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To enhance the micromixing in chemical processes, a jet-stirred tank reactor (JSTR) was developed by
integrating an annular jet with the width of 0.38 mm and 0.60 mm into a 81 L stirred tank to provide
localized energy intensification. The iodide—iodate reaction method was used to evaluate the micro-
mixing performance under different operating and structural conditions. Results showed that the
micromixing time determined by the incorporation model decreased with increasing impeller speed
and jet width, while the feeding position and jet velocity can significantly influence the micromixing
due to jet deflection. The micromixing time in the JSTR ranged from 10 to 30 ms, representing a
reduction of up to 3.45 times compared with the situation that only stirred tank was used. Numerical
simulations of flow in the JSTR revealed four typical flow patterns illustrating the way by which the jet
can affect the micromixing within the reactor. Furthermore, an operating diagram for mapping the
micromixing time based on energy dissipation rate analysis was developed.
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1. Introduction

Mixing is a critical unit operation in chemical processes,
significantly affecting reaction efficiency and product quality.
Based on the characteristic length scales, mixing is categorized
into macromixing, mesomixing, and micromixing [1]. Macro-
mixing distributes materials throughout the reactor via bulk flow,
while mesomixing governs the breakup of large eddies and ex-
change between regions with different turbulence intensities.
Micromixing is the final stage of homogenization, occurring on the
molecular scale, which is at the same scale as chemical reactions
[2]. It begins when the segregation scale reaches the Kolmogorov
scale and proceeds to achieve molecular-level homogeneity pri-
marily through molecular diffusion. Micromixing and intrinsic
reaction kinetics jointly determine the reaction selectivity and
product distribution. If micromixing time exceeds the character-
istic reaction time, undesirable by-products may form in complex
reactions. Therefore, micromixing is critical in many industrial
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processes, including polymerization [3], crystallization, and pre-
cipitation [4].

Given the sub-micrometer scales of micromixing, the molecu-
lar probe method is widely used to indirectly evaluate micro-
mixing performance of the reactor. This approach infers reactor
mixing conditions based on product composition and spatial
distribution. Test systems include parallel competitive reactions
(e.g., iodide/iodate reactions [5,6], alkaline hydrolysis of ethyl
chloroacetate [7]) and consecutive competing reactions (e.g.,
diazo-coupling reaction [8]). Due to its high reaction rate, ease of
detection, broad applicability, and low cost, the iodide—iodate
system is the most widely used in micromixing studies [9,10].

Stirred tank reactors (STRs) are widely used in chemical pro-
cesses for their operational flexibility and scalability [11]. In recent
years, the micromixing optimization in STRs has primarily focused
on impeller design. For example, Assirelli et al. [12] developed a
modified Rushton turbine with rotating feeding pipes that reduced
by-product formation compared to conventional feeding methods.
Li et al. [13] investigated the effect of impeller diameter on the
micromixing performance in aerated stirred tank equipped with
half-elliptical blade-disc turbine and found that smaller impeller
diameter enhances micromixing in single liquid systems but im-
pedes it in gas—liquid systems. Yang et al. [14] developed a zigzag
punched impeller generating impinging jet streams to disrupt the
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isolated zones, achieving better micromixing than standard im-
pellers under the same power input. Liu et al. [15] numerically
examined impeller combinations and found coaxial mixers with
pitched-blade and Rushton turbines provided superior micro-
mixing at a constant power.

Beyond impeller design, integrated reactor designs have shown
potential for enhancing micromixing in STRs. Schaer et al. [16]
demonstrated that jet velocity and positioning significantly affect
micromixing performance when impinging jets are integrated into
STRs. Wu et al. [17] developed a submerged circulative impinging
stream reactor, achieving superior micromixing through high-
velocity counter-current jet collisions. Other strategies, including
the use of ultrasound [18,19], microfluidic stirrers [20], and
propeller-driven torus reactors [21], have also been explored for
micromixing enhancement.

Building upon the design of the impinging jet reactor [22], this
study proposes a novel jet-stirred tank reactor (JSTR). The JSTR
features a submerged upward jet beneath the impeller, generating
a high-velocity upward flow that impinges on the impeller-
induced downward flow, creating counter-current collisions in
order to enhance micromixing near the jet exit. Firstly, the
iodide—iodate reaction method was used to investigate the effects
of impeller speed, jet velocity, feeding position, and jet width on
micromixing performance. Then the numerical simulations were
conducted to characterize the flow field and to clarify the way of
mixing enhancement. In addition, an operating diagram was
developed to predict micromixing time in the JSTR. This study aims
to provide a systematic framework for understanding and opti-
mizing micromixing in JSTRs, facilitating their application in rapid
processes.

2. Experimental
2.1. The Villermaux/Dushman reaction method
The Villermaux/Dushman reaction is employed to characterize

the micromixing performance of the JSTR. The parallel competitive
reaction system consists of the following chemical reactions:

H,BO5 + H"—H3B03 (1)
51" +105 + 6H' =3I, + 3H,0 (2)
I +L-0 (3)

Reaction (1) is quasi-instantaneous, while reaction (2) is fast
but much slower in comparison. Reaction (3) is a quasi-
instantaneous equilibrium reaction. The corresponding reaction
rates and kinetic constants are listed in Table 1.

In this characterization reaction method, H3BO3 serves as the
primary product, while I is formed as a by-product. In the char-
acterization of micromixing performance, a substoichiometric
amount of acid is injected into a buffer solution containing H,BO3,
I7, and 103. Under perfect micromixing conditions, the limiting
reactant H" is rapidly consumed by H,BO3 without generating

Table 1
Reaction rates and kinetic constants [23] of the test reaction system.

Reaction rate Kinetic constant

ry = ky[H"][H,BO3] ki =108 m3-mol~!-s~1
ry = ky = 109281-3.664V1 for [ <0.16 mol-L~!
ley[H* 1 [105 ] 172 k, — 108383-1511v1402369 for [ > 0.16 mol L
r3 = k3[l][I"] - ks =5.9x 105 m3-mol~!-s71
ka[l3] ky =7.5x 10651

additional by-products. However, under imperfect micromixing,
H* becomes locally concentrated and is partially diverted to re-
action (2), producing iodine I, and tri-iodide I3. The concentration
of I3, quantified via UV spectrophotometry at 353 nm [1,6], follows
a linear relationship with solution absorbance as governed by the
Lambert—Beer law (Fig. 1):

I3 | =—2= 4
[3} 353! @)

where D353 is the light absorption of the I3 measured at 353 nm,
v353 is the molar extinction coefficient equal to 2586.5 m?-mol ™"
and [ is the optical path length equal to 0.01 m.

Generally, the segregation index, X, is used to quantify how
perfect micromixing is in the reactor. The segregation index is
defined as:

Y
_2(m, + 1) 2(Va + Vp)([Io] + [13])
Y= My Vg[H o (©)
Yor = 61105 )o (7)

6[105 ], + [H2BO3 ],

where Y is the ratio of the amount of H" consumed by reaction (2)
to the total consumption, Yst is the value of Y in total segregation
case, Vj is the volume of the buffer solution, and Vg is the volume
of the acid solution. The segregation index can be ranged from 0 to
1, where X = 0 corresponds to a perfect micromixing and Xs = 1
represents total segregation (total imperfect micromixing).

2.2. Experimental setup

The structure details of the JSTR are shown in Fig. 2. Experi-
ments were carried out in a flat-bottom plexiglass of internal
diameter Top = 476 mm with a draft tube of internal diameter
T1 =310 mm, and the liquid height H is kept at H = T. Five baffles
were mounted circumferentially inside the draft tube to avoid the
fluid whirling in the stirred tank. A five-blade axial-flow impeller
(CBY) with a diameter of 300 mm was used to generate a strong
downward axial flow inside the draft tube. The off-bottom clear-
ance of the draft tube and the jet device were ¢; = 77.5 mm and

3.0 . .
D, , =25.863[1]
R%=0.9990
2.0 L
o
wy
o
Q
1.0 L
0.0 y :
0.00 0.04 0.08 0.12
[1,]/ mol-m™>

Fig. 1. Calibration curve for I3 absorbance.
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Fig. 2. Structural configuration and key dimensional of the JSTR: (a) reactor structure; (b) jet dimensions; (c) feeding position of the sulfuric acid; and (d) sectional view of annular

jet.

¢ = 50 mm, respectively. An annular jet exit design was adopted to
enhance fluid dispersion within the reactor. The annular jet nozzle
has a fixed outer diameter dy of 240.50 mm, with two inter-
changeable inner diameters di: 239.74 mm (jet width
w = 038 + 0.02 mm) and 23930 mm (jet width
w = 0.60 + 0.03 mm). Three acid feeding positions were evenly
spaced along the line connecting the jet exit to the lower edge of
the draft tube, as shown in Fig. 2(c). The coordinates of the acid
feeding positions are as follows: PO (r = 137.50mm, z =
63.75mm), P1 (r = 14625mm, z = 70.62 mm), P2 (r =
257.50 mm, z = 56.87 mm). The key geometrical parameters of
the JSTR are summarized in Table 2.

The schematic of the experimental setup is shown in Fig. 3. The
reactor was initially filled with a premixed solution of KIO3 (>99.8%,
Aladdin), KI (>99%, Aladdin), H3BO3; (>99.8%, Aladdin), and NaOH
(>98%, Aladdin), and the concentration of the reactant is shown in
Table 3. The density and viscosity of the solution were 1000 kg-m >
and 1 mPa-s, respectively. A total of 100 ml sulfuric acid solution
was equally divided into five parts and injected into the JSTR
through five capillaries with an internal diameter of 0.7 mm, which
were uniformly arranged along the circumference inside the draft

Table 2

Geometrical parameters of the JSTR.
Geometrical parameters Value
Tank diameter, To/mm 476
Draft tube diameter, T;/mm 310
Liquid height, H/mm 476
Impeller diameter/mm 300
Off-bottom clearance of the draft tube, c;/mm 77.5
Off-bottom clearance of the jet device, c;/mm 50
Outer diameter of the jet, do/mm 240.50
Inner diameter of the jet, d;/mm 239.74 & 239.30
Jet width, w/mm 0.38 & 0.60

Micro-injection
pump

Sampling
value

Impeller

Draft tube

Annular jet

Flowmeter
gauge pump

Pressure Centrifugal

Fig. 3. Schematic diagram of experimental setup.

Table 3

Reactant concentrations (mol-L™1).
KIOs KI H3BO3 NaOH H,S04
0.00233 0.01165 0.1818 0.0909 0.5

tube. This agreement matched the number of draft tube baffles,
ensuring uniform placement between the baffles. The injection flow
rate was accurately controlled by a micro-injection pump. The in-
ternal flow within the reactor was driven by both mechanical stir-
ring and an external jet loop. The impeller generated a downward
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flow through the draft tube, which then circulated along the outer
wall and re-entered the draft tube from the top, forming an internal
loop. At the same time, a portion of the liquid was withdrawn from
the top of the reactor, passed through an external loop driven by the
centrifugal pump, and was re-injected at the bottom via the annular
jet. The upward jet interacted with the impeller-induced downward
flow, enhancing local turbulence and micromixing near the feeding
point. To minimize the influence of potential axial concentration
gradients, solution samples were collected from five sampling ports
at different heights after the reaction, and their absorbance was
subsequently measured by a spectrophotometry (BlueStar A, Lab-
Tech, China). Furthermore, the successive acid injection method
[24] (one measurement per injection) was employed to reduce
preparation time and experimental costs.

2.3. Experiment scheme

A series of experiments were designed to evaluate the effects
of operating conditions and structural parameters on mi-
cromixing of the JSTR. The experimental conditions include the
impeller speed (N), the jet velocity (vje), the acid feeding position,
and the jet width (w). For each conditions, the experiments
were repeated three times to ensure reproducibility, and the
average value were used for futher analysis and discussion. The
experimental conditions are summarized in Table 4 for ease of
reference.

3. Numerical Simulation
3.1. Physical models and governing equations

Computational fluid dynamics provides an effective approach
for investigating the internal flow characteristics within reactors.
In this study, ANSYS Fluent was employed to analyze the flow
behavior in the JSTR. Due to the complex geometry and the large
disparity in characteristic length scales (0.1 mm at the jet exit
versus 100 mm in the stirred tank), the computational domain was
simplified to reduce simulation costs. The reactor geometry was
azimuthally divided into five identical sectors, and periodic
boundary conditions were applied, allowing the full reactor to be
represented by a single sector. Since the internal flow within the
jet device is not relevant to this study, only a representative
segment immediately upstream of the jet exit was modeled to
ensure a hydrodynamically fully developed flow entering the tank.
To improve the resolution of the interaction between the jet and
the stirring flow, the mesh near the jet exit was locally refined. The
physical model and the surface mesh of the impeller and jet used
in this study are shown in Fig. 4.

The simulation of incompressible fluid flow is based on the
numerical solution of the continuity and Navier—Stokes equations,
with the governing equations as shown below:

V-u=0 (8)
ou 5

p5+pu~Vu:—Vp+uV u-+pg (9)

Table 4

Micromixing experimental conditions.

=== Outlet

(a) (c)

Fig. 4. Physical model and mesh for simulation: (a) physical model; (b) the surface
mesh of the impeller; and (c) the surface mesh of the jet.

where u is the velocity, p is the density, p is the pressure, u is the
viscosity, and g is the gravitational acceleration vector.

The standard k— model was employed to close the turbulence
equations. The transport equations for k and e are expressed as
follows:

V-(puk):V-[(qug—;)Vk} + Gy — pe (10)
V- (pue) = V- Ku + %) Ve} +2(C1uG — Coupe) (11)

where the turbulent viscosity u; and the generation of turbu-
lence kinetic energy due to the mean velocity gradients Gj are
given by:

k2
Me = Cup? (12)
3 3 2
du; du;
Ge=te ) Zz<ax;~+ax§> (13)
i=1 j=1

The model constants are as follows:

0 =1.0,0. = 1.3,Cy, = 1.44,Cy, = 1.92,C, = 0.09

3.2. Boundary conditions and simulation strategy

As this simulation focuses on steady, incompressible flow,
ANSYS Fluent was employed with a pressure-based solver. The
computational domain was divided into two regions: a rotating
zone surrounding the impeller and a stationary zone containing
the remaining parts of the JSTR. The Multiple Reference Frame

1

Impeller speed, N/r-min~ Jet velocity, vjet/m~s’1

Jet width, w/mm Feeding position Related section

31.8,63.6,95.4, 127.2, 159.0, 190.8, 222.6 0.5,1.0,15,2.0,25,3.0,3.5
95.4,127.2 0.5, 1.0, 1.5, 2.0, 2.5, 3.0
95.4 0.5,1.0,1.5,2.0

0.38 PO Section 4.2.2 & Section 4.2.3
0.38 PO, P1, P2 Section 4.2.4
0.38, 0.60 PO Section 4.2.5
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approach was applied to model the rotating impeller. All wall
boundaries were subjected to no-slip conditions. The
pressure—velocity coupling was resolved using the Semi-
Implicit Method for Pressure-Linked Equations algorithm. The
second-order upwind scheme was adopted for the spatial dis-
cretization of all governing equations. Convergence was ach-
ieve4d when the residuals of all governing equations fell below
107

3.3. Grid independent verification

In numerical simulations, both the quality and density of the
mesh are critical factors that significantly affect the accuracy of the
computational results. Therefore, grid independence verification is
essential. Three discretization schemes were evaluated, containing
approximately 4.2 million, 5.4 million, and 7.0 million cells,
respectively. Fig. 5 presents the velocity and turbulent kinetic
energy distributions along the radial direction in the yz-plane at z/
H = 0.13 under different grid resolutions. In the jet-affected region,
the velocity profiles under the 5.4 million and 7.0 million cell
meshes were nearly identical and both higher than those from the
result of 4.2 million cell mesh. The turbulent kinetic energy
exhibited a similar trend, indicating solution convergence with
mesh refinement. Based on these results, the mesh with approx-
imately 5.4 million cells was selected for all subsequent simula-
tions to balance computational accuracy and cost.

4. Results and Discussion
4.1. Overall flow fields in the JSTR

In this study, flow fields were obtained by steady simulation.
Fig. 6 presents the velocity fields in the yz-plane at an impeller
speed of 95.4 rpm and a jet velocity of 3.0 m-s~ L. A typical circu-
lating flow field is established in the reactor due to the use of the
draft tube. Inside the draft tube, the down-pumping impeller
drives the liquid downward along the axial direction, drawing
liquid from the upper region of the tank into the impeller zone and
thereby enhancing circulation and mixing. Subsequently, under
the combined action of the jet and the impeller, the liquid flows
upward through the annular space between the draft tube's outer
wall and the reactor wall. Near the top of the reactor, the flow turns
inward and re-enters the draft tube, completing the recirculation
loop. Additionally, distinct jet diffusion and shear layers are

12 . \ \ ,
© 4.2 million cells (a)

g 5.4 million cells '}
¢ 7.0 million cells ?
0.9 1 -
8
@ L]
o
8 i
0.0 T T T T
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magnitude

/m-s!
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Fig. 6. Velocity fields in the yz-plane at N = 95.4 r-min "' and vjer = 3.0 m-s™".

observed near the jet exit. The jet stream increases the fluid ve-
locity outside the draft tube and elevates the local shear rate near
the jet, thereby enhancing mixing in this region.

4.2. Segregation index in the JSTR

4.2.1. Determination of feeding time

In micromixing experiments, the influence of macromixing on
product distribution must be eliminated. Rapid acid injection can
lead to poor acid dispersion, resulting in localized excess of HT,
and may also disturb the flow field near the feeding point. It is well
accepted that a critical feeding time exists [6,14]. When the
feeding time exceeds this critical value, Xs becomes independent
of the feeding time and depends solely on micromixing perfor-
mance. In this study, the feeding time of acid was determined at
the lowest impeller speed (31.8 r-min~!) and the lowest jet ve-
locity (0.5 m-s~ 1), corresponding to the worst macromixing con-
dition. Fig. 7 illustrates that the segregation index stabilized when

0.12 L L L .
© 4.2 million cells ¢ (b)
o 5.4 million cells
¢ 7.0 million cells %
0.09 1 3
(Tm
NE 0.06 1 5
~

k
ow

0.03 4 r

0.00 T T T
0 50 100 150 200 250
7/ mm

Fig. 5. Grid independence verification: distributions of (a) velocity magnitude and (b) turbulent kinetic energy on the yz-plane at z/H = 0.13 with 4.2 million, 5.4 million, 7.0

million cells, respectively (N = 95.4 r-min ", Vjer = 3.0 m-s ™).
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Fig. 7. Influences of acid feeding time on segregation index (N = 31.8 r-min~",
Vier = 0.5 m-s~!, w = 0.38 mm feed at PO).

the injection time exceeds 2400 s. Accordingly, a feeding time of
2800 s was selected for the subsequent experiments, corre-

sponding to a feed flow rate of 0.43 ml-min—.

4.2.2. Effect of impeller speed

The impeller speed, as a key operating parameter in the JSTR,
directly affects the turbulence intensity, shear rate, and interaction
strength between the jet and the main flow, thereby influencing
micromixing performance. The segregation index was measured at
seven different impeller speeds, and the results are shown in Fig. 8.
Experiments were repeated three times, and the maximum stan-
dard deviation observed was 0.57%, indicating good
reproducibility.

As shown in Fig. 8, the segregation index decreases with
increasing impeller speed, indicating enhanced micromixing per-
formance at higher rotational speeds. This trend can be attributed to
the increase in overall turbulence intensity within the reactor, which
increases the local energy dissipation rate and improves the micro-
mixing efficiency. The intensified turbulence promotes the rapid
breakup and elongation of micro-scale fluid filaments, accelerating
molecular diffusion and enhancing micromixing. In addition, Fig. 8
shows that the reduction in segregation index becomes less pro-
nounced as the impeller speed increases. Two factors may explain
this behavior. First, since the impeller power scales with the cube of
the impeller speed, the relative increase in power and turbulence

0.13 " . . - . N -
+vjet =0.5m:-s +vjet =2.0m-s
_ = _ =
0114 -l-vjet—l.Oms -«-vjet 2.5m-s I
_ -1 _ -1
-A-vjet =1.5m-s —-v-—vjel =3.0m-s
_ -1
0.09 1 Ve =3Sms L
o
0.07 1 3
0.05 1 3
0.03 r r T T T
0 40 80 120 160 200 240
N/ r-min”!

Fig. 8. Influences of impeller speed on segregation index (w = 0.38 mm, feed at P0).

0.14 . . .
“-N=318rmin"' “N=127.2 rmin"’
=N =63.6rmin | —*N=159.0 r-min |

0.121 A N=954rmin” “¥N=190.8 rmin [
——N=222.6 r-min”"
0.10 1 i

"

0.08 - s
0.06 - :
0.04 . . .

0.0 1.0 2.0 3.0 4.0

v, /ms !
Jet

Fig. 9. Influences of jet velocity on segregation index (w = 0.38 mm, feed at P0).

intensity are more significant at lower speeds for the same increment
in impeller speed. Second, at sufficiently high impeller speeds, the
micromixing time approaches the system's characteristic reaction
time, reducing the sensitivity of the segregation index to further
micromixing improvements. Consequently, the decline in segrega-
tion index with increasing impeller speed gradually plateaus.

4.2.3. Effect of jet velocity

Jet velocity is another critical operating parameter in the JSTR,
directly influencing the turbulence intensity, jet penetration
length, and the jet-stirring flow interaction. Fig. 9 shows the
variation of the segregation index with jet velocity at different
impeller speeds. Compared to the influence of impeller speed, the
effect of jet velocity on the segregation index is more complex.

At low impeller speeds, the segregation index first decreases
and then increases with increasing jet velocity. In contrast, at high
impeller speeds, jet velocity has little effect on the segregation
index. This behavior can be attributed to changes in the interaction
between the jet and the stirring flow. Upon entering the reactor,
the jet is deflected outward by the stirring flow, with its direction
gradually changing from vertically upward to horizontal before
merging with the bulk flow outside the draft tube.

It is important to note that parallel competitive reactions pri-
marily occur near the feeding point, making the local energy
dissipation rate in this region a determining factor for micro-
mixing performance. At low impeller speeds and low jet velocities,
the jet penetration length may be short and cannot reach the
feeding point, resulting in minimal influence on local micro-
mixing. As the jet velocity increases, the penetration length of jet
increases, and its main development zone gradually extends to-
ward the feeding point, enhancing local turbulence and shear and
thereby improving micromixing. However, with further increases
in jet velocity, the main development zone may move upward,
leaving the feeding point below the jet's active region, which re-
duces local turbulence and increases the segregation index.

At high impeller speeds, the strong impeller-driven flow may
limit the development of jet penetration and cause rapid breakup
and dispersion of the jet, limiting its influence on local turbulence
and micromixing near the feeding point. Consequently, jet velocity
has little effect on the segregation index under these conditions.

4.2.4. Effect of acid feeding position
As mentioned earlier, the parallel competitive reactions occur
mainly near the acid feeding point, making the injection position a
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critical factor affecting product distribution. In this study, three
feeding points were selected to study their effect on micromixing,
with locations shown in Fig. 2(c). Due to the small characteristic
size of the jet, the distances between the three injection points are
shorter than other studies. Fig. 10 presents the segregation index
curves for the different feeding positions.

As shown in Fig. 10, the segregation index exhibits significantly
different trends with increasing jet velocity at the three feeding
points. The results for PO have been discussed previously in sec-
tions 4.2.2 and 4.2.3. At P1, the segregation index remains rela-
tively constant at low jet velocities but decreases sharply with
further increases in jet velocity, as shown in Fig. 10(b). This is
because P1 is the farthest from the jet exit. At low jet velocities, the
jet penetration length is insufficient to reach P1, resulting in
negligible impact on local micromixing. As the jet velocity in-
creases, the jet begins to affect micromixing at P1 by enhancing
local turbulence and shear, thereby reducing the segregation in-
dex. Furthermore, the figure shows that higher impeller speeds
correspond to higher jet velocities required for the segregation
index to begin decreasing. This indicates that the effective jet
penetration length influencing micromixing at P1 depends on both
the impeller speed and the jet velocity. This observation is
consistent with previous findings on jets entering regions with
counter-current flow, where the jet penetration length is deter-
mined by the jet-to-counterflow velocity ratio [25].

0.10 . " . . " :
@) +N= 95.4 r-min”"
—#=N=1272 rmin”!
0.08 1 -
e
0.06 -
0.04 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
v, /ms !
jet
0.10 : : : : : :
© —4-~N-954r-min”"
+N =127.2 r-min !
0.08 1 -
" 0.06 1 F
b
0.04 1 F
0.02 4 L

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
v, /ms’|
jet

At P2, the results in Fig. 10(c) show that the segregation index
decreases continuously with increasing jet velocity. Since P2 is
closest to the jet exit and located within the jet development zone,
micromixing performance at P2 is predominantly controlled by
the jet. As the jet velocity increases, local turbulence intensity is
enhanced, leading to improved micromixing and a continuous
reduction in the segregation index.

4.2.5. Effect of jet width

Jet width is a critical structural parameter that significantly
influences the flow characteristics and micromixing performance
within the JSTR. In this study, the jet width was varied by adjusting
the inner diameter of the annular jet, and its effect on the segre-
gation index was investigated at different jet velocities. As shown
in Fig. 11, at the same jet velocity, increasing the jet width from
0.38 mm to 0.60 mm leads to a clear reduction in the segregation
index, indicating a significant enhancement in micromixing
efficiency.

This improvement can be attributed to several factors. At con-
stant jet velocity, a larger jet width corresponds to a higher volu-
metric flow rate and greater momentum flux, generating stronger
local disturbances that enhance the interaction between the jet
and the bulk fluid driven by the impeller. The increased mo-
mentum input also promotes the rapid formation and stretching of
small-scale eddies, accelerating turbulent diffusion. Additionally, a

0.08 - L . L L *
(®)

0.06 1

0.04 1

—$—N=95.4 r-min !

—+—N=127.2 rmin”!
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Fig. 10. Influences of feeding position on segregation index: (a) feed at PO; (b) feed at P1; (c) feed at P2; (d) feeding position (w = 0.38 mm).
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Fig. 11. Influences of jet width on segregation index (N = 95.4 r-min~!, w = 0.38 mm,
feed at PO).

wider jet expands the effective action area of the jet, increasing the
probability of enhancing the turbulence intensity and energy
dissipation rate near the feeding point. These combined effects
improve the micromixing performance of the reactor, thereby
reducing the segregation index.

Velocity magnitude / m's™!

06 07 08 09 1.0

00 01 02 03 04 05

4.2.6. Local flow fields in the JSTR

The flow in the JSTR can be complex due to the interaction
between the jet and stirring flow. Fig. 12 presents four typical flow
patterns, shown as velocity vectors and velocity magnitude con-
tours in the yz-plane near the jet exit at an impeller speed of 95.4
r-min~". The black dot indicates the feeding point PO.

At low jet velocities (Fig. 12(a)), the jet fluid rapidly deflects
upon entering the reactor and flows outward along the wall of the
jet device. Under these conditions, the jet has a negligible influ-
ence on the overall flow field, and micromixing is primarily gov-
erned by impeller-induced turbulence with minimal contribution
from the jet. As the jet velocity increases (Fig. 12(b)), the jet
penetration length increases, altering the overall flow field.
Although the jet still does not directly influence micromixing near
the injection point, the increased jet penetration length constricts
the fluid path from the interior to the exterior of the draft tube.
This constriction increases the local fluid velocity near the feeding
point, enhancing turbulence intensity and shear rate, which im-
proves micromixing efficiency in this region. At higher jet veloc-
ities (Fig. 12(c)), the jet core directly penetrates the feeding point,
significantly increasing local turbulence intensity and energy
dissipation. Under these conditions, the reactor achieves optimal
micromixing performance due to the enhanced turbulence and
energy dissipation. However, when the jet velocity exceeds this
optimum, the penetration length continues to increase, causing
the distance between the jet core and the feeding point to increase.

Fig. 12. Simulated velocity fields in the yz-plane at N = 95.4 r-min~" and (a) vjet = 0.5 m-s™'; (b) Vjer = 2.0 m-s™%; (C) Vjer = 3.0 m-s'; (d) Vjer = 4.0 m-s~".
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This leads to a reduction of local turbulence intensity at the
feeding point and a decline in micromixing efficiency. At exces-
sively high jet velocities (Fig. 12(d)), the feeding point becomes
engulfed in a low-viscosity zone formed by jet deflection, resulting
in severely degraded micromixing performance.

4.3. Relationship between the segregation index and micromixing
time

As a dimensionless parameter derived from competitive reac-
tion systems, the segregation index serves as a sensitive indicator
of micromixing efficiency. However, due to the absence of a clear
physical time dimension, it cannot be directly correlated with the
characteristic reaction time of the chemical reaction. To address
this limitation, it is necessary to establish a model relating the X to
the ty. Several models have been proposed to estimate the
micromixing time based on the segregation index, such as [EM
model (interaction by exchange with the mean model) [26],
incorporation model [27], and engulfment model [28,29]. Among
these, the incorporation model is widely used due to its simplicity
and its effectiveness in accurately describing micromixing
behavior across various types of reactors [12,30,31]. Therefore, in
this study, the incorporation model was adopted to establish the
quantitative relationship between the segregation index and the
micromixing time in the JSTR.

In the incorporation model applied to the Villermaux/Dushman
test reaction, it is assumed that the injected acid is initially divided
into a large number of aggregates dispersed in the bulk fluid. The
bulk fluid, containing iodide, iodate, and the borate buffer, pro-
gressively invades these acid aggregates through entrainment and
molecular diffusion. The reactions occur only within the acid ag-
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t /ms
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Fig. 13. Relationship between the segregation index and micromixing time.

Table 5
Comparison of micromixing time of JSTR and STR (w = 0.38 mm, feed at PO).

gregates. The volume of these aggregates increases over time ac-
cording to the incorporation model, with the growth rate governed
by the micromixing process. The characteristic incorporation time
obtained from this model is commonly used as an estimate of the
micromixing time under given operating conditions. In the ag-
gregates, the concentrations of species j evolve according to:

ag_(Gro-6) av,

_ (14)
dt 7 dt

+rj

where subscript 0 denotes the initial state, subscript 1 refers to the
bulk fluid, and subscript 2 corresponds to the aggregates. V-, rep-
resents the volume of the aggregates, and r; denotes the reaction
rates.

In this study, the incomplete dissociation of sulfuric acid was
also considered by including the following two dissociation re-
actions:

H,S04—H" + HSO, (15)

HSO; —H* 4503~ (16)

By assuming a series of initial value for t;, and solving Eq. (14),
the product concentration required to calculate the segregation
index was obtained. Consequently, the relationship between ty,
and X;, as illustrated in Fig. 13, was established. The micromixing
time of the JSTR ranges from 10 to 30 ms under the experimental
conditions. For quantitative comparison, experiments were also
conducted with vjer = 0, representing a conventional STR, where
the micromixing time ranged from 11 to 133 ms. Table 5 sum-
marizes the micromixing times of the JSTR and the STR at same
impeller speeds. Under low impeller speed conditions, the
micromixing time in the JSTR was reduced by up to 77%. For certain
fast reactions, such as polymerization and precipitation, the
products are sensitive to shear forces, which limits the maximum
impeller speed of the conventional STRs. In such cases, integrating
a jet device can effectively improve the local micromixing per-
formance within the reactor.

4.4. Modelling of micromixing time in the JSTR

Accurate prediction and control of the ty, are essential for
optimizing reactors handling fast reaction systems, ensuring
consistent product quality. To enable the prediction of tp, it is
necessary to develop a method for calculating t;;, based on oper-
ating parameters. According to turbulent micromixing theory [1],
the micromixing time t, is given by:

. :a<£)o.5 (17)

where » is the fluid kinematic viscosity, ¢ is the energy dissipation
rate, and « is an empirical constant. Consequently, determining

1

Impeller speed/r-min~ tm sTR/MS tm sTR/MS tm,STR — tmJSTR  100%
msTR
31.8 29.9 1333 77.57%
63.6 15.9 43.2 63.18%
95.4 13.7 25.7 46.72%
127.2 9.8 17.6 44.47%
159.0 10.0 14.2 29.38%
190.8 11.1 13.0 14.86%
222.6 10.0 114 12.39%
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the local energy dissipation rate under various operating condi-
tions in the JSTR is crucial for reliably predicting the micromixing
time.

The flow patterns within the JSTR are complex, with the local
energy dissipation rate influenced by both the impeller and the jet
flow fields. Therefore, the energy dissipation rates contributions
from the jet and the impeller can be calculated separately and then
correlated with ty, in the JSTR.

4.4.1. Local energy dissipation rate of the impeller

In a fully turbulent stirred tank reactor, the local energy dissi-
pation rate is proportional to the average energy dissipation rate of
the reactor [16]:

& = ¢ig; (18)

where ¢; is the proportionality constant. In this study, the ¢; value
at PO was determined using numerical simulations. By simulating
the JSTR with vjee = 0, the impeller torque, 7, and the local energy
dissipation rate near PO, &;sim, were obtained. According to Egs.
(19) and (20), the ¢; value was calculated to be 1.92 based on the
simulation results. Related simulation data are provided in Sup-
plementary Material.

Pi¢im  2TNT
o _ Pisim _ (19)
Leim pvsim pvsim
£
¢y =20 (20)
€isim

where p is the fluid density, Vi, is the simulated reactor volume,
equal to 1/5 of the total fluid volume in the reactor Vy, as
mentioned in section 3.1.

In the experiment, the average energy dissipation rate in the
stirred tank reactor can be calculated as:

&

315
I NPN D (21)
PVm Vi
where Ny, is the power number, N is the impeller speed, D is the
impeller diameter, and Vy, is the volume of the fluid in the reactor.
Based on experiment tests, the power number (Np) of the impeller
used present work was determined to be 1.10.

4.4.2. Local energy dissipation rate of the jet

As there are currently no reported studies on the local energy
dissipation rate of jets within the JSTR, this study employed the
local energy dissipation rate of a free jet to estimate the jet's
contribution to micromixing in the JSTR. Given that the ring
diameter of the annular jet is much larger than the width, the jet
can be regarded as a plane jet. The schematic of a free plane jet is
shown in Fig. 14.

Fig. 14. Schematic of the development of a free plane jet.

According to phenomenological turbulence theory [32], the
mean energy dissipation rate ¢ can be expressed as:

3
et (22)

lo

where ug and [y represent the characteristic velocity and length
scales of the large turbulent eddies. In free jets, the characteristic
velocity ug can be taken as the local maximum mean streamwise
velocity along the jet centerline, denoted as Up,. Similarly, the
characteristic length scale [y can be represented by the local half-
width of the jet, b, defined as the lateral distance from the
centerline where the mean streamwise velocity decreases to Up,/2.
In the self-preserving region of a plane jet, the local maximum
mean streamwise velocity Uy, and the local half-width b can be
expressed as:

U % vjeq (%) 2 (23)
box (24)

where vje represent the velocity at the jet exit, x is the straight-line
distance from the jet exit (in mm). Therefore, the local energy
dissipation rate in a free plane jet can be expressed as:
5 3
3 = =
& = PjUiX 2W2 (25)
From the numerical simulation under the condition of N= 0 in
the JSTR (related simulation data are provided in Supplementary
Material), the ¢; was empirically determined to be a function of x:

¢j = 0.0013x% — 0.085x + 2.4 (10 mm <x <50 mm) (26)

The free-jet assumption employed in this study is applicable
when the feeding point is located near and downstream of the jet
exit, and when the jet velocity is sufficiently high to allow proper
development. In cases of strong interaction with the impeller-
induced counterflows and crossflow, the local energy dissipation
rate may be higher than predicted and the model could slightly
underestimate the dissipation [25,33].

4.4.3. Operating diagram of the JSTR
Based on the experimental data, the operating diagram of the
JSTR were constructed, as shown in Fig. 15, where the contour

10

/ m2-s3

- 104
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102

10! 100
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Fig. 15. Operating diagram of the JSTR for micromixing time mapping.
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represents the predicted micromixing time. In the JSTR, the energy
dissipation rates contributed by the jet and the impeller can be
estimated from the operating conditions. By correlating these
values with the operating diagram, the micromixing time within
the JSTR can be predicted and mapped, enabling a quantitative
assessment of the micromixing performance under various con-
ditions. Furthermore, when designing a JSTR to meet specific in-
dustrial micromixing time requirements, the operating diagram
can be employed to identify the necessary combination of the jet
and impeller energy dissipation rates. This approach provides
practical guidance for selecting and designing operating condi-
tions in JSTRs to achieve the desired micromixing performance.

5. Conclusions

This study proposed a novel jet-stirred tank reactor (JSTR) to
intensify the micromixing in chemical processes. The effects of
operating and structural conditions on micromixing performance
of the JSTR were investigated using the iodide-iodate reaction
method. Experimental results show that segregation index de-
creases with increasing impeller speed and jet width. Jet velocity
primarily influences micromixing by altering the jet penetration
length. At low impeller speeds, the segregation index initially
decreases and then increases with the increase of jet velocity.
While at high impeller speeds, the segregation index remains
relatively stable regardless of jet velocity. Micromixing efficiency
at different feeding positions is governed by stirring flow, jet flow,
or their combination. Based on the incorporation model, the
micromixing time of the JSTR ranges from 10 to 30 ms, achieving
reductions of up to 77% compared to STRs, particularly at low
impeller speeds. Numerical simulations reveal the complex
interaction between the jet and the stirring fluid, indicating that
micromixing performance is significantly enhanced within an
optimal jet velocity range, beyond which micromixing perfor-
mance is limited or even degraded. Compared to conventional
STRs, the jet provides a concentrated source of energy within the
JSTR. This feature makes the JSTR well-suited for rapid, shear-
sensitive processes that require intense mixing during the initial
contact of reactants. Primary application areas include fast
chemical reactions such as precipitation and crystallization of fine
chemicals and pharmaceuticals, polymerization processes
requiring precise control of molecular weight distribution, and
nanoparticle synthesis where a narrow size distribution is desired.

To support the practical application of this research, an oper-
ating diagram was developed based on the analysis of impeller and
jet energy dissipation rates. This diagram enables the estimation of
micromixing time across various operating and structural config-
urations, serving as a valuable tool for evaluating the micromixing
characteristic of JSTR and the designing of operational parameters.
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Nomenclature

b distance between the point with velocity Uy/2 to the
centreline, mm

G concentration of species j, mol-m~3

1 off-bottom clearance of the draft tube, mm

() off-bottom clearance of the jet device, mm

D impeller diameter, mm

D353 light absorption

do outer diameter of the jet, mm

dq inner diameter of the jet, mm

g gravitational acceleration vector, m-s 2

H liquid height, mm

k turbulent kinetic energy, m?-s—2

k1 kinetic constant of reaction (1), m3-mol-s~!

ko kinetic constant of reaction (2), m'?-mol=%-s~!

k3 kinetic constant of reaction (3), m>-mol-s~!

ka reverse kinetic constant of reaction (3), s~

N impeller speed, r-min~!

Np power number

p pressure of the fluid, Pa

1, 12, 13 reaction rate, mol-m3-s!

rj reaction rates of species j, mol-m -5~

To tank diameter, mm

T1 draft tube diameter, mm

tm micromixing time, ms

Un local maximum mean streamwise velocity of the jet,
m-s~!

u vector of velocity, m-s~!

Va volume of the buffer solution, m?3

Vg volume of the acid, m>

Viet velocity of the jet, m-s~!

w width of the jet, mm

X segregation index

X the distance from the jet exit, mm

Y actual yield of undesired product

Yst value of Y in the total segregation

e energy dissipation rate, m?-s~3

¥353 molar extinction coefficient, m?-mol~"

I viscosity of fluid, Pa-s

v kinematic viscosity, m?-s~"

P density of fluid, kg-m—>

T torque of the impeller, N-m~!

Supplementary Material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cjche.2025.09.041.
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