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Abstract: Equipment performance improvement in a wide
range of working conditions is one of the major goals of
aerodynamics. This goal can be achieved by the defor-
mation of the object being examined or by using �ow
control techniques in active or inactive modes. In dif-
ferent researches, how to change the development ratio
on the semi-con�ned space with input jet system is sur-
veyed. In this study, two-dimensional simulation of the
�ow has been investigated in three-jet laminar �ow in a
semi-con�ned space. To determine the e�ective and op-
timal mixing in a laminar �ow, critical Reynolds num-
bers were determined to distinguish when the �ow in the
channel from a steady-state symmetric �ow formed down-
stream recirculation and ultimately transient �ow. To bet-
ter understand the �ow characteristics, the simulations
were changed at a �xed jet spacing (input jets distance to
height of space ratio). Also, in this paper, for comparison,
four jets were considered. Based on the results, it was ob-
served that in all cases, mixing occurred in the space be-
tween three jets. Placing the jet along thewalls of the semi-
con�ned space allows the best combination, and increase
in the distance between the �rst and third jets and reduc-
tion of the particle coe�cient caused to reach the criti-
cal Reynolds number faster and, as a result, mixing in a
laminar �owwith geometric changes of the semi-con�ned
space.

Keywords: input jet, laminar, critical Reynolds number,
mixing

1 Introduction
The mixing process takes place to achieve the same physi-
cal properties in the �uid. Di�erent �uids aremixed byme-
chanicalmeans, such as usingmixer (propeller), �uid jets,
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etc. Inmost cases, an optimalmixing �ow can be achieved
by natural unstable �uid. In this regard, using symmet-
ric geometric structure is e�cient. Several di�erent stud-
ies have been conducted on how to change the develop-
ment ratio a�ecting the channel input jet system. Tusi &
Wang reported that decreasing the input size would re-
duce the critical Reynolds number in the system. They not
only used tacit solvers to compare implicit simulations,
but also could model the non-symmetric stable solving
method using explicit solvers [1]. Mishra simulates a sim-
ple stepwise transformation asymmetrically using asym-
metric grid compared to symmetric gridding [2]. In fact,
much research has been done on the volatility of an in-
put from the sudden development of �ow. Mizushima and
Shiotani, using a stable nonlinear analysis, were able to
stage a fairly asymmetric modeling stepwise [3]. These re-
searchers were able to correct asymmetrically the results
of Fearn’s research work. In the study by Fearn et al., the
pitch fork bifurcation diagram is split into two branches.
In the elementary branch, there is a simple and uniform
transmission of a non-stable quasi-stable solution, and
the rest is unstable (9 and 10). By increasing the number of
theReynolds, the�owappears to be three-dimensional be-
fore it becomes unstable. This mode is suggested by Fearn
et al. [4]. In contrast, for a periodic �ow, it remains exclu-
sively two-dimensional [1, 5]. This is called “Hopf bifurca-
tion”.

Jones et al. tested the �ows to the water surface and
�nally presented a table for �ow classi�cation and predic-
tion of trajectory and di�usion; it also showed mixing of a
two dimensional jet with low Reynolds numbers at a dis-
tance speci�cally, it ends and goes downwards [6]. Jirka
analyzes the input jet in shallow waters and states that
all of the characteristics related to the concentration and
di�usion of jets [7], in the shallow environments, are in-
�uenced by the depth of �ow which was studied by Cate-
berson et al. based on sewage from wastewater [8]. They
established the output of submerged circular jets, which
were discharged horizontally in the receiver’s water sup-
ply, and investigated the approaching region of the nega-
tive density jet. The researchers investigated the inclined
jet �ow. The results of these experiments showed that the
near and distant jet region has a signi�cant e�ect on each
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other and the analysis of jet di�usion cannot be explained
solely on the basis of near jet area. Tang et al. state that the
depth and type of foam environment are very important in
the distribution and length of the jet path, because the jet
�ow path at the bottom of the �oor, is in�uenced by the
environment of the receiving environment [9]. In a study
by Neofytou, a sudden development of symmetry for non-
Newtonian �uid was found. The researchers found that
similar to the Newtonian �ow, the symmetric pattern of
breaking occurred at the critical point, which depends on
the Reynolds number. In some studies, researchers have
also found critical Pinn fork number in pitch fork bifur-
cation, which can be classi�ed into three categories: bi-
furcation analysis, numerical simulations and empirical
work in the bifurcation laboratory, and stability analysis
(Linear and non-linear) [6, 9, 10] or wide system methods
with the exact bifurcation point [1, 11, 12]. For the other two
methods, it is necessary to gradually increase or decrease
the number of the real number to �nd the critical point.
Also, in these researches, it is di�cult to �nd and deter-
mine the critical point in both ways. Researchers such as
Foumeny et al. [13] and Schreck [14] abandoned the crit-
ical value of the Reynold number close to the theoretical
values, but other researchers such as Durst et al. [15] and
De Zilwa [16] could not obtain the critical value for the
Reynold number in accordance with theoretical results.
Sobey and Drazin [17] numerically studied the two dimen-
sional �ow in a channel of smooth expansion. By bifurca-
tion theory, their results showed only one steady and sym-
metrical solution is available at a low Reynolds numbers.

The purpose of this paper is to investigate the condi-
tions governing the problem using 3 input jets of space
to maximize the mixing rate in the laminar �ow without
increasing Reynolds number and turbulence �ow. In fact,
when the �uid enters the semi-con�nedspace through jets,
mixing is complete and the �ow is somewhat turbulent,
but after complete mixing, the �ow is slowly established.
This work investigated the simulation �uid behavior in a
two-dimensional �uctuating environment for triple jets.
In this simulation, the �ow �eld and the �ow instability
in a geometry consisting of triple jets are examined. The
main problem is to obtain and divide the �ow patterns
and Reynolds number according to the onset of instability
(changing the �owpattern from time to time dependent on
the �ow pattern).

2 Simulation of semi-con�ned
space

2.1 Studied geometry

The geometry (Figure 1) consists of three parallel jets, the
center line of one of the jets is always in the middle of the
channel and the distance between the center lines of the
two jets is high and low equaling to S.

Figure 1: The two dimensional solution domain with three jets in a
con�ned space

Themain problem in this study is the e�ect of three di-
mensional by non-dimensional numbers on the �ow pat-
tern:
• Reynolds number: In this research, the maximum

Reynolds number is 35.

The governing equations are as follows:

∇ · v = 0 (1)

∂v
∂τ + (v ·∇)v = −∇p + Re−1∇2υ (2)

Re = ρUDaveµ (3)

∂ϕ
∂τ + µc

∂ϕ
∂x + υc

∂ϕ
∂y = 0 (4)

where Re, represents the jet Reynolds number, υ, �uid
kinematic viscosity, p, pressure, uc and vc are convective
velocity components.
• The distance between two jets to channel Height ratio

(S/H)
• Aspect Ratio channel (γ = 3D/H)

To reach this goal, the ratio of S/H to the values of 0.25,
0.5, 0.75, and 0.9 was modi�ed by �rst �xing the aspect ra-
tio (γ), and the e�ect of increasing the Reynolds number
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was studied. Also, in order to study e�ect of the paradigm,
given (S/H = 0.5), the values of 0.15, 0.1 and 0.05 for the as-
pect ratio were studied. In each Reynolds case, the transi-
tion fromastable�ow toa time-dependent�owwas solved
for Reynolds number above this time-dependent �ow, and
the results were examined in the �nal step of the experi-
ment.

It should be noted that due to the limited time and
system resources, only 60 seconds of simulated �ow (time
step of 0.1 seconds, 600 steps) are simulated. In this case,
the time to solve some of themodes has reachedmore than
12 hours. It is advisable to continue, if possible, for at least
3 minutes.

2.2 Drawing geometry in design modeler
environment

Geometry is �rst drawn up in the environment. For exam-
ple, the geometry for S/H = 0.25, γ= 0.15 and D = 0.2 m is as
follows in Figure 2:

Figure 2: The geometry of con�ned space: S/H = 0.25, γ= 0.15 and
D = 0.2 m

It is designed for each geometry separately in the AN-
SYS Meshing environment. The maximum mesh size is
0.05m. The rectangular grid was used for calculations and
the density of the grid was carefully selected to ensure the
physical accuracy of the �ow (Figure 3).

Figure 3:Meshing environment

The border areas were designated to apply boundary
conditions as shown in Figure 4.

Figure 4: The boundary conditions for con�ned space

Non-slip boundary conditions are considered on the
con�ningwalls. At the three jet-inlets of channel a uniform
distribution of velocity is determined.

It is known that for a completely separate �ow com-
pletely developed with a cross section, the maximum
speed of �ow is twice as fast as the compressed speed,
while the two-dimensional channel �ow rate is 1.5. Hence,
the �owwith relatively low proportions requires longer in-
put lengths than those with large proportions than full-
scale development. With Running Fluent, results are re-
viewed and stored in the CFD-Post environment. We noted
that propertieswere de�ned for �uid as �owed: ρ = 1 , µ =D

Re = U_ave (5)

As a result, the input speed determines the Reynolds
number of the �uid, and only this boundary condition will
change between di�erent modes.

3 Results

3.1 The e�ect of S/H on the flow pattern

By transferring jets to channel edges, they often have an
asymmetric �ow, and this is similar to that of a jet. As the
Reynold number increases, the jets may become unsta-
ble. It has been determined that the interaction of jet with
jet on bifurcation has a much stronger wall e�ect. Tzeng
(1998) said that an increase in the distance between the
two jets or increase in the Reynolds number moved the jet
�ow to a point where a strong centralized current was cre-
ated. In various studies, the e�ect of the symmetric geom-
etry shape on unstable behavior in symmetric �ows was
investigated. This point is of such as great importance that
volatility occurs in the course of how and when. In this
case, the design of optimal models is easy and the mixing
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canbe increasedwithout increasing theReynolds number,
using change of structural parameters.

It canbe seen fromFigure 5 thatwith an increase in the
S/H value, the critical Reynolds number will be reached
faster in the studied state. it means that by increasing the
S/H ratio, the �ow of the inlet �uid from the jets will go
out uniformly earlier and will become unstable. Instabil-
ity is less important in Reynolds, because it shows that
as S/H increases, the �ow is quite laminar and in the low
Reynolds number, instability occurs and the mixing oc-
curs through three input jets. Therefore, based on shape of
the �ow characteristics, the geometric shape and the dis-
tance between the jets (S/H) have a great in�uence on the
�ow behavior within the semi-con�ned space. Given the
�ow behavior in the given form, it can be seen that the sta-
ble state is asymmetric.

Figure 5: Streamlines of characteristic flows for S/H = 0.25, 0.5 in
three jets

Figure 6: Streamlines of characteristic flows for S/H = 0.75, 0.9 in
three jets

In steady asymmetric inward �ow, it is seen that the
�ow of the jets from each jet is reinforced by other jets
because of parallel input jets, and at the same initial mo-
ments and near the entrance, the three input streams are
completely mixed together. Indeed, this mode changes
the e�ect of the Coanda e�ect, and all three input �ows
from the walls are combined, and the �ow in the channel
center is ampli�ed and �ow behavior proceeds along the
path such as the �ow of the jet [12]. It is very important
that using three jets of input �ow at the initial moments
faster than the similar scenarios for the two jets, and the
Reynolds obtained for di�erent S/H states indicate that no
matter howmuchS/H that is, the distance between the two
jets is low, the �ow will be steady and will be more unsta-
ble in the higher Reynolds number. For example, it can be
seen in the Figure 6 that in S/H = 0.5, the critical Reynold is
35. However, for S/H = 0.9, although the critical Reynolds
number is 35, in lower Reynolds number, such as Re=16,
it is also a non-destructive state in the �ow. Therefore, the
mixingprocess is less likely to occur in the lowerReynolds,
increasing the distance between the two upper and lower
jets fromone another andmoving themnear theupper and
lower walls in the channel (Figure 6).

Figure 7: Streamlines of characteristic flows for S/H = 0.3, 0.9 in
four jets

Comparison of Figure 5 with 7 shows that there is no
signi�cant di�erence in the mixing rate for three jet with
four jet in a channel with the same dimensions.

Due to changes in Reynolds number, the unsteady
start with S/H is approximately shown in Table 1.

An interesting point about the critical Reynolds num-
ber needs to be addressed in the following. It can be un-
derstood that before this critical point has been reached,
a slight deviation between the two reattachment lengths
has been progressing. A similar phenomenon was also
taken into account in non-Newtonian �ow calculations
by Neofytou and Drikakis [18] and can be identi�ed in



Mohammad Mosaddeghi, Two dimensional simulation of laminar flow | 115

Table 1: Critical Reynolds number in di�erent S/H for three jets

S/H Re Recr
0.25 10, 20, 25, 35 35
0.5 20, 25, 26.8, 27, 35 27, 35
0.75 10, 18, 20, 35 20, 35
0.9 10, 16, 20, 35 16, 20, 35

two-dimensional diagrams in Schreck andSchafer’s three-
dimensional study [14].

It is also observed that changes in the Reynolds num-
ber have less steady �ow to the walls, and concentric cir-
cles are created along the �ow sides, which is enhanced by
increasing Reynolds number and circles are drawn from
the sides to the center of the semi-con�ned space and the
turbulent state is observed in the�ow. In fact, in lower S/H,
there is more symmetric mode at the input jet, and there is
Eddy mode between each jet. Another point is that an in-
crease in the S/H reduces the size of the vortices created
in the walls and, in fact, the �ow goes back to a laminar
and stable state. This is completely evident in the vortices
generated in the �ow path for S/H = 0.75, 0.9.

In this paper, to investigate �uid velocity pro�le, ve-
locity vector contours are used for three jets and four jets
that were showed in Figures 8 and 9.

Figure 8: Velocity vector of characteristic flows for S/H = 0.5, 0.9 in
three jets

According to the velocity vectors in Figure 8, it can be
seen that in both cases examined by increasing Re,mixing
in the �uid increases.

According to the velocity vector, using four jets, it can
be seen that in the lower S/H, by increasing Re, increases
mixing in the�uid. According to the Figure 9, it canbe seen
that in S/H = 0.9, with the increase of Re, the mixing of the
�uid occurs at the beginning of the channel length.

Figure 9: Velocity vector of characteristic flows for S/H = 0.3, 0.9 in
four jets

3.2 The e�ect of γ on the flow pattern

In this section, with increasing H, the channel height of
the Aspect Ratio decreases and its e�ect on the �ow is in-
vestigated.

According to Figure ??, it can be seen that due to
increase in the values of Reynolds number to the criti-
cal Reynolds, the instability of the �ow considerably in-
creases, so that in the downstream of the Reynolds num-
ber, the �ow reaches instability and higher gains leading
to the occurrence of faster instability. In fact, with the in-
crease of γ, the critical number of Reynolds decreases and
the �ow rapidly becomes unstable.

Figure 10: Streamlines of characteristic flows for γ = 0.05, 0.1 in
three jets

In the span wise direction and near the entrance, we
can see the three vortices with di�erent size. In the region
near the side wall and in up and down sections, there are
two large vortexes that these vortexes expand their sizes
in the horizontal direction. In many researches, limiting
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streamlines (or skin friction lines) have been widely used
to investigate three-dimensional separated �ows. In topol-
ogy theory singular points occur in places where skin fric-
tion is zero. Singular points are classi�ed into nodes and
saddles. The nodes can be divided into base/ nodal points
and focal points.

In Figure 10, At γ = 0.1, with increasing Re, the stream-
lines on the sidewall show that either the large vortex near
the upper step or the third vortex on the lower wall is con-
verted to the focal point of the attachment, which acts as
a source of limiting streamlines that draws �uid from the
core region and penetrates of the wall surface. The small
vortex below the lower stage turns into a focal point of sep-
aration which behaves like a sink in which the liquid col-
lected from the wall surface eventually disappears. This
indicates that a particle that is initially near this point is
transmitted to the channel core. Separation points and re-
connection of the third vortex in the bottom wall are con-
verted to saddle points.

points occur where skin friction. Evolutionary points
are classi�ed into nodes and saddles.

The start of instability with the particle coe�cient (γ)
is as follows (S/H = 0.5) in Table 2.

Table 2: Critical Reynolds number in di�erent γ for three jets

γ Re Recr
0.15 10, 19, 20, 35 20 ,35
0.1 10, 14, 20, 35 20, 35
0.5 20, 25, 26.8, 27 ,35 27, 35

3.3 The e�ect of pressure on the flow
pattern

The pattern of pressure variations in the system is as
shown in Figure 11.

According to Figure 11, it can be seen that with the in-
crease of the values of theReynolds numbers, at γ =0.1 and
γ = 0.05, the pressure on the system increases, at Re = 35,
the pressure in the three jets are intense and with increas-
ing pressure in the system, turbulence in the intra channel
�ow is observed. It seems to be in γ = 0.05 than γ = 0.1 it is
higher pressure.

If four jets are used (Figure 12), it can be seen that in-
creasing the distance between the jets, the �uid pressure is
higher at the inlet and themixing ismore intense in this re-
gion. As the length of channel increases, the pressure and
the mixing rate decreases.

Figure 11: The pressure of flow for γ = 0.05, 0.1 in di�erent Reynolds
numbers for three jets

Figure 12: The pressure of flow for γ = 0.05, 0.1 in di�erent Reynolds
numbers for four jets

3.4 The e�ect of channel length on the flow

In the Figure 13, streamlines of characteristic �ows and
�uid velocity have been displayed.

It is observed from Figure 13 that by increasing in the
channel length, reduces the size of the vortices created
in the walls and, in fact, the �ow goes back to a laminar
and stable state. The velocity of �uid along of the channel
length decreases and the �ow becomes uniform.
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Figure 13: The e�ect of channel length on the flow for three jets in
Re=35 a) streamlines, b) velocity of fluid

4 Conclusion
Three jets were studied in two dimensions in limited
spaces under di�erent geometries, input properties and
jet distance. In this study, for comparison, four jets were
also considered. The results showed that the lack of cur-
rent measurements yields good correlation about the de-
velopment factors. There are three di�erent patterns in the
�uid �eld:
1. Stable and di�erent (lower Reynolds numbers)
2. Unstable and symmetric (mediumReynolds numbers)
3. Unstable and asymmetric (high Reynolds numbers)

As a result, the critical Reynolds number decreases with
increasing S/H and reducing the Aspect Ratio, γ.

It has been observed that the use of four jets in com-
parison to three jets does not have much e�ect on the
�ow characteristics inside the channel. Therefore, it is pre-
ferred to use three jets. also, along of the channel length,
the size of created vortices in the near walls was been de-
creased and the laminar �ow through a sudden expansion
in a channel would be separated.
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