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Abstract: The flow around an axisymmetric body of revolution (DARPA SUBOFF bare model) at 7= 1.2 10Re   is numerically 
investigated using the wall-modeled large eddy simulation (WMLES). To evaluate the capabilities of WMLES in such wall-bounded 
turbulent flows, the effects of the wall stress model and sampling distance are systematically studied. The numerical results of the 
non-equilibrium wall stress model with an appropriate sampling distance are in good agreement with the experiments in terms of 
pressure coefficient, skin-friction coefficient, and drag coefficient. On this basis, the thickening of the turbulent boundary layer and 
the expansion of the wake can be clearly observed through flow visualization, especially using the Liutex vortex identification 
method. 
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0. Introduction  

The complex flows around underwater vehicles 
have always been a research hotspot in marine 
hydrodynamics, which is strongly correlated with the 
generation and propagation of underwater noise. 
Compared with blunt bodies, underwater vehicles are 
usually streamlined bodies. Among them, the DARPA 
SUBOFF model with and without appendages are the 
most popular benchmark models and have accumu- 
lated extensive experimental data[1-3]. At the same 
time, with the development of high-performance com- 
puters, computational fluid dynamics (CFD) has 
become another powerful tool for predicting and 
analyzing the hydrodynamic characteristics. On this 
basis, many scholars have carried out numerical simu- 
lations on the flow around the SUBOFF model. The 
Reynolds-averaged Navier-Stokes (RANS) method is 
capable of predicting global quantities[4] such as 
hydrodynamic forces but fails to capture the unsteady 
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flow characteristics. In this regard, the detached eddy 
simulation (DES) method has been adopted to resolve 
the flow field in the wake[5-6], while the boundary 
layer region is still modeled by the RANS approach. 

However, the solution strategy for the boundary 
layer has a strong influence on such wall-bounded 
turbulent flows. Therefore, the large eddy simulation 
(LES) method is considered to be the most suitable 
approach to capture the flow characteristics. Posa and 
Balaras[7] carried out wall-resolved LES (WRLES) on 
the DARPA SUBOFF model with appendages at 

6= 1.2 10Re  . To capture all essential flow features, a 
cylindrical structured mesh consisting of 2.9109 

nodes was adopted in their simulation. Kumar and 
Mahesh[8] numerically investigated the flow over the 

DARPA SUBOFF bare model at 6= 1.1 10Re   using 
WRLES. The near-wall flow structures were captured 
using an unstructured body-fitted mesh of 6.08109 

cells. As we can see, WRLES requires a fairly high 
mesh resolution in high Reynolds number turbulent 
flows, where most of the mesh (> 90%) is used to 
resolve the inner part of the boundary layer[9]. To 
reduce computational cost, the wall-modeled LES 
(WMLES)[9-11] is proposed. Compared with WRLES, 
WMLES only resolves the large eddies in the outer 
layer while modeling the effect of small eddies in the 
viscous inner layer. Recently, WMLES has been 
successfully applied to the numerical simulation of 
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axisymmetric bodies. Posa and Balaras[12] combined 
the immersed-boundary (IB) method with WMLES 
and simulated the flow around the DARPA SUBOFF 

model with appendages at 7= 1.2 10Re  . In their 
simulations, the wall modelling strategy was only 
active in the middle parallel region based on their 
previous study[7]. When the Reynolds number was 
increased by an order of magnitude, the numerical 
results agreed well with the experiments without a 
significant increase in the computational mesh. Shi et 
al.[13] implemented WMLES in the framework of the 
diffusive-interface IB method and simulated the 

DARPA SUBOFF bare model at 6= 1.2 10Re  . They 
investigated the effects of the wall stress model and 
sampling point. On this basis, Zhou et al.[14] nume- 
rically studied the turbulent flow around the fully 

appended SUBOFF model at 7= 1.2 10Re  , focusing 
on noise prediction. In their simulations, the non- 
equilibrium wall stress model was used for WMLES. 
Zhou et al.[15] compared the numerical results of 
WRLES and WMLES for the turbulent flow around 

an axisymmetric body of revolution at 6= 1.9 10Re  . 
The results of both approaches agree well with the 
experimental data in terms of velocity statistics and 
pressure fluctuations. 

In the present study, the flow around an axisy- 
mmetric body of revolution (DARPA SUBOFF bare 

model) at 7= 1.2 10Re   is numerically investigated 
using the wall-modeled LES. The primary objectives 
are to (1) Study the effects of the wall stress model 
and sampling distance, (2) Analyze the flow field 
using the Liutex method. The remainder of this paper 
is organized as follows. First, the numerical methods 
are introduced in detail, including governing equations, 
wall stress models, and vortex identification methods. 
Then, the numerical setup is mainly described from 
the mesh configuration and numerical schemes. Next, 
the effects of the wall stress model and sampling dis- 
tance on the pressure coefficient, skin-friction coeffi- 
cient, and drag coefficient are systematically studied. 
After that, the turbulent flow filed near the hull and in 
the wake is visualized and analyzed. Finally, the main 
conclusions are drawn. 
 
 
1. Numerical methods 
 
1.1 Governing equations 

The open-source CFD platform OpenFOAM is 
used to carry out all numerical simulations. In the pre- 
sent study, the filtered incompressible Navier-Stokes 
equations are used, including the continuity and 
momentum equations: 
 

= 0 u                                                                        (1) 

 

2 sgs+ ( ) = +
p

t



 

     

u

uu u τ
 

                         (2) 

 
where u  is the filtered velocity, p  is the filtered 

pressure,   is the density,   is the molecular kine- 

matic viscosity and sgsτ  is the sub-grid scale stress 
tensor, which is modeled as follows 
 

sgs
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where sgs  is the sub-grid scale eddy viscosity, 

T= 1 / 2( + ) S u u    is the resolved strain-rate tensor. 
The wall-adapting local eddy-viscosity (WALE) 
model[16] is adopted to calculate sgs , which is 

defined as follows: 
 

3/2
2

sgs 5/2 5/4

( )
= ( )

( ) + ( )

d d
ij ij

w d d
ij ij ij ij

S S
C

S S S S
 

 
                           (4) 

 

1 1
= +

2 3
jd i k k k l

ij ij
k j k i l k

uu u u u u
S

x x x x x x


     
        

    
             (5) 

 
where wC  is the model coefficient set to 0.325 in the 

following simulations, 1/3= CV  is the filter width 

taken as the cube-root cell volume, d
ijS  is the trace- 

less symmetric part of the square of the filtered 
velocity gradient tensor and ij  is the Kronecker 

delta. 
 
1.2 Wall-stress modelling 
    To reduce the mesh resolution in the boundary 
layer, WMLES is used for high Reynolds number 
turbulent flows in this study. In WMLES, the local 
wall shear stress is calculated by the wall stress model 
instead of using the wall-normal velocity gradient 
directly. To correctly predict the wall shear stress, 
various wall-stress models have been developed. 
    In the present study, the wall-stress models are 
derived based on the thin boundary layer equations 
(TBLE), which are as follows: 
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where = 1,3i  represents the wall-parallel directions, 

t  is the eddy viscosity. Among them, the relevant 

terms on velocity u  and pressure p  are sampled 

from the cell center at a user-defined sampling dis- 
tance h  from the wall. Then, the wall shear stress is 
calculated by the wall stress model and enforced at the 
corresponding boundary face center. The detailed 
procedure can refer to Mukha et al.[11]. 

In the following simulations, we focus on the 
performance of two wall-stress models. When the 
source term iS  on the RHS of Eq. (6) is neglected, 
this simplification corresponds to the equilibrium wall 
model (referred to as EWSM), which are ordinary 
differential equations in mathematical form. When the 
source term only retains the pressure gradient term, 
i.e., = (1 / )( / )i iS p x   , this assumption corres- 
ponds to the non-equilibrium wall model (referred to 
as NEWSM). Since the pressure gradient term is 
explicitly treated in the current implementation ( iS  
becomes a constant), the NEWSM remains in the form 
of ordinary differential equations, which has advan- 
tages in computational efficiency. 
 

1.3 Vortex identification methods 
    In the present study, the third generation of 
vortex identification method Liutex proposed by 
Liu[17-20] is used to analyze the vortical structures. By 
further decomposing the vorticity vector, the extracted 
rigid rotation part is defined as the Liutex vector. The 
Liutex vector can describe the local rotational axis and 
rotational strength, whose explicit formula[21] can be 
written as 
 

2 2= = ( ) 4 ciR     
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R r ω r ω r r                           (8) 

 
where R  is the magnitude of Liutex vector, r  is 
the normalized real eigenvector of the velocity gra- 
dient tensor, i.e., the Liutex direction vector, ω  is 
the vorticity vector and ci  is the imaginary part of 
the complex eigenvalue. 

On this basis, the modified normalized Liutex- 

Omega method[22-23]

 )R  , combing the ideas of 

Liutex and Omega[24] )  methods, is also adopted 
to capture both strong and weak vortices simu- 
ltaneously in the wake, whose expression is as 
follows: 
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where   and   are the components of the strain 
rate and vorticity tensors on the plane perpendicular to 
the local rotational axis, respectively, cr  is the real 

part of the complex eigenvalue and 2
0= (b  

2
max)  is a small parameter to remove computational 

noises. According to a sensitive study by Zhao et 
al.[25], 0b  is recommended to be 106 in marine 
hydrodynamics. 
 
 
2. Numerical setup 
 
2.1 Computational domain and mesh 

The DARPA SUBOFF bare model without 
appendages[26] is used throughout the study, as shown 
in Fig. 1. The hull is an axisymmetric body of revo- 
lution, which consists of a forebody, a parallel middle 
body, and an afterbody. The maximum diameter is D , 
and the overall length is = 8.6L D . In the present 
study, the Reynolds number based on the overall 

length L  is 7= 1.2 10Re  . 
 
 
 
 
 
 
 

Fig. 1 Computational model 
 

Figure 2 shows the side view of the computa- 
tional domain. The origin of the reference coordinate 
system is at the stern of the hull. The inlet is located 
10D upstream of the hull, and the outlet is located 
30D downstream of the stern. To reduce the blockage 
effect[8], the lateral sides are located 10D from the 
origin. As a result, the rectangular computational 
domain is finally set to 18.6 / 30x D   , 

10 / 10y D    and 10 / 10z D   . 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 Computational domain 
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Figure 3 shows the computational mesh, gene- 
rated by the snappyHexMesh utility. The mesh is 
refined according to the distance to the hull, and the 
uniform mesh size of the highest refinement level is 

37.7 10 D . Furthermore, the mesh refinement is 
extended up to / = 15x D  with a uniform size of 

21.5 10 D  to capture wake characteristics. For the 
boundary layer mesh configuration for WMLES[27-28], 
the overall thickness   is first estimated using the 
empirical formula for a flat plate, which is as follows 
 

1/50.37
x

x

Re
                                                              (12) 

 
where x  is the distance downstream from the nose 
of the hull, xRe  is the Reynolds number based on x . 

Then, the overall thickness   is further corrected by 
the solution of the steady RANS simulation, where the 
boundary layer is determined by the criterion of 99% 
of the free-stream velocity. In the present study, the 
  at the end of the middle parallel body is about 
0.08D . On this basis, 30 prism layers are added to the 
hull surface within  , as shown in Fig. 3(c). The 
height of the wall-adjacent layer is = 1 / 50wy  , and 
the expansion ratio is set to 1.03. For wall-parallel 
directions, the boundary layer mesh has a uniform size 
of = = 1 /10x z   , and the maximum aspect ratio is 
about 5. As a consequence, the computational mesh 
finally consists of 2.2107 cells. 
 
2.2 Numerical schemes 

For the LES simulations, the temporal term is 
discretized with the second-order implicit backward 
scheme. For the spatial discretization, the advection 
term is discretized using the second-order linear- 
upwind stabilised transport (LUST) scheme[29], which 
blends the linear scheme (75%) and the linearUpwind 
scheme (25%). In addition, both the gradient term 

( )  and the laplacian term 2( )   are discretized 
with the second-order linear scheme. As for the RANS 
simulations, the advection terms of the momentum 
equation and the turbulence transport equations are 
discretized using the second-order linearUpwind sche- 
me. Others are consistent with the LES simulations. 

For the LES simulations, the PISO algorithm[30] 
is used to handle the pressure-velocity coupling. The 
momentum equation is solved using a preconditioned 
bi-conjugate gradient (PBiCGStab) solver with a 
diagonal-based incomplete LU (DILU) preconditioner, 
and the tolerance is set to 107. As for the pressure 
Poisson equation, it is solved using a preconditioned 
conjugate gradient (PCG) solver with a diagonal 
incomplete-Cholesky (DIC) preconditioner, and the  
 

tolerance is also set to 10-7. Instead, for the RANS 
simulations, the SIMPLE algorithm[31] is used. Be- 
sides, the turbulence transport equations are solved 
using an iterative solver with a symmetric Gauss- 
Seidel smoother, and the tolerance is set to 106. The 
convergence criterions for all variables are set to 105. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Computational mesh 
 
2.3 Initial and boundary conditions 
    The uniform inflow ( ,0,0)U  is set at the inlet, 

where U  is the free-stream velocity. The Neumann 
boundary condition of zero gradient is applied to the 
outlet, and the symmetry boundary condition is used 
elsewhere. The converged solution of the steady 
RANS simulation ( -k   SST model) on the same 
mesh configuration is used as the initial conditions, 
including pressure and velocity. 

The nondimensional time step * = /t tU L   

is set to 3105, satisfying that the maximum Courant- 
Friedrichs-Lewy number is less than 0.2. The statis- 
tical analysis is performed after the far wake is fully 

developed at about * = / = 2.5t tU L . 
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3. Results and discussion 
 
3.1 Effects of wall stress model and sampling distance 

To investigate the effects of the wall shear model 
and sampling distance h , six test cases are adopted in 
the present study, as listed in Table 1. Here, for con- 

venience, h  is defined as the thn  consecutive off- 

wall cell, i.e., sampled from the thn  cell center. In 
this section, we mainly focus on the distribution of the 
pressure coefficient pC  and the skin-friction coeffi- 

cient fC , which are expressed as follows: 
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where p  is the free-stream pressure, w  is the wall 
shear stress. 
 
Table 1 Test cases 

Case Model h  

A EWSM 1 

B EWSM 2 

C EWSM 3 

D NEWSM 1 

E NEWSM 2 

F NEWSM 3 

 
    Figure 4 first compares the distribution of the 
time-averaged pressure coefficient on the hull using 
the EWSM and the NEWSM. Here, h  is set to 3 in 
both cases for consistency. The experimental data are 
taken from the measurements of Huang et al.[1] at 

7= 1.2 10Re  . It can be clearly observed that the 
numerical results of both models agree well with the 
experiments, except for small oscillations near the 
nose of the hull. Figure 5 shows the comparison of 
different sampling distances, in which the NEWSM is 
used. In general, the numerical results of different h  
are almost identical. However, as h  increases, the 
numerical simulation gives better prediction in the 
stern region of the hull. On the other hand, the small 
oscillations near the nose of the hull gradually 
improve as h  decreases. 

Figure 6 shows the comparison of the time- 
averaged skin-friction coefficient on the hull using the 
EWSM and the NEWSM, where h  is set to 3. Since 

w  in WMLES is computed by the wall stress model, 
the accuracy of the wall stress model can be largely 
inferred from the skin-friction coefficient. Through 
comparison, it can be found that the EWSM and the 

NEWSM give similar results in the middle parallel 
region, which are in good agreement with the experi- 
mental measurements. This is due to the equilibrium 
state of the turbulent boundary layer in this region, as 
reported in the WRLES by Posa and Balaras[7]. 
However, the NEWSM performs better near the nose 
and stern where the pressure gradient exists. This 
improvement can be attributed to the inclusion of the 
pressure gradient term in the NEWSM. On this basis, 
Fig. 7 further compares the results of different sam- 
pling distances, and the NEWSM is adopted. In 
contrast to the pressure coefficient, the sampling 
distance has a significant effect on the skin-friction 
coefficient, especially in the middle parallel region. 
As the sampling point gradually gets closer to the hull 
surface, the numerical results are increasingly under- 
estimated, and can even be reduced by 40% in the 
middle parallel region. The numerical result of = 3h  
is in excellent agreement with the experiments, and 
the corresponding sampling point is 1 / 20  away 
from the hull surface. Nevertheless, it should be noted 
that more simulations are still required to find out the 
variation of h  under different conditions in the 
future. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 4 (Color online) Comparison of time-averaged pressure 
coefficient on the hull using different wall stress models 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 5 (Color online) Comparison of time-averaged pressure 
coefficient on the hull using different sampling distances 
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Fig. 6 (Color online) Comparison of time-averaged skin-friction 
coefficient on the hull using different wall stress models 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 7 (Color online) Comparison of time-averaged skin-friction 
coefficient on the hull using different sampling dis- 
tances 

 

    Since the drag force is closely related to the 
skin-friction coefficient, the drag coefficient is further 
compared in Table 2, and its expression is as follows 
 

2
=

1 / 2D

F
C

U S 

                                                        (15) 

 

where F  is the drag force and 2= 0.25S D  is the 
streamwise projected area. Here, the experimental data 
is taken from the towing tank tests of Liu and Huang[2]. 
Similarly, it can be observed that the predictions of 
the NEWSM are closer to the experimental measure- 
ments at all sampling distances. In addition, using the 
same wall stress model, the relative error becomes 
smaller as the sampling point is away from the hull 
surface. As a result, the numerical result of case F can 
achieve a relative error of about 5%, which is acce- 
ptable for engineering problems. 

Figure 8 compares the time-averaged pressure 
coefficient profiles in the stern region, which are 

/ =x L 0.096, 0.022. Here, 0r  is the local maxi- 

mum radius, R  is the maximum radius. Since the 

differences between each case are not significant, only 
the results of case F are shown here. Overall, the 
numerical results are in good agreement with the 
experimental measurements. A slight overprediction 
can be found at / = 0.096x L  , which may be attri- 
buted to the earlier flow separation in the experiments. 
 
Table 2 Comparison of time-averaged drag coefficient 

Case CFD Exp.[2] Error/% 

A 0.047 0.093 49.5 

B 0.070 0.093 24.5 

C 0.084 0.093 9.96 

D 0.048 0.093 48.6 

E 0.074 0.093 20.9 

F 0.088 0.093 5.21 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 8 (Color online) Comparison of time-averaged pressure 
coefficient profiles in the stern region 

 
Correspondingly, Figs. 9 and 10 further com- 

pares the time-averaged normalized streamwise and 
radial velocity profiles in the stern region. Here, xU  

is the streamwise velocity and rU  is the radial velo- 
city. The numerical results agree well with the experi- 
ments. In addition, the thickening of the boundary 
layer can also be inferred from the streamwise velo- 
city profiles. 
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Fig. 9 (Color online) Comparison of time-averaged normalized 

streamwise velocity profiles in the stern region 
 
3.2 Flow field analysis 

To gain insight into the flow mechanism, the 
flow field is visualized and analyzed in this section. 
Figure 11 shows the instantaneous flow field in the 
symmetry plane / = 0y D , including the streamwise 
velocity, pressure coefficient, turbulent kinetic energy 
and Liutex magnitude. Figure 11(a) shows that the 
flow separates on the stern and forms the wake, which 
is also evident in the far field. A high-pressure region 
can be identified near the front stagnation point, as 
shown in Fig. 11(b). For the middle parallel region, 
the pressure remains almost constant, i.e., zero pre- 
ssure gradient, which can also be observed in Figs. 4, 
5. When approaching the stern, the pressure decreases 
due to flow separation. In addition, pressure fluctua- 
tions persist even in the far wake, which is correlated 
with the noise generation. For the turbulent kinetic 
energy, its overall distribution is symmetric about 

/ = 0z D , as shown in Fig. 11(c). As the flow deve- 
lops downstream, the turbulent kinetic energy gra- 
dually increases near the hull, then reaches a peak on 
the stern and is finally dissipated in the wake. Figure 
11(d) shows the Liutex magnitude, which can reveal 
the overall distribution of vortical structures in the 
flow field. The Liutex magnitude increases downstream  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10 (Color online) Comparison of time-averaged norma- 

lized radial velocity profiles in the stern region 
 
along the hull, indicating the development of the turbu- 
lent boundary layer. Furthermore, the Liutex magni- 
tude suggests that the fluctuations in the flow field can 
be attributed to the vortical structures involved, which 
will be visualized later. Figure 12 shows the time- 
averaged square of the pressure oscillation on the hull. 
The transition point can be clearly identified down- 
stream of the nose, where pressure oscillations are 
highest. Besides, the pressure oscillations are also 
evident on the forebody and stern, possibly due to the 
pressure gradient. 

Figure 13 shows the instantaneous three- 
dimensional vortical structures using the iso-surface 

of = 0.52R  with the symmetry plane / = 0y D  
showing the Liutex magnitude. The modified Omega- 
Liutex method can well exclude the shearing conta- 
mination in the laminar region, which can be seen 
near the nose. After the transition position, the vortical 
structures attached to the hull grow rapidly and 
thicken due to the development of the turbulent boun- 
dary layer along the hull. At the same time, due to the 
flow separation on the stern, the wake region contains 
a large number of vortical structures. Furthermore, 
with the normalized streamwise velocity, it can be 
found that the flow accelerates on the stern which 
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can be attributed to the favourable pressure gradient. 

In order to better reveal the development of the 
turbulent boundary layer, Fig. 14 shows the magnified 
views of the Liutex magnitude at different locations 
near the hull. The black solid lines represent the hull 
surface. The thickening of the boundary layer along 
the hull can be clearly observed in the longitudinal 
plane, as shown in Fig. 14(a). Furthermore, Figs. 
14(b)-14(d) shows the radial distribution of three 
transverse planes, two of which are in the middle 
parallel region and one on the stern. After the 
transition occurs, the turbulent boundary layer in the 
middle parallel region gradually thickens downstream, 
as indicated by the occupied area in the radial direc-  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
tion. On the stern, more vortical structures are gene- 
rated near the hull surface induced by nearby flow 
separation. 
    To further investigate the development of the 
wake, Fig. 15 shows the Liutex magnitude at five 
streamwise locations in the wake, which are / =x D 3, 
6, 9, 12 and 15. The black dashed lines illustrate the 
maximum diameter of the hull. In the near wake, the 
distribution is almost axisymmetric and concentrated 
near the center, as shown in Figs. 15(a), 15(b). As it 
moves downstream, Figs. 15(d), 15(e) shows that the 
wake tends to expand radially, eventually exceeding 
the maximum diameter of the hull. 
 

 

 
 
Fig. 11 (Color online) Instantaneous flow field in the symmetry plane  
 

  

Fig. 12 (Color online) Time-averaged square of the pressure oscillation on the hull
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4. Conclusions 

In this paper, the WMLES is used to carried out 
numerical simulations of the flow around an axisy- 
mmetric body of revolution (DARPA SUBOFF bare 
model) at 7= 1.2 10Re  . Through the comparison 
with experimental measurements, the effects of the 
wall stress model and sampling distance are system- 
atically investigated. On this basis, the flow field is 
analyzed in detail, with emphasis on the developments 
of the turbulent boundary layer and the wake using the 
Liutex method. The main conclusions are as follows: 

In general, the non-equilibrium wall stress model 
predicts better than the equilibrium model in terms of 
pressure coefficient distribution, skin-friction coeffi- 
cient distribution, and drag coefficient. Nevertheless, 
both models give similar results in the middle parallel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
region, i.e., zero pressure gradient region. Moreover, 
the numerical results are sensitive to the sampling 
distance. An appropriate value of = 3h  can achieve 
good agreements with the experiments, which corres- 
ponds to a sampling distance of 1 / 20 . 

Visualization of the flow field reveals the flow 
characteristics involved, such as the flow transition 
near the nose and the flow separation on the stern. 
Furthermore, the developments of the turbulent boun- 
dary layer and the wake can be clearly observed using 
the Liutex method. After the transition occurs, the 
turbulent boundary layer gradually thickens down- 
stream along the hull surface. On the other hand, the 
near wake is axisymmetric and more concentrated 
near the center. However, the wake gradually expands 
radially downstream. 

In the near future, we plan to focus on the perfor- 
mance of WMLES in predicting the fluctuation quan- 

 

 
 

Fig. 13 (Color online) Instantaneous vortical structures using the iso-surface of  with the symmetry plane  

showing the Liutex magnitude 
 

  
Fig. 14 (Color online) Instantaneous Liutex magnitude at different locations near the hull
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tities of the flow field, serving for underwater noise 
prediction. At the same time, we will improve the 
current wall modeling strategy, such as achieving the 
zonal modeling in particular regions. 
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