
HAL Id: hal-01459167
https://hal.science/hal-01459167

Submitted on 13 Mar 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Numerical and experimental study of Boussinesq wall
horizontal turbulent jet of fresh water in a static

homogeneous environment of salt water
Aicha Belcaid, Georges Le Palec, Abdeslam Draoui

To cite this version:
Aicha Belcaid, Georges Le Palec, Abdeslam Draoui. Numerical and experimental study of Boussinesq
wall horizontal turbulent jet of fresh water in a static homogeneous environment of salt water. Journal
of Hydrodynamics, 2015, 27 (4), pp.604-615. �10.1016/S1001-6058(15)60522-4�. �hal-01459167�

https://hal.science/hal-01459167
https://hal.archives-ouvertes.fr


Numerical and experimental study of Boussinesq wall horizontal turbulent jet of 
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Abstract: This paper investigates a numerical and experimental study about buoyant wall turbulent jet in a static homogeneous 

environment. A light fluid of fresh water is injected horizontally and tangentially to a plane wall into homogenous salt water ambient. 

This later is given with different values of salinity and the initial fractional density is small, so the applicability of the Boussinesq 

approximation is valid. Since the domain temperature is assumed to be constant, the density of the mixture is a function of the salt 

concentration only. Mathematical model is based on the finite volume method and reports on an application of standard -k ε  

turbulence model for steady flow with densimetric Froude numbers of 1-75 and Reynolds numbers of 2 000-6 000. The basic features 

of the model are the conservation of mass, momentum and concentration. The boundaries of jet body, the radius and cling length are 

determined. It is found that the jet spreading and behavior depend on the ratio between initial buoyancy flux and momentum, i.e., 

initial Froude number, and on the influence of wall boundary which corresponds to Coanda effect. Laboratory experiments were 

conducted with photographic observations of jet trajectories and numerical results are described and compared with the experiments. 

A good agreement with numerical and experimental results has been achieved.  

Key words: wall jet, turbulence, Boussinesq approximation, -k ε  model, buoyancy, cling length 

Introduction0F  
A wall turbulent jet is an effective means to pro- 

mote high rates of heat and mass exchange especially 
in the near field. This jet configuration has been wide- 

ly used in coastal sewage disposal projects. Indeed, it 

is necessary to ensure rapid mixing of the jet with the 
ambient fluid to minimize the impact on the marine 

environment and prevent a return flow of the jet to- 
wards the injection source. On this point, buoyant wall 

jets have a larger mixing zone than free jets and the- 
refore it is possible to improve the initial dilution 

compared to the later. For a free turbulent jet, the ex- 
pansion rate is the same in each normal direction to its 

centerline trajectory. However, it is not the case for 
wall turbulent jet. 

* Biography: BELCAID Aicha (1985-), Female, Ph. D.,

Trainer and framer 

When a wall turbulent jet is injected from sou- 

rces of buoyancy and momentum, both effects of 
buoyancy and wall boundary are taken into account. 

In this case, the jet clings to the wall (obstacle) under 
the Coanda effect (definition in Section 1.1).The diffe- 

rence of pressure causes the jet cling to the wall and 
slip for some distance, called the cling length, before 

it leaves the floor. The Coanda effect of buoyant wall 

jets can increase the mixing zone between jet fluid and 
ambient so that the pollution in the near field can be 

effectively diluted. Singh and Ramamurthi
[1]

 investi- 
gated experimentally a gas turbulent plane wall jet. 

They used PIV technique to determine the conditions 
for which the jet would be affected by Coanda effect. 

Sharp and Vyas
[2]

 gave the relations between the cling 
length and densimetric Froude number through expe- 

rimental research and theoretical analysis. Combining 
with Sharp’s experimental data and theoretical results, 

Huai et al.
[3]

 applied the realizable -k ε  model to si- 

mulate horizontal buoyant wall jet and they gave the 

results of cling length, centerline trajectory and tem- 
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perature dilutions at several sections. Li et al.
[4]

 prese- 
nted a LES study of the flow features in the near re- 

gion of a turbulent circular wall jet discharging from a 
nozzle into a static ambient. They determined the 

mean and turbulent velocity characteristics in the near 
region. 

In the current study, the aim is to build on these 

past observations by both numerical simulation and 
experimental investigation to analyze a Boussinesq 

turbulent horizontal buoyant wall jet of fresh water 
into a static and homogenous ambient of salt water 

with different values of salinity. Modeling is based on 
a Reynolds Averaged Navier Stokes finite volume me- 

thod. The standard -k ε  turbulence model for steady 

flow has been adopted with buoyancy related source 

terms in the momentum and turbulence governing 
equations. To validate numerical results, a set of labo- 

ratory experiments was conducted to observe photo- 
graphically the jet boundaries, centerline trajectories 

and radius, and cling length over a range of initial 
conditions (initial jet velocity, nozzle diameter of inje- 

ction and initial density difference between jet and 
ambient fluid of salt water). Numerical and experime- 

ntal results are compared in order to validate the theo- 
retical analysis. 

1. Mathematical and numerical models

1.1 General hypothesis 

We consider here mixed convection from a circu- 
lar section source of fresh water placed tangentially on 

a horizontal adiabatic wall which is embedded in a 
static and homogenous ambient of salt water. At the 

source, the jet is characterized by the nozzle diameter, 
the injection velocity (supposed uniform), and the ini- 

tial density gradient between the jet and the ambient 
fluid. The flow is tridimensional, turbulent and statio- 

nary. Since the domain temperature is assumed to be 
constant, density gradients are function of the mass 

concentration (salinity) only. 
The applicability of Boussinesq approximation

[5,6]
 

is limited to an initial fractional density 
0 / aρ ρ∆  of 

0.05
[7]

 where 
0ρ  is the density at the source and ρ  

a is the ambient density, but to generalize this appro- 
ximation Swain et al.

[8]
 suggested a condition of 

0 / 1aρ ρ∆ 0  for jets of light fluid injected into an am- 

bient environment of high density. In these cases 

where Boussinesq approximation is invalid, a density 
equation must be taken into consideration. 

For a wall flow, Coanda effect is usually adopted. 
The Coanda effect is the tendency of a fluid to cling to 

a surface that is near to an orifice from which the fluid 
emerges

[9]
. Some authors

[10]
 consider both pressure di- 

fference and entrainment phenomena as examples of 
Coanda effect. Indeed, when two laminar jets injected 

from source of momentum (and/or buoyancy) are pla- 
ced side by side, they tend to bent towards each other 

as a result of pressure difference. However, when the 
flow is turbulent, the jets bend due to the entrainment 

of ambient fluid. The present work will be based on 
the hypothesis that the attachment of turbulent round 

wall jet is caused by the momentum flux related to en- 

trainment phenomena near the adjacent wall. 

1.2 Entrainment concept 
The entrainment assumption assumes that the ve- 

locity of ambient fluid entrained into the plume body 
is proportional to the mean centerline velocity of the 

plume. Thus, determining forced plume behavior 
leads to specify the rate of entrainment.  The theory 

of plumes set out by Morton in 1956 assumed a con- 

stant coefficient of entrainment α . However, this la- 

tter cannot be a universal constant
[11]

. For forced 

plume which should behave more like a momentum 
plume near the source and like a plume at large dista- 

nces, Fan and Brooks
[12]

 used a value of 0.082 for α  

and their analysis agreed well with experimental data. 

Based on the results of previous studies, Houf 
and Schefer

[13]
 have demonstrated that the local rate of 

entrainment for buoyant plume (forced plume) increa- 
ses as plume leaves the region dominated by mome- 

ntum and enters a region dominated by buoyancy for- 
ces. Thus, the entrainment coefficient is related to the 

rate of entrainment E
[14]

 by 

= 2E b Uαπ                 (1) 

where b  is the width plume and U  is the centerline 

velocity. The local rate of entrainment E  is written 

in function of two components of entrainment, 
momE

due to plume momentum and buoyE  due to buoyancy: 

mom buoy= +E E E (2) 

1/ 2
22

0

mom

00.282
4

=
a

Ud
E

ρ
ρ

π 
 
 

(3) 

0U  is the plume velocity at the source (the nozzle) and 

d  is the local diameter of the plume. 

buoy

1

2
= sin

Uba
E

Fr
θ

π
       (4) 

where 
1Fr  is the local Froude number defined by 

2

0

1 =
( )

U
Fr

gd

ρ
ρ ρ∞ −

  (5) 
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As the local Froude number decreases, the 
buoyE

term begins to contribute and the buoyancy effect be- 
comes more important. 

In Eq.(4) it appears that the constant a, with a de- 
termination based on experiments developed by

[15]
, is 

related to densimetric Froude number Fr  by: 

4
= 17.313 0.1166 + 2.0771 10a Fr Fr

−− ×  if 268Fr <  

(6a) 

= 0.97a  if 268Fr ≥    (6b) 

Where the Froude number Fr  is given by: 

1/ 2

0²
=

( )

U
Fr

gd

ρ
ρ ρ∞ −

 
 
 

 (7) 

1.3 Governing equations 
The mathematical model of the problem is given 

by the conservation equations of Navier-Stokes wri- 

tten using the Reynolds decomposition which refers to 

the separation of flow variables (velocity 
iu  and mass 

concentration C′ ) into a mean (time averaged) com- 

ponent (mean velocity 
iu  in the directions 

ix  and 

mean mass concentration C ) and a fluctuating com- 

ponent (fluctuating velocity 
iu′  and fluctuating mass 

concentration C′ ): 

= +i i iu u u′ , = +C C C′       (8) 

Thus, the mass, momentum and concentration 

equations for steady round horizontal Boussinesq buo- 
yant jet can be written as: 

Mass 

= 0i

i

u

x

∂
∂

 ( = 1, 2, 3)i    (9) 

Momentum 

+
1

=i i a

j i j

ref aj i j j

g
x x x x

u p u
u u u

ρ ρ
ν

ρ ρ
∂ ∂ ∂ ∂

− − −
∂ ∂ ∂ ∂

  − ′ ′
 
 

(10) 

Concentration 

( )
=i

i

i i i

u C C
D u C

x x x

 ∂ ∂ ∂ ′ ′− 
∂ ∂ ∂ 

 (11) 

where 
iu  are the mean velocity components in the di- 

rections 
ix . µ  and ν  are respectively the kinetic and 

the kinematic viscosities. p  is the pressure and C is 

the the salt concentration of ambient fluid. D  is the 
coefficient of salt diffusion in fresh water. The turbu- 

lent stresses i ju u′ ′  and the turbulent mass fluxes 
iu C′ ′  

are unknown in the above equations and are approxi- 
mated by the turbulence model. 

1.4 Turbulence model 

Turbulence model employed is the standard Ave- 

raged Reynolds-Number -k ε  model which turbulent 

kinetic energy k  and turbulence dissipation rate ε  

equations are respectively: 

= + +
ji i t

j t

j j i j j jk

uu uk k
u

x x x x x x

ν
ε

σ
ν
   ∂∂ ∂∂ ∂ ∂

−     ∂ ∂ ∂ ∂ ∂ ∂  
  (12) 

2

1 2= + +
ji i

j t

j j i j

uu u
u C C

x k x x x k
ε ε

ε ε εν
 ∂∂ ∂∂

−  ∂ ∂ ∂ ∂ 

t

j jx xε

ν ε
σ

 ∂ ∂
  ∂ ∂ 

      (13) 

where 
2

= /t C kµν ε  is the turbulent kinematic viscosi- 

ty. The empiric constants Cµ , 
1Cε , 

2Cε ,
kσ  and εσ  

which appear in Eqs.(12) and (13) are the constant sta- 

ndard Averaged-Reynolds-Number -k ε  model: 

= 0.09Cµ , 
1 = 1.44Cε , 

2 = 1.92Cε , = 1kσ , = 1εσ  

It is known that the -k ε  model is based on hy- 

potheses which are valid only for flows with high 
Reynolds numbers. In such flows, the predominance 

of viscous effects in a very thin area immediately th- 
rough contact with the wall is negligible.  However, 

the wall boundary represents a region where the velo- 

city changes from the no-slip condition at the wall to 
its free flow value. The variation is usually the largest 

in the near-wall region, and hence strongest gradients 
are found here. Thus, one of the most common engi- 

neering problems is computing wall turbulent flows. 
Two remarkable effects of an adjacent wall are: dam- 

ping the wall normal components, making the turbule- 
nt flow anisotropic and increasing the production of 

turbulence through the shearing mechanism in the 
flow. 

In this work, to treat the boundary conditions in 
the presence of a wall boundary, friction forces are es- 

timated by wall functions. These later resolve Eqs.(12) 

and (13) in the region of fully turbulence and out of 
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boundary layer. Wall functions method is used to re- 
duce computational requirement and increase numeri- 

cal stability. This approach is based on a mesh, where 
the first interior node is located in the inertial sub- 

layer (where the viscous effects are small), then it is 
possible to use the law-of-the-wall to specify the 

boundary condition for the dependent variables
ju , k

and ε . We note here that the near-wall region may be 

sub-divided into three different areas
[15]

: 

viscous sub-layer: +0 5y< < , 

buffer layer: +5 30y< < , 

inertial sub-layer: +30 200y< < . 

where +y  is a normalized value of the wall normal 

coordinate. 
The standard wall function method is limited to 

flows where the turbulent kinetic energy becomes zero 
in separating and re-attachment points, by definition, 

where friction velocity uτ  ( = /uτ ωτ ρ , where ωτ  is 

the wall shear) is zero. Launder and Spalding models 

proposed a modification to the standard wall function 
method where they solve the turbulent kinetic energy 

with a modified integrated production and dissipation 

terms (Eq.(14)), and they set ε  with k  (Eq.15)). 

2

1/ 4
=

p

kP
kC Eyµ

τ

ρ k
  (14) 

3/ 4 3/ 2

=
C k

y

µε
k

       (15) 

where the subscript p  is used for the first interior 

node, y  is the wall normal coordinate, k  is the Von- 

Karman constant, E  is the wall roughness coefficient, 

pτ  the wall shear stress. 

Fig.1 Scheme of coordinates system and boundary conditions 

1.5 Boundary conditions 
According to the symmetry of the injection no- 

zzle, the simulation computes only the half of jet do- 
main. When solving the governing equations, appro- 

priate initial conditions and boundary conditions 
(Fig.1) needed to be applied. Hence, the following 

conditions were taken into account: 
(1) The initial velocity of jet corresponds to the 

mean velocity of discharges flow rate. This condition 
is applied to compute mass flow into the domain and 
fluxes of momentum and concentration. 

(2) Bottom and lateral walls of the tank correspo- 
nd to a slip boundary condition which assumes that 

there is no viscous interaction between the wall and 
the fluid. 

(3) Flow exits where the details of the flow velo- 
city and pressure are not known prior to solution of 

the flow problem, are defined by “pressure outlet” 
condition. Latter, is appropriate where the exit flow is 
close to a fully developed condition, as the outflow 
boundary condition assumes a zero gradient for all 

flow variables except pressure. 
(4) The free surface is designed by a symmetry 

boundary that indicates no penetration and vanishing 

shear stresses. 
The following table summarizes the boundary 

conditions and -k ε  model conditions
[16]

: 

The computational domain (Fig.1) has been ge- 

nerated in tridimensional by about 2.2×10
6
 of non-st- 

ructured tetrahedral cells. To have more precision of 
numerical results, the mesh density at the nozzle and 

its surroundings was more refined than the rest of 
computational domain. 

Table 1 Generalized boundary and initial conditions 

Boundary 

condition 

Velocity Turbulent 

kinetic energy 

Dissipation 

rate 

Nozzle 

section 
1 0= Uu , 

2 3= = 0u u

0= =k k  

   
3 2

010 v
−

3 / 2

0=
0.5

k

d
ε

Outlet 
= 0iu

n

∂
∂

( = 1,2,3)i

= 0
k

n

∂
∂

 = 0
n

ε∂
∂

Bottom 

and 

lateral 

walls 

1 2= =uu

 
3 = 0u  

= 0
k

y

∂
∂

 = 0
y

ε∂
∂

1.6 Resolution method 

The resolution of steady governing equations in 
the presence of turbulence is done by the finite volu- 

me method with the solver Fluent-Ansys. The simula- 
tions were performed using 3-D segregated solver 

(pressure-based) and second order discretization. Im- 

plicit formulation was chosen. The SIMPLE algorithm 
was used for pressure-velocity coupling. The turbule- 

nce model used was the -k ε  Realizable with the full 
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buoyancy effects. 
Algebraic Equations for a discrete dependent va- 

riable Φ  are constructed by integrating the governing 
equations over the separate control volumes. Hence, 

the result is given by 

= +P P nb nb

nb

A A sΦ Φ∑           (16) 

where indices nb  refer to adjacent cells to the cell P

and 
PA  are coefficients including the convection and 

the diffusion terms of Φ , whereas S  is a source term. 

Convection terms are interpolated from the cell 

center values. This is accomplished using an upwind 

scheme. The diffusion terms are central differenced 
and this approach is known as the central-difference 

scheme second-order accurate. 

The residual RΦ  is the imbalance in Eq.(10), 

which summed over all the computational cells P . 
This is referred to as the “unscaled” residual. It may 
be written as 

= +nb nb P P

P nb

R A s AΦ Φ Φ−∑∑        (17) 

To scale this residual, a scaling factor representa- 

tive of the flow rate of Φ  through the domain is used. 
Hence, the “scaled” residual is defined as 

+

=

nb nb P P

P nb

P P

P

A s A

R
A

Φ

Φ Φ

Φ

−∑∑
∑

 (18) 

The latter is a more appropriate indicator of con- 
vergence for most problems. At convergence, All dis- 

crete conservation equations (momentum, species, etc.) 
are obeyed in all cells to a specified tolerance or the 

solution no longer changes with subsequent iterations. 
To monitor convergence, Fluent uses a residual histo- 

ry. Generally, a decrease in residuals by three orders 
of magnitude indicates at least qualitative converge- 

nce. At this point, the major flow features should be 

established. Fluent recommends the value of 10
−5

 for 

concentration, 10
−6

 for energy and 10
−3

 for others qua- 
ntities

[17]
. Starting from quiescent initial conditions, 

the equations are marched through time until conve- 

rging to the steady-state solution. For each iteration, 
the momentum equations are solved using current va- 

lues for pressure, to update the velocity field. The k  

and ε  equations are solved using the previously up- 

dated values of the other variables. The fluid veloci- 
ties are then updated, and a check for convergence of 

the system of equations is made. The steady-state so- 
lution is reached when the change in all of the calcula- 

ted variables is less than a chosen tolerance (residua- 
ls)

[17]
. 

To minimize computation time, parallel calcula- 
tion options have been set up by selecting Parallel 

under Processing Options in Fluent Launcher. Number 
of processes used is 4. Since our geometry involves 

enclosures connected via small-diameter nozzle inje- 

ction, mean pressure levels in all zones can be quite 
large. Thus, the use of Double-precision calculations 

was necessary to resolve the pressure differences that 
drive the flow, since these will typically be much sma- 

ller than the pressure levels. 

2. Experimental model
Numerical results obtained by the resolution of 

mathematical model are validating experimentally on 

a test bench in our laboratory. The experimental study 
of wall horizontal turbulent jet involves the behavior 

description, in the presence of a wall boundary, of 
fresh water jet injected into a homogenous and static 

ambient of salt water with different rates of salinity. 
Outgoing from the nozzle, the jet behavior is conditio- 

ned by: the nozzle diameter, initial velocity of inje- 
ction and the initial density gradient between the jet 

and the ambient fluid. 

Fig.2 Mobile conductivity meter COND 3110 used to measure 

the salinity 

Experiments are carried out on a plexiglas tank 

with a cross-section of 0.3m×1m and a depth of 0.3 m. 
The tank is filled out by a static and homogenous am- 

bient fluid of salt water. The salinity of this latter is 
deduced from the measure of solution conductivity by 

a mobile conductivity meter COND 3110 (Fig.2). This 

later is of a conductivity range of 0 µS-1 000 mS with 

an accuracy of 0.5%±  full-scale 1±  LSD. Deduced 

salinities vary between 36 g/l and 80 g/l. 
Experimental apparatus is shown in Figs.3 and 4. 

Fresh water, conducted by gravity into the tank, is in- 
jected horizontally from a circular nozzle with inner 

diameter ranging between 0.012 m and 0.004 m. The 
flow of fresh water (colored by Indian ink) is contro- 

lled by a valve and measured by a flow meter which is 

capable of monitoring liquid fluids to 350 l/min with 

an accuracy of 0.5%± . The flow visualizations are 
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carried out by a speed camera HS-650 TSI which cap- 
tures at up to 636 frames per second and has a high re- 

solution (1 280×1 024 Pixels) for water flows, lower 
speed air flows, and biological flows. Captured ima- 

ges are analyzed by the Image J software. This treat- 
ment is used to determine the shape of the plume and 

the corresponding coordinates. 

Fig.3 Scheme of experimental apparatus 

Fig.4 Experimental apparatus 

In this work, experimental parameters are the no- 

zzle diameter d, the flow rate of fresh water injected 
from the nozzle, and the mixture initial density which 

varies between densities of fresh and salt waters. Ex- 
periments have been carried out by varying these pa- 

rameters to cover the range of 2 000-6 000 for initial 
Reynolds number and the range of 1-75 for initial 

Froude number. These dimensionless numbers are de- 
fined by 

0=
U d

Re
v

, 

1/ 2
2

0 air

air mixture

=
( )

U
Fr

gd

ρ
ρ ρ

 
 − 

       (19) 

The following table summarizes the details of the 

experiments performed for each flow configuration: 
Figures 5 and 6 show some experiments of Table 

2. Figure 5 presents the variation of flow behavior de- 
pending on salinity variation while the Fig.6 shows 

the flow behavior depending on Reynolds number va- 
riation (variation of fresh water flow rate in the no- 

zzle). 

Fig.5 Experiments images of turbulent flow ( = 5 700)Re  of 

fresh water jet into the tank of salt water 

Fig.6 Experiments images of laminar flow of fresh water jet 

into the tank of salt water 
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Table 2 Experiments details 

Experiment Velocity 

(
0U /m/s) 

Froude number ( )Fr  Reynolds number )(Re Salinity S of 

ambient fluid 

Density 

(
0ρ /kg∙m−3) 

Density 

(
aρ /kg∙m−3) 

1 1.31 44 5 700 36 1 000 1 027 

2 1.31 36 5 700 50 1 000 1 038 

3 0.4 10 2 000 50 1 000 1 038 

4 0.07 2 300 50 1 000 1 038 

5 0.025 0.6 100 50 1 000 1 038 

6 1.31 23 5 700 80 1 000 1 062 

7 0.82 16 3 300 80 1 000 1 062 

8 0.38 7 1 400 80 1 000 1 062 

9 0.1 2 385 80 1 000 1 062 

10 0.05 1 183 80 1 000 1 062 

Qualitatively, the first step to validate mathemati- 

cal model is to compare between numerical and expe- 
rimental flow visualizations. Then, for a quantitative 

validation, those visualizations are translated into en- 
crypted data and curves that describe the mixture den- 

sity between plume and ambient fluid. 

3. Results and discussion

3.1 Jet boundaries 

The turbulent flow ( 2 000)Re ≥  pattern is gene- 

rated by a continuous source of momentum and buo- 

yancy. Numerical and experimental results are compa- 
red for boundaries and centerline trajectory. The ini- 

tial conditions of the centerline quantities are taken as 
their values at the source. Since the flow is generated 

by both momentum and buoyancy, the rate between 
momentum and viscous forces is defined by the 

Reynolds number Re  while the Froude number Fr  

defines the rate between buoyancy and momentum. At 

the source, these numbers are defined by: 

0=
U d

Re
v

, 

1/ 2
2

0

0

=
( )

a

a

U
Fr

gd

ρ
ρ ρ

 
 − 

where 
0ρ  is the fresh water jet density at the nozzle 

and 
aρ is the density of ambient fluid (salt water). 

In the following analysis, initial flow is represe- 

nted by the initial velocity 
0U  and the buoyancy by 

the initial gradient density 
0 0= aρ ρ ρ∆ − . During its 

rising as a result of buoyancy forces, the plume takes a 

curved form due to combined effect of the horizontal 
component of momentum and the gravity. 

Fig.7 Comparison of jet boundaries between numerical and ex- 

perimental models for 
0 1.31 m /sU =  and = 5 700Re  
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Outgoing from the nozzle, placed sufficiently 
close to the bottom, the jet seeps into the tank and the 

mixture process with ambient fluid starts. During its 
flow, the jet clings to the bottom for some distance. At 

the level of that boundary, the jet is submitted to fri- 
ctional forces that brake the flow and decrease its ki- 

netic energy. When this later becomes sufficiently 

weak, the flow is dominated by the positive buoyancy 

generated by initial density gradient 
0ρ∆ . Thus, the jet 

leaves the bottom and rises to surface as a free jet. 

Fig.8 Comparison of jet boundaries between numerical and ex- 

perimental models for an ambient fluid of  = 50 g / lS  

In principle, when a jet is injected horizontally 

from a nozzle with a certain momentum, it begins to 
ascend vertically as if the buoyancy forces predomina- 

tes the inertia forces. However, in the case of horizo- 

ntal jet of this study, for the same values of Froude 
number obtained by varying in the same time initial 

momentum flux, i.e., initial velocity 
0U , and buoya- 

ncy flux, i.e., initial density gradient 
0ρ∆  between 

mixture injection fluid and ambient fluid, the jet rising 

depends on 
0ρ∆  rather than 

0U . Even if the flow is 

generated by mixed convection, the buoyancy forces 
predominate: the higher these later are, i.e. low values 

of 
0ρ , the faster and the nearest (to the nozzle) plume 

rising is (due to the important buoyancy)
[18]

. Thus, in 

this work we analyze the combined effect of turbule- 
nce and wall boundary on the behavior of a wall hori- 

zontal turbulent jet. 

Fig.9 Comparison in laminar flow of jet boundaries between 

numerical and experimental models for an ambient fluid 

of = 80 g / lS  

For a turbulent flow ( = 5 700)Re , the fresh 

water jet is injected with the same initial velocity 

0 1.31 m / sU =  into ambient fluids with different va- 

lues of salt concentration =S 37 g/l, 50 g/l and 80 g/l. 

We notice that the higher initial density gradient 
0ρ∆  
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is (the smaller ambient fluid salinity S is), the more 

important cling length L  is (Fig.7). In other words, 

the more Froude number decreases the more the atta- 
chment length to the wall is important. 

Now, jets are injected in ambient fluids with a 

same salinity = 50 g / lS , corresponding to a same 

initial density gradient 
0ρ∆ , and where Froude num- 

bers are obtained only by varying initial velocity 
0U

(Fig.8). In this case, with the decrease of Froude num- 
ber, the cling length decreases progressively in order 

to be zero when the flow becomes laminar. 
To test the turbulence effect on the jet cling to 

the wall, we treat now the case of laminar flow for 
Reynolds numbers varying between 100 and 350 

(Fig.9). In such flow, initial velocity 
0U  at the source 

is very weak that the jet can’t discharge too far over 

the nozzle. In this case, we notice that the wall boun- 
dary has no effect on the jet. This later, outgoing from 

the nozzle, raises up under the effect of buoyancy like 

a free jet. 
For a wall turbulent jet injected from a source of 

momentum and positive buoyancy, the flow is condi- 
tioned by both turbulence effect and wall boundary 

that hits the jet. Jet cling to the wall depends strongly 

on the initial buoyancy flux where the lighter the jet is 
(more the initial density gradient is important), the 

weaker the jet cling to wall is. Indeed, when the jet is 
discharged from the nozzle, it merges with the ambie- 

nt fluid under the effect of entrainment phenomena. 

However, for a light turbulent jet, entrainment proce- 
sses is fast and the ambient fluid doesn’t have the time 

to be entrained into the jet body. While this turbulent 
is combined to the positive buoyancy of the jet, this 

later raises up more rapidly when it is light. Thus, the 

jet doesn’t cling to the wall for a long while. On the 
other hand, when the flow is laminar, the jet is discha- 

rged from the nozzle and guided by buoyancy effect 

with a behavior of free jet. In this case, the wall boun- 
dary has no effect on the jet flow. 

In conclusion, the behavior of a wall horizontal 
turbulent jet depends on both initial Froude number 

Fr  (that represents the ratio between buoyancy and 
momentum) and the effect of wall boundary (that the 

jet hit directly when it is discharged from the nozzle). 
Thus, this flow is characterized by its cling to the wall 

defined by a length L called the cling length. 
Numerical results for boundaries are compared 

with experimental results for each flow configuration 
described above. The improved numerical model pre- 

dicts well the boundaries jet. Near the nozzle, where 
the flow is dominated by horizontal momentum, the 

agreement is very satisfactory, but when the flow be- 
comes purely buoyant, numerical model presents 

some little deviation of jet boundaries. This is due es- 

 

sentially to the rate of ambient fluid entrainment into 

the jet body: in the near field, the entrainment rate E , 

given by relations 4 and 5, is reduced to the compone- 

nt 
momE  (relation 6). This later depends only on the 

initial conditions which the values are known at the 

nozzle. That explains the accuracy of numerical resu- 
lts in the near field. When the jet leaves this later and 

arrives to the zone of established flow, the buoyancy 

dominates and the component buoyE  (relation 7) takes 

part in the expression of entrainment rate E . That 

component introduces a new term θ , inclination 

angle of jet trajectory, which is unknown in advance 

of numerical model. Thus, the perturbations detected 
are due to numerical resolution when the jet passes to 

buoyancy-dominated zone. 

Fig.10 Comparison of jet centerline radius between numerical 

and experimental models for 
0 1.31 m /sU =  and 

= 5 700Re  
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3.2 Jet centerline radius 
One of the most important characteristics to be 

determined for a flow jet is its radius r  or whether its 

half-width. This parameter quantifies the entrainment 
rate of the ambient fluid into the jet body: the more 

the entrainment is important, the more the jet becomes 
wider and r  increases. Thus, to continue the analysis 

of Section 3.1, we present in this section the variation 

of the jet radius r  on its centerline. 
Jet centerline radius r  is determined and compa- 

red numerically and experimentally for each flow con- 
figuration described in Section 3.1. 

Fig.11 Comparison of jet centerline radius between numerical 

and experimental models for an ambient fluid of =S  

50 g / l  

For each type of jet, round or plane, sample or 

double, free or with a wall boundary, with or without 
temperature (or density) gradient, the study of jet 

mean behavior in a static environment reveals that the 
mean velocity in the jet axis decreases and the jet ra- 

dius increases linearly (see for example Ref.[19]). 
Thus, for our case of wall horizontal turbulent jet and 

in accordance with the results of literature, the radius 

r  increases linearly. However, this increase depends 

strongly on the jet cling to the wall. 

Fig.12 Comparison of jet centerline radius between numerical 

and experimental models for an ambient fluid of =S  

80 g / l  

For turbulent flows of the same initial Reynolds 

number ( = 5 700)Re  and the same initial velocity 

0( 1.31 m / s)U = , the radius r  increases linearly and 

the jet expansion is more important for the flows of 
high values of Froude number (Fig.10). These later, 

correspond in the same time to the cases where the 
cling to the wall is important. Indeed, in the near field, 

these jets have the same behavior and keep practically 
the same width. However, from the moment where the 

inertia force damps and becomes equal to zero under 

the effect of friction with the wall, the jet behavior 
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changes and becomes dominated by buoyancy. While 
this later isn’t the same for those jets, in the far field 

the radius evolution changes: the lighter the jet (high 

values of 
0ρ∆ ) is, the weaker its expansion is. 

Proceeding with environments of the same salini- 

ty S , the density gradient 
0ρ∆  is the same for flows 

of different values of Froude number Fr , initial ve- 

locity 
0U  and Reynolds number Re . Jet radius at the 

extreme point of centerline trajectory is more importa- 

nt for high values of Froude number Fr  and decrea- 

ses with the decrease of Reynolds number Re  (pa- 

ssing from turbulent to laminar flow) (Fig.11). Indeed, 

more the flow is turbulent, more it entrains ambient 
fluid. This explains the decrease of radius r  when we 

pass to laminar flow. To confirm this deduction, we 
analyze in the next section, the evolution of jet radius 

for flows purely laminar. 
For laminar flows, jet inertia forces are very 

weak to entrain high quantities of ambient fluid into 

the jet body. Thus, the entrainment rate and jet expan- 
sion are weak. However, the flow is purely buoyant 

where the radius r  decreases with the decrease of 

Reynolds number Re  (Fig.12). 

3.3 Jet cling length to the wall 
According to the previous analysis, the cling of a 

turbulent buoyant wall jet injected from a nozzle pla- 
ced sufficiently near a wall depends, at the same time, 

on inertia forces and buoyancy forces. The flow is es- 

pecially characterized by the Froude number Fr . 

Near the wall, the mixture of the jet with the am- 
bient fluid is defined by a length called the mixture 

length. This later is the product of the cling distance to 
the wall and the Von Karman constant (determined 

experimentally). This relation represents a law that 
leads to the identification of logarithmic profiles to the 

velocity near the wall
[20]

. However, an ambiguity re- 
mains always to define the distance travelled by the jet 

on the wall. Thus, we define this region by the cling 

length L  caused by Coanda effect. 

Near the wall region, the buoyant turbulent jet is 
injected with an important momentum flux that gene- 

rates a pressure difference between the jet and the wall. 
In the near field (potential core), the inertia forces of 

the jet dominate the flow and lead the jet to cling to 
the wall under the effect of pressure difference. With 

the wall friction, the jet velocity decreases and beco- 
mes equal to zero. When the pressure forces become 

weak in comparison with the buoyancy forces, the jet 
leaves the wall and raises up vertically like a free jet. 

This point of detachment represents the limit of the 

cling length L . On this subject, the study of Ref.[2] 
introduced, analytically and experimentally, the rela- 

tions between the cling length L  of the wall jet and 

the Froude number. Recently, Huai et al.
[3]

, have com- 
pared their numerical results for the jet cling length 

with the results of Sharp. 

Fig.13 Comparison of the numerical and experimental results 

with the literature for the variation of the jet cling 

length L  in function of initial Froude number 

Here, we compare our numerical and experime- 

ntal results with the literature, especially with those of 
Sharp and Huai et al. (Fig.13). The jet cling to the 

wall under the Coanda effect is related to Froude num- 

ber Fr  by a linear law that shows the increase of cling 

length L  with the increase of Froude number. Acco- 

rding to Ref.[3], this law is given by: / = 3.2L d Fr . 

The comparison of our numerical and experimental re- 

sults with the experiments of Sharp shows a very sa- 
tisfactory agreement. 

4. Conclusions

In this paper, a numerical and experimental inve- 
stigation of Boussinesq wall horizontal turbulent jet of 

fresh water in a static homogeneous environment of 
salt water is considered. Mathematical and experime- 

ntal models have been used to determine jet bounda- 
ries, centerline jet radius and jet cling length to the 

wall. The solutions of jet behavior will be useful not 
only to the marine disposal problems but also to the 

problems of a similar nature such as the disposal of 

hot waste gases into the atmosphere or hot water from 
a thermal power plant into a lake. 

Several flow configurations are obtained by va- 
rying initial injection conditions: nozzle diameter, in- 

jection velocity and density gradient between the jet 
and the ambient fluid (salt water). Mathematical app- 

roach is based on numerical resolution of conservation 
equations of mass, momentum and concentration, and 

turbulence equations by Reynolds Averaged Navier 
Stokes finite volume method. Numerical results are 

validated by comparison with experimental results 
(which apparatus was described in sect. 3) and a good 

level of agreement is observed. 

The analysis focus essentially on the influence of 
the combined effect of turbulence and wall boundary 

on the jet behavior, especially its cling to the wall. In 
dimensionless values, numerical and experimental de- 
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termine the boundaries, centerline radius and cling 
length of the jet to the wall. 

Results show that the flow is dominated by buo- 
yancy forces. Indeed, the jet cling to the wall, under 

the Coanda effect, depends strongly on the initial buo- 

yancy flux: the lighter the turbulent jet is, the weaker 
its cling to the wall is. However, contrary to the case 

of free buoyant turbulent jet
[18]

, the turbulence effect 

influences remarkably the jet behavior. Thus, there is 
no jet cling to the wall for laminar flow. In this later, 

the flow is purely buoyant since the source and the 
wall has no effect on the jet. 

During its development, the jet entrains the am- 

bient fluid. Entrainment process promotes the jet ex- 
pansion and increases its radius (half-width). In acco- 

rdance with literature, our results show that the jet ra- 
dius increases linearly and the jet expansion increases 

with the increase of initial Froude number. In others 

words, more the jet clings to the wall, for high values 

of Froude number Fr , more the jet becomes wide 

with an important entrainment of ambient fluid. Thus, 
a good jet dilution is established. 

According to these analysis, a good concordance 
is established between the jet cling to the wall and the 

dependence of the flow on the ratio between inertia 

and buoyancy forces (represented by Froude number 

Fr ). Thus, a linear law is defined between this later 

and the jet cling length L , thus helping to delimit the 
mixture zone of a wall jet. 
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