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Multi-orifice cross-flow jet mixers (MOC]Ms) are used in various industrial applications due to their
excellent mixing efficiency, but few studies have focused on the micromixing performance of MOCJMs.
Herein, the flow characteristics and micromixing performance inside the MOCJM were investigated using
experiments and computational fluid dynamics (CFD) simulations based on the Villermaux/Dushman
system and the finite-rate/modified eddy-dissipation model. The optimal A value was correlated with the
characteristic parameters of MOCJMs to develop a CFD calculation method applicable to the study of the
micromixing performance of the MOCJMs. Then the micromixing efficiency was evaluated using the
segregation index Xs, and the effects of operational and geometric parameters such as mixing flow
Reynolds number (Rey), flow ratio (Rg), total jet area (St), the number of jet orifices (n), and outlet
configuration on the micromixing efficiency were investigated. It was found that the intensive turbulent
region generated by interactions between jets, as well as between jets and crossflows, facilitated rapid
reactions. Xs decreased with increasing Rey; and decreasing Rg. Furthermore, MOCJMs with lower St, four
jet orifices, and the narrower outlet configuration demonstrated a better micromixing efficiency. This
study contributes to a deeper understanding of the micromixing performance of MOCJMs and provides
valuable guidance for their design, optimization, and industrial application.

© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

The mixing process holds paramount importance for numerous
chemical reactions and production processes. In order to realize
rapid mixing of fluids, researchers have developed various forms of
jet mixers, including coaxial jet mixers [1], countercurrent jet
mixers [2], cross-flow jet mixers [3], and impingement jet mixers
[4]. The principle of cross-flow jet mixers involves injecting two or
more fluids into a mixing chamber through high-speed jets, facil-
itating rapid fluid mixing and dispersion through turbulence and
molecular diffusion. The cross-flow jet mixer with porous injection
is referred to as the multi-orifice cross-flow jet mixer (MOCJM),
characterized by its simple structure and high mixing rate. It has
been widely used in fields such as crystallization, nano-particle
preparation, chlorination processes, combustion, etc. [5—8]. Over
the past decades, researchers have conducted extensive experi-
mental and simulation work on the mixing mechanism and
macroscopic characteristics of MOCJMs. Concerning the mixing

* Corresponding author.
E-mail address: xyyang@ecust.edu.cn (X. Yang).

https://doi.org/10.1016/j.cjche.2024.03.007

mechanism, particular attention has been directed toward the
formation and development of cross-flow jet vortex structures
[9—13]. The prevailing view is that interactions between jets and
crossflows, as well as among jets, generate vortex systems,
including counter-rotating vortex pairs, shear layer vortices,
horseshoe-shaped vortices encircling jet columns, and wake
vortices in the lee of jets. In terms of macroscopic characteristics,
research has focused on macromixing performance, flow pattern,
and jet trajectories [14—22].

However, to the best of our knowledge, limited research has
been dedicated to exploring the micromixing performance inside
MOC]Ms. For complex fast-reaction systems (such as precipitation,
polymerization, crystallization, complex organic synthesis re-
actions, etc.), product yield and selectivity depend not only on
macromixing at the reactor scale, but also on micromixing from the
smallest tiny elements scale of turbulent dispersion to the molec-
ular scale [23]. Moreover, micromixing efficiency is widely
acknowledged as a key indicator for evaluating reactor perfor-
mance, and many studies have delved into micromixing efficiency
in different types of reactors [24—26]. Hence, conducting research
on the micromixing performance within MOCJMs holds consider-
able significance.
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A lot of methods have been proposed for evaluating micro-
mixing performance. Among them, the chemical reaction method,
which uses mixing-sensitive chemical reactions as molecular
probes, has distinct advantages compared to traditional physical
measurement methods. The chemical reaction method involves
introducing a reaction system with known reaction kinetics into
the mixer and exploring the micromixing effect by analyzing the
conversion of the reactants and selectivity of products after mixing.
Based on the Villermaux/Dushman reaction system, researchers
have used the chemical reaction method to investigate micro-
mixing in microchannel reactors [27], rotating packed bed reactors
[28], helical-tube reactors [29], and several other types of reactors.
Nevertheless, it is challenging to obtain fluid-flow information and
species  concentration  distribution using experimental
methods and change the geometric shape of reactors to optimize
their structure.

In recent years, with the development of computer science,
numerical simulations using computational fluid dynamics (CFD)
methods have proven to be an effective and economical approach
in studying reactive flows. An increasing number of scholars are
utilizing CFD simulations to analyze the micromixing performance
within reactors. Liu et al. [30] used the direct quadrature method of
moments combined with the interaction by exchange with the
mean to investigate the micromixing performance within a swirl-
ing reactor. The results indicated that the introduction of ultra-
sound can intensify turbulence, leading to a relatively uniform
environment for chemical reactions and thus reducing by-products.
In a work on coaxial mixers, CFD simulations using the concepts of
turbulence dissipation and engulfment models indicated that the
micromixing performance of a six-pitched blade/Rushton turbine
impeller surpassed that of a six-straight-blade/Rushton turbine
impeller when the feeding point was in close proximity to the
Rushton turbine impeller [31]. Ouyang et al. [24] utilized CFD
simulations combined with the finite-rate/modified eddy-dissipa-
tion model (FR/MEDM) to investigate the micromixing in a rotating
packed bed. The results indicated a high level of consistency be-
tween simulation and experimental data. Micromixing efficiency
was enhanced with increased liquid-flow rates, reduced viscosity,
and higher rotational speeds. This paper used the FR/MEDM
because it offers reasonable accuracy and lower computational
costs than other methods.

Given the research status quo, this study aims to evaluate the
micromixing performance within MOCJMs. Based on the Viller-
maux/Dushman reaction and the FR/MEDM, the experimental and
CFD methods were utilized to explore the internal flow character-
istics and reaction processes of the mixer in this work. Effects of
various operational parameters and geometric parameters on the
micromixing performance were analyzed, and the mechanisms of
micromixing intensification of MOCJMs were elucidated.

2. Experimental
2.1. Materials and equipment

Table 1 shows the experimental reagents and initial concen-
trations of species used for the parallel competitive reactions.

Table 1
Experimental reagents and their initial concentrations

Species Purity/% Company Initial concentrations/mol-L™"
H3BO3 99.5 Aladdin 0.1818

NaOH 98.0 Aladdin 0.0909

KI 99.0 Aladdin 0.0160

KIOs 99.995 Aladdin 0.0033

H,S04 98.0 Aladdin 0.02/0.04/0.08

H3BO3 and NaOH were first dissolved in deionized water to prepare
a buffer solution. Subsequently, solutions of KI and KIO3 were
prepared and added to the buffer solution to form stream A. HSO4
was dissolved in deionized water to prepare stream B.

Fig. 1 depicts the schematic diagram of the experimental setup
and the geometric structure of the 3D-printed MOC]Ms. Both
stream A and stream B are simultaneously pumped into the jet
mixer by a centrifugal pump, with volumetric flow rates ranging
from 1 to 5 L-min~'. After mixing inside the MOCJMs, samples of
the mixture are collected at the outlet at fixed time intervals and
analyzed at 353 nm using an ultraviolet (UV) spectrophotometer
(Shimadzu UV-1800, Japan). The mixer consisted of a mixing tube
for crossflow and one or more orifices (with a diameter of d) for
injection. Stream A (crossflow) directly flowed through the mix-
ing tube, and stream B was injected into the mixing pipe to mix
with the cross-flow flow via the jet orifices. To explore the impact
of various structural parameters on micromixing, multiple
mixer configurations were designed as presented in Table 2. For
example, M-4®2-U represents a mixer with four injection orifices,
each with a diameter of 2 mm, and the outlet configuration
unchanged.

The Reynolds number for mixed stream is defined as follows:

Rey = duyip/u (1)
where uy is the outlet velocity, and the flow ratio Rg is defined as:
Re=Qg8/Qa (2)

where Qa and Qg represent the flow rates of stream A and stream B,
respectively.

2.2. Parallel competing reaction system

Generally, for slow reactions, there is sufficient time for re-
actants to mix extensively at the molecular level, and the actual
reaction rate is determined by intrinsic reaction kinetics. In
contrast, for fast reactions, the reaction has occurred before thor-
ough mixing is achieved, leading to side reactions when local
concentrations are heterogeneous. In such instances, micromixing
processes control the actual reaction rate. To investigate liquid
micromixing efficiency within reactors, the Villermaux/Dushman
parallel competing reaction system was commonly used. This sys-
tem is illustrated by reactions (R1) to (R3), representing a three-
reaction system.

H,BO3 + H™ —H;3B04 (R1)
51" +103 +6H" — 3I, + 3H,0 (R2)
L+ =I5 (R3)

The neutralization reaction (R1) is a quasi-instantaneous reac-
tion, whereas the oxidation—reduction reaction (R2) is a fast re-
action but much slower than reaction (R1), and both of these
reactions compete for H* [32,33]. If micromixing is perfect, only
reaction (R1) occurs. If micromixing is imperfect, an excess of H™
leads to reaction (R2), resulting in the formation of I,. Subsequently,
I reacts with I” through reaction (R3) to generate I5. At 25 °C, the
kinetic parameters of the parallel competitive reaction system are
shown in Table 3, with the kinetics of reaction (R2) depending on
ionic strength. The micromixing performance can be evaluated
using the segregation index Xs within the range of 0—1, which is
defined by the following equations:
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Fig. 1. (a) Experimental setup for parallel competitive reactions. (b) Schematic diagram of MOCJM structure.

Table 2
Geometric parameters of different MOC]Ms
Jet mixer Jet orifices’ Jet orifices Inner diameter Outlet type
number n diameter d/mm of outlet D/mm
M-491-U 4 1 12 Unchanged
M-401.5-U 4 1.5 12 Unchanged
M-402-U 4 2 12 Unchanged
M-492.5-U 4 25 12 Unchanged
M-403-U 4 3 12 Unchanged
M-104-U 1 4 12 Unchanged
M-292.83-U 2 2.83 12 Unchanged
M-801.41-U 8 141 12 Unchanged
M-4d2-N 4 2 6 Narrowed
M-402-E 4 2 18 Enlarged
Table 3
Parallel competing reaction kinetic parameters [34]
Reaction Kinetics k
(R1) 11 = ky[H"][H,BO3] ki = 10" m?-kmol~*-s!
(R2) ry = ky[H ]2 [17)?[103] [ <0.166 mol-L~1,1g(ky) = 9.28105 — 3.664/[]
[ >0.166 mol-L™!,Ig(k,) = 8.383 — 1.5112/[I] + 0.23689]]]
(R3) r3 = ks, [I7][Ia] — ks_[I5] k3, = 5.9 x 10° m*-kmol 157!
k3~ =75 % 10%s7!
3. Computational Fluid Dynamics Model
Y 3.1. Governing equations
Xs= Yo 3)

The simulation assumed that the fluid in MOCJM was incom-
pressible single-phase flow, with the governing equations as
follows:

Y= 2(Va + V) ([I2] + [I3]) 4) Continuity equation:
- +
ValH g
V-u=20 (6)
Yor = 6 [IO; ] 0 (5) Momentum conservation equations:
6[05], + [H2BOs3 |
The value of Xs ranges from 0 to 1. Xs = 0 is for perfectly micro- - Vit = —Vp + uv2u 7)

mixing, whereas Xs = 1 is for absolute segregation. A smaller Xs
indicates a better micromixing performance.

Species transport equation:



66 H. Yang et al. / Chinese Journal of Chemical Engineering 70 (2024) 63—72

vy =9+ | (D £ )| R (8)

In the aforementioned equations, y; represents the local mass frac-
tion of species i, D; is the mass diffusion coefficient of species i,
whereas u¢ and Sc; denote turbulent viscosity and turbulent Schmidt
number, respectively. R; stands for the net rate of species i resulting
from chemical reactions. In comparison with the standard k—e
model, the realizable k—e model introduces strain and rotation
tensors into the calculation of turbulent viscosity, and constraints are
applied to the Reynolds stress in the realizable k—e turbulence model
to make the model more consistent with turbulent flow physics,
enabling more accurate prediction of round jets. Additionally, accu-
rate predictions of the flow field and concentration field of multi-
orifice cross-flow jet have been obtained by using the realizable
k—e model [3,13]. Large eddy simulation requires more computa-
tional cost than the Reynolds-averaged Navier—Stokes (RANS) model
with the same structure and number of meshes. Hence, considering
computational capability and accuracy, the RANS model with real-
izable k—e turbulence equations was adopted in this paper:

v (uk) = [(u +5t )vk] + 1 Vu (Vu VU ) ~ pe (9)
pV(ue):V{(}LJr%)VE} + Cq.Spe — kfi;%pez (10)

The definition of turbulent viscosity is as follows:

k2
= pCu? (1 1 )
where
o 1 o= 1COS \/“SU kskl
" 404+ [6555(k /t)cos 3 (s

(12)

1 auj ou;
S=1/28;S; .S i((?xﬁ&) (13)

]

In these equations, Cq, and Cy, are constant, and ¢y and ¢, represent
the turbulent Prandtl numbers for k and e. The default values in
ANSYS FLUENT were used in the simulation: Cy, = 1.44; Gy, = 1.9;
ox = 1.0; 0. = 1.2

3.2. Finite-rate/modified eddy-dissipation model

In the finite-rate/eddy-dissipation model, the reaction rate is
controlled by intrinsic kinetics and turbulent mixing, and the net
reaction rate is determined as the smaller value between the
Arrhenius rate and the eddy-dissipation reaction rate. For the
finite-rate model, the molar reaction rate of species i is calculated
by the following equation:

N

N
Rzr,r = (U Vir ) kf r H - kb,r H (C]}r)n (14)
Jj=1 j=1
where j represents the concentration of species j participating in
reaction r, m and n represent the exponents of reactants and
products, respectively, k¢, and kp represent the rate constants for
the forward and reverse reactions, respectively, v}‘r and v’,-:r stand for
the stoichiometric coefficients of reactant and product i in reaction

r, respectively. The eddy-dissipation model was originally used in
numerical simulations of combustion processes, which involve
extremely fast reactions. A reasonable assumption is that the re-
action rate is controlled by the mixing rate rather than reaction
kinetics. Based on this assumption, the reaction rate of component i
can be calculated using Eq. (15).

Rf, =, MApkmln mm( Yk ) B pYp (15)
R VR[-MR Z ” M

where Yg and Yp represent the mass fractions of reactant R and
product P, respectively, whereas M; and M; denote the molecular
weights of reactants and products. A and B are empirical constants
associated with simulating flame diffusion and spread. However,
for liquid-phase fast chemical reactions, the value of A is related to
turbulence intensity, and the value of B should be neglected [35].
The turbulent Reynolds number, as given in Eq. (16), can be used to
describe the intensity of turbulence. For different reaction pro-
cesses and experimental conditions, there exists an optimal value
for A. Wang [36] conducted a systematic study on the optimal A
value and correlated it with Re¢:

1 0.816k'/2(0.164k%/3 2
Ret=“7l= ( /> 0134"- (16)

v

Here, v represents the kinematic viscosity. Therefore, the modified
eddy-dissipation model is expressed by the following equation:

e . Yr e . Yr
R;,l' = U;erl'Ap E rann <M> = U;{yl.M"_f(Ret)p E rann <U;Q7FMR>

(17)
Therefore, the FR/MEDM can be expressed by the following
equation:

LT

Ri"r:min(Rr Rt ) (18)
3.3. Physical models and boundary conditions

Steady RANS simulations were performed using FLUENT soft-
ware with a double-precision model. The viscosity model used the
realizable k—e model. The reactions were modeled using the spe-
cies transport equation and the finite-rate/improved eddy-dissi-
pation model, with volumetric reaction rate simulating reaction
kinetics. It was assumed that the physical properties of solution A
and solution B were the same as those of water at 298.15 K, with a
density p of 998.2 kg-m~— and a dynamic viscosity u of 107> Pa-s.
The diffusion coefficients for each species were set as 1072 m?-s~ 1.,
Velocity inlet, pressure outlet, and no-slip-wall boundary condi-
tions were set. The pressure—velocity coupling was addressed us-
ing the semi-implicit method for pressure-linked equations
(SIMPLE) algorithm, and gradient and pressure discretization were
performed using the Green—Gauss cell-based and PRESTO
methods, whereas the remaining terms were solved with second-
order upwind schemes. The calculations were iteratively repeated
until the numerical solutions of all equations met a convergence
criterion of at least 107>,

Fig. 2(a) illustrates the schematic diagram of the hexahedral
structured grid partitioned using ICEM software. To validate grid
independence, four grids of different sizes were generated. As
shown in Fig. 2(b), when the number of grids increases to 564027,
the mass fraction distribution of I, hardly changes, indicating that
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Table 4

The correlation between A and characteristic parameters of MOCJMs

Configuration

Operational parameters

Correlation of the optimal A

M-4@2-U, M-401-U, M-4®1.5-U, M-492-U, M-402.5-U, M-4®3-U,
M-104-U, M-292.83-U, M-801.41-U, M-4®2-N, M-4®2-E, M-492-U

Re =1, [H*] = 0.04 mol-L™!
Rp =2, [H"] = 0.08 mol-L™!
Rp =4, [H*] = 0.16 mol-L™", Rey = 3536—10610

A= (4,794R§ —17.772Rs + 21.47) x

Ret(—2.63R§+13RF—10.698) 110'474

grid independence has been achieved. Therefore, subsequent cal-
culations in this paper were carried out using 564027 grids.

4. Results and Discussion
4.1. Validation of simulation and calibration of empirical constant A

In general, the empirical constant A is subject to variations
depending on the specific reactor types and operational conditions.
Therefore, it is necessary to calibrate the value of A based on
experimental results. As shown in Fig. 3(a), the simulated values of
Xs agreed well with the experimental data, with a maximum de-
viation of 19.7% and an average deviation of 7.19%, demonstrating

the accuracy of the simulation results. In addition, the optimal A
value was correlated with Re, Rgand 1, as shown in Table 4. Fig. 3(b)
indicates good agreement between the simulated and predicted
values of A, with a maximum deviation of 21.9% and an average
deviation of 9.5%. Therefore, the obtained correlation can provide a
feasible method for numerical simulation studies of the flow
characteristics, reactions, and micromixing of MOCJMs.

4.2. Flow patterns inside multi-orifice cross-flow jet mixers
The flow patterns within MOCJMs are primarily influenced by

the flow ratio [12,18]. Fig. 4 illustrates velocity, streamline, and
turbulent kinetic energy distributions in MOCJMs under different
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Fig. 4. Velocity, turbulent kinetic energy contours and streamlines at the Z = 0 plane of the reactor: (a) R = 1; (b) R = 2; (¢) Rg = 4.

flow ratios. Stream B was injected radially from the jet orifice,
mixing with stream A, leading to the rapid generation and dissi-
pation of turbulent kinetic energy. When R = 1, the impingement
among the radial jets at the axis region caused intense turbulent
kinetic energy dissipation, with a maximum Re; of 575. Streamlines
indicate the formation of vortices in the upstream region. Some of
the mainstream flow deflected toward the reactor wall and was
captured by the radial jets to the central axis region, whereas
another part flowed downstream through gaps between adjacent
radial jets. As the Rg increased to 2, the flow pattern underwent a
transition, with no impingement of the radial jet and reduced
turbulence in the upstream region. When Rg reached 4, the core of
the radial jet was adjacent to the mixer wall, resulting in a signif-
icant reduction in turbulence intensity.

Fig. 5 presents the mass fraction contours of various species
simulated in MOCJM at different flow ratios. Since reaction (R1) is
quasi-instantaneous, most of the H" was rapidly neutralized by
H,BO5; to form H3BOs. Reaction (R2) consumed only a small
amount of H' to form Iy. In the case of perfect micromixing, only
reaction (R1) occurs, and no I, is generated. However, if micro-
mixing is imperfect, the local excess of H leads to the occurrence of
reaction (R2), resulting in the formation of I,. As shown in Fig. 5, H*
was rapidly consumed, and the concentrations of H3BO5; and I
became uniform at the outlet.

4.3. Effect of Reynolds number and volume flow ratio on Xs

Fig. 6(a) illustrates that Xs decreased with increasing Rey;. This
was due to the higher turbulence intensity in the mixing zone at
higher Rey, resulting in much more tiny elements of acid solution,
implying a larger contact area and higher micromixing efficiency

[37]. To investigate the effect of the flow ratio on X, the total flow
rate was kept constant, and the flow rates of streams A and B were
adjusted (changing the H' concentration in stream B to maintain
na/ng = QaCao/QsCgo = constant). The results indicated that the
flow ratio significantly affects the micromixing process, with Xs
decreasing as the flow ratio decreases, reaching a minimum at
Rr = 1. This implies that smaller flow ratios result in higher
micromixing efficiency. At R = 4, Xs was significantly higher than
at Rr = 1 and 2. This is because the absence of jet impingement
results in very low turbulence intensity, leading to a reduced re-
action rate of (R1) and weaker competition for H*, allowing more
H* to participate in (R2). As the flow ratio decreased to 2, the in-
crease in radial jet velocity enhanced the entrainment efficiency of
the radial jet, promoting the contact between the two streams, and
the increase in radial jet depth resulted in a more uniform radial
distribution of species. Additionally, the impact between the main
stream and the radial jet was intensified, increasing turbulence
kinetic energy, thereby reducing the Xs. When Rr = 1, Xs further
decreased. This can be attributed to the high turbulence intensity
generated by impingement among jets and the formation of up-
stream eddies. Besides, the bigger volume difference between the
two streams at higher R required a longer time for uniform mixing,
resulting in a decrease in micromixing efficiency.

Fig. 6(b) illustrates the distribution of Xs along the axial channel.
The results indicated that Xs increased with the axial distance L.
There existed a characteristic region of rapid Xs increased between
9 and 26 mm, whereas Xs exhibited minimal changes in other re-
gions. This suggests that the mixing and reaction processes pri-
marily occur within the characteristic region, which serves as
the contact zone where stream A and stream B converge in an
MOCJM. The interactions among jet flows, between jet flows and
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mainstream, resulted in intense turbulent energy dissipation,
leading to the rapid increase of I; and I3 due to heterogeneous
mixing. In addition, the length of the mixer can be reduced in
practical applications because the length of the mixer has a negli-
gible effect on the Xs. For Rg = 1, the liquid entered the characteristic
region at L = 9 mm, whereas for other flow ratios, the liquid entered
this region at L = 14 mm, which can be explained by the formation
of upstream vortices.

4.4. Effect of total jet area on Xs

To explore the influence of the total jet area on Xs, the total flow
rate, flow ratio, and jet orifices’ number were held constant, whereas
the hole diameter was varied (d = 1,1.5, 2, 2.5, 3 mm). Fig. 7(a) reveals
that Xs decreased with the reduction in the total jet area. As shown in
Fig. 7(b), when the jet area was large, the jet velocity was low, and the

depth of the jet was insufficient, resulting in no jet impingement in
the central region, leading to low turbulence. When the jet area
decreased to 7.07 mm?, radial jets impinged at the central axis region,
leading to the generation of upstream vortices and a noticeable in-
crease in turbulence levels, facilitating the formation of smaller acid
solution tiny elements. With further reduction in the jet area, the
upstream vortex area expanded, and more turbulent energy dissi-
pated in the central impingement zone, promoting intense mixing
and molecular diffusion.

4.5. Effect of jet orifices’ number on Xs

Fig. 8 illustrates the influence of the jet orifices’ number on Xs
and Re; distributions, within a Rey range from 3536 to 10610. By
changing the number of jet orifices from 1 to 8, while keeping the
total jet area constant and varying the orifice diameter from 1 mm
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0.025 to 2.8 mm, it was observed that Xs reached its maximum when
n = 1, which can be attributed to lower turbulence intensity. When
. ¢ M-104-U exp. n = 2, radial jet flows impinged near the central axis, resulting in
0.020 | = M-202.83-U exp. high turbulence intensity (Fig. 9(a)) and an increase in the number
WP of vortices (Fig. 9(b)). This promoted an increase in the reaction
M-801.41-U exp. . . .. . .
M-104-U sim, rate of reaction (R1) and improved the macromixing uniformity,
LHOEH o  M202.83-U sim. leading to higher micromixing efficiency. As n increased to 4, the
M-4®2-U sim. impingement between jets diminished, causing a reduction in
g 0.010 — M-801.41-U sim. turbulence intensity. However, an increase in the number of
’ vortices leaded to more uniform dispersion of stream B and
smaller orifice diameters, resulting in smaller initial dispersion
0,005 b sizes and larger contact area between the continuous and
dispersed phases, thus reducing Xs. When n further increased to 8,
£ despite the increased number of vortices and contact area, sig-
0.000 F ) nificant reduction in turbulence intensity resulted in lower
PP T T T TP T TP TR micromixing efficiency. Therefore, it can be concluded that the
3000 4000 5000 6000 7000 8000 9000 10000 11000 optimal micromixing efficiency was achieved when n = 4, which
Rey, was determined by the interaction between the jets and crossflow,

Fig. 8. Effects of jet orifice number on Xs.

impingement among the jets, and the contact area between the
two phases.
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Fig. 10. Effects of outlet configuration on Xs measured experimentally.

4.6. Effect of outlet configuration on Xs

As shown in Fig. 10, the micromixing performance of MOCJM
with unchanged outlet, narrowed outlet, and enlarged outlet was
studied while maintaining the total flow rate. The results indicate
that Xs decreased in the order of M-4®2-U, M-4®2-N, and M-4®2-
E. The turbulent Reynolds number contours reveal that while the
highest turbulence energy was similar in all three types of mixers,
the high-energy-dissipation zone occupied a larger percentage of
the entire mixer volume in the narrowed mixer, leading to a
decrease in segregation scales and segregation intensities of sys-
tem. Therefore, the reactor with the narrowed outlet configuration
exhibited the best micromixing performance, followed by the
mixer with an unchanged outlet configuration, and finally the
mixer with an enlarged outlet configuration.

5. Conclusions
Based on the Villermaux/Dushman system and the FR/MEDM

micromixing model, the flow characteristics and micromixing be-
haviors inside MOCJMs were investigated in this study using

experiments and CFD numerical simulations. The main conclusions
are as follows:

(1) CFD simulation results exhibited excellent agreement with
experimental data, with a deviation in Xs of less than 20%.
Then a CFD method suitable for studying the micromixing
performance of MOCJM was developed by correlating the
optimal A value with characteristic parameters within a
broad range of mixing-flow Reynolds numbers
(Rem = 3536—10610).

(2) The effect of operational parameters on Xs were investigated.
The segregation index Xs decreased with increasing Rep.
Micromixing efficiency was significantly intensified when
the flow rate of the two streams were equal due to the
impingement among jet flows and the formation of reverse
vortices.

(3) The micromixing performance of MOCJM was mainly influ-
enced by the total jet area, the number of orifices, and the
outlet configuration, while being less affected by the mixer
length. A smaller total jet area increased the jet flows ve-
locity, causing the jets to collide near the central axis, thereby
reducing Xs. With the total jet area held constant, the optimal
number of jet orifices existed due to impingement among jet
flows, interactions between jet flows and crossflow, and
variations in contact area. In the narrowed mixer, an
increased percentage of high-turbulence-dissipation zone
occupied the total volume-enhanced micromixing efficiency.

Through this work, it is highly desired to provide computational
methods and theoretical foundations for the design and structural
optimization of MOCJM, promoting its broader application in the
field of fast chemical reactions.
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