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Abstract. In this paper, the underwater vehicle was selected as the research object. Based on 
Computational Fluid Dynamics (CFD), the unsteady numerical simulation was carried out on the 
turbulent filed at different stream velocities. Then, the sound source was extracted according to 
the computational result of the flow field. The flow field and the flow noise of the underwater 
vehicle were computed by Lighthill acoustic analogy theory and FW-H equation, which were 
consistent with the experimental results, indicating that the computational method employed was 
effective. It could be obtained from the computational results that the tail wing had a great 
influence on the flow noise of the underwater vehicle. Consequently, to reduce resistance and 
noise, the traditional cross-shaped tail wing was changed into the symmetrically-arranged 
X-shaped tail wing which was 45° with the transverse and longitudinal sections of the underwater 
vehicle. Then, the simulation on the resistance and flow noise of the improved X-shaped tail wing 
was conducted. And the results showed that the blocking effect of the flow field by the improved 
X-shaped was weaker than that by the traditional cross-shaped. In addition, the flow noise of 
X-shaped tail wing was improved at a certain extent. However, the improvement was not very 
obvious. Therefore, this paper attempted to research the position and local shape of X-shaped tail 
wing in order to further optimize the radiation noise. 
Keywords: computational fluid dynamics, flow field, flow noise, tail wing type, blocking effect. 

1. Introduction 

In recent years, in order to make reasonable and reliable evaluation on the dynamic 
performances of the underwater vehicle and raise improvement methods in time, a large number 
of scholars [1-4] have employed CFD method to compute the flow field around the underwater 
vehicle, and have achieved certain progress. Zhang [5] computed the resistance and the wake field 
of two types for the underwater vehicle models by means of solving the RANS equation.  

Among the published papers, the characteristics of the flow noise were mainly obtained 
through the experimental analysis. In reference [6], the time-domain signal of the flow noise for 
the underwater vehicle was obtained through the self-propulsion model experiment with effective 
signal processing method. The numerical simulation research on the flow noise started relatively 
late. Most of the early researches were focused on the computation method explorations, and 
simulation computation in engineering rarely emerged. Wang [7] numerically studied the far field 
sound in the boundary layer of the flat plate with low Mach number. Piomelli [8] studied the 
influence of micro-scale in Lighthill acoustic analogy. Bastin [9] researched on the numerical 
computation methods of the jet noise.  

From the mentioned researches, it could be obtained that the numerical simulation of the flow 
noise can be conducted with certain computation accuracy based on Lighthill acoustic analogy 
theory. Therefore, in this paper, Reynolds Average Navier-Stokes equation (RANS) with 
turbulence model and FW-H acoustic model were employed to compute the flow field and the 
flow noise of the underwater vehicle. It could be obtained from the computational results that the 
tail wing had a great influence on the flow noise of the underwater vehicle. Consequently, to 
reduce resistance and noise, the traditional cross-shaped tail wing was changed into the 
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symmetrically-arranged X-shaped tail wing which was 45° with the transverse and longitudinal 
sections of the underwater vehicle. Then, the numerical simulation on the resistance and flow 
noise of the improved X-shaped tail wing was conducted. And the results showed that the blocking 
effect of the flow field by the improved X-shaped was weaker than that by the traditional 
cross-shaped. In addition, the flow noise of X-shaped tail wing was improved at a certain extent. 
However, the improvement was not very obvious. Therefore, this paper attempted to research the 
position and local shape of X-shaped tail wing in order to further optimize the radiation noise.  

2. Basic theory and mathematical model 

2.1. Control equation and turbulence model 

Continuity equation of the incompressible fluid is expressed as follows: 

ߩ ݐ∂ത௜ݑ∂ + ത௜ݑߩ ௝ݔ∂ത௜ݑ∂ = − ௜ݔ∂݌∂ + ߤ ∂ଶݑത௜∂ݔ௝ ௝ݔ∂ − ߩ ௜ݔ∂ത௝ᇱݑത௜ᇱݑ∂ + .௜݂̅ߩ (1)

RANS equation can be expressed as follows: 

ߩ ݐ∂ത௜ݑ∂ + ത௜ݑߩ ௝ݔ∂ത௜ݑ∂ = − ௜ݔ∂݌∂ + ߤ ∂ଶݑത௜∂ݔ௝ ௝ݔ∂ − ߩ ௜ݔ∂ത௝ᇱݑത௜ᇱݑ∂ + .௜݂̅ߩ (2)

The Reynolds average velocity: ∂(ߝߩ)∂ݐ + ௝ݔ∂(௝ݑߝߩ)∂ = ௝ݔ∂∂ ቈߙ௞ߤ௘௙௙ ௝቉ݔ∂ߝ∂ + ∗ଵఌܥ ߢߝ ௞ܥ − ߩଶఌܥ ߢଶߝ .
Fluctuation velocity: ∂(ߝߩ)∂ݐ + ௝ݔ∂(௝ݑߝߩ)∂ = ௝ݔ∂∂ ቈߙ௞ߤ௘௙௙ ௝቉ݔ∂ߝ∂ + ∗ଵఌܥ ߢߝ ௞ܥ − ߩଶఌܥ ߢଶߝ .
And ‘Reynolds Stress’: ∂(ߝߩ)∂ݐ + ௝ݔ∂(௝ݑߝߩ)∂ = ௝ݔ∂∂ ቈߙ௞ߤ௘௙௙ ௝቉ݔ∂ߝ∂ + ∗ଵఌܥ ߢߝ ௞ܥ − ߩଶఌܥ ߢଶߝ .
It could be seen from RANS Eq. (2) that the Reynolds stress item – ݑߩ௜ݑ௝ is a new unknown 

function. To close the equations, the assumption of Reynolds stress must be made. According to 
the different treatments on Reynolds stress, the turbulence model commonly included the 
following types which were the Reynolds stress equation model, the standard ݇-ߝ  turbulence 
model, the RNG ݇-ߝ turbulence model and the ݇-߱ turbulence model, respectively. In this paper, 
the RNG ݇-ߝ turbulence model was adopted. 

In the RNG ݇-ߝ turbulence model, the influence of micro-scale was displayed through the 
large scale movements and the modified viscosity item, and then these micro-scale movements 
were removed from the control equation. After that, the ݇ equation and ߝ equation were obtained 
as follows: ∂(ߝߩ)∂ݐ + ௝ݔ∂(௝ݑߝߩ)∂ = ௝ݔ∂∂ ቈߙ௞ߤ௘௙௙ ௝቉ݔ∂ߝ∂ + ∗ଵఌܥ ߢߝ ௞ܥ − ߩଶఌܥ ߢଶߝ , (3)
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ݐ∂(ߝߩ)∂ + ௝ݔ∂(௝ݑߝߩ)∂ = ௝ݔ∂∂ ቈߙ௞ߤ௘௙௙ ௝቉ݔ∂ߝ∂ + ∗ଵఌܥ ߢߝ ௞ܥ − ߩଶఌܥ ߢଶߝ . (4)

2.2. Lighthill acoustic analogy theory 

Lighthill equation can be described as follows [10]: ∂ଶݐ∂′ߩଶ − ܿ଴ଶ∇ଶߩᇱ = ∂ଶ ௜ܶ௝∂ݕ௜ ,௝ݕ∂ (5)

where ௜ܶ௝ = ௝ݑ௜ݑߩ − ݁௜௝ + ݌)]ߜ − (଴݌ − ܿ଴ଶ(ߩ −  ଴)] is the Lighthill turbulence stress tensor. ݁௜௝ߩ
is the viscosity stress tensor. ݌଴  and ݌  are the fluid pressure intensity before and after the 
disturbance, respectively. ߩ′ = ߩ −  are the fluid ߩ ଴ andߩ .଴ is the density fluctuation of the fluidߩ
density before and after the disturbance, respectively.  

The FW-H equation considered the influence of the motion solid boundary on the sound, and 
the formula was listed as follows [11]: 

ቆ ∂ଶ∂ݐଶ − ܿ଴ଶ∇ଶቇ [(݂)ܪᇱ݌] = ݐ∂∂ ൤ߩ଴ ௜ܸ ௜ݔ∂݂∂ ൨(݂)ߜ − ௜ݔ∂∂ ቈ݌௜௝ ௝ݔ∂݂∂ ቉(݂)ߜ + ∂ଶ∂ݔ௜ ௝ݔ∂ ൣ ௜ܶ௝ܪ(݂)൧, (6)

where ݂ is the control equation of the motion body boundary described by implicit function, V௜ is 
the component along axis ݔ௜ of the motion velocity. ܪ(݂) is Heaviside generalized function. ߜ(݂) 
is ߜ function, with the expressions as follows: ܪ(݂) = ൜1,         ݂ = 0,0,         ݂ ≠ (݂)ߜ,0 = ߲߲݂ (7) .[(݂)ܪ]

2.3. Boundary conditions 

For viscous flow, the solid wall boundary should meet the requirement of the no-slip boundary 
conditions, which can be also expressed as ݑ = ݒ = ݓ = 0 and ݇ = 0. In the area which was close 
to the wall surface, the dissipation rate reached the maximum due to the strong depletion of the 
turbulent dynamic energy, so the boundary condition of ε could not be easily given on the wall 
surface. In the viscosic layer, the local Reynolds number became rather small due to the influence 
of viscosity. And the general turbulence model was not applicable for such a low Reynolds  
number. Therefore, the wall function raised by Launder [12] was generally adopted. 

For the computation model in this paper, the computation area was composed of the inlet, the 
outlet, the surface and the area that the outside boundary contained, as follows.  

1) The velocity inlet was set at the head of the underwater vehicle, and the velocity inlet was 
taken as the boundary condition. 

2) The mass outlet was also taken as the boundary condition.  
3) The outside surface of flow drainage was far away enough from the underwater vehicle, 

thus it could be regarded that there was no normal velocity on this surface. Therefore, the 
symmetry plane could be taken as the boundary condition. 

4) The solid wall was taken as the boundary condition of the underwater vehicle body surface.  

3. Flow field and flow noise calculation of the underwater vehicle 

The geometrical size of the underwater vehicle was shown in Fig. 1. The length of the 
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command platform was 0.4 m and the height was 0.25 m. The underwater vehicle tail was 
designed to be cross-shaped tail wing. The total length of the underwater vehicle was 4.4 m. The 
distance between the command platform and the vehicle’ head was 1.2 m. The highest point of 
the cross-shaped tail wing was 0.26 m far from the underwater vehicle. Taking the height direction 
of the underwater vehicle as ݔ axis and the center line from the head to the tail as ݕ axis, thus a 
reference coordinate system was built.  

 
Fig. 1. Geometrical size of the underwater vehicle 

3.1. Mesh generation  

The structured and unstructured meshes were applied, and a good computational accuracy was 
obtained. The total mesh number was 1,366,336, as shown in Fig. 2. In order to make the 
numerical computation results more accurate, the computational domain of the underwater vehicle 
should be as large as possible. In this paper, the computational domain size was shown in Fig. 3. 
In ݔ direction, the distance between the center line of the vehicle and the computational domain 
boundary was 6 m. In ݕ  direction, the distance between the head of the vehicle and the 
computational domain boundary was 3.5 m, and the distance between the tail and the 
computational domain boundary was 8.6 m. To accurately describe the flow and capture the flow 
information which was close to the wall, the computational velocity was adopted as 5.93 knots 
(3.05039 m/s), and ܴ௘ = 1.3248×107. The computational steps were as follows. Firstly, the stream 
flow velocity was given to carry out steady computation, and then the simulation accuracy was 
verified after its full convergence. When we obtained a satisfying accuracy, the steady solution 
would be treated as the initial value of the unsteady computation. The time step of the unsteady 
computation was taken as 0.00005 s to capture high-frequency noise. 

 
Fig. 2. Surface meshes of SUBOFF underwater vehicle model 

 
Fig. 3. Computational area of the underwater vehicle 

3.2. Simulation result and analysis of the flow field for the underwater vehicle 

Through the above analysis and computation, the velocity distribution of the surface for the 
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underwater vehicle could be obtained as shown in Fig. 4. It could be seen that the flow velocity 
was relatively large at the head and tail. In order to further research the influence of the velocity 
distribution on the near field, the power spectrum density of the head, the middle part and the tail 
were extracted, respectively, as shown in Fig. 5.  

 
Fig. 4. Surface velocity distribution of the underwater vehicle 

 
a) Power spectrum density near the head of the underwater vehicle 

 
b) Power spectrum density near the middle part of the underwater vehicle 

 
c) Power spectrum density near the tail of the underwater vehicle 

Fig. 5. Power spectrum density of the head, middle part and the tail for the underwater vehicle 
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It can be seen from Fig. 5 that power spectrum density at the head and the tail was much larger 
than that at the middle part. This was mainly due to that there were some appendages at the two 
places of the underwater vehicle, such as command platform and the cross-shaped tail wing. These 
appendages had a serious influence on the distribution of the flow field around the underwater 
vehicle. When power spectrum density was large, the underwater vehicle would cause larger 
radiation noise. At present, there were many researches on command platform of the underwater 
vehicle. A lot of work has been done for the shape optimization of command platform. As a result, 
command platform shape and location in this paper were close to the ideal state, so that it had no 
much significance to further optimize noise. Therefore, this paper tried to optimize the tail to 
reduce the radiation noise from the vehicle.  

The fluid meshes in Fig. 1 were taken as the basis, and a boundary element model was built, 
as shown in Fig. 6. The boundary element model applied a quadrilateral shell element, and it was 
made of 2650 elements and 2147 nodes.  

The surface velocity distribution of the underwater vehicle computed in Fig. 4 and the 
boundary element model in Fig. 6 were then imported into Virtual.lab software. Then, the surface 
velocity of the underwater vehicle was mapped to the boundary element model, and the acoustic 
vibration coupling was computed. As a result, sound field distribution of the underwater vehicle 
surface was obtained, as shown in Fig. 7. It can be seen from Fig. 7 that sound pressure of the 
head and the tail were relatively large, and the distribution of sound field was relatively disordered. 

 

Fig. 6. Boundary element model of the underwater vehicle 

 
Fig. 7. Contour of sound field distribution for the underwater vehicle  

 
Fig. 8. Sound pressure level at the observation point  

When sound field of the underwater vehicle was computed, an observation point was set up in 
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the front of the vehicle to monitor the radiation noise in near field. Sound pressure level of the 
observation point was extracted, as shown in Fig. 8.  

It can be seen from Fig. 8 that the radiation noise of the vehicle had a decreasing trend in the 
whole frequency range. And at some points, there would be a big fluctuation. At low frequency, 
the radiation noise of the vehicle was larger, because this radiation noise included not only flow 
noise, but also mechanical noise. In addition, mechanical noise was larger than flow noise. At high 
frequency, the mechanical noise of the vehicle was small and could be neglected, so noise can be 
considered as flow noise.  

3.3. Analysis and verification of the flow noise for the underwater vehicle 

The numerical computation of the radiation noise for the underwater vehicle was a very 
complicated process. Therefore, it was necessary to verify the accuracy of the computational 
results through experiments.  

In this paper, the radiation noise of the underwater vehicle was tested in the shallow sea, as 
shown in Fig. 9. There was a buoy on the water surface, which provided guidance for the safety 
driving of the underwater vehicle. A floating block and a sinking block were placed under water 
to arrange a sensor array system in their middle. In addition, in order to ensure that sensor array 
system would not shake because of external reasons, a balance block was mounted between the 
sensor array system and the sinking block. The cable was connected to the laboratory, and then 
the test was conducted. The experimental conditions were consistent with the numerical 
simulation process to the greatest extent, and test time was 10 s. The experiment was conducted 
for three times. The average value was taken as the final experimental value and compared with 
that of the numerical simulation, as shown in Fig. 10.  

 
Fig. 9. Diagram of the radiation noise experiment of the underwater vehicle  

 
Fig. 10. Comparison of the radiation noise between experiment and simulation  

It can be seen from Fig. 10 that the computational results were consistent with those of the 
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experimental in overall change trend. In addition, the size was also similar. At some frequency 
points, the computational results had a trough, and the experimental value was also similar at the 
adjacent frequency. Therefore, it indicated that the computation model in this paper was reliable 
and can be used for the subsequent analysis.  

4. Changing tail wing of the underwater vehicle  

The X-shaped tail wing was chosen for the underwater vehicle, with the underwater vehicle 
having the same sizes as the previous. Furthermore, the section of NACA0020 type was also 
selected for the tail wings, and the tail wing was still 0.26 m away from the underwater vehicle. 
Moreover, the tail wing arrangement was changed from the traditional cross-shaped type into the 
symmetrical X-type which was 45° with the transverse and longitudinal sections of the underwater 
vehicle, as shown in Fig. 11. The mesh size was equal to that of the cross-shaped, so as to make a 
better comparison between the computational results. 

 
a) Cross-shaped tail wing 

 
b) X-shaped tail wing 

Fig. 11. Two different kinds of tail wings 

4.1. Computational results and analysis of the flow field for the underwater vehicle with two 
kinds of tail wings  

The velocity distribution on the symmetry plane of the underwater vehicle with cross-shaped 
tail wing was shown in Fig. 12(a), while that of the X-shaped in Fig. 12(b). 

 
a) Velocity distribution on symmetry plane of the 
underwater vehicle with cross-shaped tail wing 

 
b) Velocity distribution on symmetry plane of the 

underwater vehicle with X-shaped tail wing 
Fig. 12. Comparison of velocity distributions on symmetry plane of the underwater vehicle  

with two kinds of tail wings 

It can be seen from Fig. 12(a) and Fig. 12(b) that the major difference was that the area with 
high speed flow at the front of the tail wings and command platform for the X-shaped was larger 
than that of the cross-shaped. The reason was that the blocking effect of the X-shaped tail wing 
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got weaker than that of the traditional cross-shaped, thus the flow accelerated area became bigger. 

4.2. Computational results and analysis of the flow noise for the underwater vehicle with 
two kinds of tail wings 

The sound pressure level at the observation point of the underwater vehicle with two kinds of 
tail wings was compared, as shown in Fig. 13.  

 
Fig. 13. Comparison of sound pressure levels at observation point of the underwater vehicle  

with two kinds of tail wings  

It can be seen from Fig. 13 that the change trend of the radiation noise obtained from the 
underwater vehicle with two kinds of tail wings was of little difference. The radiation noise of the 
underwater vehicle with cross-shaped tail wing was relatively larger. However, the radiation noise 
of the underwater vehicle with X-shaped tail wing was significantly smaller at some frequency 
point. This was mainly due to that X-shaped tail wing changed the overall layout of the rear 
structure, making the flow field distribution around the underwater vehicle change. 

In order to further observe the influence that X-shaped tail wing had on the radiation noise of 
the underwater vehicle in the whole dimensions, the radiation noise sound pressure level from 
head to tail of the underwater vehicle was calculated, as shown in Fig. 14.  

 
Fig. 14. Total sound level comparison of the radiation noise at each point along the length  

of the underwater vehicle with two kinds of tail wings 

As can be seen from Fig. 14, for the vehicle with X-shaped tail wing, there was a certain 
improvement for its radiation noise, but the change was not great. So it was necessary to conduct 
further research on the influence that X-shaped tail wing had on the radiation noise of the 
underwater vehicle.  
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5. The optimization of the radiation noise for the underwater vehicle with X-shaped tail wing  

According to the above analysis, it can be found that the radiation noise of the underwater 
vehicle with X-shaped tail wing was improved to some extent, but the improvement was not very 
obvious. Therefore, this paper attempted to research the position and local shape of X-shaped tail 
wing in order to further optimize the radiation noise.  

5.1. Changing the position 

In the above analysis, X-shaped tail wing was in A position of the underwater vehicle, as 
shown in Fig. 15. This paper attempted to move it to B position and remained the size and shape 
of X-shaped tail wing unchanged. And then, the radiation noise at observation point was computed 
and compared with the original results, as shown in Fig. 16.  

 
Fig. 15. Position of X-shaped tail wing for the underwater vehicle 

 
Fig. 16. Comparison of the radiation noise between different positions for X-shaped tail wing 

It can be seen from Fig. 16 that the radiation noise of the underwater vehicle was improved to 
some extent when X shaped tail wing was placed in B position. Especially at high frequency, this 
effect was more obvious. As for the optimal position of X-shaped tail wing, it was unable to be 
accurately obtained by using the existing optimization algorithms. The optimization algorithm 
was based on a certain mathematical model, which simplified or neglected the original boundary 
conditions, and it failed to reflect the most real situation. Currently, position of X-shaped tail 
wing’s can be only obtained based on the numerical simulation. For this situation, this paper 
computed the radiation noise of the underwater vehicle with dozens of different positions tail  
wing. Finally, it was found that X-shaped tail wing at B position was relatively optimal. Therefore, 
the subsequent research would be conducted based on B position.  

5.2. Fillet filling  

The mentioned X shaped tail wing was without fillet filling at the position where was 
connected with the underwater vehicle, so the transition was relatively sharp and not smooth. 
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Therefore, based on B position, the fillet filling was carried out on the connection between X 
shaped tail wing and the underwater vehicle, as shown in Fig. 17. Similar to the position selection 
of X shaped tail wing, the optimal fillet filling angle can only be obtained by means of a lot of 
simulation results. Finally, the radiation noise of the underwater vehicle with fillet filling tail wing 
was compared with that of the underwater vehicle without fillet filling, as shown in Fig. 18. 

 
Fig. 17. X-shaped tail wing with fillet filling  

 
Fig. 18. Influence on the radiation noise of the underwater vehicle by fillet filling 

As can be seen from Fig. 18, the radiation noise of the underwater vehicle with fillet filling 
had not changed obviously in the overall trend, but the value was obviously changed. And the 
radiation noise of the underwater vehicle was relatively smooth in the whole frequency band. This 
was mainly for the reason that the fluid of the tail can more easily pass X-shaped tail wing after 
fillet filling.  

6. Conclusions 

In this paper, Reynolds Average Navier-Stokes equation (RANS) with turbulence model and 
FW-H acoustic model were adopted to compute the flow field and the flow noise of the underwater 
vehicle. It could be obtained from the computational results that the tail wing had a great influence 
on the flow noise of the underwater vehicle. Consequently, to reduce resistance and noise, the 
traditional cross-shaped tail wing was changed into the symmetrically-arranged X-shaped which 
was 45° with the transverse and longitudinal sections of the underwater vehicle. After that, the 
numerical simulation on the resistance and flow noise of the improved X-shaped tail wing 
arrangement was conducted, which indicated that the blocking effect of the flow field by the 
improved X-shaped was weaker than that by the traditional cross-shaped. In addition, the flow 
noise of X-shaped tail wing was improved at a certain extent. However, the improvement was not 
very obvious. Therefore, this paper attempted to research the position and local shape of X-shaped 
tail wing in order to further optimize the radiation noise.  
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