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Abstract: Wall-modeled large eddy simulation (WMLES) is used to investigate turbulent fluctuations around an axisymmetric body 
of revolution. This study focuses on evaluating the ability of WMLES to predict the fluctuating flow over the axisymmetric hull and 
analyzing the evolution of turbulent fluctuations around the body. The geometry is the DARPA SUBOFF bare model and the 
Reynolds number is 1.2107, based on the free-stream velocity and the length of the body. Near-wall flow structures and complex 
turbulent fluctuation fields are successfully captured. Time-averaged flow quantities, such as time-averaged pressure and 
skin-friction coefficients, and time-averaged velocity profiles on the stern, achieved great agreements between WMLES results and 
experimental data. Self-similarity of time-averaged velocity defects within a self-similar coordinate up to twelve diameters from the 
tail. A comprehensive analysis of second-order statistics in the mid-body, stern, and wake regions is condutced. Numerical results 
agree well with experimental data and previous wall-resolved large eddy simulation (WRLES) results about root mean square (rms) 
of radial and axial fluctuating velocities at the stern. Turbulent fluctuations including turbulent kinetic energy (TKE) and 
second-order velocity statistics are identified as dual peak behavior and non-self-similar over the wake length, consistent with 
previous findings in the literature. This assessment enhances the understanding of WMLES capabilities in capturing complex 
fluctuating flow around axisymmetric geometries. 
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0. Introduction  

Turbulent fluctuations around underwater vehi- 
cles are currently under active study due to its direct 
relevance to structural vibrations and flow noise. It is 
a significant flow characteristic which is not only 
complex for scientific studies, but also important for 
engineering applications. 

The DARPA SUBOFF model is a canonical 
streamlined body of revolution, which has been 
widely used as the benchmark model in studies 
focusing on exploring fluid dynamics phenomena 
relevant to underwater vehicles. A series of experi- 
ments have been conducted[1-3] to study complex 
turbulent flow around the DARPA SUBOFF model 
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with and without appendages and abundant valuable 
experimental results about turbulent fluctuations were 
available. 

Numerous relevant numerical studies have also 
been conducted. Due to the consideration of compu- 
tational cost, Reynolds averaged Navier-Stokes 
(RANS) method with turbulence closure models is 
usually used to solve the time-averaged fields in the 
early works[4-8]. However, due to the fundamental 
nature of the averaging process, it is a challenge to 
RANS to predict unsteady fluctuations in turbulent 
flow[9-10]. Simulating complex engineering-relevant 
flows through large eddy simulation (LES) has 
become increasingly popular in recent years, thanks to 
advancements in computational capabilities and the 
optimization of numerical algorithm[11]. Posa and 
Balaras[12] carried out wall-resolved large eddy 
simulation (WRLES) about the near-wall flow and 
wake of DARPA SUBOFF body with appendages. 
The Reynolds number = ( ) /L Ue LR   is 1.2×106, 

based on the free-stream velocity u , molecular kine- 

matic viscosity  , and the length of the body L . The 

Available online at https://link.springer.com/journal/42241 

http://www.jhydrodynamics.com 
Journal of Hydrodynamics, 2023 

https://doi.org/10.1007/s42241-024-0077-8 



 

 
 

complexity of the stern flow is analyzed and the 
source of the bimodal behavior of the turbulent 
stresses in the wake is traced back to the thick 
boundary layer over the stern. Kumar and Mahesh[11] 

presented a numerical analysis of near-wall flow 
structures and the wake evolution on the bare hull 
DARPA SUBOFF model at 61.= 101LRe   using 

WRLES. To investigate the effect of Reynolds 
numbers on the flow structure over the stern. Posa and 
Balaras[13] extended WRLES to resolve the turbulent 
flows near the stern of flows around DARPA 
SUBOFF with appendages at =LRe 1.2106, 1.2107. 

Their investigation demonstrated that the development 
turbulent boundary layer (TBL) over the stern was 
notably affected by the adverse pressure gradient, 
almost regardless of the Reynolds number. Morse and 
Mahesh[14] conducted the WRLES to simulate the 
flow around the DARPA SUBOFF bare model at 

61.= 102LRe   with 7.12108 cells. They introduced 
a novel approach to analysis the TBL on streamlined 
bodies in a streamline coordinate system. Their 
findings reveal that the streamwise curvature has the 
effect of generating additional pressure gradients 
normal to the streamlines, leading to significant 
pressure variations across the boundary layer. Liu et 
al.[15] applied WRLES method to simulate the flow 
around the DARPA SUBOFF bare model at 

61.= 102LRe   using 1.476109 meshes. A great 
agreement with experimental data and previous 
WRLES results[11] was achieved about the root mean 
square (rms) of radial and axial velocity on the stern. 

It can be seen that WRLES tends to be compu- 
tationally expensive at high Reynolds numbers. This 
is due to the need of directly resolving the inner layer 
of the TBL, where the turbulent scale is identified by 
the viscous scale = / u   , where u  is the friction 
velocity[16]. Choi and Moin[17] examined the 
computational cost and showed that the number of 
grid nodes required WRLES are proportional to 

13/7
LRe . That motivates the idea of modeling flow 

within the inner layer, while exclusively resolving the 
outer layer of TBL and the regions beyond the 
boundary layer. This approach is commonly known as 
wall-modeled large eddy simulation (WMLES)[18-20], 
where the required mesh number scales linearly with 

LRe . Therefore, this method significantly expanded 

the range of Reynolds numbers that LES can effe- 
ctively handle. Zhou et al.[21] employed WRLES and 
WMLES to investigate an axisymmetric body of 
revolution. The study specifically targeted a compre- 
hensive analysis of the space-time features of velocity 
and pressure fluctuations within the boundary layer of 
the tail cone. The velocity statistics showed robust 
agreement with experimental results, indicating that 

the development of TBL in the tail cone was not 
markedly affected by near-wall structures upstream. 
Zhou et al.[22] simulated the turbulent flows and noise 
around the fully appended SUBOFF at =LRe

71.2 10  with WMLES. The noise was calculated by 
using the Ffowcs Williams and Hawking formulation. 
Power spectral density of wall fluctuation pressures 
and directivity feature of radiated noise were obtained 
and analyzed. Chen et al.[23] investigated the flow 
around the DARPA SUBOFF bare model at 

71.= 102LRe   using WMLES and focused on time- 
averaged quantities such as time-averaged pressure 
and skin-friction coefficients and velocity profiles. 
The impact of both the wall stress model and sampling 
distance was also conducted. The recommended wall 
stress model and sampling distance was given. It 
should be noted that the ability of WMLES to predict 
the turbulent fluctuations is not investigated in their 
research. 

In this study, the flow around an axisymmetric 
body of revolution (DARPA SUBOFF bare model) at 

71.= 102LRe   is numerically investigated using the 
WMLES. The strategy we followed is guided by the 
simulation reported by Chen et al.[23] while the main 
focus is on turbulent fluctuations around the DARPA 
SUBOFF. The objective of this paper is to evaluate 
the ability of WMLES to predict turbulent fluc- 
tuations over the axisymmetric hull and to investigate 
the evolution of fluctuation quantities of the flow 
around the body of the DARPA SUBOFF. 
 
 
1. Computational method 
 
1.1 Governing equations 
    The study in this paper is conducted with the 
open-source computational fluid dynamics (CFD) 
platform OpenFOAM and open-source library, 
libWallModelledLES, produced by Mukha et al.[24] In 
WMLES, the unsteady filtered Navier-Stokes 
equations for incompressible flows are solved: 
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where u  and p  are filtered velocity and pressure, 

  is the fluid density,   is the molecular kinematic 
viscosity of the fluid. The space and time coordinates 
are denoted by x and t . SGS

ij  is the subgrid-scale 



 

 
 

(SGS) stress tensor. 
 
1.2 The SGS model 
    The effect of the scales smaller than the filtered 
size is modeled by the SGS stress tensor SGS =ij

SG
SGS

S2 + (1 / 3)ij kk ijS   , where SGS  is the SGS eddy 

viscosity computed by the SGS model. In this paper, 
the wall-adapting local eddy-viscosity (WALE) SGS 
model proposed by Nicoud and Ducros[25] is used to 
model the SGS eddy viscosity. This SGS model is an 
eddy viscosity model that preserves the simplicity and 
computational efficiency characteristic of traditional 
algebraic SGS models. Wall damping effects are 
considered without the explicit use of damping 
functions[10]. It is found that this model can predict 
accurate asymptotic behaviors near the wall, and the 
eddy viscosity becomes negligible in laminar 
regions[12]. The SGS eddy viscosity in this model is 
calculated as 
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where wC  is the model constant and is set to 0.325 in 

this paper,   is the grid filter length scale and 

calculated as the cube root of local cell volume, ijS  is 

the resolved strain-rate tensor and d
ijS  is the traceless 

symmetric part of the square of the velocity gradient 
tensor. 
 
1.3 The wall-stress model 
    In WMLES, the flow in inner layer region of 
boundary layer is modeled with the wall-stress model, 
while flows in the outer layer region and outside the 
boundary layer are directly resolved. The wall-stress 
model approximates the RANS equations using a 
thin-layer approach and incorporates a mixing-length 
model for the eddy viscosity[26]. The wall-stress model 
is derived based on the thin boundary layer equations 
(TBLE) 
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where =1,3i , i.e., wall-parallel directions. whereas 
the wall-normal velocity 2u  is derived by the conti- 

nuity equation. t  is the eddy viscosity. Terms in the 

right of Eq. (4) are pressure gradient term, transient 
term and convective term. In this study, the temporal 
term and convective term are neglected and the 
pressure gradient term is only explicitly taken into 

account, which is called the non-equilibrium wall- 
stress model (NEQWM). Then the TBLE is simplified 
to ordinary differential equations and beneficial for 
solving. NEQWM has obtained widespread attention 
due to the role of the adverse pressure gradient in the 
process of flow separation. In Chen et al.[23], it has 
been shown NEQWM can give great results for the 
flow under the adverse pressure gradient around the 
DARPA SUBOFF. Therefore, NEQWM is adopted in 
this study. 
    In the wall-stress model, pertinent components 
related to velocity and pressure are sampled from the 
cell center, specifically at a user-defined sampling 
distance h  from the wall. Subsequently, the wall 
shear stress is computed using the wall stress model 
and applied at the corresponding center of the 
boundary face. More details about the process of 
wall-stress model can refer to Mukha et al.[24] In this 
study, the sampling distance h  is defined as the 
distance between the center of the third wall-normal 
cell and the wall, as recommended by Chen et al.[23]. 
 
 
2. Computational set-up 
 
2.1 Geometry and computational domain 

The DARPA SUBOFF hull without appendages 
is adopted as the computational model in this study. 
Figure 1 shows the axisymmetric bare hull configu- 
ration of the DARPA SUBOFF. This model is an 
axisymmetric body of revolution with both lateral and 
longitudinal curvatures and widely used for researches. 
The maximum diameter is = 0.508 mD  and the 

whole length is = 8.6L D . The Reynolds number 

LRe  is 1.2107 consistent with the experiment[1]. 

 
 
 
 
 
 
 
Fig. 1 The DARPA SUBOFF hull without appendages 
 
    A schematic of the computational domain is 
shown in Fig. 2. The computational domain is set 
following the work of Chen et al.[23]. The origin of the 
reference coordinate system is set at the nose of the 
model. The x axis is parallel with the streamwise 
direction and the direction of z  axis is vertically 
upward. The inlet is located 10 D  in front of the nose 
of the model, and the outlet is located 30 D  
downstream of the stern. The lateral sides are located 
10 D  from the bow of the model to reduce the 
boundary effect. 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 The computational domain 
 

The boundary condition of inlet is set as uniform 
inflow ( ,0,0)u , where u  is the free-stream velo- 

city. For the outlet, the Neumann boundary condition 
of zeroGradient in OpenFOAM is applied. The 
symmetry boundary condition is used elsewhere. 
 
2.2 Mesh arrangement 
    Unstructured meshes are used and generated by 
snappyHexMesh utility. The layout of mesh is set 
according to Chen et al.[23]. However, the size of mesh 
in wall-parallel directions is refined to capture more 
detail information about fluctuating flow around the 
DARPA SUBOFF. As a result, the boundary layer 
mesh in wall-parallel directions has a uniform size of 

= = (1 / 25)x z    and the height of the wall- 

adjacent layer is = (1 / 50)wy  ,   is the 

boundary layer thickness, which is firstly estimated 
with the empirical formula for a flat plate and 
corrected with the solution of the steady RANS 
simulation. The expansion ratio of mesh is set as 1.03. 
More details about the generation and layout of 
computational meshes can refer to Chen et al.[23]. The 
computational mesh near the hull is shown in Fig. 3 
and the final total number of mesh is about 8.4107. 
 
 
 
 
 
 
 
 
 
 

Fig. 3 (Color online) The computational mesh near the hull 
 
2.3 Numerical schemes 

The numerical simulation is firstly conducted 
with the steady RANS simulation with -k   SST 
turbulence model[27] and converged solutions inclu- 
ding pressure and velocity are obtained. Then the 

pressure and velocity are used as the initial condition 
of WMLES. Numerical schemes about the temporal 
discretization and spatial discretization for RANS and 
WMLES are set following Chen et al.[23]. 
 
2.4 Time step and solution time 

The simulation is performed with a non-dimen- 
sional time step of 5/ = 3 10u t L 

  . The solution 

time is equal to 5.35 flow-through times. The maxi- 
mum Courant Friedrichs-Lewy number is less than 0.3. 
The flow quantities are collected for the last two 
flow-through times for statistics analysis. 
 
 
3. Results and discussions 
 
3.1 Overview of the flow field 
    Instantaneous near-wall flow structures around 
the hull shown in Fig. 4 are identified using the 
modified normalized Liutex-Omega method[28-29] and 
colored by axial velocity nondimensionalized by the 
income flow velocity u . 

R  is a scalar and defined 

as 
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where 2 2(= 0.5 ) 4 ci   r , = 0.5  r ,   is 

the vorticity vector, r  is the normalized real 
eigenvector of the velocity gradient tensor, cr  and 

r  are real part of conjugate complex eigenvalues 

and real eigenvalues of velocity gradient tensor, ci  
is the imaginary part of the complex eigenvalue. 

2 2
0 max= )(b   , 0b  is recommended to be 106 in 

marine hydrodynamics. The threshold value of 
isosurface of 

R  is set as the recommended value 
0.52[30]. 

Figure 5 provides a global view of the instan- 
taneous normalized axial velocity, pressure coefficient, 
and vorticity magnitude field on the xoz  plane. The 
black solid lines represent the surface of hull. These 
figures are plotted with Turbulucid[31], which is a 
package for post-processing two-dimensional cell- 
centered VTK polyData. The pressure coefficient is 
defined as 
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where p  is the reference pressure. 

The flow firstly experiences acceleration at the  
 

 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
bow due to a favorable pressure gradient. Subse- 
quently, it rapidly transitions to turbulence and 
develops downstream along the mid-body of the hull, 
characterized by a zero-pressure-gradient region. 
Typical wall-attached vortices in high Reynolds 
number[32-34] are observed on the mid-body as shown 
in Fig. 6. The axisymmetric TBL eventually under- 
goes separation at the stern, resulting in the formation 
of separation vortices and a wake, as illustrating in  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. The pressure gradient is insignificant in the 
wake area beyond the stern. Additionally, the gradual 
radial expansion of the wake is observable as it 
extends downstream along the hull. 
 
3.2 Time-averaged quantities 

Distributions of pressure and skin-friction coeffi- 
cients on the hull are plotted in in Figs. 8, 9 together 
with the experimental results of Huang et al.[1] at 

 

 
 
Fig. 4 (Color online) Instantaneous near-wall flow structures around the hull are visualized using the modified normalized

Liutex-Omega method[28-29] . The isosurface is colored by axial velocity nondimensionalized by the income 

flow velocity 
 

 

 
 

Fig. 5 (Color online) The instantaneous axial velocity normalized by , pressure coefficient , and vorticity magnitude in 

 plane. The black solid lines represent the surface of hull 



 

 
 

71.= 102LRe  . The skin-friction coefficient is defi- 
ned as 
 

2
=

0.5
w

fC
u
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where w  is the magnitude of wall shear stress. Both 
pressure coefficient and skin-friction coefficient are in 
good agreement with experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 (Color online) Typical wall attached vortices around the  

mid-body enlarged the region of mid-body from Fig. 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 (Color online) Separation vortices on the stern enlarged  

the region of stern from Fig. 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Comparison of the distribution of time-averaged pressure  

coefficient with experimental results[1] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Comparison of the distribution of time-averaged skin-  

friction coefficient with experimental results[1] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Time-averaged axial velocity profiles at four stream-  

wise locations, / =x L 0.904, 0.927, 0.956 and 
0.978,  

on the stern are compared with experimental results[1].  
The legend keeps the same with Fig. 8 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Time-averaged radial velocity profiles at four stream-  

wise locations, / =x L 0.904, 0.927, 0.956 and 0.978,  
on the stern are compared with experimental results[1].  
The legend keeps the same with Fig. 8 

 
Figures 10, 11 show profiles of time-averaged 

axial and radial velocity at four streamwise locations, 
/ =x L 0.904, 0.927, 0.956 and 0.978, on the stern, 

together with experimental results of Huang et al.[1]. 
The evolution of the boundary layer at the stern is 
accurately replicated, leading to an increase in 
thickness due to the adverse pressure gradient[14]. The  

 

 

 

 

 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
overall agreement between WMLES results and 
available experimental results is satisfactory except a 
minor overprediction in the velocity profile at / =x L

0.904 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 (Color online) Time-averaged axial velocity defects in  

self-similar coordinates along the directions comparing  
with Eq. (8) and experimental results. Note that positive  
radial coordinates refer to the side upward 

 
For the development of wake, distributions of 

time-averaged axial velocity defect in yoz  plane are 
presented as shown in Fig. 12. Six downstream loca- 
tions are at increasing distances from the stern up to 
12 diameters downstream of the tail, with a step equal 
to twice of the maximum hull diameter. As the 
development of wake, the maximum velocity defect 
decreases gradually while the region of velocity defect 
increases which means the increase of wake width. 
Turbulent wake is usually characterized by the maxi- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
mum velocity deficit, 0 = CLuu u   and half-wake 

width 0l , the distance between the centre of the wake 
and the position where the velocity deficit is equal to 
one half of 0u . CLu  is the velocity along the 
symmetry axis (center line) in wake. Then the 
distribution of time-averaged axial velocity defect in 
xoy  plane in wake region can be expressed in a 

self-similar coordinate system by two scales 0u , 0l . 

The experimental data[3] at 71.= 102LRe   and simi- 
larity law as Eq. (8) for the mean axial velocity 
proposed by Jiménez et al.[3] are also presented. 
 

2 4 6( ) = exp( 0.525 0.1375 0.03f        
 
    80.002225 )

                                                     (8) 
 
where 0= /r l . 

The self-similarity of time-averaged axial velo- 
city defect previously reported in the literature is 
clearly found and all profiles is very close, with a 
great agreement with experimental data and similarity 
law (Fig. 13). For the left side where 04 < / <r l

1.5 , the velocity defect in the numerical results is a 
little smaller than in the experiments due to the fact 
that this region is influenced by wake of fins[12]. 
 
3.3 Turbulent fluctuation quantities 
    Figure 14 provides a global view of the resolved 
turbulent kinematic energy (TKE), Reynold stress 

 

 
 
Fig. 12 (Color online) Distributions of time-averaged axial velocity defect in the wake of the hull in  plane. The six down- 

stream locations are at increasing distances from the stern tail, with a step equal to twice of the maximum hull diameter, 
 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 (Color online) The streamwise growth of turbulent flu-  

ctuation quantities near the hull boundary layer at the mid-  
body. Arrows represent the direction of increasing x 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

xxu u  , u u   , r ru u   and rxu u   in yoz  plane, nor- 

malized by 2u , which are plotted with Turbulucid[31]. 
The wake of the hull is dominated by the axial 
turbulent intensity. For all second-order velocity 
statistics, the dual peak is clearly observed when 
turbulence flows over the stern and moves away from 
the hull. The profiles exhibit two symmetrical peaks 
away from the centerline in the yoz  plane, cons- 

istent with the past work[11-12]. 
    The streamwise growth of turbulent fluctuation 
quantities near the hull boundary layer at the mid- 
body is presented using profiles of Reynolds stress at 
multiple locations on the hull (0.35 / 0.63)x L   in 
Fig. 15. Minor difference is observed due to the minor 
pressure gradient at the mid-body. 

 
 

Fig. 14 (Color online) The second-order velocity statistics around the hull in  plane, normalized by   

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 (Color online) Profiles of rms of axial velocity at /x  

=L  0.904, 0.927, 0.956 and 0.978. Diamonds show  
the experimental results by Huang et al.[1] at =LRe  

71.2 10 . The LES results at 61.= 102LRe   presen-  

ted by Kumar and Mahesh[11], Liu et al.[15] are also 
shown for comparison 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17 (Color online) Profiles of rms of radial velocity at  

/ =x L 0.904, 0.927, 0.956, and 0.978. Diamonds show  

the experimental results by Huang et al.[1] at =LRe  
71.2 10 . The WRLES results at 61.= 102LRe   pre-  

sented by Kumar and Mahesh[11], Liu et al.[15] are also  
shown for comparison 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 (Color online) Profiles of TKE normalized by 2

0u  at  

six streamwise locations, =x L 2D , 4D , 6D ,  

8D , 10D  and 12D  in xoz  plane in the wake.  
Note that positive radial coordinates refer to the side  
upward 

In order to further analyze the reliability of the 
simulation to capture turbulent fluctuation quantities, 
profiles of rms of axial and radial velocity at / =x L
0.904, 0.927, 0.956 and 0.978 are shown in Figs. 16, 
17. Experimental results by Huang et al.[1] at =LRe

71.2 10  and WRLES results at 61.= 102LRe   pre- 
sented by Kumar and Mahesh[11], Liu et al.[15] are also 
shown for comparison. It is remarkable that present 
WMLES results show a good agreement about axial 
velocity fluctuations with experimental data and 
WRLES results. Furthermore, the agreement is 
satisfactory even when dealing with fluctuations in 
radial velocity, a task known for its complexity in 
capturing[15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19 (Color online) Profiles of 

xxu u   normalized by 2
0u  at  

six streamwise locations, =x L 2D , 4D , 6D ,  

8D , 10D  and 12D  in xoz  plane in the wake.  
Note that positive radial coordinates refer to the side  
upward 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20 (Color online) Profiles of u u    normalized by 2

0u  at  

six streamwise locations, =x L 2D , 4D , 6D ,  

8D , 10D  and 12D  in xoz  plane in the wake.  
Note that positive radial coordinates refer to the side  
Upward 

 
For the turbulent fluctuation quantities in wake, 

distributions of resolved TKE and Reynold stress are 
investigated at six streamwise locations, =x L 2D , 
4D , 6D , 8D , 10D  and 12D  in xoz  plane in  

 

 

 

 

 



 

 
 

 

 
 
Fig. 21 (Color online) Profiles of 

r ru u   normalized by 2
0u  at  

six streamwise locations, =x L 2D , 4D , 6D ,  

8D , 10D  and 12D  in xoz  plane in the wake.  
Note that positive radial coordinates refer to the side  
upward 

 

 
 
Fig. 22 (Color online) Profiles of 

x ru u   normalized by 2
0u  at  

six streamwise locations, =x L 2D , 4D , 6D ,  

8D , 10D  and 12D  in xoz  plane in the wake.  
Note that positive radial coordinates refer to the side  
upward 

 
the wake. All profiles are expressed in the self-similar 
coordinate system as shown in Figs. 18-22. Turbulent 
fluctuation quantities are normalized by 2

0u . The dual 
peak feature is obvious observed again as the deve- 
lopment of wake. Otherwise, all of turbulent fluc- 
tuation quantities show non-self-similar. The decay in 
turbulent fluctuation quantities occurs at a slower rate 
than that of momentum deficit, which implies a rise in 
self-similar coordinates as the development of wake. 
 
 
4. Conclusions 
    In this study, turbulent fluctuations around an 
axisymmetric body of revolution (DARPA SUBOFF 
bare model) are numerically investigated at =LRe

71.2 10  with WMLES. The objective is to evaluate 
the ability of WMLES to predict turbulent fluctuations 
over the axisymmetric hull and to investigate the 
evolution of fluctuation quantities of the flow field 

around the body of the DARPA SUBOFF. 
    Instantaneous near-wall flow structures are 
accurately identified using the modified normalized 
Liutex-Omega method. Key flow features about the 
TBL development over the surface of SUBOFF and 
its wake are effectively captured. 

Time-averaged flow quantities, including pres- 
sure coefficient, skin-friction coefficient, and stern 
velocity profiles, have been meticulously validated, 
showing excellent agreements with experimental data. 
The self-similarity of the velocity defect is found 
when expressed within self-similar coordinates, exten- 
ding up to twelve diameters from the tail. Furthermore, 
a satisfactory agreement with available experimental 
data and empirical equation is achieved. 
    A comprehensive investigation is conducted on 
second-order statistics of the mid-body, stern, and 
wake regions. The present numerical method is found 
to provide a good quantitative agreement on rms of 
radial and axial fluctuating velocities on the stern with 
experimental data and previous WRLES results. The 
decay in turbulent fluctuation quantities is observed at 
a slower rate than that of momentum deficit, which 
shows a rise in self-similar coordinates over the 
development of wake. The dual peak feature is 
obviously observed. TKE and other second-order 
statistics of velocity are found not self-similar over the 
length of the wake. 
    In the future, wall-pressure fluctuations will be 
further investigated with WMLES. Different wall 
stress modeling strategies will be also studied and 
developed to improve the accuracy of WMLES. 
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