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Abstract: Nowadays, Autonomous Underwater Vehicles (AUVs) 
are frequently used for exploring the oceans. The hydrodynamics of 
AUVs moving in the vicinity of the water surface are significantly 
different at higher depths. In this paper, the hydrodynamic 
coefficients of an AUV in non-dimensional depths of 0.75, 1, 1.5, 2, 
and 4D are obtained for movement close to the free-surface. 
Reynolds Averaged Navier Stokes Equations (RANS) are 
discretized using the finite volume approach and the water-surface 
effects modeled using the Volume of Fraction (VOF) method. As 
the operating speeds of AUVs are usually low, the boundary layer 
over them is not fully laminar or fully turbulent, so the effect of 
boundary layer transition from laminar to turbulent flow was 
considered in the simulations. Two different turbulence/transition 
models were used: 1) a full-turbulence model, the k-ε model, and 2) 
a turbulence/transition model, Menter's Transition-SST model. The 
results show that the Menter’s Transition-SST model has a better 
consistency with experimental results. In addition, the 
wave-making effects of these bodies are studied at different 
immersion depths in the sea-surface vicinity or at finite depths. It is 
observed that the relevant pitch moments and lift coefficients are 
non-zero for these axi-symmetric bodies when they move close to 
the sea-surface. This is not expected for greater depths. 
Keywords: autonomous underwater vehicles, sea surface effects, 
computational fluid dynamics, hydrodynamics, laminar to turbulent 
transition  
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1 Introduction1 

Ocean exploration and an understanding of the underwater 
world are of utmost importance. To explore the deep seas, it is 
a necessity to design suitable appliances and equipment to 
negate the need for human presence in the undersea. To this 
end, a variety of unmanned submarines have been developed. 
Autonomous Underwater Vehicles (AUVs) or simply 
Underwater Vehicles (UWVs) are used in many applications 
such as measurement and sea-probing, exploration and 
exploitation of seabed minerals, inspection and maintenance 
of offshore structures, and anti-submarine warfare 
(Nematollahi et al., 2015). The operating conditions of AUVs 
at sea can be categorized into three types; at the sea-surface 
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vicinity, at intermediate depths, and in the vicinity of the 
sea-floor. The main challenge for the design of underwater 
vehicles is to match their capabilities with different operating 
conditions while retaining maneuverability. The wave-making 
phenomena of the AUVs, while they are moving horizontally 
near the sea-surface, results in non-zero lift forces and pitch 
moments, even for axi-symmetric bodies. Due to these effects, 
providing dynamic stability for AUVs moving close to the 
sea-surface has great importance and complexity. During its 
operation, an AUV will experience frequent sea-surface 
effects, especially when receiving data from GPS navigation. 
For this reason, an assessment of the hydrodynamic loadings 
acting on subsea bodies close to the sea-surface and at 
different speeds is important. To evaluate the hydrodynamic 
performance of immersed moving AUVs, fluid-flow 
governing equations need to be accurately solved. Practically, 
as the forces and momentum in these equations are expressed 
in terms of hydrodynamic coefficients, these coefficients 
should be obtained before making a prototype. There are 
some experimental, semi-experimental, and numerical 
methods which can be used to compute the hydrodynamic 
coefficients of moving underwater bodies, especially for 
axi-symmetric bodies moving far from the sea-surface. 
However, when an immersed moving vehicle reaches the 
sea-surface vicinity, the coefficients calculated for high or 
intermediate depths are no longer valid and cannot be used to 
assess maneuverability and stability in these conditions. In 
this case, the dynamics of the body’s motion is affected by the 
free-surface and some free-surface waves are induced. 
Prediction of the hydrodynamic coefficients of an AUV as a 
function of immersion depth is of utmost importance in 
engineering. 

The overall resistance of AUVs moving near the 
sea-surface consists of two components: viscous resistance 
including friction and pressure, and wave-making resistance 
(Vorus et al., 2010). Recent advances in numerical techniques 
have provided affordable solutions for calculating 
hydrodynamic coefficients. Finite volume methods based on 
Computational Fluid Dynamics (CFD) are effective for 
simulating the effect of the water-surface on underwater 
bodies. In the field of identifying submarine hydrodynamic 
features at greater depths and far from the sea-surface, a lot of 
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In the above equations, Ui represents the main components 
of velocity, p is the pressure, and G is the level of kinetic 
energy production. Other details of the model can be seen in 
Jagadeesh et al. (2010). The Menter’s Transition-SST 
turbulence/transition model was developed by Menter et al. 
(2006) to model the laminar, transitional, and turbulence 
features in transitional flows. It can predict the location of 
transition onset based on empirical correlations and can also 
provide an estimation of the length of the transition region. It 
should be noted, that the development of RANS-based 
transition/turbulence models for predicting transitional flows 
has been of more interest since the year 2000. A literature 
review on transitional fluid-flow simulations can be found in 
Taghavi et al. (2006; 2008; 2009). 

The Menter’s Transition-SST turbulence/transition model is 
a powerful tool for modeling transitional flows. This model 
has four transport equations: two for predicting the transition 
onset and evaluating intermittency within the transitional 
region, and the other two for modeling turbulence 
characteristics using the k-ω-SST turbulence model. The 
k-ω-SST model benefits both the k-ω and k-ε turbulence 
models and was in good agreement with the experimental 
results. The first equation of the Menter’s Transition-SST 
turbulence/transition model is the intermittency transport 
equation, used for evaluating the laminar/turbulence quantities 
within the transition region. The transport equation for the 
intermittency, γ, is as follows: 
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            (5) 

The second transport equation transports a scalar variable 
called the transition’s Reynolds number of momentum 

thickness,  tRe , within the flow field. It has been formulated 
to predict the transition onset in transitional flows. It is as 
follows: 


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      (6) 

The third and fourth transport equations of this 
turbulence/transition model are same as the equations of the 
k-ω-SST turbulence model.  

To solve the transport equations, a commercial CFD code 
(Fluent 16.0) was used. This is based on the finite volume 
method. The SIMPLE algorithm was also used for coupling 
the pressure and velocity fields within the domain. A 
second-order upwind was used for discretizing the momentum 
and turbulence/transition models. 

4 Multiphase modeling  

The main issues for modeling in this present work were the 
computational simulation of the water free-surface and 
capture of the relevant surface-wave propagation. Two 
common methods are proposed in the literature to perform 
these simulations; the marker-and-cell (MAC) and the VOF. 
Both have the ability for nonlinear simulation and 
wave-breaking. The MAC method calculates the free-surface 
by recording the momentum of fluid particles. This method 
requires the location of each particle therefore; it often 
occupies a large amount of storage space and needs 
considerable computing time (Tome and McKee et al., 1994). 
In contrast, the VOF method is more consistent with many 
engineering applications, including the calculation of 
free-surface flow (Shen et al., 2004; Zhao et al., 2010). In the 
present work, the VOF model was used to calculate surface 
waves made by the underwater body moving near the water 
free-surface. The governing principals of the VOF method, 
developed by Hirt and Nichols (1981) are based on the 
conservation of mass and momentum for two or more 
non-miscible fluids. It has been used to detect the interface 
between fluid phases. In this method, the fluid phase in a 
computational cell is modeled by the volume fraction of each 
fluid, such that their fractions are between zero and one, and 
their sum is equal to one.  

Mathematical equations to measure the volume fraction i 

can be expressed as follows: 

0i
it
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where  and  are the densities of two different types of 
immiscible fluids. 

5 The computational domain and boundary 
conditions 

For the numerical simulation, a 3D computational domain 
of 39D×10D×5D was used according to Jagadeesh et al., 
(2009). The computational domain is shown in Figure 2. A 
schematic of the immersion depths of the body is also shown. 
At the entrance to the domain, the inlet pressure boundary 
condition was set by the two parameters of speed and 
free-surface height. The boundary condition of the output 
pressure at the outlet was characterized by determining the 
height of the free-surface. The upper and lower boundaries of 
the domain were set as a slipping wall. The side boundary 
surfaces were adjusted to a symmetrical plane. To discretizing 
the computational domain a structured mesh was used (Fig. 3). 
To better capture the flow-field quantities close to the 
free-surface, smaller cells were used at the water/air boundary. 
To ensure that the numerical results remained independent of 
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in comparison to the conditions where the body moves at 
greater depths, greater than H = 3D. According to these results, 
when an underwater body moves close to the surface, the 
flow-field around the body is not symmetric about its 
horizontal mid-plan compared to that at greater depths.  
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