed by Stevenson
et al. [4] with static tests of several model designs. Using a
combination of loads cells, the hydrodynamic forces are
measured taking into account the effect of holder system
of the vehicle during the trials through the water. In order
to minimize the effects of struts on drag measurements
and hydrodynamic aspects of the AUV, several authors try
to improve the strut configuration. Some of them adapt a
system of double struts with streamline shape, such as the
application of Azarsina and Williams[5]. Others choose to
install the dynamometric system within the model hull in
order to isolate the hydrodynamic effects of vertical strut
like the investigations of Jagadeesh et al. [6] and Dantas
and Barros [7].
Based on these anterior studies, we are interested to the
study of the hydrodynamic effects of strut position for
various velocities from 0.4m/s to 1.4m/s on the total drag
and the flow transition is studied over different angles of
attack. Also, the behavior of free surface depending on
hull position is analyzed over a fixed depth H = 4d and
various angles of attack to investigate the effect of wave’s
profiles on hydrodynamic drag. It is noticeable that the
selection of turbulence model is a crucial step to
characterize a specific hydrodynamic performance. The
CFD study is basically performed on the solution of the
Reynolds-averaged Navier Stokes (RANS) equations
using Ansys Fluent by exploitation of divers’ capabilities
of k-ε and k-ω SST models. The resulted drag coefficients
are compared with the experimental data of Jagadeesh et
al. [6].
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Figure 1. Hull design

Where G b denotes the generation of turbulent kinetic
energy in terms of buoyancy, G k mean the generation of

2. Numerical Model
In this paper, we are interested on the application of
Jagadeesh et al. [6]. As presented in Figure 1, the model
consists on a design of hull shape, named After body 1 [8],
with a diameter d=0.14 m and a length L=10dsubmerged
using a strut arrangement in a depth H=4d.
The principal factor in this study is the Reynolds
number which is defined by:

Rev =

ρU ∇ 2/3
µ

(1)

Where ρ is density of water (1000 kg/m3), U is the inlet
velocity, ∇ is the volume of the body (0.018 m3) and μ is
the viscosity of water (0.001 kg/m s).

3. Numerical Model
3.1. Mathematical Formulation
The considered calculation in this study is performed
using basically the formulation of Reynolds Averaged
Navier Stokes (RANS) equations [9,10,11] for an
incompressible, isothermal and steady flow.
Equation of continuity:

∂ρ ∂ (ρ u i )
+
=
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(2)

Equations of motion:

ρ
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= ρ g-∇p+µ∇ 2 U
dt
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2
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Where U denotes the velocity vector, ρ is the mass
density of water, p is the pressure, g is the acceleration of
gravity and µ is the fluid dynamic viscosity.
In addition to the straight line investigation, the CFD
analysis is carried out over different angle of incidence.
Therefore, the use of a turbulence model [12,13] which is
capable to detect a separation zone becomes an imperative
requirement. So, the numerical calculation is
accomplished basing on two different turbulence models.
3.1.1. k-ε Model
As a good predictor of free stream flow, the formulations
of k-ε turbulence model are expressed with the following
equations:

turbulent kinetic energy in terms of velocity gradients. Ym
represents the fluctuating dilation in compressible
turbulence that contributes to the global dissipation rate.
Sk and Sε are a user-defined sources. µt is the turbulent
viscosity defined with:

µt = ρ Cµ

k2

ε

.

(6)

The values of constant coefficients Cµ , Cε 1 , Cε 2 , σ k
and σ ε are equal to 0.09, 1.44, 1.92, 1.0 and 1.3,
respectively.
3.1.2. k-ω SST Model
As a developed turbulence model which provides a link
between Reynolds Stresses and mean velocity, characterized
by the following equations:
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Where, Gω represents the generation of ω, Γk and Γω

represent the effective diffusivity of k and ω. G
k
represents the generation of turbulence kinetic energy due
to mean velocity gradients. Dω represents the crossdiffusion term. Sk and Sω are user-defined source terms.
Yk and Yω represent the dissipation of k and ω due to
turbulence.
The SST model combines the standard k-ε for
more accurate near wall treatment with an automatic
switch from a wall function to a low Re formulation
based on grid spacing and the standard k-ε which
is excellent in predicting the flow behavior in the
free-stream.
The separation zone is predicted by the SST model
while the k-ε fails to detect this zone. This is due to the
lack of turbulent shear stress transportation in the k-ε
model. This becomes extremely important with
applications such as foils, as they are controlled by the
flow separation profile and flow separation is formed by
the transportation of turbulent shear stress.
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Figure 2. Computational domain with and without strut

The boundary layer thickness δ L can be estimated with
the following empirical expression:

3.2. Computational Domain
The fluid domain of this problem is specified with
uniform inlet velocity varied between 0.4 m/s to 1.4 m/s
for inlet and pressure outlet condition for outlet. The far
field is defined as slip wall and finally the hull wall is
defined with no slip condition taking into account the
symmetric condition on the symmetry plane. For the
analysis with strut arrangement, the establishment of the
calculation is based on free flooding body modeling of the
AUV hull relatively to captive model system as displayed
in Figure 2.

3.3. Grid generation
The hybrid grid proves the worst mesh architecture
using a structured topology for the close wall boundaries
and unstructured gridding for far-field areas. To avoid the
excessive number of hexahedral elements to mesh the far
field boundary, the unstructured grid use a tetrahedral
elements in this location. To detect the shear stress near
the wall’s hull, the thickness of inflation layers is studied
as displayed in Figure 3.

(δ L / L) = (0.382 / Rev(

−13/14 )

(10)

).

Numerical studies are carried as an inspection of
adequate y+ value in range between 1 to 4 using an
increasing scale equal to √2as recommended by Eca et al.
[15]. In the other hand, the computational domain
independency is mainly required in order to perform the
calculation with an adequate precision. As presented in
Table 1, the study is led to adapt y + = 2 for the
computational domain 25DX6DX3D are the suitable grid
features for Rev = 367000 (v= 1.4 m/s).
Table 1. Cd calculation for different y+
y+
Case 1
1
Case 2 1.41
Case 3
2
Case 4 2.82
Case 5
4

21Dx4Dx2D 25Dx6Dx3D 31Dx8Dx4D
0.0437
0.0446
0.0425
0.0403
0.0399

0.0398
0.0383
0.0363
0.0341
0.0331

0.0367
0.0376
0.036
0.0337
0.0328

Experimental
[6]

0.0389

3.3.2. Meshing Independence
The study of mesh density is led to adapt Mesh 2 as a
medium choice with no exceeded cell number and
provides a result closed to the experimental one, as
displayed in Table 2. In this case, the resulted drag
coefficient is closed to experimental value.
Figure 3. Mesh
Table 2. Calculation of Cd with different mesh densities

3.3.1. Boundary Layer
Basically, the thickness of boundary layers [14] is
predicted using:

∆y = L∆y + 80 Rev(

−13/14 )

(9)

Mesh 1
Mesh 2
Mesh 3
Mesh 4

Cells number
1512868
2022921
3416272
4285125

Cd
0.0398
0.0383
0.0382
0.0381
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4.1. Drag Coefficient for α=0°
The referred velocities of demonstration are described
in Figure 4 with the variation of Reynolds number ranging
from Rev = 1.05 105 to Rev = 3.6 105 within the straight
line direction and for a depth H=4d. The CFD analysis is
performed using two different turbulence models; k-ω
SST and standard k-ε ,in order to select the best predictor
of the hydrodynamic drag. According to these results, we
can distinguish the decrease of the drag in regards of the
Reynolds number increase. In this case, the flow still ever
within the transition regime with a Reynolds number
below 106. The fully turbulence model SST shows a
respectable capabilities to follow the general tendencies of
experimental results. This could be explained by the
density of grid closed to the hull wall which stimulates the
aptitude to detect the low Reynolds number streams
around the model. Also, the standard k-ε model as well
established model for low Reynolds problem revealed
results in good agreement with experimental data. Also, it
has been noted the light difference between single and two
phase results with the current distance from water surface
what proved the inconsiderable effect of free surface for
H > 4d with a straight line analysis.

the avoidance of disturbance in this region for an extreme
incidence. Also, the developed wake at the trailing edge
grows as α increase due to the level of shearing stress
affecting the inflation layers.

4.7

k-ε

4.5

Experimental
[6]
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Figure 4.Variation of the Drag coefficient Cd vs Rev
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4.2. Influence of the Angle of Attack

7.5

k-ε
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The hydrodynamic drag of the AUV hull is examined at
four consecutive static angles of attack which are equal
toα=0°, α=5°, α=10° and α=15° at the maximum flow
speed of 1.4 m/s. As featured in Figure 5, the two different
TCM show a good trend of following track of
experimental results. But, it can be clearly seen that the
standard k-ε turbulence model is more accurate in
prediction of the drag coefficient over various angles of
attack than the k-ω SST model which is unless efficient
for low incidence level.
The over prediction of k-ω SST especially with α=15°
is basically due to the over detection of flow separation
occurred closer to the bow, then enhancing the axial drag
and reducing the lift and side forces. According to k-ω
SST model results, the separation point appears from α=5°
at the R number ofRev = 3.6 106 what means that the hull
is surrounding with fully laminar boundary layers on
straight line test. In the other hand, the increase of the
angle of attack for a fixed submerged depth of the vehicle,
promotes the sensibility to the free surface and stimulates
the disturbance around the tail section.

k-ω SST

4.9

Cd (10¯²)

4. Results and Discussion
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Figure 5. Variation of the Drag coefficient Cd vs α (AOA)

4.3. Flow Separation
Although the over prediction of hydrodynamic
resistance of k-ω SST model, it has been noted that the
efficiency of this TCM in detect of the flow transition
regime featured in Figure 6. The sliding of boundary
layers is recognized with the variation of turbulent
viscosity rate which increases according to the angle of
attack. Therefore, the region of the onset of flow
separation moves forward to the bow part and does not
exceed the front half of the hull for α=15°. This factproves

15

Figure 6. Turbulence viscosity vs α
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4.4. Effect of Free Surface
Figure 7 illustrates the calculation of pressure, viscous
and total drag coefficients for various angles of attack in
order to investigate the behavior of flow near the free
surface. As the aft body approaches to the free surface, the
pressure coefficient increases while the skin friction
decreases especially below α=5°. The total drag is shown
in good agreement with experimental values unlike a
slight difference, what proves the effect of free surface on
drag force variation. These results are confirmed by the
distribution of the water volume fraction displayed in
Figure 8. These results present the free surface water
profiles developed at flow speed of 1.4 m/s, over various
AOA and relative submerged depth of 4d. As can be seen,
the disturbance and wave amount is become more
important as the angle of attack increases and the tail
section part approaching to the free surface, which
stimulates the amount of pressure coefficient around this
region.

A practicable development of the numerical analysis
required to include the strut arrangement and properly
represented the experimental facility. The bare hull is
modulated as a free flooding body, and the investigation is
performed with velocity of 1.4 m/s and various values of α.
In addition, the direct comparison of CFD results with
experimental data proves the effect of strut on predicted
amount of drag force. In Figure 9, all three different
results have the same trend according to the variation of
angle of attack. However, the CFD results with strut show
the best agreement with experimental measurements in
front of the results without strut especially for high
incidence. So, the effect of strut is proved and the
negligence of its drag coefficient can affect the precision
of numerical results taking into account that the difference
between the two modes of investigation can attempt 10 %
for α=15°.
8
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Figure 7. Variation of the Drag coefficient Cd vs α (AOA)
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4.5. Effect of Strut

Figure 8. Water volume fraction vs α (AOA)
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Figure 9. Variation of the Drag coefficient Cd with and without strut vs
α (AOA)

5. Conclusions
In the current paper, we established an investigation
about several factor neglected in some literature studies
which can relatively affect the precision of such numerical
analysis. The numerical analysis using the standard k-ε
and k-ω SST turbulence models were compared with the
experimental results obtained from towing tank facility.
The results revealed that the standard k-ε is more efficient
to predict the drag coefficient for various depth and
different AOA. However, the k-ω SST proves a good
capability to detect the region of the beginning of flow
separation which is mainly important in establishing the
sonar array. In the other hand, the modeling of
experimental arrangement as a free flooding body
including the strut in numerical calculation give a results
in good agreement with experiment ones better than
neglecting the effect of strut on drag coefficient. Also, the
free surface shows a respectable sensitivity to AUV
deviation which affects especially the predicted drag force.
In the future, we propose to develop a detailed
investigation about the effect of strut design on the
measurement of drag force in order to select the adequate
arrangement.
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