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Abstract

Optimal control over fast chemical processes hinges on the achievement of rapid and
effective mixing. Impinging jet mixers are a unique class of passive mixing devices
renowned for their exceptional ability to achieve rapid mixing at micro-length scales,
whilst offering the possibility of a high throughput. Comprising of two co-linear jets
flowing in opposite directions and colliding with each other within a small (usually
confined) volume, these devices effectively intensify various mixing-controlled pro-
cesses in a reproducible manner. Impinging jet mixers find extensive use in both the
chemical and pharmaceutical industry for a plethora of applications, such as reaction
injection molding and precipitation processes. This review provides an overview of
research related to impinging jet mixers, with an emphasis on the mixing characteris-
tics and the influence of design and process parameters on the mixing performance.
Lastly, specific applications for which these devices are exceptionally suited are

discussed.
KEYWORDS

colliding jets mixing, confined impinging jets, flash nanoprecipitation, impingement, impinging jet
mixer, micromixing, nanoparticles, reaction injection molding, Reynolds number

1 | INTRODUCTION

Impinging jet mixers (IJMs) represent a class of mixing equipment in

Abbreviations: CFD, computational fluid dynamics; CFM, computational fluid mixing; ClJ,

confined impinging jet mixer; DLS, dynamic light scattering; DNS, direct numerical simulation;

EAM, elastic analogue model; EARS, explicit algebraic Reynolds-Stress; HSI, hyperspectral
imaging; IEM, interaction-by-exchange-with-the-mean; 1JM, impinging jet mixers; JMM, jets
momentum model; KEM, kinetic energy model; LES, large eddy simulation; LEV, linear eddy-
viscosity; LRR, Launder, Reece and Rodi; MIVM, multiple inlet vortex mixer; NLEV, nonlinear
eddy-viscosity; PDF, probability density function; PIV, particle image velocimetry; PLIF,
planar laser-induced fluorescence; RANS, Reynolds-averaged Navier Stokes; RIM, reaction
injection molding; SGS, subgrid-scale; SSG, Speziale, Sarkar and Gatski; SST, shear stress
transport.

which two liquid co-linear jets collide at high velocities within a small
volume. Renowned for their superior performance over conventional
mixing equipment (e.g., stirred tanks, static mixers, microfluidic
mixers), IJMs have garnered considerable attention, see further in
Figure 2. As the significance of 1JMs continues to grow, there is a
need for a thorough literature review. This review delves into the
extensive research on 1JMs, focusing on their mixing characteristics,
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operational performance considerations, and applications where they
have demonstrated their superiority.

Despite the pivotal role of 1JMs across various fields, comprehen-
sive reviews on the subject have been notably scarce.? Related
works, such as Tamir and Kitron's 1987 review on impinging jets for
gas-solid operations,® Tamir's book from 1994 on impinging stream
reactors for intensifying multiphase transfer processes for heteroge-
neous systems,* and Tamir et al.'s review on impinging jet absorbers
from 1990,> have had a distinct focus on applications. Transferring
these discussions about contacting of immiscible liquids to 1JMs for
mixing of miscible liquids is not straightforward as the mechanisms
governing mixing differ from those involved in interphase processes.®
Santos and Sultan's 2013 specialized review, although valuable,
focused on mixing in micro- or milliliter volume jet reactors, but its
brevity limited its comprehensiveness.? Similarly, another concise
review about 1JMs for controlled synthesis of nanomaterials was pub-
lished in 2020 by Abiev.! Here we adopt a different perspective by
providing a comprehensive summary of the substantial research
efforts dedicated to unraveling the intricacies of 1JMs' mixing over the
past four decades.” Comprehending the 1JMs' mixing dynamics is
important for leveraging their full potential across diverse applications,

including both liquid and particulate processing.

1.1 | The need for rapid mixing in chemical
processes

Numerous chemical processes require the fast and effective mixing of
two incoming streams to ensure thorough homogenization of concen-
tration, phase, and/or temperature.® Examples abound in applications

811 and precipitation/crystallization

such as  polymerization
processes.}2"2! The importance of mixing becomes particularly pro-
nounced when the process kinetics are faster than the mixing
time.?22% In these instances, the speed of mixing directly impacts the
final product properties,23 including the homogeneity and presence of
byproducts in liquid products, as well as characteristics such as the
particle size distribution in solid products.

To assess the impact of mixing on the process, the turbulent
Damkéhler number (Da) can be defined as a competition between the

characteristic reaction time (zreaction, S) and the mixing time (zmixing, ),

Da— Tmixing ) (1)

Treaction
Based on this definition of the Damkohler number, the regime
through which chemical processes proceed can be classified into three

different categories®*:

e Da<« 1, reaction-controlled regime: the mixing occurs significantly
faster than the reaction, such that the effective rate is purely con-
trolled by the intrinsic reaction rate. The concentration field is
homogeneous when reaction takes place.?®

e Da=x1, mixing-controlled regime: the characteristic mixing and

reaction time are of the same order of magnitude, such that

reaction and mixing are competing. The effective rate is lower than
the intrinsic reaction rate.?

e Da>> 1, instantaneous regime: the reaction rate is fast and the
effective rate is controlled by the degree of mixing. The chemical
reaction only takes place in the local zones where mixing has

occurred.?®

The influence of mixing on a reaction is negligible only when Da
is significantly smaller than 1.2 In processes where the mixing time is
a concern in conventional equipment, 1JMs prove to be highly effec-
tive tools for shifting the process into the reaction-controlled

regime.?®

1.2 | 1JMs: a solution to mixing challenges

1JMs are composed of two co-linear fluid jets exiting a nozzle or ori-

fice at high velocities (in the range of 1-100 m/s%”28)

travelling
toward an impingement point where they collide with one another.
The flow is then forced to accelerate orthogonally outwards, resulting
in unparalleled fast mixing (in the order of ms2%-°). This configuration
creates a zone characterized by extremely high energy dissipation
rates (in some extreme cases even reaching 105 W/kg?’) which the

? without the use of any movable

process streams cannot bypass,2
mechanical parts. Typically, high energy dissipation rates lead to a
reduction in the mixing time (rmixing), thereby decreasing Da. 1JMs
offer the advantage of a high throughput (up to 2-4 L/min) in a cost-

1531 which makes them suitable when the influence of

effective setup,
mixing on scale-up must be minimized,3>*? an imperative consider-
ation for many industrial applications.>® An 1JM represented as a unit
operation is shown in Figure 1.

1JMs have been a staple technology for several decades, with

roots tracing back to the 1950s. For instance, Carver et al.®* secured a

Inlet 1 » —d D <«—— Inlet 2
U jetim \l U jetjin2

Tin‘l,pinhrlinhcimj Tin2,Pin2,Nin2, Cin?

v
Outlet 1

U jeto1

TD1IpO1InO1ICO1J

FIGURE 1  Schematic representation of impinging jet mixers
(IJMs) as a unit operation with two inlet and one outlet stream

(s), characterized by a jet velocity (ujet, m/s), density (p, kg/m?3),
viscosity (4, kg/m ), and concentration (¢/, units as per convention).
Two critical geometric parameters are indicated: the nozzle diameter
(d, m) and the chamber diameter (D, m). Created with BioRender.com.
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1 First (specialized) review on ClJs 2
B Pfizer starts using ClJs in the manufacturing of COVID-19 vaccines 24

FIGURE 2 The number of publications (bars, left y-axis) and their corresponding citations (solid line, right y-axis) related to impinging jet
mixers (IJMs). Some notable contributions (e.g., References 2,29,34,35,47, and 240), discussed in Section 1.2, are highlighted with symbols. The
timeline is divided into three periods based on publication and citation counts. The data, sourced from Web of Science,” was obtained using the
search query: (“confined impinging jet” OR “two-impinging jet” OR “dual impinging jet” OR “dual impinging jets” OR “opposed jet mixer” OR
“opposed jet mixing” OR “opposed jets mixer” OR “impingement mixer” OR “impinging sheets” OR “impinging-jets” OR “impinging stream
reactor” OR “impinging stream mixer” OR “impingement mixer” OR “two-impinging-jets” OR “two-impinging-jet” OR “opposed-jet mixer” OR
“opposed-jets mixer” OR “impingement mixing” OR “impinging jet crystallizer” OR “impinging jet contactor”) NOT (cooling OR heat transfer OR
medical OR erosion OR cyclones OR spray OR flame). Created with BioRender.com.

patent in 1956 for an apparatus designed for mixing through “opposed
jet discharge” within a designated contacting zone. Another patent for
a different IJM-type apparatus was awarded in 1972 to Keuerleber
et al. .3° Pioneering research characterizing mixing within 1JMs,” partic-
ularly confined 1JMs, was led by groups such as those headed by
Suh, 11364243 Macosko, 142838414445 and Kirwan.22234¢ prud'homme's
contributions furthered the understanding and application of confined
1JMs (ClJs).22*” More recent investigations into mixing within 1JMs
have been conducted by Fox,3348-52 Marchisio,*8:47->3-8 Lopes and

28.27.59-69 and collaborators. In addition to this, a vast body of

Santos,
the literature referencing IJMs has been produced, see Figure 2, with
an average of around 40 papers per year in recent years.” A substantial
portion of these publications showcase applications of 1JMs,” reflecting

their increasing relevance and impact in various fields.

1.3 | MixinginIJMs
Comprehending the mixing dynamics arising from the direct collision
of two jets is essential for utilizing IJMs effectively. Mixing phenom-

ena in 1JMs are most accurately described through the systems

*At the time more commonly referred to as “impingement mixers” (e.g., References
11,28,36-41). The term “confined impinging jet mixer” was coined by Prud’homme in
2003.%

approach of the macro-micromixing theory. This theoretical frame-
work divides the mixing process of two miscible fluids into three dis-
tinct length scales: micro-, meso-, and macromixing,70 as illustrated
for IJMs in Figure 3. The larger scales of mixing shape the environ-
ment in which the smaller scales of mixing take place.

Macromixing involves the bulk mixing at the largest scales of motion,
for example, spanning the size of an entire batch reactor.® Mesomixing
serves as the intermediate scale of mixing between the macro- and micro-
scale and takes place in the inertial-convective subrange, see Figure 3.
Micromixing occurs at the finest scales of mixing, at length scales below
the Kolmogorov scale (4, m), and involves the complete homogenization
of mixtures at the molecular level.”® A comprehensive discussion of
turbulent mixing is intentionally omitted in this review as it is outside
the scope, but can be found in the literature.®??”* Instead, focus is
directed toward elucidating specific features that are most pertinent
to the understanding of mixing within 1JMs.

Upon impingement of two jets some degree of turbulence is gen-
erated, giving rise to a cascade of increasingly smaller whirling fluid
motions that behave coherently, called eddies, through the mesoscale
who dissipate the turbulence.® Mesomixing can thus be considered as
a mechanism of scale reduction through which eddies decrease in size

and energy. The Kolmogorov length scale,
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Macromixing

Mode: bulk convection
Scale: reactor

Mesomixing

Inertial-
convective
subrange

Mode: vortex shedding
Scale: turbulent eddies

Micromixing

Mode: molecular
diffusion
Scale: Batchelor

Mode: engulfment,
deformation
Scale: Kolmogorov
Viscous-
convective
subrange
Engulfment

’\

Viscous-diffusive
subrange

—
— Stretching

FIGURE 3

Fluid mixing in impinging jet mixers (IJMs) at different scales within the context of the macro-micromixing theory where turbulent

energy cascades from larger to smaller scales until it reaches the viscous-diffusive subrange where it is dissipated into heat. Eddies are
represented as two-dimensional vortices that are shed in the inertial-convective subrange and are stretched and engulfed in the viscous-
convective subrange. Adapted from Johnson and Prud’homme?? and inspired by Baldyga and Bourne.?? Created with BioRender.com. Copyright

©2003 American Institute of Chemical Engineers (AIChE).

D

d —>Ujetn Ujer2 +—

G\©

FIGURE 4 Schematic representation of the impingement of two
jets during mixing of two miscible fluids (A, B) in an impinging jet
mixer (IJM) under turbulent-like conditions, and the local lamellar
structure that is formed as a result. The striation thickness (s) for a
mixture of two components (A-rich zones in dark blue and B-rich
zones in light blue, representing the lamellae?*?) is indicated. Adapted
from Lee et al. 28 and inspired from Baldyga and Bourne.*? Created
with BioRender.com. Copyright ©1980 Society of Plastics

Engineers, Inc.

Two-environment
lamellar structure

represents the size of the smallest eddies,® with ¢ being the energy
dissipation rate (W/kg) and v the kinematic viscosity (m2/s). When
mixing fluids with dissimilar viscosities, 4 (m) is often estimated using
the kinematic viscosity of the outlet stream (v, in Figure 4).2%7? Below
the Kolmogorov microscale, the fluids continue to deform through
stretching and engulfment, which results in the formation of a hetero-

67374 \which is schematically shown in

geneous lamellar structure,
Figure 4. The final stage of micromixing is the diffusion of the two
components into each other.

The striation thickness (s, m) serves as a metric for the microscale
thickness of the lamellae, defined as half the sum of the lamellae
thickness of the two components.”® As mixing improves, s decreases,
thereby reducing the distance reagents must diffuse through before
reaction can occur.?®7% In laminar flow, a mixing time can be

defined by

52
Tmixing = D_AB7 (3)

with Dag being the molecular diffusivity (m2/s).>7?

While mixing in turbulent flow is conceptually similar,® albeit
across a larger array of length scales, the concept of striation thick-
ness does not capture the entire complexity, such that Equation (3) is
not valid. A number of mixing times have been proposed in the litera-
ture, for example, assuming that the material does not diffuse before
reaching the smallest eddy (1) and ignoring the stretching and folding
at the microscale results in Reference 6

/12

diffusivity” )

Tmixing X

The model proposed by Bourne and Baldyga®’? relates the turbu-
lent micromixing time to the energy dissipation rate,

o 1/2
Tmixing X (g) ,

by assuming that fine-scale engulfment is the time-limiting step.

Corrsin®’¢

proposed a mixing time as the sum of the time for
scale reduction from the inertial-convective (i.e., mesomixing) scale to
the Kolmogorov scale and the time required for viscous dissipation

below the Kolmogorov scale,

2\"? 1 0\1/2
tovang o< 2( 2 + 5(;) InSc, (6)
———

o Micromixing Control
Mesomixing Control

with L being the initial segregation thickness (m) and Sc being the
Schmidt number. The Schmidt number is defined as the ratio of

85U8017 SUOWIWIOD BA1E81D 3ot dde au Aq peusenob afe sajoNe YO ‘8SN JO Sa|nJ 0} AIq1T8UlUO A8]IA UO (SUOPUOO-PUR-SLUIB)/LIY A8 | 1M Afe.d1jBu JUO//:SdNy) SUOTPUOD pue SWie | 8y} 88S *[z02/TT/2z] Uo ARiqi1auliuo 48|11 ‘0jouyoe L Jo aininsu| shesnydesse  Aq S6S8T 0R/Z00T 0T/I0p/W00" A3 1M Aleiq1puljuo'aUd Ie//SdNY WOJ1j papeo|umod ‘0 ‘G065.ST



DEVOS ET AL.

the momentum diffusivity (i.e., the kinematic viscosity) and the molec-
ular diffusivity.®

Given the small volume (in the micro- and mesoscale) in which
mixing in 1JMs occurs, the importance of macromixing to the overall
mixing performance is negligible. Consequently, impinging jet mixing
is determined by mesoscale and most importantly micromixing pro-
cesses below the Kolmogorov scale.24?° Considering that chemical
processes including chemical reactions are governed by the local flow
topology and occur inherently at the microscale,® the significance of

optimizing micromixing becomes evident.

14 | Content structure

To further discuss the topic, this article is structured as follows:
Section 2 delves into the design and operational parameters of [JMs,
alongside an overview of related mixing equipment. Section 3 covers
experimental and computational approaches for mixing characteriza-
tion. Section 4 discusses mixing in IJMs, followed by operational per-
formance considerations in Section 5. Section 6 focuses on
applications closely linked to 1JMs. Finally, Sections 7 and 8 offer

future perspectives and conclusions, respectively.

2 | TECHNOLOGY AND DESIGN

2.1 | Design parameters

1JMs can be classified into three categories based on the environment

in which the jet collision occurs: submerged 1JMs, free |JMs, and ClJs.
In a submerged 1JM, see Figure 5A, the two jets are surrounded

by a fluid that considerably affects the jets' velocity through

AI?BIFJ R NALJE’;W0

entrainment and hinders the linear flow.2>”” In contrast, the jets'
velocity in free IJMs is unaffected by the surrounding ambient
fluid.2%77 At high Re, the impact of entrainment diminishes, and the
performance of submerged 1JMs approaches that of free configura-
tions.2® When the IJM is positioned at position x,, see Figure 5A, the
ratio of energy dissipation rates caused by the IJM and the impeller
are about unity, whereas at positions x1 and x3, the ratio is orders of
magnitude higher.%°

ClJs can be considered an extension of free |JMs, see Figure 5B,
in which the jets collide within a small chamber, such that the
chamber walls have a strong impact on the flow hydrodynamics and
mixing.2’ While the transition from free to ClJs is not necessarily well-
defined, Johnson and Prud'homme showed that a shift occurs when
the ratio of chamber diameter to nozzle diameter (D/d) falls below the
range of 10-20.2% Current literature on IJMs predominantly centers
around ClJs,” as spearheaded by Prud'homme et al.2?4”

Key design features are the nozzle diameter (d, typical values
range from 0.5 to 3 mm) and the chamber diameter (D, typical values
range from 1 to 20 mm) and, in the case of submersed IJMs, the inter-
nozzle distance (D, typical values range from 1 to 20 mm with nar-
rower spacing yielding superior results compared to wider spacing, as
the latter encounters more liquid resistance’®). Most chambers in ClJs

| 8,28,36,79,80
,

are cylindrica although some exceptions with prismatic

chambers exist,®!

with the chamber multiple usually reported as the
ratio of the chamber diameter to the jet diameter (D/d, typical values
range from 2 to 12 with larger multiples resulting in worse mixing per-
formance, eventually converging to the level of free IJMs?’). In those
cases, the volume is determined by both the chamber diameter (D),
chamber height (H), and other chamber dimensions. In ClJs, the top
chamber distance, h in Figure 5, may seem insignificant for mixing,*!
and some ClJs have been operated without a headspace

(e.g., Reference 26). In addition, recirculation flows in the headspace

e Re Re Re
v
“‘ Dy
|
Dtank d |
E Alignment
‘ =% | downward
A N X3y

0

Possible IJM positions

® A |

Az
d y
Re ,4x$<R_e
Impingement
T mixing zone H

Nozzles i
«—D—>
Parallel flow

mixing zone

FIGURE 5

(A) Example of a typical impinging jet mixer (IJM) submersed in a stirred tank with key dimensions indicated, such as the nozzle

diameter (d), the internozzle separation (D,;), and tank diameter (Dink, m). Three possible IJM positions are indicated with x. An example of a jet
with different alignment angle (9) is also shown. (B) Example of a typical confined impinging jet mixer (ClJ) geometry with key dimensions
indicated, such as the nozzle diameter (d), chamber diameter (D), chamber height (H), and hemispheric dome height (h, m). The hemispheric dome
is the dome type most associated with ClJs, but other domes have been investigated (e.g., Reference 84). This ClJ has a conical outlet
configuration. The ideal impingement point is indicated with a cross. The location of the impingement mixing zone (near the impingement point)
and the parallel flow mixing zone (downstream from the impingement point) are also highlighted. Axes orientation is highlighted in color. If D/d is
greater than 10 or 20,%? (B) shows a free 1JM. Created with BioRender.com.
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may cause locally concentrated regions, which are not present in the
rest of the chamber.2 Yet, the headspace is vital for providing suffi-
cient room for the dynamic flow behavior, see Section 4, to develop.83
Some authors have reported on ClJs with larger dimensions
(e.g., chamber diameters up to 4.5 times greater than typical, but with
normal chamber multiple ratios).2*®> The impingement point is
defined as the point where the two streams collide and where the
velocity magnitude reaches a minimum value.®? Sometimes
the impingement point is located slightly downstream, due to bending
of the jets before impingement.8¢

Other relevant design parameters are the impingement angle (9)
and the nozzle geometry characteristics. Typically, the injector nozzles
of 1JMs have a circular geometry and are aligned co-linearly (with
6=0"), but also upward- (against gravity, e.g., References 28,44, and
78) and downward-angled (e.g., References 26,78,85, and 87) jets
have been explored to overcome the iso-momentum/iso-kinetic
energy requirement,?%277888 see Section 5.

For ClJs, different mixing chamber geometries and configurations
have been investigated.2?84888% Qutlet shape (e.g., conical, square)
has minimal impact, but outlet size can influence process performance
and can aid in finalizing the mixing.?° Variations in dome geometries
(e.g., plane or hemispheric) and chamber shapes (e.g., square or round)
have marginal impact on mixing when compared to parameters such
as D/d and h.2* In some ClJs, turbulence-inducing inserts have been
introduced.88° However, modifying ClJs often leads to increased
complexity without commensurate performance enhancements, ren-
dering such alterations questionable.®® This article advocates for
adhering to traditional ClJ geometries.

To overcome the requirement of equal momentum of the incom-
ing fluid streams in ClJs (see Section 5.1), while retaining the fast mix-
ing, a four-jet version called the multi-inlet vortex mixer (MIVM) was
developed, with inlet streams oriented tangentially to the inner cham-
ber.>? In the MIVM design, each stream independently contributes to
the micromixing process, offering greater flexibility, for example,
to achieve higher supersaturation or to use multiple solvent types
(e.g., References 91-94). Comparable levels of turbulence can be
achieved in MIVMs as in ClJs, but with the maximum mixing intensity
occurring near the chamber exit.>? Different scale MIVMs have been

d,>29293 with the larger ones capable of accommodating flow

reporte
rates up to 5 L/min (at Re = 100,000, see Section 2.2).5292

The difference between ClJs and T-shaped jet mixers might be
unclear: A key discrepancy lies in the fact that the inlet channels in
T-shaped microfluidic mixers extend throughout the entire depth of
the mixer, which is not the case for ClJs.2?> Due to the absence of a
chamber for turbulence to develop in T-mixers, the resulting mixing
dynamics and flow patterns are different, see Section 4.1. In addition,
most T-jet mixers have square jet nozzles as opposed to the round
injectors more commonly used for ClJs.”>

Some other alternative designs departing from conventional 1JM
configurations have been investigated.2#842247 Examples include
triple IJMs, where three streams collide instead of two**%7; a multiple
(cascade) impingement device, where two streams undergo cycles of

impingement, separation, and re-impingement (up to 90 times)*%; and

a hand-held variant, called the ClJ with dilution.* The latter maintains
similar design dimensions to typical ClJs, but relies on the use of low-
friction syringe pumps connected by a metal plate, such that manual
actuation is possible.** In this design, the outlet stream directly leaves
the confinement chamber into a large dilution reservoir (which allows
rapid quenching with an antisolvent).2

To overcome the Coanda effect, which causes fluid jets tend to
attach to nearby chamber walls, a design with inlet jet nozzles elon-
gated into the mixing chamber and a modified chamber geometry was
used.’® Another ClJ concept with adjustable inlet jets was proposed
to adjust the mixing rate without changing the flow rates.”® To
improve residence time uniformity, albeit at the expense of mixing
efficiency, a ClJ design featuring an axisymmetrical chamber and a cir-
cumferential rim outlet was proposed.”® To exploit the oscillatory
behavior of impinging jets, see Section 4.2, an 1JM with an annular-
shaped collision chamber was developed.®® Lindrud et al. 1°° obtained
a patent for an active submersed IJM-configuration in a 1-L stirred
tank reactor with an ultrasonic horn (preferably operated at a fre-
quency of 20 kHz) positioned with the probe tip as close as possible
to the impingement zone. By sonicating near the impingement zone,
the micromixing can be improved further'® due to higher local
energy dissipation rates. Sonication has also been utilized within a ClJ
for the production of nano-emulsions'°* and nanoparticles.’°2 At high

flow rates, the influence of sonication is expected to be negligible. 2

2.2 | Operational parameters

Optimizing the mixing performance of 1JMs requires the proper selec-
tion of a number of operating parameters. The dominant parameter
governing the mixing process within 1JMs is widely recognized to be
the Reynolds number (Re), with higher Re leading to better
mixing.2%:29:36:42:63-65 Raynolds numbers in the range of 250-600 are
of most interest for the reaction injection moulding industry,%103
whereas Re from 10,000 up to 100,000 are used in nanoparticle
manufacturing.*”-727% Reynolds numbers in 1JMs are defined based on

Re of the inlet,?

:/)Ujetd
T

Re (7)

with ujet being the superficial jet velocity (typical values ranging from
1 to 100 m/s%”%8), d being the nozzle diameter, p being the solution
density, and 5 being the dynamic viscosity of the solution (Pas). While
the flow inside the tubes delivering the jets typically remains laminar,
the mixing dynamics at the impingement point of the IJM can vary,
ranging from laminar to fully turbulent, or falling within the transition
regime.®3°° Above a critical Reynolds number (Rei) the flow pat-

terns change drastically and the mixing is improved

82428376384 55 discussed in Section 4.1.

considerably,
When dealing with jets of differing Re, the best approach is to
consider Re of the jet with the lowest value, as it ensures that Re;;

remains similar to that of symmetric operation (provided the jets are
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TA B LE, 1 An 0\./erV|ew of se!ected Authors 1JM type D/d(-) D (mm) Re range Regit
publications reporting the Reg;t in
various impinging jet mixers (JMs), Tucker Ill and Suh® Confined 2.33 22.00 50-2000 140
including the authors, 1JM type, chamber Lee et al.?® Confined 3.18 3.18 50-150 90-150
multiple (D/d), chamber diameter (D), and Kusch et al.®7 Confined 490 5.00 19-773 100-200
the range of Re values studied. Adapted Wood et al = 107 S5410 pr— =
from a table reported by Fonte et al. .2 oodetal. ree : : -
Johnson and Prud'homme? Confined 4.8-19 4.0-12.5 300-1000 90
Teixeira et al.2?® Confined 6.66 10.00 50-600 50-100
Santos et al.%* Confined 6.66 10.00 100-500 120
Nunes et al.>* Confined 6.66 10.00 75-600 120
Fonte et al.® Confined 6.66 10.00 50-600 110

balanced, see Section 5.1).27 Earlier studies suggested that Re is gov-
erned by the most viscous fluid,** though these studies did not bal-
ance the jets.

Table 1 presents the Regit values identified for [JMs in the
literature 8:2428:29:36.37.6480,103 For typical 1JMs, the transition from
laminar to more turbulent-like mixing occurs in a narrow interval of
Re between 90 and 150.8242836.87.648081 \when Re surpasses this
critical threshold, the predominant phenomenon is the emergence
of vigorously dynamic vortices, see Section 4.2, that facilitate fluid

engulfment.®*

d?¢ identified a Re threshold where cavitation

Metzger and Kin
bubbles start appearing along the core axis of vortices.?® This transi-
tion from noncavitation to cavitation regime was observed at approxi-
mately Re~3100 in a ClJ (d=0.50 mm, D=2.00 mm). Continuous
vortex cavitation was noted around Re~ 3400, with increasing Re
intensifying cavitation with an intermediate minimum at Re = 4200.2°

I. ?¢ showed that a sinusoidal oscillation veloc-

Recently, Hao et a
ity perturbation, in which both jets have the same frequency and
amplitude but are 180° out of phase, can improve mixing (especially
for low Re, e.g,, 200) in a ClJ (D/d=6.6). Similarly, results of Shi
et al. 1% indicate that a periodic excitation improved mixing in a ClJ
(d=4.20 mm, D=20.08 mm) at low and moderate Re values (100-
500). Brito et al. ®® modulated the jet velocity with typical frequencies
associated with certain vortices, see Section 4.2, to promote a state of
resonance within a ClJ (d=1.5 mm, D=10 mm). Similarly, Erkog

I. ©2 studied the effect of pulsations (with a frequency multiple of

eta
the natural oscillation frequency) on mixing in a T-jet mixer.

In principle 1JMs are designed for head-on impingement of two
parallel jets. The momentum balance of the two jets, discussed in
Section 5, is an important operational parameter that affects the mix-
ing considerably 811:24:36.66.69

While the mixing performance of IJMs can also be influenced by
operational parameters such as operating temperature and solvent
choice, these factors are typically dictated by the specific require-
ments of the application for which the IJM is used. If there are no pro-
cess constraints, increasing the temperature enhances diffusion and
consequently improves mixing.”® Moreover, the viscosity of the

impinging streams can have an impact on the mixing,242727:4¢:80.105

as
detailed in Section 5. For IJMs in submerged stirred tanks, the stirring

rate of the tank impeller has an impact on the mixing conditions

around the IJM. Thus, the stirred tank should be operated such that
the mixing from the impeller does not disrupt the mixing at the
impingement point.

The jet velocity and the pressure drop through the delivery lines
determines the pump selection.?® The pressure drop through the
delivery lines can be estimated, for instance, using traditional pressure
drop calculations for flow through a pipe.2%78

To account for the independent contributions of different
streams to the mixing in MIVMs, Reynolds number in MIVMs are
defined as a linear combination of the stream velocities (or individual

stream Re),>2

Re= Y Dt ®)

Uj

with D the chamber diameter, v;, and uje;; the kinematic viscosity and
the average velocity of inlet streami. Liu et al. found that operation of
MIVMs at Re above 1600 ensures good micromixing.>?

Reynolds numbers for T-jet mixers are also sometimes defined
differently. For instance, in some cases for T-mixers, the hydraulic
diameter 2wd/(w +d) with w being the chamber width has been used

instead of the nozzle diameter d in Equation (7).641%¢

2.3 | Beyond IJMs: related mixing technologies
Beyond the conventional 1JM designs, various other mixing appara-
tuses have been explored and documented in the literature, each with
specific mixing performances, capacities, and applications in mind. In
the context of this review, a brief overview of mixing technologies
related to IJMs is given.

Like 1JMs, static mixers are used to improve micromixing without any
moving mechanical parts. Static mixers are a series of inserts or elements
strategically arranged within equipment to accelerate mixing and increase
energy dissipation rates.’®”1% For an overview related to static mixers,
we refer to several reviews that have been published on this topic.1%8-111
Static mixers outperform traditional mixing equipment but fall short of
the superior performance delivered by IJM, see further in Table 2.

Lastly, miniaturized mixing equipment such as microfluidic mixers

and microstructured mixer operated in the laminar regime have
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TABLE 2 Estimates for mean energy dissipation rates (¢) as
reported in the literature for different types of mixing equipment.

Equipment £(Wkg?)
Stirred tanks'*® 10-100

Static mixers'%%24 100-1000
Rotor stator mixers>** 100-1000

Submerged impinging jet mixers3%1%> 1000-10,000

Confined impinging jet mixers?’ 10,000-100,000

Note: Typically ¢ in the order of 10° W/kg leads to micromixing times of
the order of 1 ms for low viscous liquids.”>24?

become increasingly popular.t12-1*4 However, the micromixing pro-
cess tends to be comparatively slower than that observed in IJMs due
to the absence of turbulence. Micromixers are categorized into pas-
sive (solely relying on pumping energy) and active (utilizing external
energy sources) mixing devices.''* For discussions concerning the
various micromixer types, extensive reviews on the subject are

available 110:112-114

3 | MIXING CHARACTERIZATION

3.1 | Experimental approaches

As the name suggests, the primary role of IJMs is to facilitate
fast mixing. Consequently, evaluating the performance of [JMs
hinges on effectively characterizing the mixing required to
achieve complete homogeneity. However, quantifying turbulence
and mixing at microscales poses significant challenges due to
the short time and small length scales at which the mixing pro-
cess unfolds.

A distinction is made between experimental (e.g., References
8,11,23,27-29,36,37,80) and computational methods (e.g., References
26,33,50,51,54,115). For the experimental approaches, a second dis-
tinction is made between physical and chemical methods.?® The analy-
sis of characterization experiments can be challenging due to the
absence of standardized quantification methods.?®> Moreover,
methods have evolved over the years, progressively becoming more
precise (e.g., compare References 8 and 36), adding an additional layer
of complexity to results' interpretation.

3.1.1 | Physical methods

Physical methods employed for mixing characterization in 1JMs pri-

marily involve flow visualization experiments824283611¢ sometimes

coupled with velocimetry measurements.?¢:33¢469:80103 A" second
type of mixing characterization takes on a more pragmatic approach
by evaluating whether the degree of mixing of an 1JM is sufficient for
the intended process by directly assessing the actual quality of the

end product.

Flow visualization

Typically flow visualization experiments consist of mixing a transpar-
ent liquid with a colored (dyed) liquid.2> This method of course implies
that the 1JM is optically accessible, which is not necessarily the case.
Most important for visualization methods is that the resolution is suf-
ficiently high to detect the smallest scales of segregation. If this is not
the case, it is impossible to determine whether the two fluids are
effectively mixed.?

By visualizing the spreading and mixing of the dye, different flow
patterns can be identified, see Section 4.1. Mixing in [JMs above Re;t
is inherently transient and characterized by short residence times.?¢%”
As a result, such flow visualization experiments are generally time-
dependent.

Some studies have used fluorescent dyes to increase the sensitiv-
ity of flow detection through the use of planar laser-induced fluores-
cence (PLIF).82627:5185117 15 P||F 3 fluorescent dye is excited by a
laser and the emission of the dye is recorded. PLIF is useful to assess
mixing in 1JMs, as the temporal resolution is solely constrained by the
pulse rate of the laser (typically in the ms range).®®

More quantifiable mixing characterization using flow visualization
can be done by tracking the color progression in a local zone.?> The
quality of mixing can then be defined using, for example, the intensity

) 118
)

of segregation (Is which can be considered as a measure for the

state of subdivision of eddies. The Is can be calculated using

0_2
ls=—
O'max

with o :%J (c—2)2dV, 9)
\%

with ¢ being the mean value of the concentration field, ¢ (mol/m?3)

2

being the local concentration, and o7,

being the maximum vari-
ance.’®® The Is has been calculated in several IJM studies.®2%4357 A
low Is, that is, good mixing, for one chemical species does not neces-
sarily imply effective mixing with other chemical species in multicom-
ponent mixtures.82 In other cases, a mixing time is calculated, see
Section 3, by determining the time required to reach a specific mixing
criterion.?

Dye spreading analysis must always be interpreted with care, as
such measurements rely on perpendicular imaging which may lead to
misinterpretation of the results.?> With sufficiently high spatial resolu-
tion, the lamellar flow structure may become visible in downstream
regions from the impingement point, enabling the direct extraction of
an estimate of the striation thickness from visualization experi-
ments.®28 Another consideration to take into account is the diffusion
rate of the utilized dye, which might vary from that of the process
streams, potentially leading to erroneous mixing times.*%?

Flow visualization in 1JMs has also been coupled with classical velo-
cimetry methods. For instance, laser doppler anemometry (LDA) has
been used,®>8%81103 \which measures the Doppler shift in a laser beam
to measure the fluid velocity field in the IJM. LDA offers precise point-
wise velocity measurements but lacks a comprehensive view of the
instantaneous flow field due to its inherently localized measurements.*

In contrast, particle image velocimetry (PIV) has been employed for

characterizing mixing in IJMs, leveraging the advantage of capturing
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Planar laser-induced
fluorescence

2D particle
image velocimetry

Dynamic 3D CFD
simulations

FIGURE 6

Flow visualization to characterize mixing in a confined impinging jet mixer (ClJ) (d=1.5 mm, D =10.0 mm, h=5.0 mm, H=50.0

mm) at the impingement point for Re = 200 using PLIF (left), PIV (center), and 3D CFD simulations (right).®> Adapted from Santos et al. .
Created with BioRender.com. Copyright ©2009 American Institute of Chemical Engineers (AIChE).

larger-scale flow patterns simultaneously.?433:51:64:69.79.84119 |y ply/,

images captured at known time intervals apart, depicting seeded parti-
cles moving within the IJM illuminated with a sheet of light, are cross-
correlated by region to precisely determine the instantaneous particle
velocities. PIV results in two-dimensional slices showing the particle
flow fields. One of the main advantages of PIV compared to PLIF is
that it gives a value for the vorticity.>* Figure 6 provides a comparison
between flow visualization techniques using PLIF and PIV, alongside
CFD simulations,®® discussed in Section 3.2.

Product-based evaluation

By evaluating the product of the mixing process, the mixing per-
formance can be evaluated in terms of the intended and desired
application. In the past, the quality of mixing was sometimes
judged merely by the visual appearance of the product.?® Tucker
and Suh®® suggested a more quantifiable approach by measuring
the variance of the concentration of one component from a num-
ber of small samples. In such an experiment, smaller variances
imply better mixing.3® The variance can then also be related to
the segregation scale.*® Another method involved measuring heat
release during exothermic mixing-dependent processes, such as
during urethane polymerization.22284® While these examples pro-
vide a glimpse into diverse evaluation methods, it is important to
recognize that this is not an exhaustive summary, and additional

methods exist.1%%

3.1.2 | Chemical Methods: Test Reactions

One of the most common and effective methods to characterize
micromixing in 1JMs is with test reactions, also called reactive tracer
tests.®70120121 Thjs approach is grounded in the notion that a

chemical reaction can transpire only when reagents are adequately
mixed at the microscale.® When competitive reactions occur with an
intrinsic reaction time in the same order of magnitude as the mixing
time (i.e., in the mixing-sensitive regime), mixing dictates the timescale
of the reaction progression.® Fast microscale mixing favors the fastest
reaction, while slow mixing results in more reagents being consumed

by the slower reaction.®

Methodology

Chemical probe methods rely on the competition between two reac-
tions for a common reagent in stoichiometric deficit.'??> Both
competitive-consecutive and competitive-parallel reactions have been
used.®2>123124 These reactions, shown schematically as simplified

reaction schemes in

Competitive — consecutive
A+B—f R

B+R—X s

Competitive — parallel
A+B— R

B + CLS,

must have well-defined kinetics.® Specifically, the first reaction should
exhibit quasi-instantaneous kinetics, while the second reaction should
be rapid (k1 > k»), characterized by a time scale comparable to the
mixing time (i.e., for optimal sensitivity, Tmixing & Treaction)-

The formation of product S is then related to Da, see Figure 7,
and is considered as an indicator of the mixing quality.2> The experi-
mentally recorded amount of product can then be used to calculate a

segregation index (X),
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Slow mixing Time = ¢, Time > £,
Tmix > Treaction
Da>>1 A BB R g
X - 1 B B """ S —
8 A A AL S ( A
Fast mixing Time = t, Time > #,
Tmix << Treaction
Da<<1 A BB P
B, A
y A A

FIGURE 7 Schematic overview of the effect of fast and slow
micromixing (with respect to the reaction rate) within a lamellar
microstructure (see Figure 4) on the product distribution during a
competitive reaction as shown in Equation (10). Adapted from
Johnson and Prud’homme.?? Created with BioRender.com. Copyright
©2003 American Institute of Chemical Engineers (AIChE).

2Cs

X=2Cr G

(1)

Fast micromixing corresponds to a low X value, which approaches 0
for perfect mixing conditions. Slow mixing leads to higher X, which
approaches 1 for total segregation.

The value of the segregation index X is strongly dependent on
the protocol conditions and thus only provides preliminary mixing
information.2>122 For instance, for 1JMs, depending on the flow ratios
of the two streams, the concentrations of the inlet streams in the pro-
tocol of choice need to be changed. Falk and Commenge?® advise
adjusting the ratio of the molar flow rates of the reactants in the two
inlet feeds to match molar number ratios from optimized batch
protocols.

To obtain an absolute parameter for mixing characterization, the
mixing time (zmixing) Must be calculated from the segregation index and
a specific mixing model.>'?2 Chemical tracer tests inherently lack
spatially-resolved mixing information, thus providing only global mix-
ing insights, but this limitation is not necessarily problematic within
1JM mixing characterization.'?*

Two widely adopted reaction systems for assessing micromixing
are the competitive-consecutive reactions involving 1-naphthol?°
and 2—naphthol,126 collectively known as the Bourne reactions, devel-
oped during the 1980s and 1990s. Another extensively utilized sys-
tem is the iodide-iodate reaction, referred to as the Villermaux-
Dushman reaction, established in the 1990s.12%124 Both reaction sys-
tems offer the advantage of product quantification through spectro-

photometric measurements, 120123124126

Use in 1JMs
Several authors have used these tests to characterize micromixing in
1JMs. In 1987, Kusch et al. ®7 investigated micromixing in an 1JM

(d=1.02 mm, D=5.00 mm) across Re values from 50 to 500, employ-
ing the azo dye coupling reaction with 1-naphthol and diazotized sul-
fanilic acid.3” Their data exhibited a lot of scatter, which could be due
to time-varying mixing patterns,®” but is more likely a result of varia-
tions in the momentum ratio,?* see Section 5. The characteristic reac-
7

tion time recorded for their experiments was 3-12 s,°” which is

several orders of magnitude longer than later and more accurate
experiments in comparable 1JMs suggest.?’

Mahajan and Kirwan?? also employed the Bourne reaction scheme,
opting to elevate both temperature and reactant concentrations to
their maximum values before decomposition to enhance sensitivity.
They achieved a rapid characteristic reaction time of only 65 ms in a
nonsubmerged IJM (d =0.5 mm, D = 2.54 mm) at Re = 1200.2°

Johnson and Prudhomme?’ used the fast sodium hydroxide with
hydrogen chloride neutralization and the slower acid-catalyzed hydroly-
sis of 2,2-di-methoxypropane to acetone and methanol (as proposed by
Baldyga et al. ) scheme in a ClJ (e.g., d = 0.5 mm, D = 2.38 mm). Reac-
tion times as low as 9.5 ms were recorded for Re values ranging from
100 to 3000.2 The same reaction system was used by Gillian and Kir-
wan?® in a ClJ (d=0.50 mm, D=2.38 mm) and T-jet mixers
(0=0-10°, d=1.30 mm), who found mixing times of the order of
10 ms. These values match well with mixing times calculated from

extracted from CFD
|' 58

volume-averaged mixing  times

53.56.58 see Section 3.2.1. For instance, Marchisio et a

simulations,
found mixing times ranging from 50 to 2 ms (for d=1 mm, D=4.8
mm, H=9.6 mm) and from 100 to 5 ms (for d=2 mm, D =9.96 mm,

H=19.2 mm) for Re ranging from 200 to 2000.

I 30 I113,121 to

Schaer et a used the Villermaux-Dushmann protoco
evaluate micromixing times for an UM (d=1 mm, Dps=10 mm)
immersed in a stirred tank reactor. At jet velocities exceeding 3 m/s,
the impeller speed showed minimal influence, leaving micromixing
entirely under the control of the impinging jets, resulting in reaction
times as short as 4 ms.>° Experimental mixing characterization studies
in which viscosity is modified do so by adjusting the temperature or
through the addition of viscosity-modifying additives (e.g., polyethyl-
ene glycol is useful as it only affects the viscosity and not the mass
diffusivity?”4¢).43

In summary, chemical tracer tests have become standard practice
to evaluate micromixing and have been used for characterizing various

IJM configurations and experimental conditions.?+127:128

3.2 | Computational approaches

3.21 | Computational models

The starting point for almost all computational models for 1JMs are
based on the Navier-Stokes equations for mass and momentum bal-
ance of the fluid. Since this review focuses on mixing in the liquid
phase, Navier-Stokes equations for incompressible flows should

be used,

V-u=0, (12)
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du 1
Ziu- - . 1
at-l—u Vu pr+V (vVu), (13)

with u, p, p, and v representing the velocity, pressure, density, and
kinematic viscosity of the fluid, respectively.

Direct numerical simulation (DNS) of Equations (12) and (13) pro-
vides accurate information about the flow and pressure field inside
the IJM, as verified in Reference 129 through comparison with experi-
mental PIV results. In addition to flow and pressure distributions,
detailed DNS results also aid in understanding turbulent kinetic
energy distribution within the IJM, revealing regions of heightened
turbulent dissipation and, consequently, more efficient mixing.®?
While DNS is accurate, it requires spatial resolution of the Kolmogo-
rov length scale (1) to capture turbulent effects. This makes the
method computationally expensive, especially at large Re; thus turbu-
lence models based on Reynolds-Averaged Navier Stokes (RANS) or
Large Eddy Simulation (LES) are frequently used to model turbulence
in 1JMs. Nevertheless, DNS results continue to be useful to bench-
mark turbulence models for 1JMs.*?>% In References 82 and 115,
Equations (12) and (13) were extended to account for the distribution
of nonreacting passive scalars, such as concentrations of constituent
liquids and chemical components in the IJM. By representing the con-

centration of the ith scalar as &,
& 1

SiuvE = 2g 14
G U VE TroecVé (14)

is obtained.

DNS of Equations (12)-(14) revealed that ¢ is rapidly diffused as
the shear layer, see Section 4.1, breaks down into small-scale vortices.
However, accurate computation of &;'s requires the spatial resolution
of the Batchelor length scale, which is related to the Kolmogorov
length scale as g =4/+/Sc. This makes DNS computationally expen-
sive and less prevalent, especially for large Sc. A more common
approach to understand distribution of scalars involves using one-
point probability distribution functions (PDFs) of the composition of

130,131

the mixture, whose transport is governed by

TV (W) + 50 (V- (D V&) W] + (5 =0, (15)

where f:(y;x,t) is the composition PDF, y is the composition space
vector, D;, is the molecular diffusivity, and S; is the reaction rate of
species i. The second and the third terms in Equation (15), which,
respectively, represent transport in physical space due to velocity
(advection) and transport in composition space due to mixing (diffu-
sion) of f, contain conditional probability expressions which need to
be modeled.”***? For modeling, an estimate of the mean flow is nec-
essary, for which RANS and LES are commonly used.

In RANS models, the velocity field is decomposed into a time-
averaged mean component and a fluctuating component, whose mean
value is O, like u= (u) +u'. Substituting this into Equations (12) and
(13), no additional terms are introduced in Equation (12). However, in

AICBE RN AL 10T

an additional term appears in the momentum balance in the right-
hand side,

%l:)"r (u)-V{u) +%V(p) -V -@WVu))= _%v.(p<ulul>) _ —%V"t/,

(16)

which is referred to as the divergence of Reynolds stress. Different
closure models have been proposed for the Reynolds stress (7’), which
can be broadly classified into linear eddy-viscosity (LEV), nonlinear
eddy-viscosity (NLEV) and explicit algebraic Reynolds-Stress (EARS)
models; all of which have been extensively reviewed in the litera-
ture.”>13% Typically, LEV and EARS models are used for isothermal
applications, whereas NLEV models are more common when tempera-
ture variations inside the 1JM are significant.??? All of these models
require the solution of an equation that governs the transport of tur-
bulent kinetic energy (k); and an additional equation which governs
the length scale of turbulence (both € and w are commonly used).?**
For the specific case of isothermal mixing in ClJs; the Speziale, Sarkar
and Gatski,*>* Launder, Reece and Rodi (LRR)*3>* and Shear Stress

Transport k-3¢

models were compared in Reference 137, where
LRR model results provided the best fit to experimental observations
from Reference 49. However, choosing appropriate RANS models for
1JMs still continues to be an area of active investigation.

In LES models, a spatial filter such as G(r,x) is used to define a fil-
tered velocity u,”* u= [*_G(r,x)u(x—r,t)dr. Spatially filtering Equa-
tions (12) and (13) does not result in additional terms in the mass
balance, but pick an additional divergence of a subgrid-scale (SGS) stress

term (z) in the momentum equation, as shown in the right-hand side,

i—?+ﬁ-Vﬁ+%Vﬁ—v-(uva):—%va (17)
The term 7 is resolved using models such as the eddy-viscosity
model,**® where 7 is assumed proportional to the filtered rate of
strain, that is, 7= —stes(Vﬂ+VTﬁ). The proportionality coefficient
vsgs is called the SGS viscosity and is defined as a function of the
width of the filter.*3? More sophisticated models, which consider the
decomposition of 7 into constituents such as Leonard stress and Clark
stress using the Germano identity have also been proposed, for details
see Reference 140. LES was first presented for turbulent reacting
flows in Reference 141 and developed for 1JMs in particular.”>® There
has also been some work where RANS and LES models have been
combined to resolve the flow inside 1JMs.24142 Owing to the smaller
computational cost of RANS as compared to LES models, they are
more commonly employed today.

In the subsequent discussion in Section 3.2, we will use (u) to
represent the resolved part of the velocity and u’ to represent the
unresolved part for both LES and RANS." Using this notation,

Equation (15) can be rewritten as*®

TWe choose this notation as most of the simulations for IJMs use RANS models, where this
representation is commonly employed. However, the underlying concepts for micromixing
are the same for RANS and LES.
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ofe +{U) - Vi + V- ((Uy)fs) +i (D;Vz(ff)f;)
ot o "
J J
+9_Wi (V- (D5 V) Ww)fe] + w; (Sif:) =0,

where the second term represents transport in physical due to mean
velocity (macromixing), the third term represents transport in physical
space due to scalar conditioned velocity variations (mesomixing), and
the fourth and fifth terms represent the transport in composition
space due to molecular mixing (micromixing).'*”**® Note that the
fourth term, which represents molecular diffusion, is negligible at high
Re and is usually ignored.?®” The mesomixing term is usually approxi-
mated using the gradient diffusion model (u'|y)f; = —TVf;'** where
I'; represents the turbulent diffusivity. The turbulent diffusivity is a
function of the turbulent kinetic energy, turbulent dissipation and Sc;
(turbulent Schmidt number).*3? Although originally proposed for iso-
tropic flows, the gradient diffusion model is almost ubiquitous
because of simplicity, satisfactory accuracy and computational ease.
The micromixing term is commonly approximated using the
interaction-by-exchange-with-the-mean  (IEM) model,**>  which
essentially models micromixing as a linear relaxation of the scalar con-
centrations toward their mean.”**32 This approach has been used to
quantify micromixing in IJMs in References 50,54,55, and 146, among
others. However, the IEM model assumes that all the scalars in a mix-
ture mix with a single characteristic time scale, which may be nonphy-
sical for some mixtures where the Sc values are very dissimilar. An
improvement to the IEM called the Fokker-Planck mixing model,**”
has been applied recently to model micromixing in a C1J.*%”

After making these modeling assumptions, Equation (18) is solved
for fe. Solution methods include full simulations of Equation (18) using

148,149 also

notional fluid particles in the Lagrangian frame of reference,
referred to as transported PDF methods. However, this is computation-
ally expensive and less pursued for 1JMs.*32 The more widely used solu-
tion method for Equation (18) is the so-called presumed PDF method,
where a form for the joint scalar PDF is assumed.*3? A common choice

is that the PDF is composed of Dirac delta functions,*>° such that
Ne N
ffvyz = len Hla[wa - <§a>n]5[yz - <Y20l>n]7 (19)
n= a=

is obtained, with N; and N, representing the number of scalars and
number of environments into which the PDF is discretized, respec-
tively, and p, represents the probability of environment n. The vari-
able Y, represents the reaction progress variable, which becomes
significant when the PDF describes the composition for a mixture
where mixing and reaction times are comparable, that is, Da~ 1. The
number of environments has been varied between 2 and 5 in
the literature,®* and it was concluded that N, =3 provides the best
trade-off between accuracy and computational cost. The concentra-
tions of the various constituents in the mixture can be described as a
function of (&,), (Y2.), and p, at any point inside the mixer.®2 Taking
different moments of the presumed PDF, the mean and variance of

&'s can be calculated, which are used to model micromixing in the

IJM. A combination of the assumed PDF method using Dirac delta
functions with the IEM micromixing model, also referred to as
DQMOMIEM?? has been most commonly used to model mixing in
1JMs, and obtain good agreement with experiments. Other presumed
PDF models include beta PDF methods®®® and gamma PDF

methods,*%*

and fitting experimental data using other forms continues
to be an active area of investigation. On a side note, since |JMs are
frequently used for crystallization, the development of equations for
turbulent mixing enumerated in this section have been closely
coupled with transport equations for crystallized particles in the 1JM
in the literature.*®2 Numerous detailed reviews on these transport
equations, also referred to as population balance models (PBMs) have

been published, for details see Reference 155.

3.2.2 | Analytical approaches
Also mathematical modeling has been employed to investigate jet
impingement, for example, for the case of single free-surface

jet impingement on a normal plane,””:*>6~158

or for impinging jets col-
liding head-on.*>?71%1 By utilizing geometric symmetries, it is possible
to derive an analytical solution for a partial differential equation that
represents the local flow field close to the interface between two
impinging jets. A mirror image model was introduced by Powell,*42 in
which the impingement between two opposing jets at a distance is
described, provided that the impingement plane and the impingement
zone are symmetrical. Nosseir et al. 1% and Tamir* suggested that the
mirror image notion might hold true for laminar flows in impinging jets
but could be challenging to apply to turbulent flows. Powell's mirror
image model aids in the understanding of some global parameters and
their profiles in impinging streams, for example, the velocity field, but
its main limitation is that it ignores the interaction between the
opposing streams upon impingement. By employing separation of var-
iables and eigenfunction expansion,°?1¢41¢> the solution can be
derived under certain assumptions. Tamir* investigated the velocity
field in laminar impinging streams using Powell's mirror image model
and general fluid dynamics principles. Assumptions made for the ana-
lytical solution include the following: The fluid is incompressible, invis-
cid, and at steady state; the flow is assumed to be axisymmetric, with
the two impinging jets having the same velocity field but opposing
directions; the flow is irrotational; the influence of gravity is minimal.
The concentration is uniform at the nozzle inlets and there is no mass
flux at the interfaces (including very far from the centerline). The

equations governing fluid motion can then be derived from

pu-Vu=-Vp. (20)

For planar two-dimensional impinging streams, u = uxi + uyj,

12 J 7 J
U X 4y % P iy
ax

U _9p duy  dp
dy — ax T ox

oy oy

is obtained.
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Assuming an ideal fluid flow case where the flow is irrotational,
the concept of a velocity potential is employed. In the Stream
function-Potential ideal flow approach, irrotational flow is assumed.
However, for the Vorticity-Stream function approach, irrotationality is

not assumed by default. From irrotational flow and continuity,

duy duy duy  duy
el i s A ) 22
dy ox =0, ox + dy 0 (22)

is found. The velocity in terms of the stream function y and the veloc-

ity potential ¢ relationships are

v
UX__ay oy YW=ox = Tox (23)

For axial-symmetric impinging streams, it is more convenient to use

cylindrical coordinates, leading to

1oy d¢p 1oy d¢

v _“Y _—r_“¥ - 24
roz o “Tror oz Y 0. 24

=

Stream-potential (y-¢) approach

Pressure and velocity are conveniently expressed in terms of the
velocity potential (p) and the stream function (y). It is more practical
to use the cylindrical coordinates for the stream function when deal-
ing with axially symmetric impinging streams. It is challenging to
develop a stream function that satisfies the continuity equation for
general three-dimensional impinging streams. Even though these find-
ings do not fully capture the flow characteristics of impinging streams,
the study by Wu'®? about pressure and velocity profiles aids in under-
standing the features and some regularity of impinging streams. A
thorough examination of the impingement's boundary layer is neces-
sary to calculate the mass transfer rates and wall shear stress accu-
rately under an impinging jet.

The velocity potential can be represented as
o(xy) =—0.5M(—x%+y?), ¢(r,z)=—0.5M(=222+r?), (25)

with M being a constant (see Figure 8).
Considering dy = uydx —uydy, the expressions for the velocity

components can be derived as

Uy = —Mx, uy, =My, u, = —Mr,

_ dy _y 20 2 .2
u, = —2Mz, dxf—;,pfpo—OASpM (=x=+y*).

(26)

The streamlines in two-dimensional impinging streams are shown in
Figure 8, the slope of which demonstrates the direction of flow and is
equal to the local velocity vector,

5

u=(u2+u)> =M@ +y2)%°. (27)

The velocity profile is flat for big x or y, according to this relationship,

but it is minimal at the centerline and grows as x or y increases when
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uy=My

Xy = /M = const.

~ U Re g

e
Mx

u= M(x2+y2)°<5
——|—shear layer

i

FIGURE 8 Streamlines of two-dimensional impinging streams
with velocity (uo).*6* Streamline velocities and pressure distributions
are indicated with u and P, respectively. The impingement point is
indicated with a cross. Recreated based on a figure from Wu.¢?
Created with Biorender.com.

x and y are of the same order of magnitude (see Figure 8). As no
shearing force is applied to the jets in the scenario when viscosity is
neglected, these findings make sense. This results in the streamline
equation: xy =w /M = constant (see Figure 8).

Stream-Vorticity (y-Q) Approach: For two-dimensional and axi-
symmetric impingement flow with an arbitrary velocity profile, analytical
solutions to the stream-vorticity equation are found in terms of a sur-
face integral involving the vorticity function (Q). This enables an iterative
determination of the stream function throughout the impingement
region. Between the surface and the jet centerline, the stream function
is zero. A solution was obtained by approximating the far-field and near-
field expressions at designated points with the stream function expres-
sions computed in terms of the vorticity function distribution. The gov-
erning equations and boundary conditions are

J "’+a2 Q:%_ﬂ7
dy? = ox? dy  oIx
w(x0)=0, w(0,y)=0, (28)

W ay) =0, wixb)=Fx),

9222 ror
w(r,0)=0, w(0,2)=0, i—t(a,z):Q w(r.b)=F(r),

Py Py 1y _ o[ &uz
Jz or

(29)

for cartesian and cylindrical coordinates, respectively. The influx
stream function, F(x) or F(r), can be determined from the given
influx velocity profile at some distance, b, above the surface. The out-
flux streamlines are assumed to become parallel at some sufficiently
large distance, a, from the jet centerline.

The general solution, in cartesian coordinates, subject to the
boundary conditions is given by

M8

wxy) = Ansinh(y,y) — Z sin(amy)| sin(ypX),

£+

Il
aN

n

(30)
Qxy) =

i M8

Z mn SIN(amY) sin(y,X),
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and in cylindrical coordinates by

w(rz)= 3" | Dy sinh(inz) — 3 ZE'"“ sin(amz) |1 (ar),
n=0 m=00p, +/‘Ln (31>

Q(r,z)=r7? i i EpntJ1 (Anr) sin(am2),

m=1n=1

where
Yn=1(2n—1)/2a|z, am=mx=/b,

_ 2 a AP ! _ _an
n_WJOF(X)sm(ynx)dx', Cm,,_m,

4 ca rb
E :7J J r2g(r',2)J1 (') sin(amy’)dZ dr’,
m bazlf(/lna). oJo ¢ 21 (A )sin(any’)

n

2 a
=———— | F(r')J1(Anr)dr,
aZJ%(,lna)sinh(/l,,b).[o ()18

iA” sin(y,x) sinh(y,b) = F(x),
a b
J J o(X,y)sin(amy’)sin(y,x)dy'dx,

and 1, are roots of Jo(4,a) =0. The simple inviscid corner flow solu-
tion, w =~ xy can be recovered as x and y become very small.
The governing equations of mass transfer with their boundary

conditions are

ge 0 pl1a (a0,
or Y25, ror\"ar) TazZ|
dac

E(O’Z) =0, c(r,o0)=c1, c(r,—o0)=cCa.

ur =D

(32)

Considering that the concentration gradient along the impinge-
ment plane (%9 is negligible compared to along the centerline (29,
using the scaling analysis where the simplified concentration equation

has a unique analytical solution,

c—c, 1 z
=—|erf[— | +1], 33
C1—C2 2 < (Zrefm> ) ( )

1/2

with Zretm = (Dzo /Uy, )

4 | MIXING BEHAVIOR
4.1 | Flow regimes

Numerous studies have reported the existence of at least two distinct

and discernible flow regimes separated by a breakage point (at Regit,

see Section 2): a segregated steady-state flow regime with poor mix-
ing (Re < 90-100) and a dynamic chaotic flow regime with good mix-
ing (Re > 100-120).8:2428:37:6384 Fiayre 9 shows typical flow patterns
observed in a ClJ (d=1.50 mm, D= 10.00 mm, H = 50.00 mm) for dif-
ferent Re values.®

In contrast, the self-sustained chaotic flow regime refers to cases
in which both streams are engulfed as a result of vortices being
formed downstream of the impingement point in the impingement

648082 see Figure 5.% Upon impingement of the two jets

80,84

mixing zone,
a nonrigid vortex core, also described as a thin pancake-like
(i.e., disk-shaped) core, and a shear layer are formed from which vorti-
ces are continuously released.®*8%%2 The ensuing vortex street con-
sists of mixing zones in a highly dynamic time-dependent oscillatory
state in which vortices are continuously engulfed and detached. This
stretching and folding of fluid layers results in a large interfacial con-
tact area between the two fluids. Continuing downstream from the
impingement mixing zone and progressing into the parallel flow

zone, %6

as depicted in Figure 5B for ClJs, the flow reorganizes, tur-
bulent motions diminish, leading to a gradual transition into regular
(laminar, thus parabolic) pipe flow.242%1%¢ |n a ClJ, the impingement
mixing zone typically extends over a length of 2D to 3D from the top,
with the remainder of the chamber length constituting the parallel
flow zone.® Generally, the chaotic flow regime, and particularly the
impingement mixing zone, is characterized by significantly faster mix-
ing compared to the segregated flow regime.

Further increasing Re, results in the pseudo-random oscillatory
flow instabilities becoming increasingly pronounced.® This heightened
instability leads to vortex formation, engulfment, and detachment pro-
gressively closer to the impingement zone,® causing a further reduc-
tion in the size of lamellar fluid structures® that is, better mixing.
Beyond a certain threshold Re, a plateau is occasionally observed,
potentially due to limitations in the sensitivity of the characterization
methods employed.?’ As Re continues to increase, the mixing will
continue to improve asymptotically toward perfect mixing.

In ClJs, chamber walls affect the vortex dyna\mics,29 for example,
by inducing increased vortex shedding or by pushing vortices back
towards the impingement point.? These phenomena induce flow
instabilities, see Section 4.2, that improve mixing.82 In contrast, in free
1JMs the walls have little to no impact on the mixing process and thus
do not affect the vortices ensuing from the impingement point. In
submerged 1JMs, besides the mixing of the two jets, also the interac-
tion between the jet and the surrounding fluid is important.**” Prior
to impingement, the jets entrain surrounding fluid.''” When the inter-
nozzle separation is small (D,s/d <5), the surrounding fluid is esti-
mated to make up 20 % of the mixing volume.**”

As mentioned earlier, the mixing behavior in T-mixers is signifi-
cantly different from that in ClJs. While a thorough exploration of
flow regimes in T-jet mixers is beyond the scope of this work, it is
noteworthy that, unlike ClJs, which commonly exhibit two distinct
flow regimes, T-jet mixers display three to four regimes: stratified,
vortex, engulfment, and chaotic flow, 106167 depending on Re and the
dimensions of the T-mixer.2%”-*7° Due to the (typically square) noz-

zles extending fully through the confinement chamber in T-jet
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FIGURE 9 Visualization (via planar laser-induced fluorescence) of flow patterns generated in the impingement mixing zone by mixing a
nondyed with a fluorescent dyed liquid (with equal momentum) within a confined impinging jet mixer (ClJ) (D/d = 6.66, D = 10 mm) across various
Re. The zone from the top of the cylindrical mixing chamber until 2.5D is depicted. Reit occurs at 111, but the dynamic oscillations start at

Re > 120,2 as identified by the characteristic periodic switching flapping motion.211¢ A distinctive lamellar structure was detected at a distance of
2.5D from the injectors, with the smallest striations measuring 15 um in thickness. For Re > 600, no further reduction in s could be detected.
Adapted from Fonte et al.2 Reprinted from Fonte et al., “Flow imbalance and Reynolds number impact on mixing in Confined Impinging Jets,”
Chemical Engineering Journal, Coypright (2015), with permission from Elsevier.

mixers,>'”! there is no chamber for turbulence to develop, and the
characteristic vortex core observed at the impingement point in
ClJs®? is absent in all T-jet mixer flow regimes.? Instead, upon
impingement, the two fluid streams are immediately direct down-
wards and most mixing proceeds primarily downstream of the
impingement point.1’® Further downstream, the flow approaches
fully developed pipe flow and turbulence evolves from the walls

toward the central axis,®’® as demonstrated in simulations and

experiments by Bothe et al.'”?

4.2 | Dynamic behavior: self-sustaining oscillations

The distinctive dynamic behavior closely associated with the chaotic

078,65,68

flow regime typically becomes noticeable when Re > 12 see

Figure 9. The vortex dynamics of impinging jets have been described

in numerous pubIicati0ns,48‘65'80'82'95'1°3’116'173'176

and play an
important role in the mixing performance of ClJs.

Three types of chaotic oscillations have been identified: At
150<Re <300, (i) radial deflective oscillations, causing periodic
S-shaped flapping, occur,®* see Figure 9. Above Re>300, (i) axial
oscillations around the impingement point that emerge alongside
radial deflective oscillations start to appear.* Beyond Re > 500, (iii)
oscillations occur that lead to the decay or even disappearance of the
shear layer near the impingement point.8*

The origin and sustenance of these feedback-free oscillations
remain debated, but typical features®? have been identified.¥ The col-
lision of two axial jets results in the formation of a vortex

82,84,175

core, see Figure 10A-D. At the interface between the two

*Many of these features are also relevant to 1JMs with gaseous inlet streams, leading to
cross-references in related research (e.g.217717%).
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Re =200

(A)t* = 300

(B) " = 354

Cr=117

(D)t =165

1000

(H)t" =235

FIGURE 10 The time evolution of the vortex dynamics (expressed in the characteristic time, t* =d/ujet) in the chaotic regime in three-
dimensional and two-dimensional views (in the z=0 plane) for Re =200 (A, B), Re = 600 (C-F), Re = 1000 (G, H) in a confined impinging jet mixer
(C) (D/d = 6.6, H=12d). Upon head-on impingement a pancake core is formed at the center of the shear layer, which continues to radially
expand and shed vortices that reciprocally interact with the shear layer. Adapted from Hao et al. .82 Original Figures by Hao et al. 22 Copyright

2020, licensed under Creative Commons CC BY.

streams there is a sharp velocity gradient, leading to the formation of
a shear layer.8282175 Radial deflective oscillations induce dynamic
flapping of the shear layer® leading to the formation of vortices that

d,82 see Figure 10. Two

radially roll up and are subsequently she
mechanisms have been posited to explain these natural radial instabil-
ities: They could result from (i) pressure disturbances induced by
impingement of the opposing jets.2* Such natural instabilities from
impingement alone cannot fully explain the chaotic behavior in ClJs

h.48

thoug| Alternatively, (ii) the instabilities could be convective helical

instabilities occurring in free-flowing round jets at Re < 500.848° The
self-sustaining nature of these oscillations, as seen in ClJs, arises from
their amplification under confinement: some of the shedded vortices
in a ClJ reach the chamber walls and reciprocally return to the shear
layer or even the inlet jet streams,®? see Figure 10. This interaction
with the walls and jets instigates a feedback loop of perturbations that
destabilize the shear Iayer.82’176 At higher Re (i.e., above 300), axial
fluctuations in the jets (possibly due to axisymmetric instabilities in
the inlet flows as observed in free-flowing jets at higher Re) induces
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axial oscillations.®° Icardi et al. have shown that small oscillations in
the inlet flow indeed introduce additional chaos.*3%* As Re increases
even further (i.e., higher than 500), also downstream vortex structures
become more interconnected leading to increased interactions among
them,®® eventually resulting in the oscillations that lead to the disrup-
tion of the shear layer itself.

Instabilities in the shear layer can cause the impingement point to
shift away from the center axis, leading to increased asymmetric
behavior,®? or in some cases the auto-induced instabilities can grow
s0 large that the jets miss each other completely.&°

Spectral analysis of the dynamic flow field within ClJs suggests
that there are typical oscillation frequencies®>8%84103175 that can be
related to eddy formation (i.e., the vortex shedding frequency, ¢, Hz

-1).5% These typical frequencies can be identified as peaks in the

65,103

=s
power-frequency spectrum through a spectral analysis, as illus-
trated in Figure 11. The power spectrum itself is obtained by squaring
the magnitude of the Fourier transform applied to a time series of
velocity data (extracted from LDA measurements or from numerical
simulations).*8>81 power spectra usually exhibit a large spread in fre-

486581 nderscoring the chaotic

guencies, particularly at high Re,
nature of the flow.®® For instance in the results of Santos et al. ¢° at
Re = 600 the typical oscillation frequency is less well-defined than for
Re =250 due to the increased turbulence. Overall, a decrease in peak
height of the typical frequency in the power spectrum at higher Re
can be interpreted as a more turbulent and complex flow regime,
characterized by the faster breakdown of vortices 881103

The Strouhal number (St),

d
st=24, (34)

Ujet
is used to relate the jet velocity and the typical oscillation frequency
(¢) associated with vortex shedding, and can be considered as a

dimensionless frequency.®® If the fluctuations are too large to discern

AICBE RN AL 721

typical frequencies, such as those induced by modulated jet
velocities,”® the fluctuation frequency corresponding to the peak tur-
bulent energy dissipation at different locations can be used as a repre-
sentative St value.”®

As Re increases from 100 to 250, the associated Strouhal number
typically exhibits a steady rise from 0.01 to 0.1. Beyond this point,
with further increases in Re, St values stabilize, and in some cases,
may even exhibit a slight decrease (e.g., see the caption of
Figure 11).65668084175 This suggests that, once a certain threshold
for Re is surpassed, additional increases do not lead to enhanced oscil-
latory behavior and that the flow structures remain the same (as
¢ = constant). Moving from the jets' impact point to 30 mm further
downstream, a decrease in St has been detected from 0.1 to
0.03.2>175 Analogous analyses conducted in T-jet reactors exhibit
comparable qualitative trends but different quantitative results, attrib-
utable to the difference in flow regimes and geometry.8?

In addition to spectral analysis, a proper orthogonal decomposi-
tion can be applied to the flow field to give a spatial description of dif-
ferent flow structures and to separate them into orthogonal modes,
which allows for identification of the main characteristics.8

Three-dimensional turbulence, see Section 1, involves an energy
cascade from large to small eddies, culminating in heat dissipation via
viscous dissipation, see Figure 7.> However, certain flows are better
described by two-dimensional turbulence, where fluid motion in two
planes follows an inverse-energy cascade from smaller to larger scales
through eddy cannibalization.'®2182 Energy dissipation then primarily
occurs through viscous stresses around evolving vortices.®® Flow in
ClJs exhibits characteristics of two-dimensional turbulence due to wall
constraints.®®?° Goncalves et al. °> demonstrated in their analysis of a
ClJ's turbulence power spectrum (d=1.50 mm, D =10 mm, Re rang-
ing from 200 to 500 in the 2D-case) that energy injection primarily
occurs at the nozzle scale, subsequently transitioning into eddies

resembling the chamber diameter (D).%>

Re = 250 Re = 600

2.0e-02 1.0e-02

1.6e—02 ¢\J 8.0e—03 ¢

1.2e-02 6.0e—03
O 8.0e—03 - O 4.0e=03 -

e b\/W\A,M\/‘\/\/\—J\_/W .

0.0e+00 e o s L 0.0c - 00 ————— Rt rtee i I e ) Aniaine
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f (Hz) f (Hz)

FIGURE 11

Normalized power spectra of the velocity component along the jet axis, measured 5.0 mm below the impingement point for

=250 and Re = 600 in a confined impinging jet mixer (ClJ) (d =1.50 mm, D = 10.00 mm, H = 50.00 mm). laser doppler anemometry (LDA) and
computational fluid dynamics (CFD) simulations within the same ClJ are shown in Figure 6. Typical frequencies (¢) are indicated. At Re =250,
St=0.066+0.0075, and at Re = 600, St = 0.048 + 0.0079. Adapted from Santos et al. .%> Copyright ©2009 American Institute of Chemical

Engineers (AIChE).
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4.3 | Energy dissipation analysis

Numerous studies discussed mixing in [JMs in terms of energy dissipa-
tion rates.30:°0:62:82:95,101,128,172.184.185 Magn energy dissipation rates

() can be calculated using?®

I (35)

with V,,, being the mesomixing (i.e., the dissipation) volume and P
being the power, from macroscopic mass and (mechanical) energy bal-
ances over the impingement zone, 2?4128 for instance, by assuming
completely inelastic jet collision and outlet kinetic energy of
zero.23128 Depending on the chosen characteristic dimension (D or d),
€ is found to be proportional to dzufet/D3 (e.g., References 37 and 39)
3

or to u;

Jet/d (e.g., Reference 46), respectively. Also pressure drop

128 chemical tracer tests,*° or simulations (see

measurements,
Section 3.2.1) can be conducted to extract local or average .
Dissipation rates in ClJs exceed those in stirred tanks by a factor
of 100 to 1000,%7128 see Table 2, with maximum dissipation occurring
at the impingement point, that is, the vortex core,%® and gradually
decreasing radially and axially.8%*?® Local maxima in e near the
impingement point are the result of flapping and vortex shedding,?

I. %© compared local dissipation rates

shown in Figure 10. Schaer et a
of a submerged IJM with those of an impeller in a stirred tank. If prop-
erly positioned, local £ from 1JMs are far higher than ¢ from the impel-
ler, thereby showcasing the potential of submerged 1JMs to create

localized zones of elevated ¢ in stirred tanks.3%0°

44 | Mixing time analysis

While chemical tracer tests result in a segregation index,?> calculating
Da in Equation (1) requires an unambiguous value for Tmixing.uz As
outlined in Section 1, this is best done through the use of a micromix-

ing time model.?®

As the exact functional relationship of 7pmixing cOn-
tinues to be debated?® a concise overview of select scaling
relationships is given here.

In the lamellar approach, a value for the striation thickness s in

2839186 ¢ experimen-

Equation (3) is sought (either mathematically
tally®28383%) Given that discussions concerning s are scarce in the
recent literature, this discussion is kept concise, but it is worth noting
that several models have been derived for 1JMs.8283¢:39:186 They pre-

-3/436 o Re~1/2.28

dict, for instance, a change in s proportional to Re
The model developed by Baldyga and Bourne®? is unique in the sense
that it does not explicitly depend on Re and that it calculates a distri-
bution of s due to the incorporation of an exponential residence time
distribution in the top of the mixing chamber, whereas other

2836186 only result in a single striation value.®”*®7 Laminar

models
lamellae stretching models estimate s around 10 um (for
100 < Re < 500), while models based on turbulent mixing suggest a
value around 100 um (for 100 < Re < 500).8 Fonte et al.  compared

these predictions with experimental data from flow pattern

experiments, see Figure 9, and identified the model proposed by Lee

etal. 28

214 () )er]

Y Re /2, (36)

S=

as the most physically grounded. Substituting Equation (36) into

Equation (3), results in

dv

(D/d) Sujet” 7

Tmixing O
assuming molecular diffusion.

Assuming rapid formation of the lamellar microstructure through
turbulent mixing,?° Equation (2) can be substituted into Equation (4),
thereby expressing Tmixing in terms of e. Assuming inelastic collisions,
equal momentum of the two jets, identical physical properties of the
streams, and the characteristic dimension equal to D yields

03/2 (D/d)3/2d1/2
u3/2D,-

jet
v¥2(D/d)*?d"/?
e
jet

for molecular diffusion
, (38)
for convective diffusion

Tmixing X

for molecular diffusion (with D; the molecular diffusivity) and for
momentum diffusion, respectively.®2?

Liu et al. °° have shown using numerical simulations (later
confirmed experimentally*®) for Re>1000 in a typical ClJ (e.g.,
D/d=4.76, D=2.38 mm>°) that mesomixing cannot be ignored. As

such, it is more appropriate to use the Corrsin's relationship,*®

d dY2p12
K1 <7> +K> InSc  for characteristic size =d

e 72
Tmixing X D D3/2 12 ’
K1 <u—> +K3 <3/12)> InSc  for characteristic size =D
jet h
jet

(39)

assuming that the initial scale of segregation is d/2 and with
Ky = Ki'/z/2\/§ as proportionality constants.

Literature on IJMs discusses the influence of uje; predominantly in
terms of Re, see Section 4.1. Most scaling relationships, including

Equations (37)-(39), predict 7mixing to vary proportionally with either

— -3/2
uje'} or ujet/ 23,28,29,46

, which is consistent with experimental findings.
Mixing times evaluated from CFD simulations, also taking into
account mesomixing, exhibited a dependency close to —1.°° The
impact of geometric parameters (d, D) on Zixing is less clearly defined
in the literature, but remains important to consider for scale-up
considerations.??

All functional relationships shown in Equations (37) and (38) show
a dependency of 7pixing ON v With exponents ranging from 1/2 to 3/2.
By changing v,, see Figure 1, from 2.0 to 7.1 mPa-s, Johnson and

Prud'homme?’ showed that convective diffusion, as opposed to
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molecular diffusion, dominates in ClJs (d=0.25 to 1.0 mm, D=1.19
to 4.76 mm). Results from Gillian and Kirwan*® in a ClJ (d=0.5 mm,
D =2.38 mm) suggest the same modest dependency: both streams
could still be mixed in the order of 10 ms when the viscosity increased
from 2.3x107¢ to 7.0x107¢ m2/s. Nunes et al. 2* confirmed this find-
ing that molecular diffusion dominates: mixing times of 100 ms for
fluids with viscosities up to 20 mPa-s were found in a ClJ (d=1.50
mm, D =10.00 mm). In the experiments conducted by Shi et al. 104 ¢
was observed that an increase in fluid viscosity (i.e., comparing
water and glycerol-water solutions) did not significantly alter the
mixing quality for Re ranging from 100 to 500 in a ClJ (d=4.20 mm
and D =20.08 mm). All of the above suggests that an exponent of 0.5
is most appropriate to take into account the effect of viscosity.2*¢
Lastly, Wood et al. 8 compared the self-induced oscillatory
behavior for outlet streams with viscosities of 27 and 55 cP through a
spectral analysis of velocity time series, see Section 4.2. Their findings
indicate that the frequency of velocity oscillations (measured at four
jet diameters above the impingement point) increases with higher vis-
cosity (at Re =125).2° However, regardless of the solvent's viscosity,
the calculated St values for the characteristic frequencies remain rela-

t.8° This result is further corroborated by Johnson and

tively consisten
Wood 8!

Johnson and Prud’homme?? also outlined a methodology to
determine the absolute mixing time (zmixing) by identifying a prefac-
tor (Kym) for Equations (37)-(39) using chemical tracer tests. It is
assumed that the relationship between Da = 7yixing/7reaction and the
observed selectivity (X, see Equation 11) is unique.?’ For plotting X
against Da no knowledge of Kjjv is required. If the scaling relationship
for Tmixing, for example, Equations (37) and (38), predicts the mixing
behavior correctly this plot should yield a straight line and individual
curves for different process conditions and IJM geometries should
overlap.?’ By adjusting the outlet configuration and Re, the point
where the selectivity is no longer affected can be identified.?? At that
point, the mixing time is taken as equal to the residence time, and the
Da is set to 1.2° Both Johnson and Prud'homme, as well as Mahajan
and Kirwan set Da=1 for X~0.05, for which Gillian and Kirwan*®
later gave a justification using a micromixing model. In Johnson and
Prud'homme's study,29 the scaling model for convective diffusion, see
Equation (39), scaled well for reaction rates ranging from 340 to 9 ms,
but proved inadequate when applied to reaction rates of 6.5 ms and
lower. Gillian and Kirwan*® found mixing times in the order of 10 ms
in their ClJ and concluded that mixing in T-jet mixers is comparable in
terms of mixing time. Lince et al. 53¢ confirmed that similar mixing
times can be achieved in ClJs and T-jets, but also showed that ClJs
outperform T-jet mixers when compared at the same power consump-
tion levels.

Comparing mixing times in ClJs with residence times at the cham-
ber outlet allows for assessing the mixing completeness in the exiting
product.>®? However, research focused on residence time distribu-
tions in 1JMs remains limited.8218818% Hao et al. 82 demonstrated that
increasing Re within the range of 200-1000 resulted in slight
increases in residence times due to the emergence of more intricate

flow patterns.
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5 | OPERATIONAL PERFORMANCE
CONSIDERATIONS

Many of the operational challenges associated with 1JMs have per-
sisted for several decades. This section discusses some operational

performance considerations.

5.1 | Relative jet momentum

The mixing performance of 1JMs hinges on the proper operation in
the chaotic regime with the impingement point oscillating around the
mixing chamber axis.®® Upon mixing of two streams with different
properties, or flow rates, a common requirement in many applications,
the impingement location can shift considerably. Excessive impinge-
ment location movement towards one of the nozzles can cause issues:
mixing oscillations are dampened, thus compromising 1JMs' mixing
performance, and when solids are formed they can clog an inlet noz-
71e.27%78 Extensive research has emphasized the significance of
maintaining the relative momentum of the two jets (or other related
parameters) close to unity to maintain the impingement point near the
center axis.®1124366669 gaveral ratio's have been proposed to assess
the balance between the two jets. For instance, the momentum ratio
number (¢p),

2,2
P11l
=2 e (40)
/’2d2“jet,2
determines the relative momentum of the two jets at the moment
of collision.?*%® Another such ratio is the flow rate ratio of the two
jet560 (Per)s

. 2
o Plujet.1d1 ) (41)

2
P1Ujet.1d1

Fonte et al. ¢’

jets (¢k),

showed that the kinetic energy rate of both

2,3 2
plujet,ldl
k=77 (42)
2,3 dZ
Pt 101

must be balanced for optimal mixing performance, thus serving as a
better predictor than ¢y or ¢gg. This equation implies that, for
increasing Re, ClJs become increasingly sensitive to small variations in
the flow rates.” Figure 12 shows a velocity field as a function of dif-
ferent kinetic energy feeding ratios in a ClJ.%% As ¢k deviates from
unity, the impingement point shifts towards the jet wall with lower
kinetic energy and the mixing effectiveness drops.®” A study by Brito
et al. 27 underscores the detrimental impact on the flow hydrodynam-
ics when the equilibrium is disrupted.

The iso-momentum/iso-kinetic energy requirements thus pose
the most significant limitations in 1JM applications.®?1%27 As

stated in Section 2, MIVMs have been developed to overcome this
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FIGURE 12 Velocity field vector maps and nondimensional velocity fluctuations and contours as a function of the kinetic energy ratio (¢)
for Re 100 and 300 in a ClJ (D/d = 6.66, D = 10 mm). Adapted from Fonte et al. 52 ©2016 American Institute of Chemical Engineers (AIChE).

limitation. However, some studies suggest otherwise: Tucker Il
and Suh®® proposed that ¢n does not really affect mixing quality,
but this statement likely reflects the technical limitations of their
time. More recently, Siddiqui et al. 128 demonstrated that uneven flow
conditions may not always be as detrimental as previously thought,
as evidenced by stable energy dissipation and reaction yields despite
a 30% flow rate disparity.?® Notably, these observations were made
at high Re (up to 6600'2%), which could influence the conclusions

drawn.

51.1 | Jets' alignment

When flow rate ratios and properties are dictated by process specifi-
cations, achieving the iso-momentum/iso-kinetic energy condition
with a typical IJM necessitates the use of injectors with different
diameters.®8> Another option is to adjust the jets' alignment to pre-
vent one fluid stream from pushing the impingement point to the noz-
zle of the other fluid stream, thereby enhancing the robustness of the

DFOCGSS.26’27'78

| 78,190

Liueta compared jets angled 10° downward and paral-

lel alignment of the jets for a submerged IJM in a stirred tank. They
also investigated the more uncommon 10° upward alignment.*?°
Their results indicated that the 10° downward alignment gave the
best results.?® In a ClJ with upward-angled inlets, the jets con-
verge at the mixing chamber's top and then accelerate downwards:
the proximity of the top wall restricts the impingement point's free
oscillation, hindering effective mixing due to less vortex forma-
tion.8® With downward-angled inlets, the jets are not colliding

directly either and the characteristic size of the pancake core, see

d88

Section 4, is reduce which also reduces mixing performance.

This was confirmed by Metzger and Kind's?® work in a ClJ
(d=0.50 mm, D=2.00 mm, without chamber headspace) with the
jets downward-aligned at 0° and at 15°, which showed that in the
angled configuration the mixing behavior is more fixed as there are
less oscillations in the inlet jet streams. Unger and Muzzio®® also con-
ducted a study on the impact of asymmetric jet geometry without
direct impingement for Re between 150 and 600. In their configura-
tion, the streams flow adjacent to each other and impinge on the
opposite wall instead.®> This results in notably inferior mixing, charac-
terized by a steady-state swirling motion at the bottom of the
mixer,%> and should thus be avoided. It is worth pointing out that
Unger and Muzzio's®® experiments were conducted in a setup charac-
terized by notably larger dimensions (d=12.70 mm, D=88.90 mm)

compared to typical ClJs.

5.1.2 | Mixing fluids with dissimilar viscosities

Equation (42) does not explicitly consider the influence of mixing
fluids with different viscosities. Demyanovich and Bourne's’? result
for impingement mixing of liquid sheets suggest that up to a certain
threshold, mixing reactants of unequal viscosities can be assumed
to occur at a uniform viscosity equal to that of the resulting prod-
uct. Wang et al. 2° have shown that, once the viscosity ratio of the
two jets being mixed exceeds 3, the mixing becomes significantly
worse. Brito et al. 27 illustrated that for viscosity ratios of 2, mixing
in a ClJ (D/d=6.66, D=10.00 mm) in the chaotic regime can still
form thin lamellae and provide good mixing, see Figure 13, as long as

the jets are balanced.
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FIGURE 13

Visualization (with planar laser-induced fluorescence) of flow patterns generated at the impingement zone through the mixing of

two streams with different viscosities in a confined impinging jet mixer (ClJ) chamber (D/d = 6.66, D = 10.00 mm) across various kinetic energy
ratios (¢y) for Re of 100, 125, and 150. The critical Reynolds number was identified at 111. For increasing ¢y, the impingement point is pushed
away from the chamber axis. Adapted from Brito et al. .2 ©2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

5.2 | Impingement point tracking

To operate 1JMs optimally, tight control is essential. As Re increases,
1JMs become progressively more sensitive to even minor deviations in
jet flow rates and it becomes increasingly harder to maintain the
impingement point in the center.®” Controlling and monitoring mixing
performance is difficult to a lack of good control variables. As a result
indirect measurements, that have a slow response to changes in mix-

283843 are used.®! One notable excep-

ing, for example, temperature,
tion is the monitoring of static pressure frequencies.* Another, more
prevalent, approach is to track the impingement point position, for
example, to validate whether the iso-momentum condition is
satisfied.246°

The impingement point exhibits sudden shifts.®2 In gaseous
1JMs, for 2 < D/d < 8, significant shifts in the impingement point occur.
Particularly at D/d=4.8 and D/d = 6.67, two common configurations
in ClJs, the impingement point is highly unstable. 847817 A deviation

of just 10% in the momentum balance can shift the impinging point

entirely to one injector nozzle.”¢® Erkoc et al. ®* showed that the
velocity component along the jets' inlet axis (at the impingement
point) showed a close synchronisation of local maxima with a time
series of the static pressure difference of the two inlet jets. A spectral
analysis, see Section 4.2, illustrates how both the velocity component
at the impingement point and the static pressure difference in the
feed lines have comparable typical frequencies, ¢. This implies that
the pressure signal frequency is related to the flow structures in the
mixing zone.® More specifically, the typical frequencies associated
with the vortex shedding around the impingement point, see
Section 4.2, can be controlled in real time by measuring static pressure
at the jets feeding lines.5>®

Three analytical models have been developed to track
the impingement point: the elastic analogue model (EAM)%?
the jets kinetic energy model (KEM),®© and the jets
momentum model (JMM).¢° These models are expressed in terms
of the dimensionless impingement point position®®%? (¢

=xp/(D/2)),
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with x;p being the axial impingement point location. The models have
been evaluated for direct impingement using PLIF and CFD data®®%?:
For viscosity ratios up to 9 and identical density ratios, the JMM
model is recommended.®® For fluids with different viscosity and den-
sity ratios, the KEM model is most appropriate,’® while the EAM is
suitable for mixing processes involving fluids with similar properties.®®

These models illustrate the intrinsically asymmetric behavior of
ClJs with respect to Re. In addition ¢ also shows that, for constant ¢y
and increasing Re, the impingement zone moves closer to the wall of
the jet with the lowest Re.®” These models can be used to extract

design equations for optimal ClJ operation.%¢?

5.3 | Scale-up

In certain scenarios where an even higher throughput is desired, 1JMs
need to be scaled up.2?%¢>35%58 The jet velocity has been proposed
as the scaling variable in free and submerged 1JMs,?32° but it has been
shown in ClJs that this is not sufficient to maintain consistent conver-
sions.??>* To achieve Da similitude across scales, geometric correc-
tions are required.?’ A pragmatic approach involves utilizing the Trmixing
relationships outlined in Equations (37)-(39), complemented by an

additional velocity correction,?’

dlar
o ge scale
Ujet, large scale = Ujet, small scale ( . (44)

dsmall scale

u-15

For example, utilizing this relationship with rmixingocdo's/ et

leads to a scale-up criterion in terms of the nozzle diameter,

dlarge scale _ (Qlarge scale > &7 (45)

dsmall scale Qsmall scale

where Q represents the volumetric flow rate.

5.4 | Limitations

One constraint associated with [JMs is the significant pressure drop

incurred when pumping high volumetric flow rates through the mm-

26,36,56

sized nozzles, potentially leading to substantial pumping

costs.2® However, this drawback is somewhat balanced by the low
capital cost associated with typical IJM setups.?>5?

In addition, there are some potential operational limitations when
using 1JMs. The iso-momentum/iso-kinetic requirement, see Section 5.1,
is a significant limiting factor.8'%272¢ Moreover, maintaining the oscilla-
tory dynamic behavior in ClJs required to achieve the best mixing perfor-
mance can be challenging due to their sensitivity (e.g., impingement
instability) and inherent randomness at high Re.®# For example, dynamic
oscillations may induce pressure fluctuations, resulting in oscillatory
pumping behavior which disrupts the process.® Coupled with the
complexity of in situ analysis and control of the mixing behavior, these
operational challenges may prevent 1JMs' usage.

6 | APPLICATIONS

With the widespread adoption of [JMs, see Figure 2, delving into specific
applications becomes impractical. To underscore their versatility and effi-
cacy, two categories of applications closely associated with [JMs are dis-
cussed: liquid and particulate processing. The former refers to processes
where the output stream remains fully liquid postmixing, while the latter
deals with applications where solid particles are formed upon jet impinge-

ment, resulting in an output stream with solid particles in a liquid medium.

6.1 | Liquid processing

6.1.1 | Reaction injection molding
The initial development of ClJs was specifically tailored for reaction
injection molding (RIM) applications.?3?83%3¢ RIM is a polymer pro-
duction method where highly viscous reactive liquid monomers, called
pre-polymers, are mixed and injected into a mould to undergo
polymerization.87* RIM is widely used to fabricate plastic compo-
nents for various industries (e.g., automotive, sporting goods, and
household appliances).’®*"* RIM processes can be operated at low
temperatures and relatively low pressure requirements, such that the
energy cost per volume of material is also low.'° The primary polymer
produced via RIM is polyurethane synthesized from mixing polyol
(typical v of 0.1 Pa-s®°) and isocyanate (typical v of 1 Pa-s¢0) 10:11.28.36
When 7nmising is longer than the resin system's gel time, it can
result in unreacted monomers compromising product quality.®¢ ClJs
are the best technology to overcome challenges posed by the mixing
of two highly viscous streams, which cannot be effectively achieved
in conventional equipment, see Table 2, at high flow rates (up to
3 kg/s, e.g., References 11 and 36), ensuring fast curing and optimal

product quality.8-36:42:81.192

6.1.2 | Liquid-liquid extraction and emulsification

IJMs are used for mixing two miscible streams (e.g., References
8,11,23,27-29,36,37, and 80). However, in certain applications ClJs
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have also been utilized for mixing two immiscible streams, and in such
instances they are more aptly referred to as impinging jet contactors
79,193-196. For instance, impinging jet contactors enable high volu-
metric production of monodisperse emulsions with a tight size distri-

185,197—199)
s

bution (e.g., crucial in sectors like food, paint, and

pharmaceuticals,'??-2%°

whereas existing technologies are hindered by
their low throughput or poor contacting performance?®°

Upon the collision of two immiscible jets, one fluid becomes
emulsified within the other, forming droplets. This process is influ-
enced by various factors such as local mixing dynamics, shear forces,
mixing geometry, and physical properties of the fluids, resulting in a
competition between droplet breakup and coalescence.'®® In the
absence of heterogeneous reactions, the mechanisms involved are
akin to mixing processes, as the primary objective is usually to
enhance interfacial contact. As impinging jet contactors have orders
of magnitude higher localized energy dissipation rates than conven-

193197 3lso the interfacial area created upon jet

tional contactors,
impingement is significantly higher.1?> For the same reason, impinging
jet contactors also prove useful for liquid-liquid extraction processes

in various processes.173:195:196.201-203

6.2 | Particulate processing

6.2.1 | Precipitation and crystallization

Precipitation/crystallization of one or more solutes from solution
requires the generation of a supersaturated solution which can be
achieved through multiple mechanisms such as (A) addition of an anti-
solvent, (B) lowering the mixture temperature (see Reference 160 for
a theoretical discussion of temperature-induced nucleation in 1JMs),
and (C) in situ reaction of soluble precursors to form an insoluble prod-
uct. It is possible to combine two or more mechanisms in a given pro-
cess (e.g., see Reference 15). The rapid and intense mixing that 1JMs
provide enable the mixture to rapidly become nearly spatially homo-
geneous with a high supersaturation, prior to the onset of nucle-

204 (which is dominated by primary nucleation?°®). The use of

ation
1JMs enables the production of small particles with a narrow size dis-
tribution.2%® Important particle attributes such as the size and mor-
phology can be tuned further by changing the hydrodynamic,
operating, and feed conditions of the IJM (e.g., see Reference 207).
1JMs also provide a scalable and reproducible (by virtue of steady-
state operation) production platform which is important for meeting
market demands and product quality requirements.

Midler et al.,?°® in a patent assigned to Merck & Co. Inc., were
the first to employ 1JMs for crystallizing pharmaceutical particles,
resulting in crystals ranging from 5 to 20 um and simultaneously
enhancing purity. Since then, 1JMs have found application in the
production of micro- and/or nanoparticles by precipitation in a
“bottom-up” manner for pharmaceutical applications (e.g., see
References 12-14,19,21,57,208-211). The production of drug
nanoparticles/nanocrystals confers several desirable properties to

the product such as enhanced dissolution characteristics and
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bioavailabilty, improved drug delivery, and enabling the development
of novel formulations.?? Compared to “top-down” approaches
(i.e., breaking down a larger particle into smaller particles) such as

high-pressure homogenization,*®

“bottom-up” approaches offer mul-
tiple advantages such as significantly lower energy/pressure input
requirements, gentler processing of labile species, and lower contami-
nation risks.?** 1JMs have also found application in the production of
larger drug substance crystals during secondary manufacturing?'®

either being used directly,*>82°

or as a platform for the continuous
generation of seeds which are then fed into a downstream crystal-
lizer.}¢1721 Avenues for process intensification, facilitated by 1JMs,
have also been explored such as integrating reaction steps with crys-
tallization?° and directly purifying reaction mixtures.””

1JMs have also found extensive use in the production of a wide
range inorganic/metal nanoparticles, typically produced by reactive
precipitation involving two or more streams containing soluble precur-
sors. Examples of nanoparticles (with exemplar applications in paren-
thesis) produced using IJMs include calcium carbonate (pigments,

fillers, multiple biomedical applications),2°7-21¢

217

gadolinium orthoferrite

(catalysis, MRI contrast agent), silver (antimicrobials, solar

218219 and nickel (catalysis).??° Inorganic systems also provide

cells),
an excellent framework for conducting more fundamental work on
IJM process development (e.g., see Reference 221), understanding
precipitation/crystallization nucleation and growth (e.g., see Refer-
ence 222), and developing mathematical models of the precipitation

process (e.g., see Reference 223).

6.22 | Complex nanomaterials and
nanoformulations

Motivated by similar reasons outlined in Section 6.2.1, ClJs and MIVMs
have also found significant application in the production of complex
nanomaterials and nanoformulations. While this technology has become
established with multiple patents being issued for a range of complex
products (e.g., see References 224-228), continued innovation into
developing new products and/or use-cases is actively underway. The
interested reader is referred to the excellent reviews????*° for an in-
depth discussion of flash nanoprecipitation/nanocomplexation and its
use in the production of various nanoformulations.

Broadly, two categories of applications for complex products have
emerged: (A) Encapsulation/loading of one or more species of interest
into a nanoparticle/nanocarrier. Typically, the species of interest, for
example, a therapeutic compound, is encapsulated in a wall material
(a wide range of wall materials for example, polymers, lipids, and silica
have been used) to achieve a variety of goals such as controlled drug
delivery and/or protection of labile species. Various examples can be
found in Reference 230 and citations therein. The most notable recent
example, and the largest commercial application, was the use of ClJs
and MIVMs in the large-scale production of lipid nanoparticles encap-
sulating mRNA for COVID-19 vaccines.?%t (B) Formation of nanoma-
terials with complex nanostructures either for direct application due to

improved functionality (e.g., electrochemical/catalytic activity), 232234
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or by producing structures that can serve as templates for subsequent

applications.23>23¢

7 | FUTURE PERSPECTIVES

The next phase of development for 1JMs should focus on enhancing
process control by integrating characterization tools for in situ and/or
real-time monitoring of mixing dynamics across various applications.
These tools necessitate exceptional spatial and temporal resolution,
coupled with the capacity to discern the different liquid phases and/or
detect the presence of nanoparticles, see Section 6.

For the latter, optical techniques, particularly those based on light
scattering and high-speed (microscopy) imaging, show promise. For
instance, a recently developed noninvasive real-time monitoring
method, relying on speckle analysis with a physics-enhanced
autocorrelation-based ~estimator (PEACE),?®” has demonstrated
potential in extracting particle size distributions. While current capa-
bilities are limited to micron-sized particles,?®” ongoing advancements
may overcome these constraints, rendering the technique suitable for
monitoring applications in [JMs. Along the same lines, the integration
of dynamic light scattering (DLS) into 1JMs holds potential and war-
rants further exploration. DLS presents a methodology for real-time
monitoring of particle size distribution and concentration changes, dis-
tinguishing itself with its online and noninvasive capabilities. How-
ever, existing theoretical foundations primarily address the Brownian
motion of freely moving particles, neglecting the complexities of
ordered particle motion commonly encountered in industrial applica-
tions. This theoretical limitation poses significant challenges, particu-
larly in scenarios where particle behavior deviates from idealized
diffusion dynamics, as is the case in IJMs. In contrast to conventional
solid particle size detection methods, which often necessitate offline
measurements, DLS offers the advantage of continuous in situ moni-
toring. To advance the efficacy of DLS for industrial IJMs' applications,
future research should focus on the development of theoretical
models that incorporate various particle motions and interactions.
Such advancements promise to increase the technique's applicability
and precision, thereby facilitating more robust process control and
monitoring protocols. Furthermore, enhancements in the temporal
resolution of DLS measurements can enable more precise real-time
monitoring of particle dynamics and mixing within 1JMs, emphasizing
the potential for expanded utility across a broad spectrum of industrial
processes.

Another promising trajectory is to leverage the advantages of
hyperspectral imaging (HSI) technology for differentiating between
various liquid phases based on their spectral characteristics. HSI com-
bines the advantages of both spectroscopy and modern imaging
methods by capturing a large number of images over continuous and
numerous spectral bands covering a wide range of wavelengths from
mid-infrared and near-infrared to visible segments of the electromag-
netic spectrum.2*® Characterized by high spectral/spatial/temporal
resolution imaging capabilities, HSI is a sensitive tool able to detect

subtle spectral variations which can be used for characterizing the

fast-flow environment around the impingement point. Through
the identification and change of unique chemical spectral signatures,
HSI has the potential to quantify mixing even in systems with overlap-
ping spectral emissions or reflections, a common challenge in chemical
and pharmaceutical processes. By combining HSI with advanced artifi-
cial intelligence tools, the instantaneous extraction of valuable charac-
terization insights from extensive HSI datasets becomes achievable.
HSI has already been successfully applied as a fast and accurate char-
acterization tool for flow-field measurements and dynamics
characterization.?%?

In addition to the discussed examples, also other noninvasive
monitoring techniques, such as high-speed imaging and high-speed
electrical impedance tomography, may proof to be viable options for

integration into 1JMs.

8 | CONCLUDING REMARKS

I1JMs are a staple technology for achieving rapid and efficient mixing.
By colliding two liquid colinear jets head-on within a typically con-
fined, that is, confined impinging jet mixer (ClJ) volume, 1JMs offer
mixing times in the order of ms, surpassing conventional mixing equip-
ment. This review provides an overview of IJMs, covering technology
and design, characterization methods, mixing behavior, performance
considerations, and application examples.

Despite their widespread adoption, challenges persist, notably in
understanding the dynamic mixing behavior and integrating effective
process control measures. The continued advancement of 1JMs hinges
on addressing these challenges. As new applications will continue to
emerge with increasingly challenging process and restrictive regula-
tory requirements, for example, as seen recently with the demand for
fast and reproducible production of complex nanoformulations
for novel therapeutics, the imperative for innovative research and
development in this field will only intensify. This review has taken the
first step by summarizing the extensive knowledge on this topic and

by providing a trajectory for future research.

NOMENCLATURE: LATIN SYMBOLS

C concentration as per convention
d nozzle diameter (m)

D chamber diameter (m)

Dps internozzle separation (m)

Diank tank diameter (m)

D; molecular diffusivity (m?s—1)

fe composition PDF (-)

h chamber dome height (m)

H chamber height (m)

K proportionality constant (-)

L initial segregation thickness (m)
p pressure (kg m~1s72)

Q volumetric flow rate (m3s—1)

s striation thickness (m)

T temperature (K)
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t time (s)

Ujet velocity of jet (K)

v volume (m3)

Vo mesomixing volume (m3)

w chamber width (m)

Xip axial impingement point (m)

GREEK SYMBOLS
Tmixing mixing time (s)

Treaction  eaction time (s)

p density (s)
n dynamic viscosity (kg m~1.s~1)
v kinematic viscosity (m2-s~1)

energy dissipation rate (W kg~1)

A Kolmogorov length scale (m)

e Batchelor length scale (m)

[ angle alignment (°)

o2 variance (-)

& concentration of ith scalar as per convention

typical oscillation frequency (s~ 1)
stream function (kg m~1.s71)

velocity potential (m2- s—1)

SRR SRS

vorticity function (s—1)

DIMENSIONLESS NUMBERSSYMBOL DESCRIPTION
Da Damkéhler number

Re Reynolds number

St Strouhal number

Sc Schmidt number

¢m momentum ratio number
¢rg flow rate ratio

¢k kinetic energy ratio

Is intensity of segregation

X segregation index

t* dimensionless time

£ dimensionless impingement point position

SUBSCRIPTS
crit  critical
in inlet

i species i
o outlet
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