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Abstract: To enhance understanding of the flow characteristics around a sphere in both stratified and unstratified (UNS) fluids, large 
eddy simulations (LES) were conducted using a temperature-dependent density model at = 3 700Re . The simulations were 

performed for flow around a sphere under UNS and stratified conditions ( = 3)Fr . Horizontal and vertical vorticity, velocity, and 

streamline distributions were compared, and the evolution of vortex structures in the wake was analyzed. Furthermore, we quantified 
the velocity deficit, the root mean square (rms) of velocity components in all directions, and the turbulent kinetic energy (TKE) 
distribution. Additionally, the horizontal and vertical wake lengths were examined. The results demonstrate that the employed 
numerical simulation method accurately captures the behavior of stratified fluids, with outcomes in close agreement with experimental 
and numerical findings from previous studies. In the case of homogeneous fluid, a lower density value results in a faster decay of the 
velocity deficit. In stratified fluids, the vortex structures in the wake evolve through three distinct stages: 3-D, non-equilibrium (NEQ), 
quasi-two-dimensional (Q2D). For / > 2x D , the rms velocity in the vertical direction exceeds that in the other two directions. In UNS 
fluid, the TKE distribution forms a vertically elongated spindle shape, while in stratified fluid, it assumes an elliptical shape, being 
vertically compressed and horizontally expanded. The vertical extent of the density and density gradient distributions surpasses that of 
the wake. 
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0. Introduction  

Temperature and density stratification pheno- 
mena are commonly observed in solar ponds, reser- 
voirs, river estuaries, the atmosphere, and shallow 
waters. When underwater vehicles operate in regions 
with thermal and density stratification, they generate 
complex turbulent and thermal wakes. These wakes 
are characterized by their extensive impact range, long 
persistence, and difficulty in elimination and camou- 
flage. Consequently, they pose significant challenges 
to the stealth capabilities of underwater vehicles and 
are a crucial focus for current non-acoustic detection 
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methods[1-3]. 
In the study of stratified fluid, the primary 

methods are experimental and numerical simulations. 
Regardless of the approach, two dimensionless para- 
meters are critically important: The Reynolds number 
( )Re  and the Froude number ( )Fr . The Reynolds 

number is defined as = /Re UD , where U  is the 
characteristic velocity, D  is the characteristic velo- 
city and   is the kinematic viscosity. The Froude 
number is given by = /Fr U ND , where buoyancy 

frequency 0= ( / )( / )   N g z , g  is the gravi- 

tational acceleration, 0  is the reference density and 

/ z  as the density gradient in the vertical direc- 

tion. The Froude number describes the strength of 
stratification, with smaller Fr  indicating stronger 
stratification. The Reynolds number represents the 
ratio of inertial to viscous forces. The buoyancy time 
period ( )tN  and the dimensionless length ( / )x D  
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can be expressed as = /tN x FrD . 

Early experiments by Bonnier and Eiff[4] on 
linearly stable saltwater stratification proposed that 
wake evolution can be divided into four stages: 3-D 
near wake, collapse, transition zone, and finally far 
wake. Lin et al.[5-6], through experiments on linearly 
stratified fluid, measured the turbulent wake behind a 
sphere and concluded that the frequency of quasi-two- 
dimensional (Q2D) vortices in the far wake is deter- 
mined by the vortex shedding frequency in the near 
wake, which is significantly influenced by strati- 
fication. Kim and Durbin.[7], in wind tunnel experi- 
ments, measured the vortex shedding frequency in 
sphere wakes across a Reynolds number in the range 
500 < < 60 000Re . They studied the effects of acou- 

stic excitation and discovered interactions between 
two frequency modes at lower Reynolds numbers, 
through this interaction, external forcing at unstable 
frequencies can alter the vortex shedding frequency. 
Xiang et al.[8-9] found that wake structures at high Re  
and low Fr  are similar to those at low Re  and high 
Fr , with increasing Re  leading to greater wake 
instability. 

With the advancement of computer technology, 
numerous researchers have undertaken significant 
work to achieve numerical simulations of density 
stratification. Huang et al.[10] proposed a temperature- 
driven density stratification model in STAR-CCM+. 
Wang et al.[11-12] developed a solver named 
“twoLiquidMixing_skin_Foam” in OpenFOAM. 
Nadaf et al.[13] utilized the fluid simulation solvers in 
OpenFOAM. Jacobs[14] improved buoyantPimpleFoam 
to simulate propeller rotation in stratified fluid. Chen 
et al.[15] implemented temperature and salinity strati- 
fication in Fluent through custom user-defined 
functions (UDFs). 

Other researchers have achieved notable results 
by developing custom solvers to simulate stratified 
fluids. Rodríguez et al.[16-17] conducted direct nume- 
rical simulations of flow over a sphere, focusing on 
the instability of the shear layer and its impact on 
vortex structures and wake outcomes at = 3 700Re , 

= 10 000Re . Constantinescu et al.[18] studied subcri- 

tical and supercritical sphere wake fields across a 
wide range of Reynolds numbers (104-106), emphasi- 
zing pressure distribution, surface friction, and drag. 
Chongsiripinyo et al.[19-22] performed large eddy 
simulations (LES) at = 50 000Re , =Fr 50, 10, 2, 

investigating uniform and stratified fluid past a disk. 
They found that in uniform fluid and at high Fr , the 
wake core turbulence is initially anisotropic. They 
also quantified turbulent kinetic energy (TKE) and 
entropy variance to assess the impact of stratification 
strength. Chongsiripinyo et al.[23] used direct nume- 
rical simulation (DNS) with temporal modeling to 

track stratified wakes far downstream, concluding that 
the vertical extent of density disturbances far exceeds 
the boundary region of the wake. Nadaf et al.[13] 
considered both linear and nonlinear density 
distributions and found that wakes tend to propagate 
horizontally under nonlinear density distributions, 
with the effective persistence time of the wake signi- 
ficantly increasing with Fr . Pal et al.[24-25], through 
DNS at = 3 700Re , studied the wake of a sphere and 

observed that velocity deficit accelerates between 
= tN , = 2tN . They also found that the contribu- 

tions of transport and buoyancy terms in the TKE 
calculations become increasingly significant with 
stronger stratification. 

It can be observed that most numerical simu- 
lations of sphere wake fields rely on DNS, which is 
computationally expensive[26-29]. Furthermore, the 
understanding of the changes in physical phenomena 
between uniform and stratified fluids remains insuffi- 
cient. Therefore, it is necessary to conduct numerical 
simulations of both uniform and stratified fluids at the 
same Reynolds number.  
 
 
1. Numerical methods 
 
1.1 Governing equations 

This study utilizes the commercial software 
STAR-CCM+ 2023 for numerical simulations. In the 
solution process of this paper, the fluid motion satis- 
fies the mass conservation and momentum conserva- 
tion equations. 
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where U  is the velocity field,   is the density of 

fluid, t  is the time, p  is the pressure field, g  is 

the gravity acceleration and   is the dynamic visco- 

sity coefficient. 
In the context of the Navier-Stokes equation for 

incompressible fluids, LES can be performed by 
applying a filter function to derive Eqs. (3), (4). 
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The velocity vectors iu , ju  ( , = 1,2,3)i j  are filtered 
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to obtain their respective components in the -x
direction, denoted by ix , jx . The variables ij , if  

are the stress tensor at the subgrid scale (SGS), an 
exogenous term. The SGS model is used for appro- 
ximate analysis of the anisotropic part. 
 

2
=

3
a
ij ij rk 

                                                                

(5) 

 
where ij  

is the Kronecker function, rk  is the 

residual internal energy. 
In the standard SGS model, the SGS eddy visco- 

sity is approximated. 
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In this study, use SC  to represent the 

Smagorinsky constant, which has a fixed value of 0.1, 
  is used to denote the filter size, with grid unit sizes 

being equal and ijS  is the rate at which the strain 

decomposition speed decreases after filtering. The 
viscosity is then employed to calculate the anisotropic 
subgrid stress tensor. 
 

= 2 a
ij ijv St
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In order to realize the linear distribution of 

density, this paper needs to solve the energy equation, 
and realize the linear distribution of density by 
controlling the linear distribution of temperature. 
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where [ ( )] / T t  is the local change rate of the 

temperature field, ( )  TU
 

is the thermal convec- 

tion term, [( / ) ]  k c T
 

is the thermal diffusion 

term and TS  is the source term. Neglecting the in- 
fluence of thermal radiation, expressing the density as 
a function of temperature, given the upper and lower 
temperature distributions of the layered area, the 
corresponding density distribution can be calculated. 
 

1.2 Computational conditions 
As shown in Fig. 1, D  is the diameter of the 

sphere. In the setup of the computational domain, to 
prevent recirculation caused by proximity to the inlet, 
the inlet is placed 10D  upstream of the sphere. To 
allow the wake to fully develop, the outlet is located 
15D  downstream of the sphere. To prevent inter- 
ference with the wake from the sides of the compu- 
tational domain, the lateral boundaries are positioned 
15D  away from the sphere on both sides. The upper 
and lower boundaries of the computational domain are 
4D  away from the sphere. 

As illustrated in Fig. 2, the mesh is refined on the 
surface of the sphere and locally refined in the wake 
region behind the sphere. Regarding the boundary 
conditions, the inlet of the computational domain is 
set as a velocity inlet. Similarly, the lateral, upper, and 
lower boundaries are also set as velocity inlets. The 
outlet of the computational domain is set as an 
outflow condition. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 The computational domain 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 (Color online) The computational mesh 
 
 
2. Verification and validation 
 
2.1 Validation of the simulation method 

Since this study involves numerical simulations 
of both uniform and stratified fluids, we first con- 
ducted a validation of the methodology under uniform 
fluid condition. At = 4 200Re , we primarily com- 

pared our results with those of Kim and Durbin[7], 
Rodriguez et al.[17] and Pal et al.[25]. As shown in Fig. 
3, the pressure coefficient distribution on the surface 
of the sphere indicates that the trend and values of the 
pressure coefficient in a homogeneous fluid with 
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uniform density are close to those reported by other 
researchers. The pressure coefficient decreases mono- 
tonically in the range of 0 < < 73 , and then 
gradually increases in the range of 73 < <180 . 
Figure 4 presents the normalized mean velocity distri- 
bution along the centerline of the wake, demonstrating 
that our results are very similar to those of Rodriguez 
et al.[17] Due to the formation of a recirculation zone 
behind the sphere, the streamwise velocity /xv U  is 

less than 0 for / < 3x D . The findings in Figs. 3, 4 
confirm the reliability of our numerical simulation 
methods in a homogeneous fluid with uniform 
density. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 (Color online) Mean pressure distribution (UNS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 (Color online) Streamwise evolution at the centreline of 

mean defect velocity (UNS) 
 

Subsequently, we conducted validation under 
stratified fluid condition. At = 3Fr , = 3 700Re , we 
primarily compared our results with those of Pal et 
al.[25], Nadaf et al.[13]. Although Bonnier et al.[4] per- 
formed experiments at = 6 900Re , = 3Fr , we also 
used their results for reference. Figures 5, 6 present 
the normalized velocity deficit variation and the root 
mean square (rms) values of the streamwise velocity 

along the centerline of the wake. Since the Reynolds 
number in the experiments conducted by Bonnier et 
al.[4] was higher, their results show significantly 
greater values in both velocity deficit and the rms of 
the streamwise velocity compared with the present 
study and the results of Pal et al.[25]. For the mean 
velocity deficit, it can be seen that our results are 
closer to those of Pal et al.[25] compared with Nadaf et 
al.[13], And for the rms of the streamwise velocity, 
when > 0.5tN , the values and trends from the 
current study are closer to the results of Pal et al.[25] 
compared with those of Nadaf et al.[13], indicating the 
reliability of our stratified fluid simulation method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 (Color online) Streamwise evolution at the centreline of 

mean defect velocity ( = 3)Fr  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 (Color online) Streamwise evolution at the centreline of 

rms streamwise velocity ( = 3)Fr  
 
2.2 Grid independence study 

After completing the validation of the method, 
we conducted a grid sensitivity analysis. Based on 
different grid sizes, we set up three sets of grids: 
Coarse, medium, and fine, with grid counts of 6.85 
106, 1.2107, 2.1107. Figure 7 shows the pressure 
coefficient distribution on the surface of the sphere for 
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different grids, indicating that the results are very 
close across different grid resolutions. Figure 8 pre- 
sents the normalized mean velocity distribution for 
different grids, showing that the results from the 
medium grid are closer to those from the fine grid. To 
ensure the accuracy of the computational results while 
reducing computational costs, we used the medium- 
sized grid, with a grid count of 1.2107. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7 (Color online) Mean pressure distribution at different 

grids 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8 (Color online) Streamwise evolution at the centreline of 

mean defect velocity at different grids 
 
 
3. Results and discussion 

As shown in Fig. 9, in a linearly stratified fluid, 
the density increases gradually from top to bottom 
along the vertical direction. The density of the fluid at 
the topmost part is defined as top , the density of the 

fluid in the middle of the computational domain is 
defined as middel , and the density of the fluid at the 

bottommost part is defined as bottom . Since we are 
conducting a comparative study between UNS and 
stratified fluid, it is necessary to determine the density 
of fluid for the UNS case as well, where the fluid is 

homogeneous. Therefore, we use top , middel , bottom  

as the densities for the UNS case.  
Figure 10 shows the normalized velocity deficit 

curves along the centerline of the wake. Compared 
with the stratified fluid ( = 3)Fr , the UNS results 

decay faster, indicating a broader and longer-lasting 
wake in stratified condition. Additionally, in the UNS 
case, the smaller the density of fluid top middel( < < 

bottom ) , the faster the velocity deficit curve decays. 
This indicates that the comparative pattern between 
homogeneous fluid with different densities and 
stratified fluid is consistent. For subsequent calcu- 
lations and discussions, middel  is set as the density 
for the homogeneous fluid. 
 
 
 
 
 
 
Fig. 9 (Color online) Schematic of density in a linear stratifica- 

tion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10 (Color online) Streamwise evolution at the centreline of 

mean defect velocity 
 
3.1 Visualization of wake 

Figure 11 shows the vorticity, velocity, and 
streamline distributions under UNS condition. 
Compared with = 3Fr , the wake of the sphere does 
not experience suppression in the vertical direction 
under UNS condition. Due to the formation of a 
low-pressure region behind the sphere, which results 
in recirculation, the recirculation zone for the UNS 
fluid is primarily observed in the region / < 2.5x D , 
as shown by the vorticity, velocity, and streamline 
distributions in Fig. 11. 

At = 3Fr , as shown in Fig. 12, the vorticity, 
velocity, and streamline distributions at different 
cross-sections are presented. It can be observed that  
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for velocity, vorticity and streamlines, the distribution 
range in the vertical direction ( = 0)y  is smaller than 

that in the lateral direction ( = 0)z . This indicates that 
the wake of the sphere is suppressed in the vertical 
direction under stratified condition. Due to this 
suppression, the wake develops along the lateral 
direction, resulting in a larger lateral dimension 
compared with the vertical dimension. Compared with 
UNS fluid, the recirculation zone in stratified fluid 
( = 3)Fr  is significantly smaller, primarily confined 

to / < 2x D . 
Using the -Q criterion method, Fig. 13 illus- 

trates the vortex structures in the wake under UNS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

condition. It can be observed that the vortex structures 
develop in all directions, exhibiting clear isotropy. As 
shown in Fig. 14, the vortex structures in the wake 
under stratified condition are presented. The location 
of vortex shedding is further downstream compared 
with UNS condition. Under stratification, the wake 
vortex structures undergo three stages: 3-D, non- 
equilibrium (NEQ), Q2D. In the near field, close to 
the sphere, the wake experiences weak buoyancy 
effects, displaying a 3-D state. As the distance from 
the sphere increases, density stratification begins to 
suppress vertical motion, transitioning the wake from 
a 3-D state to a NEQ state. Eventually, buoyancy fully 
dominates the wake flow, completely suppressing 

 

 
 
Fig. 11 (Color online) The distribution of different physical quantities (UNS) 

 

 
 
Fig. 12 (Color online) The distribution of different physical quantities  
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vertical motion, and the vortex structures become 
flattened, entering a Q2D state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 (Color online) Evolution of the vortex structure in the 

wake (UNS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14 (Color online) Evolution of the vortex structure in the 
wake ( = 3)Fr  

 
3.2 The velocity deficit and the distribution of TKE 

Figure 15 shows the distribution of velocity 
deficit and the normalized rms velocity in different 
directions. Firstly, considering the velocity deficit 
( / )u U  for UNS fluid and stratified fluid ( = 3)Fr , 
the following observations are made: For the UNS 
fluid, the velocity deficit reaches its peak at /x D 
2.7 , with / >1u U , indicating the establishment of 
turbulence. Beyond / = 2.7x D , u/U decreases mono- 
tonically. For the stratified fluid ( = 3)Fr , the peak is 

reached slightly earlier, at / 2.2x D , with / >u U
1, also indicating the onset of turbulence. Between 

2.2 < / < 7x D , /u U  decreases monotonically, sug- 
gesting that the wake transitions from a 3-D state to a 
NEQ state. After / > 7x D , /u U  levels off, indica- 
ting that the wake has transitioned from the NEQ state 
to a Q2D state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 15 (Color online) Evolution of centreline values of mean 

streamwise velocity deficit ( )u , rms velocity fluctua- 

tion (streamwise xu , spanwise 
yu , vertical zu ) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 16 (Color online) Area integrated TKE 
 

Next, we discuss the rms velocity in different 
directions for the stratified fluid, as shown in Fig. 15. 
For / < 2x D , the values of /xu U , /yu U , /zu U  

are quite close, indicating isotropy in the velocity 
directions within the wake. For / > 2x D , the values 
of /xu U , /yu U  remain relatively close, while the 

value of /zu U  is significantly higher than those of 

/xu U , /yu U . Furthermore, within 8 < / < 11x D , 

there are large oscillations in /zu U , indicating that 

for / > 2x D , buoyancy suppresses vertical motion in 
the wake and increases anisotropy. 

The TKE at different positions along the wake 
was integrated over the area, as shown in Fig. 16. For  
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both the UNS fluid and the stratified fluid ( = 3)Fr , 

the TKE peaks at / = 3x D . For / < 3x D , the TKE 
gradually increases, with the TKE being lower in the 
UNS case compared with the stratified case. For 

/ > 3x D , the TKE gradually decreases, with the TKE 
being significantly higher in the UNS case than in the 
stratified case. 

Figures 17, 18 present the distribution of TKE 
under UNS and stratified conditions. In both cases, the 
TKE decreases gradually with increasing distance. In 
Fig. 17, for the UNS fluid, it is observed that as the 
distance increases, the shape of the TKE distribution 
transitions from circular to spindle-shaped, becoming  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
wider in the vertical direction and narrower in the 

horizontal direction due to buoyancy effects. The 
vertical extent of the distribution is significantly 
greater than the horizontal extent. Additionally, when 

/ 17x D , the peak of TKE is primarily located at the 
upper and lower ends. In Fig. 18, for the stratified 
fluid ( = 3)Fr , the distribution shape of TKE changes 

from an isotropic circular form to an elliptical form 
that is narrower in the vertical direction and wider in 
the horizontal direction as the distance increases. This 
change illustrates the suppression effect of stratifica- 
tion on the vertical motion of the wake. Additionally, 
when / 17x D , the peak of TKE is primarily loca-  

 

 
 
Fig. 17 (Color online) Visualization of cross-sectional contours of TKE (UNS) 
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ted at the lateral ends. 
 

3.3 The length of wake 
In numerical simulations, the definition and mea- 

surement of wake height and wake width typically 
rely on the variations of certain physical quantities in 
the flow field, such as velocity, vorticity, or turbu- 
lence intensity[30]. In this study, the boundary region 
of the wake is defined where the velocity is 30% of 
the freestream velocity. VL  is defined as the vertical 

height of the wake, HL  is defined as the horizontal 
width of the wake. Figure 19 shows the normalized 
velocity deficit distribution in an UNS fluid. It can be 
observed that the velocity deficit distribution in the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

vertical direction exhibits a double-peak pattern, and 
within a range of 1.5 HL , 1.5 VL , the velocity deficit 
values have already approached zero. Figure 20 pre- 
sents the normalized velocity deficit distribution in a 
stratified fluid. In this case, the velocity deficit distri- 
bution exhibits a single peak and an approximately 
Gaussian distribution in both the horizontal and 
vertical directions. 
 

=  d bg
                                                              

(11) 
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Fig. 18 (Color online) Visualization of cross-sectional contours of TKE  



 

 
 

1018 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 19 (Color online) Profiles of normalized mean streamwise 
velocity deficit in different direction (UNS) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

where   is the vertical density, bg  
is the initial 

vertical density, d  is the density perturbation and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 20 (Color online) Profiles of normalized mean streamwise 
velocity deficit in different direction ( = 3)Fr  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 z d  signifies the partial derivative of the density 

perturbation with respect to the vertical direction.  

 

 

 
 
Fig. 21 (Color online) Vertical profiles of mean density deviation  
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As illustrated in Figs. 21, 22, with increasing 
values of /x D , both d ,  z d  

gradually dec- 

rease. Additionally, in the vertical direction, the distri- 
bution range of d ,  z d  

significantly exceeds 

the vertical boundaries of the wake. This result is 
consistent with the findings of Chongsiripinyo[22]. 
 
 
4. Conclusions 

This study employed the LES method with a 
temperature-dependent density model. Following the 
validation of the method and analysis of grid sensi- 
tivity, simulations of the flow around a sphere at a 
Reynolds number of 3700 were conducted under both 
UNS and stratified conditions ( = 3)Fr . The com- 
parisons focused on the horizontal and vertical 
vorticity, velocity, and streamline distributions. The 
evolution of vortex structures in the wake was also 
analyzed. Furthermore, the velocity deficit, rms of 
velocity components in all directions, and TKE distri- 
bution were quantified. Additionally, the horizontal 
and vertical wake lengths were examined. The main 
conclusions are as follows. 

For a fluid with uniform density under UNS 
condition, a lower density results in a faster decay of 
the velocity deficit along the wake centerline after it 
reaches its peak. In contrast, in stratified fluid 
( = 3)Fr , the velocity deficit along the wake cen- 
terline initially decreases after reaching its peak but 
then stabilizes. On the other hand, in the UNS fluid, 
the velocity deficit along the wake centerline 
decreases monotonically after reaching its peak. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Under UNS condition, the wakeʼs velocity, vorti- 
city, streamlines, and vortex structures develop fully 
in all directions, exhibiting clear isotropy. However, 
under stratified conditions ( = 3)Fr , the wake is 
significantly suppressed in the vertical direction. The 
vortex structures in the wake undergo substantial 
changes due to varying buoyancy effects with distance, 
which can be categorized into three stages: 3-D, NEQ, 
Q2D. 

In stratified condition ( = 3)Fr , the rms of velo- 
city components in different directions shows that for 

/ < 2X D , the values of /xu U , /yu U , /zu U  are 

quite similar. However, due to the influence of 
buoyancy, the value of /zu U  becomes significantly 

larger than those of /xu U , /yu U . For / > 3X D , 

the TKE of the UNS wake exceeds that of the 
stratified wake. The TKE distribution in UNS con- 
dition forms a spindle shape, being wider vertically 
and narrower horizontally. In contrast, the TKE 
distribution in stratified conditions forms an elliptical 
shape, being narrower vertically and wider horizon- 
tally. 

Under UNS condition, the velocity deficit in the 
wake exhibits a bimodal distribution in the vertical 
direction. In contrast, under stratified conditions 
( = 3)Fr , the velocity deficit shows a near-Gaussian 

distribution in both the horizontal and vertical direc- 
tions. Along the vertical direction, the distribution 
ranges of both the density perturbation and its partial 
derivative are significantly larger than that of the 
wake. 
 

 

 
 
Fig. 22 (Color online) Vertical profiles of vertical gradient of mean density deviation  
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