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ABSTRACT 

The purpose of the present paper is to numerically investigate two plane turbulent parallel jets using CFD model. A parametric study was carried out 
to evaluate the simultaneous effect of the nozzle spacing and the velocity ratio on the merge point (MP), the combined points (CP) as well as the upper 
(UVC) and lower (LVC) vortices centers positions. Results show that the velocity ratio significantly affects twin-parallel jets flow structure. In fact, 
increasing the velocity ratio moves the MP, CP, UVC and LVC further upstream along the longitudinal direction while deflecting toward the stronger 
jet along the transverse direction. Due to the merge and combined points main role on the merging process launching and interruption, correlations 
predicting the merge and combined points positions are provided as a function of the nozzle spacing and the velocity ratio. These correlations are of 
major importance in the quick estimate of these characteristics points positions which manage two parallel jets flow in various industrial applications. 

Keywords: Combined point, Merge point, Parallel jets, Nozzles spacing, Velocity ratio, Vortices centers. 

 

1. INTRODUCTION 

Multi-jets flows are frequently encountered in several industrial and 
engineering applications such as entrainment and mixing processes in 
boiler and gas turbine combustion chamber, injection and carburetor 
systems, waste disposal plums from stacks, heating and air-conditioning 
systems, vertical take-off and landing of air plane. In recent decades, this 
type of flow has attracted considerable interest of researchers. Several 
studies are available on multiple turbulent jets. The earliest study was 
that of Miller and Commings (1960) in which measurements of the mean 
velocity and the static pressure are carried out along the flow field of two 
plane parallel jets. The flow structure and entrainment mechanism in two 
parallel jets were investigated by Tanaka (1970 and 1974) who found that 
the flow field consists of three relevant regions: the converging region, 
the merging region and the combined region (Fig. 1). The first region, 
termed as the converging region is located between the nozzle exit and 
the point where the two jets merge. This point is called the merge point. 
This region is characterized by the entrainment of the surrounding fluid 
by turbulent jet mixing, which creates a lower pressure zone wherein is 
formed a reverse flow. The second zone termed the merging zone 
wherein the merging process between the jets occurs. This zone expands 
to the point where the longitudinal velocity along the flow symmetry axis 
is maximum, this point is called the combined point. The last zone named 
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the combined zone is downstream of the combined point where the whole 
flow behaves like a single plane jet.  

Murai et al. (1976) experimentally studied two planes parallel jets 
flow. Measurements of pressure and stream-wise velocity were made 
using hot wire in the converging and combined regions while studying 
the nozzle converging angle effect. Marsters (1960) carried out 
measurements of the mean velocity and the static pressure along the flow 
field of two plane parallel ventilated jets. They found that the velocity 
profiles maintain their self-similarity behavior only in the converging and 
combined regions. In addition, the static pressure distribution is not 
affected by the Reynolds number variation for 8600≤ Re≤15700. Elbanna 
and Gahin (1982) experimentally investigated the merging between two 
parallel jets. They measured the mean velocity, the turbulence intensity 
and the Reynolds shear stress. By comparing their results for two parallel 
jets to those for a single jet, they found, in the combined zone, that the 
dynamic half-width for two jets changes linearly with the longitudinal 
distance and its propagation angle is slightly lower than that of a single 
jet. Elbanna and Sabbaght (1987) experimentally investigated the 
velocity ratio effect on the static pressure, the mean and fluctuation 
velocities. They found that for a velocity ratio r≠1, the weaker jet (with 
lower outlet velocity) is deflected towards the stronger jet (with higher 
outlet velocity). Lin and Sheu (1990 and 1991) have experimentally 
considered the nozzle spacing effect on the merge point position. Using 
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hot wire anemometry, Lin and Sheu (1990 and 1991) picked up the mean 
velocity and the Reynolds shear stress cartography. They showed that in 
the converging and combined zones, the mean velocity approaches self-
preservation. They showed also, that the two jets spreading rate in the 
converging zone is greater than that of a single jet in the same region. 
Nasr and Lai (1997) measured the velocity fields of two plane parallel 
jets. They showed that for a nozzle aspect ratio (the ratio between the 
length and the width of the nozzle) less than 24, the side plates should be 
installed to improve the two-dimensionality of the flow. In addition, they 
found that the flow is independent of the Reynolds number for 11000 ≤ 
Re ≤ 19300. 

Wang et al. (2001) studied analytically the incompressible multiple 
jet using the Prandtl mixing length hypothesis. Their results show that, 
in the longitudinal direction, the longitudinal velocity decreases as a 
single jet, while in the transverse direction, the velocity profile follows a 
cosine function whose amplitude decreases gradually when increasing 
the longitudinal distance, and finally approaches a flat profile. Two plane 
parallel jets are studied by Anderson and Spall (2001), experimentally 
using hot wire anemometry and numerically employing two turbulence 
models: k-ε and RSM. They compared their numerical and experimental 
results over a range of nozzle spacing 9 ≤ S ≤ 18.25. They found that both 
turbulence models could accurately predict the combined point position, 
but they over-predict the mean velocity distribution in the combined zone 
by 3 to 5%.  In their work, the k-ε turbulence model shows a deviation 
from the experimental results. The effect of buoyancy on the merge point 
location is numerically studied by Spall (2002) using the experimental 
setup of Anderson and Spall (2001). He showed that the slight change in 
buoyancy has an important effect on the merge point location. Indeed, 
increasing buoyancy is accompanied by a decrease in the merge point 
longitudinal position, while for a Richardson number Ri > 0.25, Spall 
(2002) found that the merge point location is independent of the nozzle 
spacing.  

The interaction between two planes parallel jets for different 
velocity ratio is investigated experimentally by Fujisawa et al. (2003) 
using PIV technique. The objective of their study was to examine the 
velocity ratio effect on the development of this flow in the converging 
zone. They found that the two parallel jets flow develops towards the side 
of the stronger jet and that the jet half-width is reduced when increasing 
the velocity ratio. It is also found that increasing the velocity ratio 
weakened the turbulence intensity, the Reynolds stress and the static 
pressure and their peaks are moved toward the side of the stronger jet. 
Fujisawa et al. (2003) results show that the interaction between two plane 
parallel jets is smaller as the velocity ratio increases. Suyambazhahan et 
al. (2007) numerically studied two plane parallel jets and compared their 
results to those experimental performed by Lin and Sheu (1990) and 
Spall (2002). They studied the temperature and velocity fields oscillation 
characteristics. The analysis is carried out for the Reynolds number 9000 
≤ Re ≤ 12000 and the Grashof number 50 ≤ Gr ≤1000. Comparison 
between experimental and numerical results reveals an excellent 
agreement concerning the merge point location and the velocity profile. 
They also investigated the Reynolds number, the nozzle spacing and the 
jet inlet temperature effect in two parallel jets flow structure.  

The merging phenomenon in two and three parallel jets is 
numerically studied by Durve et al. (2012) using both k-ε and RSM 
turbulence models. The two and three jets flows simulation were 
respectively based on the experimental setup of Anderson and Spall 
(2001) and Nishimura et al. (2000). Durve et al. (2012) studied the nozzle 
spacing and the velocity ratio effect in the merge and combined point’s 
locations. They found that the merge point location depends not only on 
the nozzles spacing but also on the nozzles exit condition such as the 
turbulent intensity. Recently, Wang et al. (2016) experimentally studied 
two water jets flow issue from two parallel rectangular channels using 
two-component LDA technique. The nozzle spacing and the aspect ratio 
were respectively 3.1 and 15. The nozzles exit Reynolds number was 
approximately 9100 and the turbulent intensity was 8%. Wang et al. 
(2016) found that the longitudinal location of the merge point was 

between X = 1.72 and X = 3.45 and that of the combined point was X = 
15.52. The turbulence study showed that the outer boundary of the 
combined jet and the outer edges of the two jets had higher turbulence 
levels due to high velocity gradients in those regions. The maximum 
Reynolds shear stress reach its maximum at a longitudinal position of X 
= 5.17, which means that the flows mix stronger in some location 
downstream of the merge point.  

Through all the studies that we have just mentioned, it appears that 
the majority of these works are mainly concentrated on the Reynolds 
number, the turbulence intensity and the nozzles spacing effect on 
dynamics characteristics of two plane parallel jets. However, some 
studies, in addition to their rarity, have focused on the velocity ratio effect 
on the merge and combined point’s positions. Along these works, 
correlations predicting the characteristic points positions are simply 
given in terms of a single parameter which is the nozzles spacing while 
two parallel jets flow is highly dependent on two parameters namely the 
nozzle spacing S and the velocity ratio r. To the author’s knowledge, no 
correlation that predicts the merge and combined point positions as a 
function of the nozzle spacing and the velocity ratio is found in the 
literature. This study aims therefore to fill these gaps. It is important to 
note that this is the first time that correlations predicting the merge and 
combined point’s longitudinal and transverse positions are given as a 
function of the nozzles spacing and the velocity ratio.  

2. MATHEMATICAL FORMULATION 

The present simulated model which is based on the geometric 
configuration of Anderson and Spall (2001) for two plane parallel 
turbulent jets is shown in Fig. 1. Both nozzles are identical and 
rectangular. The width and length of each one was respectively d=6.35 
mm and l = 203 mm. The turbulence intensity at the nozzles exit is I0 = 
3.6% and the Reynolds number is Re=6000, which relates to a velocity 
initial value u0=18 m/s. The computed domain dimensions are chosen so 
as not to affect the flow spreading. Several configurations are tested to 
finally adopt the following dimensions such as 150×d and 100×d 
respectively along the longitudinal and transverse directions (Fig. 1). To 
validate our simulated numerical model, the two jets (jet 1 and jet 2) are 
supposed having the same initial velocity which mean that the velocity 
ratio considered is r = 1. On the other hand, three different nozzle spacing 
are used for validation such as S = 9, S = 13 and S = 18.25.  

 
Fig. 1 Geometric configuration (Anderson and Spall (2001)) and 

computed domain dimension. 

2.1. Hypothesis 

The equations system governing the flow is written in the Cartesian 
coordinate system whose origin o is located on the two jets symmetry 
axis (Fig. 2). The nozzle length (l = 203 mm) is sufficiently large 
compared to its width (d = 6.35 mm) so that the lateral sides effects can 
be neglected and so we are in the presence of a two dimensional (2D) 
flow. The third velocity component (lateral velocity) is always supposed 
to be zero. This 2D approximation is also adopted by Mhiri et al. (1998 
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and 1999) and Kriaa et al. (2002) for single free jet flow case as well as 
in the study of Habli et al. (2001) for single free axisymmetric jet flow. 
Consequently, it is possible to avoid three-dimensional (3D) calculations 
which are expensive in terms of time and computer hardware 
performance by adopting the present 2D simulation. So, 2D simulation 
is then sufficient to evaluate the present two parallel jets flow behavior. 
The work fluid is air assumed incompressible and the thermo-physical 
properties are constant. The jets are emitted in the longitudinal direction 
(along x axis). The flow is assumed to be turbulent, fully developed and 
supposed in a steady state.  

 
Fig. 2 Schematic diagram of two plane parallel jets. 

2.2. Governing equation 

The Reynolds averaged Navier-Stoks equations can be written as 
follows: 

 ui 0
xi


 

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The additional term’’ u ui j  ’’ which present the turbulence 

effect now appear. In order to close Equation (2), this term is modeled 
using the following Boussinesq approximation: 

uu jiu u ti j x xj i
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Several turbulence model are tested in the present study and the k-ε 
model present in preliminary the best agreement with the experimental 
results. For this model, two additional transport equations are solved. 
One for the turbulent kinetic energy k and the other for the dissipation 
rate of the turbulent kinetic energy ε as follow: 

  t
i k b M k

i i k j

k
ku G G Y S

x x x

     
           

                
(4)

      

 

   
2

t
i 1 k 3 b 2

i i j

u C G C G C S
x x x k k   



       
          

      
         

(5) 
In Equation (4-5), Gk represents the turbulence kinetic energy 

generation due to the mean velocity gradient. While Gb is the generation 
of turbulence kinetic energy due to buoyancy. Concerning YM, this term 
represents the fluctuating dilatation contribution in the compressible 
turbulence to the overall dissipation rate. Finally Sk and Sε are the source 
terms. The turbulent viscosity μt is written in terms of k and ε as follows: 

2k
Ct    

 (6) 

Solving Equations (1-6) requires the use of standard model 
constants provided by Hossain et al. (1982) as shown in Table 1. 

Table 1. Standard k-ε model constants 
Constant 

1c  2c  c  
k    

Value 1.44 1.92 0.09 1 1.3 

 
2.3. Grid distribution and boundary conditions 
A non-uniform grid is adopted along the longitudinal and the transverse 
directions. Indeed, a fine grid is used near the nozzle plate and a little 
looser further. As shown in Fig. 3, an uniform grid is used for the [A], 
[B] and [C] segments with a spacing a = 0.1. The [D] and [E] segment 
has a non-uniform grid with spacing a = 0.3 and an expansion ratio e = 
1.012 which result a nodes number of 300 on these segments ([D] and 
[E]).  

 
Fig. 3 Grid size and boundary conditions. 
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Note that the grid spacing "a" is put in it dimensionless form by 
the nozzle width d and the expansion ratio e is a non-dimensional 
coefficient. For [F] segment, the grid is non-uniform with a = 0.7 and e 
= 1.015 which give a nodes number of 214. It is noted that all opposite 
segments (presented by (') symbol) have the same grid size. 
Consequently we obtained a total number of quadratic cells over the 
entire domain as follow: 

 totale A B C D E FN N N N N N N 400 214 85600          (7) 

It seems important to note that this particular choice of nodes 
number will be discussed later in the grid size sensitivity test section. 
To complete the problem, besides the equations mentioned above, it is 
necessary to take into account the boundary and emission conditions 
which are presented in Fig. 3 and detailed in Table 2. 

Table 2. Boundary and emission conditions 

Segments 
Boundary 
condition 

Details 

 
[A] and [B]  

(Nozzles 
outlet) 

 
 

VELOCITY  
INLET 

0u 18m s  

 2

0 0 0

3
k I u 0.63m² s²

2
   

3

2
0 3

0

C k
184.8m² s

0.07d
    

[C], [D] and 
[E] 

(Nozzles 
plate)   

WALL 0u  , 0v  , 0k  , 0   

[F] and [F']  

 y 50 d    
PRESSURE 

INLET 

ambP P
 

u v k
0

y y y y

   
   

   
 

[A'], [B'], 
[C'], [D'] and 

[E'] 

 x 150 d   

PRESSURE 
OUTLET 

ambP P
 

u v k
0

x x x x

   
   

   
 

 

2.4. Numerical method  
In this work, the transport equation associated to the boundary and 
emission conditions are solved numerically based on CFD code 
FLUENT using finite volume method developed by Pantakar (1980). The 
computed region is divided into finite number of sub-regions called 
"control volume". The resolution method is to integrate on each control 
volume the transport equations such as the momentum conservation, the 
mass conservation, the turbulence kinetic energy k and the dissipation 
rate of kinetic turbulence energy ε. These equations are discretized using 
the second order upwind. The coupling velocity-pressure is based on the 
SIMPLEC algorithm. The global solution convergence is obtained when 
the normalized residuals fall below 10-4. 

3. RESULTS AND DISCUSSION 

3.1. Velocity field validation and grid size sensitivity test  

Figure 4 shows the longitudinal mean velocity evolution on the 
symmetry axis (y = 0) using the standard k-ε turbulence model for 
different nozzles spacing S = 9 (Fig. 4a), S = 13 (Fig. 4b) and S = 18.25 
(Fig. 4c) as well as for single jet case (Fig. 4d). As shown in Fig. 4a, three 
different grids size were tested such as (300×154), (400×214) and 
(600×309). These grids contain respectively 46200, 85600 and 185400 
quadratic cells. It is clear that the velocity profiles predicted by the grids 
(400×214) and (600×309) are almost identical while a remarkable 
difference was found between the prediction by the grids (300×154) and 
(400×214). Note that, the grid size (300/154) have a maximum 
discrepancies of 9% while the (400/214) and (600/309) grids have almost 

the same maximum discrepancies approximately less than 1.5% 
compared to Anderson and Spall (2001). Thus, the grid (400×214) is 
sufficient to obtain a numerical solution independent of the grid size and 
validated by the experimental results of Anderson and Spall (2001). It 
can be seen from Fig. 4 that our results (using 400×214 grid size) present 
good agreement with those experimental given by Anderson and Spall 
(2001) for the other nozzles spacing S = 13 (Fig. 4b), S=18.25 (Fig. 4c) 
as well as for single jet case (Fig. 4d). On the other hand, some difference 
is remarked between the numerical and experimental results of Anderson 
and Spall (2001) which shows the performance of our simulated model 
to give better results compared to those numerical of Anderson and Spall 
(2001). In Fig. 5, the same velocity profile validation is presented for 
nozzle spacing S = 9 using three turbulence models: standard k-ε, 
standard k-ω and RSM. Note that the standard k-ε model gives a better 
agreement with the experimental results of Anderson and Spall (2001) in 
the converging and combined zones. However, a slight difference is 
observed in the merging zone while the other two models over-predict 
the longitudinal velocity in the merging and combined zones. 

3.2. Flow characteristic 

We present in Fig. 6 the longitudinal velocity U contours (Fig. 6a), the 
static pressure (1000×P) contours (Fig. 6b) and the turbulent kinetic 
energy (1000×K) contours (Fig. 6c) along the different zone of two 
parallel jets flow namely the converging zone, the merging zone and the 
combined zone for a nozzles spacing S = 9, a Reynolds number Re = 
6000 and for a velocity ratio r = 1.  

 

 

Fig. 4 Longitudinal velocity profile along the symmetry axis (a) S=9, 
(b) S=13, (c) S=18.25, (d) Single jet.  

As clearly shown in Fig. 6, the convergence zone is characterized 
by a negative longitudinal velocity U (dark blue color) which highlights 
a recirculation flow (Fig. 6a) and by a negative static pressure P (light 
and dark blue colors) defining a depression zone (Fig. 6b). This last zone 
is characterized by an increase in the turbulent kinetic energy (the color 
changes from blue to green) due to the strong interaction between the 
upper jet (Jet 1) and the lower jet (Jet 2) that attract each other and began 
their merging process at a point called the merge point (MP). At this 
merge point, the static pressure P (Fig. 6b) and the turbulent kinetic 
energy K (Fig. 6c) have higher values (red color) while the longitudinal 
velocity is zero (light blue color) (Fig. 4a). Downstream of the merge 
point is located the merging zone. In this zone occurs the two jets 
merging process. 



Frontiers in Heat and Mass Transfer (FHMT), 11, 8 (2018)
DOI: 10.5098/hmt.11.8

Global Digital Central
ISSN: 2151-8629

 
  

5 

 
Fig. 5 Turbulence models sensitivity test for the longitudinal velocity 

profile. 

This region is characterized by a gradual increase in the longitudinal 
velocity (the color changes from light blue to green then yellow) (Fig. 
6a), by a decrease in the static pressure (from red to yellow and green 
(Fig. 6b) as well as in the turbulent kinetic energy (from red to yellow 
and green colors) (Fig. 6c). Beyond the last point of the merging zone 
called the combined point (CP) where le longitudinal velocity along the 
symmetry axis is maximum, the flow reaches the combined zone. Along 
this region the two jets combine and their resulting flow behaves like a 
single plane jet. On the other hand, the longitudinal velocity, the static 
pressure and the kinetic turbulent energy decrease with the longitudinal 
distances and finally keep constant values. 

3.3. Nozzle spacing effect on merge point (MP), combined point (CP), 
upper vortex center (UVC) and lower vortex center (LVC) positions 

3.3.1. Upper vortex center (UVC) and lower vortex center (LVC) 
positions 

The flow structure of two plane parallel jets is shown in Fig. 7 using 
streamline and velocity magnitude contours for a Reynolds number Re = 
6000, a velocity ratio r = 1 and for different nozzles spacing S=6 (Fig. 
7a), S = 9 (Fig. 7b) and S = 13 (Fig. 7c). This figure shows the centers of 
two vortices with opposite directions in the converging zone: an upper 
vortex (its center denoted UVC: Upper Vortex Center) on the side of the 
upper jet (jet 1) and another lower vortex (LVC: Lower Vortex Center) 
on the side the lower jet (jet 2). These vortices are also observed in 
previous numerical investigation on two jets flow combining an offset jet 
and a wall jet (Wang and Tan (2007), Kumar (2015a and b) and Hnaien 
et al. (2017a and b) as well as in two plane parallel jets flow (Miller and 
Commings(1960)). 

It is clear from Fig. 7 that these vortices dimension increases when 
increasing the nozzle spacing S. The same observation is mentioned in 
the numerical simulation of Kumar (2015b) for combined wall and offset 
jet flow. This author noticed that more the wall jet is far away from the 
offset jet, more the upper and lower vortices size becomes higher. It is 
also clear from Fig. 7 that increasing the nozzles spacing S results in a 
longitudinal displacement of the UVC and LVC more downstream while 
transversally moving away from Y = 0 axis which present a symmetries 
axis for this type of flow (Fig. 7). Moreover, for all considered nozzles 
spacing S, the UVC and LVC remain always symmetrical with respect to 
y = 0 hence the name "symmetry axis" of the two parallel jets flow. 

 

 
 

Fig. 6 Longitudinal velocity U (a), static pressure 1000×P (b) and 
turbulent kinetic energy 1000×K (c) contours along two parallel jet 
flow for Reynolds number Re = 6000, nozzles spacing S = 9 and 
velocity ratio r = 1. 

3.3.2. Merge point (MP) and combined point (CP) positions 

To evaluate the nozzle spacing S effect on the merge point (MP), 
combined points (CP), upper vortex center (UVC) and lower vortex 
center (LVC) positions, we show in Fig. 8 the longitudinal velocity U = 
0, the transverse velocity V = 0 and the dU/dY = 0 contours for a 
Reynolds number Re = 6000, a velocity ratio r = 1 and for different 
nozzles spacing S = 6 (Fig. 8a), S = 9 (Fig. 8b) and S = 13 (Fig. 8c). As 
showed in the numerical study of Kumar (2015a), the MP, UVC and LVC 
represent the U = 0 and V = 0 contours intersection. On the other hand, 
the CP appears on dU/dY = 0 contours extremity. 
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Fig. 7 Streamlines and velocity magnitude contours for Reynolds 
number Re = 6000, velocity ratio r = 1 and for different nozzles 
spacing S = 6 (a), S = 9 (b) and S = 13 (c) 

 
Figure 8 clearly show that increasing the nozzles spacing S results 

in an increase in the longitudinal positions of the MP, CP, UVC and LVC. 
This mean that, more the upper (Jet 1) and the lower (Jet2) jets are far 
away from each other, more the MP, CP, UVC and LVC move 
downstream along the longitudinal direction. On the other hand, 
increasing S result in an increase of the UVC transverse position, a 
decrease in the LVC transverse position while the MP and CP transverse 
position remain equal to zero. In fact, along the transverse direction, the 
UVC and LVC move away from this symmetry axis (y = 0) while 
remaining symmetrical to y = 0 which agree well with the remarks 
extracted from the streamline contours (Fig. 7). On the other hand, the 
merge (MP) and combined (CP) points keep their positions on the 
symmetry axis (y = 0).  

The longitudinal positions of the merge and combined points are 
respectively shown in Fig. 9a and b for a velocity ratio r=1 and for 
nozzles spacing 3 ≤ S ≤ 20, next to others previous experimental and 

numerical results. Fig. 9 shows that the merge (MP) and combined (CP) 
points longitudinal positions increase when increasing the nozzles 
spacing S. 

This figure shows that this increase in the longitudinal position 
follows a linear function and can be approximated by the following 
equations:  

mpX 1.01 S 0.4    (8) 

cpX 0.89 S 9.6    (9) 

  

 
 

Fig. 8 Longitudinal velocity U = 0, transverse velocity V=0 and dU/dY 
= 0 contours for Reynolds number Re = 6000, velocity ratio r = 1 
and for different nozzles spacing S = 6 (a), S = 9 (b) and S = 13 (c). 
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It is clear that our results are in good agreement with the majority of 
the studies presented in Fig. 9. A small gap is observed between our 
results and those of Fujisawa et al. (2003) and Nasr and Lai (1997) for 
the combined point position (Fig. 9b). 

 
Fig. 9 Merge point (a) and combined point (b) longitudinal positions 

with respect to the nozzles spacing for a velocity ratio r = 1. 

3.4. Velocity ratio effect on merge point (MP), combined point (CP), 
upper vortex center (UVC) and lower vortex center (LVC) positions 

3.4.1. Upper vortex center (UVC) and lower vortex center (LVC) 
positions 

Figure 10 shows the streamline and velocity magnitude contours for a 
Reynolds number Re = 6000, a nozzles spacing S = 9 and for different 
velocity ratio r = 1 (Fig. 10a), r = 1.5 (Fig. 10b) and r = 1.8 (Fig. 10c). It 
is clear from this figure that the upper and lower vortices sizes decrease 
for high velocity ratio r values . It is also noted that increasing r moves 
the UVC and the LVC more upstream along the longitudinal direction 
while deflecting towards the stronger jet (jet 1) along the transverse 
direction. It is also noted that for a velocity ratio r > 1 (Fig. 10b and c), 
the weaker jet (with lower initial velocity: Jet 2) is deviated toward the 
stronger jet (with higher initial velocity: Jet 1), so y = 0 axis is no longer 
a symmetry axis for the two parallel jet flow. Consequently, the UVC 
and LVC lose their symmetry with respect to y = 0 axis. 

3.4.2. Merge point (MP) and combined point (CP) positions 

The velocity ratio effect on the merge point (MP), the combined point 
(CP), the upper (UVC) and the lower (LVC) vortices centers position is 
evaluated in Fig. 11 with the help of the U = 0, V = 0 and dU/dY = 0 

contours for the nozzle spacing S = 9 and for different velocity ratios r = 
1 (Fig. 11a), r = 1.5 (Fig. 11b) and r = 1.8 (Fig. 11c). It is clear from this 
figure that the MP, CP, UVC and LVC positions decrease when 
increasing the velocity ratio r while their transverse positions increase 
with r. Consequently, for higher r values, these points moves more 
upstream along the longitudinal direction while deflecting transversally 
toward the stronger jet (Jet 1). Consequently, the merge and combined 
points are no longer located on Y=0 axis and the UVC and LVC are not 
any more symmetric with respect to this axis as for r=1 case. 

 
Fig. 10 Streamlines and velocity magnitude contours for Reynolds 

number Re = 6000, nozzles spacing S=9 and for different 
velocity ratios r = 1 (a) r = 1.5 (b) and r = 1.8 (c) 

3.5. Nozzles spacing and velocity ratio simultaneous effect on the merge 
point (MP) and combined point (CP) positions 

Figures 12a and b show respectively the variation of the longitudinal Xmp 
and the transverse Ymp positions of the merge point (MP) with respect to 
the nozzle spacing S and for different velocity ratios r. The merge point’s 
positions and the nozzles spacing are dimensionless with the nozzle 
width d.  

For a fixed spacing, the merge point longitudinal position decreases 
for high velocity ratio (Fig. 12a), while its transverse position increases 
with the velocity ratio (Fig. 12b). Fig. 12 also shows that for r = 1 and 
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for different nozzle spacing, the merge point occurs always on the 
symmetry axis (at y = 0) as established by Anderson and Spall (2001), 
Lin and Sheu (1990), Tanaka (1974), Militzer (1977), Murai et al. (1976) 
and Miller and Commings (1960) while for r > 1, the merge point moves 
longitudinally further upstream and transversally deviate from the 
symmetry axis. This mean that, the merging process of two jets happens 
further upstream and the weaker jet (with lower initial velocity: jet 2) is 
deviated toward the stronger jet (with higher initial velocity: jet 1) which 
is consistent with the results established by Elbanna and Sabbaght (1987), 
Fujisawa et al. (2003) and Durve et al. (2012).  

 
Fig. 11  Longitudinal velocity U = 0, transverse velocity V = 0 and 

dU/dY = 0 contours for Reynolds number Re = 6000, nozzle 
spacing S = 9 and for different velocity ratio r = 1 (a), r = 1.5 
(b) and r = 1.8 (c). 

This deviation phenomenon can be explained by the difference on 
the pressure reduction rate produced by each jet. The pressure reduction 
rate depends on the entrained fluid amount that in turn depends on the jet 
exit velocity. So, the pressure in the vicinity of the weaker jet is larger 
than that in the vicinity of the stronger jet. Therefore the weaker jet (jet 
2) is deflected towards the stronger jet (Jet 1). From Fig. 12a, it is noted 
that the slope of Xmp curve as a function of the nozzles spacing S 
decreases for higher velocity ratio r values. Consequently, the nozzles 
spacing effect on the longitudinal position of the merge point is less 

remarkable for r > 1. This can be explained by the fact that the transverse 
velocity magnitude for r > 1 is greater than that for r = 1.  

In addition, the velocity ratio r and the nozzles spacing strongly 
affect the combined point (CP) position. In Fig. 13, we show the velocity 
ratio and the nozzles spacing effect on the longitudinal Xcp and transverse 
Ycp positions of the combined point. This figure shows that for fixed 
nozzles spacing S, the longitudinal position of the combined point moves 
further upstream when the velocity ratio r increases while its transverse 
location increases with the velocity ratio. We note then, that increasing 
the velocity ratio promotes the appearance of the combined point more 
upstream along the longitudinal direction. 

 

 
Fig. 12 Merge point longitudinal (a) and transverse (b) position as a 

function of the nozzles spacing for different velocity ratio. 

3.6. Correlations development for the merge and combined points 
positions 

Knowing the merge (MP) and the combined (CP) points positions is 
mandatory to have a complete idea about the lunching and interruption 
of the merging process in two plane parallel jets flow. As it has already 
been shown, these positions are strongly affected by the nozzles spacing 
S and the velocity ratio r. Therefore, it is desirable to determine an 
estimating method of the merge and combined points positions based on 
these important parameters (S and r). 

To achieve this objective, we proposed empirical correlations that 
predict the dimensionless longitudinal and transverse positions of the 
merge and combined points. Fig. 14 presents the scatter plots relating to 
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and 2, these scatter plots, as shown in Fig. 14, may be approximated by 
the following linear functions: 
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Fig. 13 Combined point longitudinal (a) and transverse (b) position as 

a function of the nozzles spacing for different velocity ratio. 

Equations (10-13) allow us to deduce correlations that attach the 
merge and combined points positions to S and r, these correlations are as 
follows: 

0 3 0 836
mpX 1 517 r S. ..     6 ≤ S ≤ 13 and 1 ≤ r ≤ 2 (14) 

2.2 1.397
mpY 0.024 r S    6 ≤ S ≤ 13 and 1 ≤ r ≤ 2 (15) 

0.9 0.476
cpX 6.379 r S    6 ≤ S ≤ 13 and 1 ≤ r ≤ 2 (16) 

1.2 1.046
cpY 0.168 r S    6 ≤ S ≤ 13 and 1 ≤ r ≤ 2 (17) 

Equations (14) and (16) predicted the merge and combined point’s 
longitudinal positions for a nozzle spacing 6 ≤ S ≤13 and a velocity ratio 
1 ≤ r ≤ 2 while Eqs. (15) and (17) predict the merge and combined points 
transverse positions for 6 ≤ S ≤ 13 and 1.2≤r≤2 since for r=1 the merge 
and combined points are located on the symmetry axis for all considered 
nozzles spacing (Ymp = Ycp =0). The prediction of Xmp, Ymp, Xcp and Ycp 

respectively by Equations (14-17) next to the present numerical results is 

showed in Fig. 15. It is clear from this figure that the developed 
correlation present a satisfactory agreement with the numerical results 
already showed in Figs. 12 and 13 with an average error of 2.6%, 9.7%, 
2.2% and 3% respectively for Xmp, Ymp, Xcp and Ycp. 

 

 

 
Fig. 14 Scatter plots relative to the merge point (a, b) and combined 

point (c, d) positions as a function of the nozzle spacing and 
the velocity ratio. 
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Fig. 15 Merge point (a, b) and combined points (c, d) positions given by 

Equations (14-17) compared to the numerical results. 

4. CONCLUSIONS 

Turbulent multi-jets flow combining two plane parallel jets was 
numerically investigated using finite volume method. The discussion 
focuses on the standard k-ε turbulence model validity to predict the flow 
in three different zones. A detailed analysis is carried out to determine 
the nozzles spacing and the velocity ratio effect on the longitudinal and 
transverse positions of the merge point, the combined point and the 

vortices centers. Correlations that predict the merge and combined points 
longitudinal and transverse positions with respect to the nozzle spacing 
( 6 ≤ S ≤ 13) and the velocity ratio (1 ≤ r ≤ 2) were also provided in the 
present study.  

The results showed that for a velocity ratio r=1, the increase in the 
nozzles spacing S is accompanied by a displacement of the merge point 
(MP), the combined point (CP), the upper vortex center (UVC) and the 
lower vortex center (LVC) further downstream along the longitudinal 
direction. This movement follows a linear function described by Eqs. (8-
9) respectively for the merge and combined points. Along the transverse 
direction, increasing the nozzles spacing S results that the upper and 
lower vortices centers (UVC and LVC) move away from y=0 axis while 
remaining symmetrical with respect to this axis. Concerning the merge 
(MP) and combined (CP) points, these latter are always located on the 
symmetry axis (y=0) for the different considered nozzles spacing S.  

On the other hand, increasing the velocity ratio (r>1) moves the MP, 
CP, UVC and LVC further upstream along the longitudinal direction 
while deflecting toward the stronger jet along the transverse direction. So 
the merge and combined point are no longer located on y=0 axis and the 
upper and lower vortices centers are no longer symmetrical with respect 
to y=0. For r>1, y=0 is not anymore a symmetry axis for the two parallel 
jets flow. It is noted that the nozzles spacing S effect on the longitudinal 
positions of the merge and the combined point decreases by increasing 
the velocity ratio while its effect on the transverse positions increase. The 
merge and combined points positions according to the velocity ratio r and 
the nozzles spacing S are described by the proposed numerical 
correlations (Eqs. (14-17)).  

NOMENCLATURE 

l Nozzle length (mm) 
d Nozzle width (mm) 

Re Reynolds number 0u d
Re 


 

u Dimensional longitudinal velocity (m/s) 

U Dimensionless longitudinal velocity 
0

u
U

u
  

p Dimensional static pressure (Pa) 

P Dimensionless static pressure amb
2
0

p p
P

u





 

s Dimensional nozzle spacing (mm) 

S Dimensionless nozzle spacing  
s

S
d

  

r Velocity ratio 
 
 

0 1

0 2

u
r

u
  

x Dimensional longitudinal coordinate (mm) 

X Dimensionless longitudinal coordinate 
x

X
d

  

y Dimensional transverse coordinate (mm) 

Y Dimensionless transverse coordinate  
y

Y
d

  

k Dimensional turbulent kinetic energy  2 2m s  

K Dimensionless turbulent kinetic energy 2
0

k
K

u
  

I Turbulence intensity (%) 
a Grid spacing 

e 
Grid expansion ratio 
 

Greek symbols 

  Dissipation rate of the turbulent kinetic energy  2 3m s  
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  Kinematic viscosity  2m s  

  Dynamic viscosity  kg ms  


 Fluid density  3kg m  

Subscripts 
1 Jet 1 
2 Jet 2 
0 Initial value (at the nozzle exit) 
t Turbulent value 
amb  Ambient value 
Abbreviations 
MP Merge Point 
CP Combined Point 
UVC Upper Vortex Center 
LVC Lower Vortex Center 
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