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Abstract

Numerical simulations were performed to study the flow and mixing characteristics of two-dimensional laminar confined impinging
streams. By solving the time-dependent conservation equations for mass, momentum and energy, Reynolds numbers beyond which the
flow becomes oscillatory and even random were determined for different geometric configurations. Simulations were also performed for
cases with jet Reynolds numbers in the stable regime to study the mixing characteristics of the system. It is found that both the inlet jet
Reynolds number and the geometry of the system have strong effects on mixing in impinging streams. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Impinging streams (IS) constitute a new class of flow con-
figuration which has proved useful in conducting a wide ar-
ray of chemical engineering unit operations, e.g. absorption,
drying, mixing. Although a number of publications have
reported uses of impinging streams in various applications
[1–8], very few papers [9–13] are focused on studies of the
fundamental transport processes in this flow configuration
even in the laminar flow regime which is of practical impor-
tance when dealing with high viscosity fluids, e.g. polymer
solutions, polymer melts, liquid foodstuffs, etc.

Although a number of works have been devoted to the
study of confined impinging jets at low Reynolds number
[14], little is reported about the flow and thermal charac-
teristics of confined impinging streams (or opposing jets).
Roy et al. [15] studied, both numerically and experimentally,
laminar steady two-dimensional mixing flow in a junction
(one-way exit impinging streams). By using a laser Doppler
velocimeter (LDV) they were able to obtain the transition
Reynolds number (based on the mean velocity in the exit
branch) beyond which the flow in the exit branch becomes
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turbulent. This result will be discussed further in a subse-
quent section.

Hosseinalipour and Mujumdar [12] used temperature as
a passive tracer to monitor mixing of two fluid streams of
different temperatures in their numerical study of flow and
thermal characteristics of steady two-dimensional confined
laminar opposing jets. They found that by increasing the
jet Reynolds number the attainment of uniformity of the
temperature profile (and hence complete mixing of the two
streams) is delayed. This is attributed to the shorter residence
time of the fluid in the system due to the increased mean
flow rate.

In the present study, time-dependent conservation equa-
tions for mass, momentum and energy were solved to obtain
the flow characteristics of a two-dimensional laminar con-
fined impinging stream geometry (Fig. 1). The Reynolds
numbers (based on inlet jet hydraulic diameter) beyond
which the flow displays periodicity and in some cases
randomly fluctuates were identified for different geomet-
ric configurations. It is found that this transition Reynolds
number depends strongly on the geometric parameter, viz.
the ratio of the height of the exit channel to the width of
the inlet jet, especially at lower values of this ratio.

Simulations were also performed for cases with jet
Reynolds numbers in the stable regime to study the mix-
ing characteristics of the system. The effects of inlet jet
Reynolds number and geometric configuration on the mix-
ing are studied and discussed.

1385-8947/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S1385-8947(01)00163-2



216 S. Devahastin, A.S. Mujumdar / Chemical Engineering Journal 85 (2002) 215–223

Nomenclature

cp heat capacity (J kg−1 K−1)
Dh inlet channel hydraulic diameter (m)
gi gravitational force vector (m s−2)
H height of the exit channel (fixed at 0.01 m)
k thermal conductivity (W m−1 K−1)
L length of the exit channel (m)
p pressure (Pa)
t time (s)
T temperature (◦C)
�T temperature difference of the two inlet

streams (◦C)
u velocity component inx-direction (m s−1)
ui , uj velocity components (m s−1)
v velocity component iny-direction (m s−1)
vj jet velocity (m s−1)
V dimensionless velocity component iny-

direction (V = v/vj )
W width of the inlet channel (m)
xi , xj coordinate (m)

Greek letters
µ dynamic viscosity (kg m−1 s−1)
ρ density (kg m−3)
σT standard deviation of temperature (◦C)
Θ dimensionless time (Θ = tW/vj )

Dimensionless group
Rej jet Reynolds number (Dhvjρ/µ)

2. Mathematical formulation

To formulate the mathematical description of the transport
processes in impinging streams the following assumptions

Fig. 1. Schematic diagram of the impinging streams studied.

are made: the flow is laminar, incompressible and the fluid
is Newtonian with constant physical properties. Viscous dis-
sipation is neglected. The flow is assumed to be fully devel-
oped (both hydrodynamically and thermally) at the exit of
the IS.

Based on the above assumptions, conservation equations
for mass, momentum and energy (in tensor form) can be
written as follows [16]:

Continuity equation:

∂ui

∂xi
= 0 (1)

Momentum equation:

ρ

(
∂uj

∂t
+ ui ∂uj

∂xi

)
= − ∂p

∂xj
+ µ ∂

∂xi

(
∂uj

∂xi

)
+ ρgj (2)

Energy equation:

ρcp

(
∂T

∂t
+ ui ∂T

∂xi

)
= k

∂

∂xi

(
∂T

∂xi

)
(3)

in which i andj take on the values 1 and 2.
These equations were solved numerically subject to the

following initial and boundary conditions (see Fig. 1 for the
description of symbols used):

Initial conditions:

At t = 0, ui = 0 andT = 20◦C (4)

Boundary conditions:
Inlet 1:(

0< x < 1
2W ; y = W + 1

2H
)

u1 = 0; u2 = −u2,jet andT = Tinlet 1 (5)

Inlet 2:(
0< x < 1

2W ; y = −
(
W + 1

2H
))

u1 = 0; u2 = u2,jet andT = Tinlet 2 (6)

Top and bottom walls:(
W

2
< x < L+ W

2

)
ui = 0 and

∂T

∂y
= 0 (7)

Outlet:(
x = L+ 1

2W
) ∂φ

∂x
= 0 (8)

Along the symmetrical plane:

(x = 0)
∂φ

∂x
= 0 (9)

whereφ represents all solved variables.
The conservation equations, along with the initial

and boundary conditions, were solved numerically using
control-volume-based computational fluid dynamic soft-
ware PHOENICS Version 2.2.2 [17]. In this code the con-
vection terms in the momentum and energy equations were
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discretized using the hybrid scheme [18]. A fully implicit
scheme [18] was used to discretize the transient terms. The
discretized equations were solved using the well-known
SIMPLEST algorithm [17]. The solution was considered
converged when the following criterion has been met for all
dependent variables:

max

∣∣∣∣φ
n+1 − φn
φr

∣∣∣∣ ≤ 10−3 (10)

between sweepsn and n + 1; φr represents the reference
value for the dependent variableφ. To improve convergence
under-relaxation of the false transient type was used for the
two velocity components and the temperature. Whole-field
residuals were checked to ensure that the converged solu-
tion set satisfies the governing equations within a prescribed
error.

Due to the large number of cases studied it was not possi-
ble to check the grid independence for each individual case.
To overcome this problem, as suggested by Hosseinalipour
and Mujumdar [12], the appropriate number of grids were
found through a grid doubling procedure for the “worst”
case with the highest Reynolds number for each geome-
try and applied to all other cases for that particular geom-
etry. This procedure results in longer running times for the
lower Reynolds number cases but it was compensated for by
the time saving in not running grid doubling runs for each
individual case. For details regarding the discretization of
the governing equations and various schemes used to solve
the discretized equations the reader may refer to Patankar
[18].

The above model was verified by comparison with the
experimental and numerical results of Roy et al. [15] who
studied mixing flow in a junction (one-way exit impinging
streams). This junction configuration is shown schematically
in Fig. 2; the symmetrical plane in Fig. 1 is replaced by a
solid wall in this case. The width of the inlet channels is
half the exit channel height. All walls were specified to be
adiabatic (well insulated).

Fig. 2. Schematic diagram of the junction used in model verification.

Fig. 3. Comparison of dimensionless axial velocity profiles.
Re = U0Hρ/µ = 500 (based on the mean velocity in the exit branch);
X = x/H = 5 (whereH is the height of the exit branch, see Fig. 2);
Y = y/H, U = u/U0, whereU0 is the mean velocity in the exit branch.

Fig. 3 compares the predicted dimensionless axial velocity
profiles using the present simulation with both the numerical
and experimental results of Roy et al. [15]. It is seen from
this figure that the present results are in good agreement
with both sets of data. The small discrepancies may be due
to the slight differences in the measuring positions used in
the experiment and the simulation. No data are available for
temperature fields in similar configurations.

3. Results and discussion

Fluid (air in this case) was injected into the system through
the two inlets (see Fig. 1). The two streams impinged nor-
mally against each other and then left the system through
the exit channels situated symmetrically on either side of
the impingement region. The length of the mixing channel
was extended long enough to satisfy the fully developed
channel flow assumption. To study mixing of the two fluid
streams air of different temperatures was injected through
each inlet channel. The ranges of parameters studied are:
inlet jet Reynolds number (Rej ) from 500 to 10 000 for
time-dependent cases and from 10 to 3500 for steady cases;
the ratio of the height of the exit channel to the width of the
inlet jet (H/W) was varied from 1.0 to 4.0.

By solving the transient conservation equations for mass,
momentum and energy it was possible to obtain conditions
where the flow begins to shift from laminar to a transitional
and then a random flow regime. The velocity components
were sampled at each time step atx = W/2 andy = 0 to de-
termine if the flow was unsteady (either periodic or random
oscillatory). These results are shown in Fig. 4. This figure
shows that the transition Reynolds number depends strongly
on the geometric configuration, viz.H/W, especially at lower



218 S. Devahastin, A.S. Mujumdar / Chemical Engineering Journal 85 (2002) 215–223

Fig. 4. Flow regime diagram: (A) stable; (B) oscillatory (periodic); (C)
random oscillatory.

values ofH/W. A similar study has been reported by Roy
et al. [15] for the transition Reynolds number of the flow in
a junction (one-way impinging streams). Only one case with
H/W = 2 is reported in their study, however. They men-
tioned that the flow in the exit branch becomes turbulent for

Fig. 5. Some oscillating patterns of velocity component iny-direction: (a)H/W = 1.0, x/(W/2) = 1.0, Rej = 4000; (b)H/W = 1.0, x/(W/2) = 50,
Rej = 4000; (c)H/W = 3.0, x/(W/2) = 1.0, Rej = 500; (d)H/W = 3.0, x/(W/2) = 50, Rej = 500.

Re > 500 (based on the mean velocity in the exit branch).
Using the present computer code the transition Reynolds
number is identified to beRe ≈ 700. The discrepancy be-
tween our numerical and their experimental results may be
due to the presence of unavoidable disturbances when con-
ducting the real experiment, which may lead to an earlier
onset of instability than the one obtained numerically. Simi-
lar trend has been reported by Wood et al. [10] who studied
experimentally and numerically the flow field created by two
impinging liquid jets in a cylindrical chamber. They found
that the calculations are more stable than the experimental
conditions with respect to stability of the flow. This is due
to the fact that the computational inlet boundary condition
is fixed properly while in the experiments a pressure wave
would be fed back into the jet itself, which could create a
disturbance and promote oscillations in the mixing chamber.
Nevertheless, this shows that the code performs quite satis-
factorily in predicting the flow characteristics of impinging
streams.

Some typical plots of the velocity component in the
y-direction are shown in Figs. 5 and 6, where various os-
cillating and fluctuating patterns can be identified. Similar
behavior is observed for each case for the velocity com-
ponent in thex-direction as well. It can be seen in these
figures that the oscillations as well as fluctuations diminish
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Fig. 6. Some fluctuating patterns of velocity component iny-direction: (a)H/W = 1.0, x/(W/2) = 1.0, Rej = 7500; (b)H/W = 1.0, x/(W/2) = 50,
Rej = 7500; (c)H/W = 2.0, x/(W/2) = 1.0, Rej = 3000; (d)H/W = 2.0, x/(W/2) = 50, Rej = 3000.

as the exit ports are approached. It is seen in Fig. 5 that
the degree of oscillation (amplitude as well as frequency of
oscillation) is smaller at lowerH/W despite the higher value
of Rej ; the further away from the stable regime the higher
is the degree of oscillation. Similar trend is observed for
the fluctuating cases shown in Fig. 6. The diminishing of
the fluctuating velocity component is not as clear as can be
seen for the oscillating cases, however.

As noted earlier temperature was used as a passive tracer
to study mixing of the two fluid streams introduced into
the system. As the two streams mix and approach the exit
ports the temperature profiles across the exit channel height
are flattened; the well-mixed condition is satisfied when no
temperature gradient exists across the channel height, i.e. the
temperature profile is flat. To study the mixing performance
of the system at different operating conditions and geometric
configurations a mixing index was defined as follows:

Mixing index = σT

�T
(11)

whereσT is the standard deviation of the fluid temperature
across the channel height at any specific axial location and
�T is the temperature difference of the two inlet streams.
σT = 0 thus implies well-mixed condition. Note that dif-

ferent criteria for mixing (e.g. the one proposed by Hos-
seinalipour and Mujumdar [12]) may be used but the above
criterion is conceptually easier to visualize. Nonetheless, ei-
ther index should equally predict the channel length required
to well mix the two streams.

As mentioned earlier simulations were performed for
cases with inlet jet Reynolds numbers in the stable regime
to study the mixing characteristics of the system. The plots
of velocity vectors and temperature isotherms of two rep-
resentative cases are shown in Fig. 7. At lowH/W, i.e.
H/W = 1, no recirculating bubble is observed at lowRej
(sayRej < 1000). The flow develops only a short distance
downstream of the impingement region. The jet interaction
is also weak; the two jets seem to flow parallel to and do
not penetrate into each other even in the zone of impinge-
ment. This trend continues to hold even at higherRej , i.e.
Rej = 3500. As H/W increases recirculating bubbles are
observed at much lowerRej . The vortices size increases
with increasedRej ; this trend is more pronounced at higher
values ofH/W. The jet interaction is also stronger asH/W
increases as is seen in Fig. 7b. A structure similar to the
“pancake” reported by Wood et al. [10] can also be seen
in this figure. The flow develops much later downstream
compared to the case shown in Fig. 7a. Large recircu-
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Fig. 7. (a) Velocity vectors and temperature contoursH/W = 1.0, Rej = 200; (b) velocity vectors and temperature contoursH/W = 4.0, Rej = 200.

lating bubbles are also seen in this figure. The shape of
the temperature profiles is affected by the jet interaction
and the presence of the vortices as can be seen in this
figure.

The plots of the mixing index versus dimensionless ax-
ial distance with the jet Reynolds number as a parameter
are shown in Fig. 8a–d forH/W = 1–4, respectively. Both
dimensional and dimensionless coordinates are shown in

these figures for easy comparison. It should be noted that
the upper limit ofx/(W/2) = 200 in these figures was
chosen arbitrarily and does not imply that the computa-
tional domain ends at that particular value. The fully devel-
oped assumption at the exit still holds for all cases reported
here.

It can be seen from these figures that a longer exit chan-
nel is required for complete mixing as the jet Reynolds



S. Devahastin, A.S. Mujumdar / Chemical Engineering Journal 85 (2002) 215–223 221

Fig. 8. (a) Mixing index forH/W = 1.0; (b) mixing index forH/W = 2.0; (c) mixing index forH/W = 3.0; (d) mixing index forH/W = 4.0.

number increases. This trend holds for allH/W studied. This
may be ascribed to the increase in momentum of the fluid
in the exit channel (and hence shorter residence time of
the fluid in the system) due to the additional mass coming
into the system. At lowH/W, i.e. H/W = 1–2, the mix-
ing curves scale monotonically withRej since very small
jet interaction occurs. Thermal mixing is mainly by diffu-
sion. As H/W increases the jet interaction is stronger and
hence a better mixing in the impingement zone and its vicin-
ity. For a particular value of the jet Reynolds number the
distance to attain well-mixed condition increases in the di-
mensionless distance but decreases dimensionally withH/W
since the transverse diffusive term in the energy equation
becomes less dominant asH/W increases. Very good mixing
is obtained over a rather short distance for all cases studied,
however.

Fig. 9 shows the plots of the mixing index versusx/(W/2)
with H/W as a parameter. The upper limit ofRej = 200
was chosen here since this is the last point where a lam-
inar steady solution can be obtained forH/W = 4 (see
Fig. 4). Again, asH/W increases the dimensionless length
of the exit channel required to well mix the two streams in-
creases. This effect ofH/W on the mixing length, however,
decreases with an increase inH/W. The effect of the jet in-
teraction on the mixing in the impingement region can be
seen again in Fig. 9c and d. AsH/W increases the jet inter-
action is stronger and hence a better mixing (Fig. 9c). As
H/W becomes higher and hence the higher jet velocity at the
sameRej due to the smaller jet opening the higher lateral
momentum tends to push the fluid out the system faster. This
leads to a poorer mixing at highRej andH/W as is seen in
Fig. 9d.
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Fig. 9. (a) Mixing index forRej = 10; (b) mixing index forRej = 50; (c) mixing index forRej = 100; (d) mixing index forRej = 200.

4. Concluding remarks

Numerical simulations are reported on the flow and mix-
ing characteristics of two-dimensional laminar confined
impinging streams. Time-dependent conservation equations
for mass, momentum and energy were solved to determine
the condition when the flow starts to shift from laminar to
transitional to random oscillatory flow regimes for various
geometric configurations. Once the flow regime diagram
has been established simulations were performed for cases
in which steady-state solutions are obtainable to study the
mixing characteristics of impinging streams. It is found
that, for each geometric configuration, a longer exit channel
is required to obtain well-mixed condition as the inlet jet
Reynolds number increases. For the same inlet jet Reynolds
number, it is found that the distance to attain the well-mixed
condition increases dimensionlessly but decreases dimen-
sionally with H/W. Very good mixing is obtained over
a rather short distance for all cases examined. This con-
firms the benefits of using impinging streams in the mixing

operation. The results presented here are useful for the pre-
liminary design of an in-line mixer for high viscosity fluids
utilizing a novel multiple impinging stream geometry.
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