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Abstract: Pollutants are usually discharged into the receiving water bodies in the form of a turbulent jet or plume, and the presence 
of a counterflow enhances the initial dilution of the jet effluent. To understand the behaviors of jets in actual situations, a round 
buoyant jet issued horizontally into a uniform counterflow is simulated for different combinations of densimetric Froude number and 
jet-to-current velocity ratio. A two-phase mixture model is used to simulate this flow, and the renormalization group -k ε  model is 
used to address the flow turbulence. The inter-phase interactions are described in terms of the relative slip velocity between phases. 
The jet features, including the trajectory of the jet centerline and the decay of the centerline velocity and the concentration, are 
investigated. The length scale analysis reveals the relationships between the distance and the centerline dilutions, and different flow 
mechanisms are revealed before and after the penetration point. 
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 The wastewater from industrial areas and cities 
or the thermal effluents from the cooling systems of 
power plants are usually discharged into the receiving 
water bodies via outfalls in the form of turbulent jets 
or plumes. The behavior of these jets completely di- 
ffers from that in a stagnant ambient water because the 
presence of a moving ambient water can significantly 
change their flow structure and mixing properties. 
When the jet and the main flow directions are opposite 
to each other, a turbulent jet is formed in the counter- 
flow. The presence of a counterflow enhances the 
mixing efficiency of the jet, thereby making this flow 
configuration an interesting issue for many enginee- 
ring applications, especially, for environmental engi- 
neering. 

                                                                 

* Project supported by the National Natural Science Foun- 
dation of China (Grant Nos. 11672213, 51439007 and 
11372232). 
Biography: Meng Gao (1989- ), Male, Ph. D. Candidate 
Corresponding author: Wen-xin Huai,  
E-mail: wxhuai@whu.edu.cn 
 
 
 
 

Some experimental studies examined the beha- 
vior of a non-buoyant jet in a counterflow using laser- 
based flow measurement techniques, including the 
laser-induced fluorescence (LIF) and the laser Doppler 
anemometry[1]. Numerical simulations were also per- 
formed to investigate turbulent round jets in a uniform 
counterflow[2]. Due to the merging of buoyant jets, the 
flow and mixing fields of these jets are generally com- 
plex and difficult to predict. Lee[3] investigated the 
global spreading patterns of a round buoyant jet in a 
counterflow by conducting LIF measurements in a 
laboratory. These measurements offer abundant infor- 
mation about the concentration field. 

In this paper, a round buoyant jet in a uniform 
counterflow is simulated using a two-phase mixture 
model. Several flow cases with a densimetric Froude 
number ( )Fr  ranging from 3 to 10 and a velocity ratio 
( )R  ranging from 5 to 15 are considered in the simu- 
lation, focusing on the central vertical plane, on which 
the jet behavior obviously changes along with the jet 
trajectory. The flow behaviors, including the jet cen- 
terline velocity and dilution, are investigated via a 
length scale analysis. 

The simulation is performed using a two-phase 
mixture model. The wastewater jet flow is assumed to 
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comprise the water and the separate, interpenetrating 
particle phases. sα  and fα  denote the volume fra- 
ctions of the particle and fluid phases, respectively. 
The mixture model allows these two phases to move 
at different velocities with slip velocities. A Schiller- 
Naumann drag model is used to describe the intera- 
ction between these phases[4,5]. 

The continuity equation of the mixture takes the 
following form 
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The momentum equation for the mixture can be 

obtained by taking the sum of the individual momen- 
tum equations for all phases expressed as 
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where n  is the number of phases ( = 2)n , F  is the 
body force, mm  is the viscosity of the mixture ( =mm  
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ndary phase ,( = )dr i i m−u u u . The drift velocity for 
the secondary phase and the relative velocity sfu  are 
related as , = (1 )dr s s sfα−u u , where sfu  is the velo- 
city of the secondary phase relative to the velocity of 
the primary phase defined as 
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where pt  is the particle relative time, which is deter- 

mined as 2= /(18 )p s s mdt ρ m , where sd  is the diame- 

ter of the particles of the secondary phase and dragf  is 

the default drag force. If 1 000Re ≤ , then drag = 1+f  
0.6870.15Re . By contrast, if 1 000Re > , then drag =f  

0.0183Re , where Re  is the Reynolds number. 
The renormalization group -k ε  model is used 

to close the governing equations. The turbulent kinetic 
energy k  and its rate of dissipation ε  are expressed 
as follows 
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where ,t mm  is the turbulent viscosity 

2
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)ε , ,k mG  is the production term of the turbulence 

kinetic energy 
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The model constants 1C ε , 2C ε , Cm , 0η , β , mσ  and 

εσ  take the following default values: 1 = 1.44C ε , 

2 = 1.68C ε , = 0.0845Cm , 0 = 4.377η , = 0.012β , 
= 1.0mσ  and = 1.3εσ . 

 
 
 
 
 
 
 
 
 
 
Fig.1 Schematic diagram of the flow configuration 
 

A round buoyant jet with initial velocity jU , 

density 0ρ , Reynolds number 0Re  and nozzle diame- 
ter D  is discharged into the ambient water with an 
infinite depth, velocity 0U , and density aρ . The nu- 
merical domain has the dimension of 70 20D D× ×  
50D  in the axial ( )x , lateral ( )y , and vertical ( )z  
directions, as shown in Fig.1. 

Similar to previous experiments, salt water is used 
as the negatively buoyant jet effluent. The salt has a 
density of 1 035.1 kg/m3, while the water has a den- 
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