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Abstract 
In the present study, computational details of two parallel plane jets with noz-
zle separation ratio = 4.25 and Re = 11,000 are presented. A study of the tur-
bulence has also been done. The computational domain size, grid resolution, 
and different discretization schemes on the predictions are discussed. The ex-
istence of a recirculation flow region, a merging region and a combined region 
in the two parallel plane jets configuration has been predicted qualitatively by 
κ ε−  model. Power law scheme is used for discretizing the convective terms. 
Calculations were made using a Power law scheme. A code is used to solve a 
laminar, two dimensional viscous fluid flow and heat transfer. At the last it is 
shown that this code is ready to use for modification for mean flow solution of 
the turbulent two parallel plane jets. The numerical results are compared with 
the experimental results. Computational details of various mean flow and 
turbulent parameters are presented and described with separation ratio of 4.25 
and Re = 11,000. The results are compared with Nasr and Lai and are found to 
be in good agreement with it. The two parallel plane jets develop like a single 
free jet in the combined region. The outer shear layer spreads faster than the 
inner shear layer in the near field. 
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1. Introduction 

A jet is defined as a free or bounded one depending upon the distance of the 
confining boundaries. When the boundaries (parallel to inlet axis) are suffi-
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ciently away from the origin of the jet, it is termed as free jet. A bounded jet will 
occur when the flow interacts with a parallel wall. It can be classified into three 
types based on the orientation: (a) Impinging jet aimed toward the boundary; (b) 
Wall jet where fuid is discharged at the boundary; and (c) Offset jet from a ver-
tical wall of a stagnent pool issuing parallel to a horizontal solid wall. Two paral-
lel plane jets have numerous technological applications such as the gas turbine 
combustion chamber, the air conditioner unit for automobile, the air curtain 
unit for refrigerator system, entrainment and mixing processes in boiler, injec-
tion systems and so on. In environmental fluid mechanics, an optimum spacing 
between exhaust stacks (chimneys) is required to dilute disposal plums to a spe-
cified level within a given from the chimney. The details of the flow was studied 
by several authors. The first detail experimental study of the mean flow was re-
ported by Tanaka [1] [2]. He described the basic flow patterns and entrainment 
mechanism of parallel jets. Elbanna et al. [3] showed that the mean velocity pro-
file of the parallel jets agreed well with the single jet in the region downstream of 
the combined point. Lin et al. [4] [5] used hot-wire anemometry to show that the 
mean velocity approaches self-preservation in both the merging and combined 
regions, while Reynolds shear stresses approach self-preservation in the com-
bined region only. Nasr et al. [6] [7] provided an experimental comparison be-
tween parallel, plane jets and an off set jet (where a wall replaces the symmetry 
plane). In a later work, they performed an experimental investigation into the 
effect of jet spacing on the mean stream-wise momentum flux measured at the 
combined point. Anderson et al. [8] presented experimental and numerical re-
sults for isothermal, plane parallel jets at spacings/w = 9, 13, and 18.25 (where s 
is the spacing between jet centre lines and w is the jet width.). Computations of 
the two parallel plane jets performed by Militzer, J. [9] showed that the basic 
κ ε−  model does not take into account the effects of stream line curvature and 
hence led to quite an unreasonable prediction of flow characteristics. Lechziner 
et al. [10] considered both the effect of streamline curvature and preferential in-
fluence of normal stresses on the dissipation of turbulence energy. Nasr et al. 
[11] compared the obtained numerical results with experiment for the case of a 
turbulent plane offset jet. 

In the present study, the mean velocity and static pressure field is presented 
for turbulent two parallel plane jets from the numerical study. The performance 
of the standard k – ε turbulence model is evaluated for all three zones (converg-
ing zone, merging zone and combined zone) Computational details of two pa-
rallel plane jets with nozzle separation ratio= 4.25 and Re = 11,000 are presented. 
Power law scheme is used for discretizing the convective terms. The results are 
compared with experimental results of Nasr and Lai and are found to be in good 
agreement with it. 

2. −κ ε  Turbulence Model 

κ ε−  Turbulence model is the most common model used in computational 
fluid dynamics (CFD) to simulate mean flow characteristics for turbulent flow 
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conditions. It is a two equation model which gives a general description of tur-
bulence by means of two transport equations to present the turbulent properties 
of the flow. This model solves for two variables: κ—the turbulent kinetic energy 
and ɛ—the rate of dissipation of kinetic energy. The wall functions are used in 
this model, so the flow in the buffer region is not simulated. This model is very 
popular in industrial application due to its good convergence rate and relatively 
low memory requirements. 

3. Problem Specification 

The flow pattern of the two parallel plane jets is shown in Figure 1. Here, the 
two identical plane nozzles of width w are separated in the lateral (y) direction 
by s, giving rise to a nozzle spacing ratio of s w . The Cartesian coordinate sys-
tem (xy) is set so that its origin is at the nozzle plate and the x axis is in the plane 
of symmetry which bisects the two nozzles. In general, the flow field can be clas-
sified into three parts: the converging region, where the reverse flow is created 
near the nozzle exit. In this region there is recirculation region where the mean 
stream wise velocity on the x axis (Uc) is negative. The merging region, where 
the velocity profile shows two local peaks without reverse flow. The two inner 
shear layers merge at the merging point (mp) where (Uc) is zero. Downstream 
from the merging point, in the merging region, the two jets continue to interact 
with each other and (Uc) increases up to the combined point (cp) where Uc 
reaches a maximum value (Ucmax). The combined region, where the velocity pro-
file becomes similar to that of the single free jet. The stream-wise distances from 
the nozzle plate to the merging and combined points are referred to as merging 
length (xmp) and combined length (xcp) respectively. The essential feature of the 
flow is the entrainment of the surrounding fluid by turbulent jets, which causes a  

 

 
Figure 1. Diagram of two parallel plane jets. 
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sub atmospheric pressure region between the jets near the nozzles. The jets draw 
each other and their trajectories deviate from straight lines because of mutual 
entrainment of the surrounding fluid. 

4. Governing Equations 

Continuity equation 

0U V
x y

∂ ∂
+ =

∂ ∂
                         (1) 

X-Momentum equation 

( ) ( )
( ) ( )

2
1 2

3t t

UVU P U U
x y x x x y y

ν ν κ ν ν
ρ

∂∂    ∂ ∂ ∂ ∂ ∂
+ = − + + − + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

  (2) 

Y-Momentum equation 

( ) ( ) ( ) ( )
2

1 2
3t t

UV V P V V
x y y x x y y

ν ν ν ν κ
ρ

∂ ∂    ∂ ∂ ∂ ∂ ∂
+ = − + + + + −   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

  (3) 

Assumptions made are: 
1) Steady turbulence. 
2) 2-D flow, flow variations in z-direction is neglected 
3) Incompressible flow, i.e. dilation term is neglected. 
4) Body forces are neglected. 
5) Properties ( ), ,µ ν ρ  are assumed to be constant. 
6) RANS equations are used for predicting the turbulent flow. 
7) Boussinesq assumption is used to link Reynolds stress to velocity gradient. 
8) κ ε−  Model is used for determining the turbulent viscosity. 

5. Non-Dimensional Equations 

Dimensionless variables are as follows 
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6. Boundary Conditions 

Non dimensional boundary conditions are provided as input for solution. A 
uniform inlet velocity profile was set at the opening. The top and outlet bounda-
ries were set at a constant pressure. The symmetry boundary condition was pre-
scribed at the symmetry plane between the two jets and only half of the flow was 
simulated. For turbulent kinetic energy equation, boundary condition at noz- 

zleexit is 2
2
0

1.5n I
U
κκ = =  where I  a turbulent intensity is, and is equal to 

0.02. 

7. Results & Discussions 

Code is run for two parallel plane jets with separation ratio of 4.25s w = . The 
domain length in the x direction was varied from 15 to 30 nozzle widths whereas 
it was set at 10w or 15w in they direction. The grid size of 151 × 101 is consi-
dered for all cases. The standard κ ε−  turbulence model with a power law dis-
cretization scheme is used. Here the working fluid is air and Reynolds number is 
11,000. The results obtained from the code are compared with the experimental 
solution by Nasr and Lai. 

7.1. Mean Stream-Wise Velocity Distribution 

The distribution of the non-dimensional mean stream-wise velocity along the x 

axis 
0

cU
U
 
 
 

 is shown in Figure 2. It can be seen that the absolute magnitude of 

the negative velocity increases from the nozzle plate to a maximum and then de-
creases to zero at the merging point (mp).Downstream from the merging point, 

0

cU
U
 
 
 

 continues to increase up to the combined point where 
0

cU
U
 
 
 

 reaches  

maximum value. Downstream from the combined point, in the combined re-
gion, the two individual jets combine to resemble a single free jet flow. Mean 
stream-wise velocity along the plane of symmetry for 4.25s w = , is compared  
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Figure 2. Mean stream-wise velocity distribution along the x axis. 

 

 
Figure 3. Turbulence intensities along the x axis for the two parallel jets. 

 
with the experimental results of Nasr and Lai. That shows the little difference in 
the deviation from the experimental results. 

7.2. Turbulence Intensities Distribution 
The distribution of lateral turbulence intensities are shown in Figure 3. This 

figure shows that 
0

cu
U
′

 and 
0

c

U
υ′

 increase with s/w to maximum near the 

merging point. It can also be observed that the maximum value of 
0

cu
U
′

 is rela-

tively higher than 
0

c

U
υ′

 because of the collision of the innershear layers from 
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both sides of the plane symmetry and the large turning angle of the flow near 
themerging point. 

7.3. Maximum Velocity Point 

It is defined as the lateral distance from x axis to the point where U is equal to 
Umax. Figure 4 shows that in the converging region ymax has been reasonably well 
predicted by κ ε−  model. However, in the merging and combined regions, 
there are substantial discrepancies between predictions by κ ε−  model. 

7.4. Locus of Half Velocity Points 

Half velocity points are the lateral distances from the x axis to the points where 
the mean stream-wise velocity (U) is half of its local maximum mean stream 
wise velocity (Umax) in the outer and innershear layers, respectively. Figure 5  
shows that in the converging region, 1

2

y
−

 and 1
2

y
+

 have been reasonably well 

predicted by κ ε−  model as observed in Nasr results. However in the merging 
and combined region, 1

2

y
+

 in the outer shear layer has been unpredicted. Fur-

thermore, it is expected that as the inner shear layers of the two jets merge to 
form a single jet down stream of the merging point, ymax rapidly approaches 

1
2

y
−

. 

7.5. Static Pressure Distribution 

Figure 6 shows that for κ ε−  turbulence model, the static pressure decreases 
along the x axis from the nozzle plane, reaches a minimum in the recirculation 
zone and then sharply increases to a maximum near the marging point, just as 
observed in Nasr results. It then decreases with x and approches atmospheric 
pressure in the combined region for κ ε−  model. 

 

 
Figure 4. Comparison of maximum velocity points between computational and Nasr Lai 
results. 
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Figure 5. Comparison of half velocity points between computational and Nasr Lai results. 
 

 
Figure 6. Comparison of static pressure between computational and Nasr and Lai. 

7.6. Static Pressure Contour 

The contour of static pressure computed by the κ ε−  model is shown in Fig-
ure 7. There is a sub-atmospheric zone in the region bounded by the nozzle 
plate, the inner shear layer and the symmetry plane. Downstream of the merging 
point, the static pressure increases to above atmospheric before recovering to 
atmospheric pressure further downstream in the combined region. 

7.7. Contour of Turbulence Kinetic Energy 

Contour of turbulence kinetic energy κ  computed by the κ ε−  model is 
shown in Figure 8. It indicates a much longer potential core and much slower 
spatial development for the jet. 
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Figure 7. Static pressure contour. 

 

 
Figure 8. Turbulence kinetic energy for κ ε−  model. 

8. Conclusion 

The standard κ ε−  turbulence model for two parallel plane jets of a small noz-
zle separation ratio of4.25 with a nozzle exit Reynolds number of 11,000 have 
been made. The recirculation flow, converging, merging and combined regions 
have been identified. The existence of negative and positive gauge static pressure 
zones on both sides of the merging point is also identified. 
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