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In a T-shaped mixer, the two liquid streams in the inlet channels meet each other at the T-junction, and
their liquid-liquid contacting face exhibits planar, swirling folds and the folds breaking to be chaos and
turbulence, as the Reynolds number increases. The characteristic mixing scenario attracts long-time atten-
tion, given these mixings are of fundamental importance in fluid physics and also have been successfully
used in engineering applications. The experimental and numerical studies of flow features and mixing
characteristics in T-mixers are overviewed in this manuscript. This review introduces the experimental
and numerical techniques in the studies, the flow and mixing characteristics in the corresponding regimes
and application examples of the T-mixers at last, aiming at introducing fundamentals to researchers with
initial interests on this topic.
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1. Introduction

Miscible liquid-liquid mixing is a fundamental process in en-
gineering applications. In chemical engineering, micro-mixing de-
vices are favored to investigate mixing processes and assess their
influence on chemical reactions [1]. Among various canonical mix-
ers, T-shaped mixers have been widely employed, given that they
exhibit good mixing efficiency and enable the precise control of
mixing processes for various applications. A T-mixer has two in-
let branches and one outlet, and the overall shape of the mixer
is in a letter ‘T’, see a sketched example in Fig. 1a. This device
has been successfully applied in liquid antisolvent precipitation
(LAP) method to produce nano/micro-sized drug particles to im-
prove bioavailability of the pharmaceutical drugs. Here a liquid
solvent (e.g. ethanol) which is well mixed with the drug ingre-
dient flows into the T-mixer from one inlet, while an antisolvent
liquid (e.g. water) enters the T-mixer from the other inlet. The
two fluids mixes at their miscible interface, when they are ad-
vected towards the outlet. The mixing process leads to the pre-
cipitation of nano/micro-particles, and their sizes are closely asso-
ciated with the mixing efficiency. When two fluids mix, their con-
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tacting interface enlarges during their interplay entrainment, and
may exhibit distinct scale interactions of the flow structures when
chaos/turbulence emerges. These characteristics can be seen and
well demonstrated in the flow of the T-mixer. Given this, the T-
mixer can be also used for better understanding of the fundamen-
tal mixing physics, the evaluation of mixing performance, and the
quantification of mixing outcomes [2,3].

Pattern formation and mixing scenario are investigated in depth
in T-mixers at moderate Reynolds numbers [4-10]. Flow regimes
have been accordingly identified for different flow patterns char-
acterized with steady symmetry, engulfment, unsteady symmetry
and chaos (as sketched in Fig. 2), as the Reynolds number is gradu-
ally increased. At higher Reynolds numbers, featureless turbulence
of the mixing can be observed [6,11].

The investigations in T-mixers have been conducted in both
experiments and numerical simulations. For the former, the ve-
locity and concentration in micrometer-scale T-mixers are mea-
sured using micro-particle image velocimetry (WPIV) and micro-
laser-induced fluorescence (L LIF), respectively [12,13], while larger
T-mixers in size of centimeters have been investigated using com-
mon centimeter-scale PIV and PLIF methods [4,7,14]. For the simu-
lations, commercial software has been used for simulations at low
Reynolds number [9,10,15], whereas for larger Reynolds numbers
direct numerical simulation (DNS) is favored to shed light on the
complex scale interactions in the mixing process [6,16,17].

2095-0349/© 2023 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.taml.2023.100466
http://www.ScienceDirect.com
http://www.elsevier.com/locate/taml
http://crossmark.crossref.org/dialog/?doi=10.1016/j.taml.2023.100466&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.13039/501100001809
mailto:duo.xu@imech.ac.cn
https://doi.org/10.1016/j.taml.2023.100466
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Li and D. Xu

(a)

(b) L;":HH
H
i

. i Inlet

Inlet 2H
© O0O¢x
0.75H
1tn
O\)x\e‘ T
(d) (e (
Inlet e 0 &0
Outlet L ! ’
utle IZH IZH ?
EY7a o

Fig. 1. (a) A schematic illustration of a T-junction section, where a Cartesian coor-
dinate is set with the origin located at the centerpoint of the junction. (b-f) Ge-
ometries of the inlets and the outlet.
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Fig. 2. Schematic illustration of the mixing patterns within the y/H =0 plane of
the T-mixer: (a) steady symmetric flow, (b) engulfment flow, and (c) unsteady sym-
metric flow.

The flow mixing and its precipitated outcomes in micro-mixers
have been reviewed in Camarri et al. [2], Cai et al. [3], Thorat and
Dalvi [18], while the design principle of these micro-mixing de-
vices is reviewed in Shi et al. [19]. This manuscript provides an
overview of the fluids mixing in T-mixers, with particular consider-
ations of introducing the elementary fundamentals to researchers,
who have initial interests on this topic. The following of this
manuscript is structured with the governing equations (Section 2),
experimental studies (Section 3) and numerical studies (Section 4).
The applications of using the T-mixers in practice is then intro-
duced (Section 5) before a summary is drawn at last (Section 6).

2. Geometry and flow governing equations

The mixers in this review are ‘T’-shaped. Varieties of the in-
let and outlet in dimension aspect ratio, geometry and their com-
bination have been used in studies. Fani et al. [5] and Fani et al.
[20] used rectangular inlets with width-to-height aspect ratio 0.75
and a rectangular outlet with the aspect ratio 1.5 (see Fig. 1c).
Zhang et al. [21] and Chan et al. [22] used square but non-aligned
tangential inlets as sketched in Fig. 1d. Schwertfirm et al. [23] used
the circular inlets (with diameter H) and the square outlet (with
edge 2H), as shown in Fig. 1e. Gao et al. [24] and Chicchiero et al.
[25] used circular inlets and a circular outlet with the same diam-
eter H (see Fig. 1f), which receives less attention in studies, de-
spite the circular pipes commonly investigated in fluid dynamics.
Gao et al. [24] and Chicchiero et al. [25] found that the T-mixers
with circular inlets and a circular outlet exhibit lower mixing ef-
ficiency compared to T-mixers with rectangular inlets (including
square inlets) and a rectangular outlet. In contrast, T-mixers with
non-aligned tangential inlets can enhance mixing efficiency by tak-
ing advantage of the vortical flow [21,26]. Among various geomet-
ric configurations, the T-mixers with rectangular inlets (including
square inlets) and a rectangular outlet are preferred for their abil-
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ity to maintain relatively high mixing efficiency and the simplicity
in configuration to facilitate experimental and model analysis [2].

The most commonly used T-mixer is sketched in Fig. 1a and
b, where both inlets have the same square shape with a height
of H and the outlet is rectangular in shape with the height of H
and width of 2H. The Cartesian coordinate (x,y, z) is usually set as
sketched in Fig. 1a that x is along the inlet channels and y is along
the streamwise direction of the outlet channel, while the origin is
set at the center of the T-junction.

The flows in a T-mixer are depicted by the dimensionless in-
compressible Navier-Stokes (NS) equations
aa—l;+u~Vu=—Vp+RleAu, V.u=0, (1)
where p is the pressure and u = (u, v, w) is the flow velocity. Re =
ugH/v is the Reynolds number, where ug is the mean velocity at
the inlet and v is the kinematic viscosity of the working fluid. The
concentration of the mixed solution is governed by the advection-
diffusion equation
Lo} 1

ot U VP = Resc AP (2)

where ¢ € [0, 1] is passive scalar concentration, quantifying the ra-
tio of one liquid component in the overall. Sc = v/D is the Schmidt
number, where D is coefficient of molecular diffusion. In a liquid-
liquid mixing system, with D ~ 10~2 m?/s and v ~ 10~ mZ2/s, Sc
is of the order of 103. Given that the studies mainly consider the
liquid-liquid mixing in this system, the current studies focus on the
effect of the Reynolds numbers on the flow characteristics, lacking
the investigating the effects of Sc on the flows.

3. Experimental investigation for flows in T-mixers

In the experimental investigations, flow visualization, particle
image velocimetry (PIV), and planar laser-induced fluorescence
(PLIF) are commonly utilized to study the flow and mixing charac-
teristics. Chemical reactions, such as the Villermaux-Dushman re-
action [27], are employed to quantify the mixing efficiency. Here
we focus on PIV, PLIF technologies and the chemical reactions,
which are favored given that they can provide quantitative mea-
surement results that are required for detailed comparisons.

3.1. Experimental methods: PIV and PLIF

PIV is an optical method used to measure instantaneous veloc-
ity of flows. For using PIV, the fluid is seeded with small tracers,
which have negligible buoyancy and inertia. The tracers are illu-
minated with a powerful light source (e.g., laser), allowing them
to be clearly visualized and recorded by one or multiple cameras.
Assuming negligible slip between the tracers and their ambient
fluid, the flow velocity approximately equals to the tracer veloc-
ity. The motion of the tracers can be determined using the cross-
correlation from paired tracer images, triple images or time-series
images, with advanced algorithms [28], as illustrated in Fig. 3.
Most widely used method is using the cross-correlation for a pair
of images, while many algorithms have been developed to improve
the measurement precision (see Raffel et al. [28] for details). The
cross-correlation of triple images can suppress the random corre-
lations and improve the detectability of tracers in an interrogation
window, correspondingly smaller interrogation could be used for
better spatial resolution of the velocity field [29]. For the fluid tra-
jectory correlation, the tracer pattern inside a chosen interrogation
window is tracked throughout time-series images and the trajec-
tory prediction of the tracer pattern is built with Lagrangian cross-
correlation approach. It can reduce measurement error for veloc-
ity vectors compared to the results from the cross-correlation of
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(a) Time-series images for planar PIV

(b) Interrogation techniques (c) Velocity vector (u, v, 1)
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Fig. 3. (Color online) Illustration of the process of planer PIV: (a) the time series
of tracer images (a portion), (b) interrogation techniques and (c) retrieved veloc-
ity vectors. Here n is the number of the captured images. The red square means a
interrogation window and x denotes the cross-correlation operation. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

paired tracer images [28,30]. These advanced algorithms in PIV are
available to investigate the flows in T-mixers.

In a centimeter-scale setup, the planar, stereoscopic and tomo-
graphic PIV are applicable with the two-dimensional sheet illumi-
nation or three-dimensional volumetric illumination. In the study
of Thomas and Ameel [4], they used a Tmm thick laser sheet to
illuminate 9 pwm tracers, and implement the planar PIV to mea-
sure the 2D2C (two-dimensional two-component) flow velocities
at multiple locations in the T-junction and the outlet channel of a
T-mixer with H =20 mm. Hoffmann et al. [12] implemented the
planar WPIV in a microscope system for measuring the 2D2C flow
structures in the outlet channel of a micro T-mixer. Lindken et al.
[13] use the stereoscopic WPIV to measure the 2D3C velocities in a
more complex setup. Their system is composed of a stereomicro-
scope with a filter-set for fluorescence image, a double-pulse laser
and two cameras, as well as a timing unit for synchronization of
the components. They use fluorescent polyethylene-glycol particles
(in diameter of 572 nm) as tracers. The Self-calibration process on
the tracer images was carried out to improve the quality of the
tracer images before the cross-correlation operation. The 3D scan
of the stereo-pPIV results of the flow are shown for the T-junction
(see their Fig. 7).

PLIF is an optical technique widely used for qualitative visual-
ization of flow structures and quantitative concentration measure-
ments [31]. In aqueous flows, a PLIF setup consists of a light source
(usually a laser) to achieve a sheet of light illumination, fluores-
cent dye (e.g. Rhodamine 6G) and a camera. The fluorescent dye
absorbs the light illumination and spontaneously emits the fluo-
rescent light with a wavelength shift, as shown in Fig. 4a and b.
The fluorescent light signal is captured by a sensor (better with an
optical lens for filtering out the illumination light). The grayscale
value of the PLIF image g(x,t) has a relationship with the local
dye concentration ¢ (x,t) and local laser intensity I(x,t),

g t)=T-1xt) P t)+g,(x), (3)

where I' quantifies the system optical collection efficiency (de-
pending on the camera sensor) as well as the effective quantum
yield of fluorescence dye [31,32], and g, (x) denotes the background
noise. Given that the light intensity attenuates long the light path
S according to the Bouguer-Lambert-Beer Law, this leads to

gx,t) =T -Ip(x) - exp ([5605(& t)dS) P D) +g(x), (4)
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Fig. 4. (Color online) (a) The energy state of the excitation and spontaneous emis-
sion processes of the fluorescence molecular in laser-induced fluorescence (LIF). (b)
The absorption and emission intensity spectrum of a fluorescence dye, and the gray
(white) area represents the light blockage (pass through) by a high-pass filter. (¢) An
example of time-series concentration by a point LIF sensor (photo-detector). (d) A
two-dimensional planar laser-induced fluorescence snapshot, adapted from Li [14].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

where € is the attenuation coefficient of the light intensity in the
working liquid. For sufficiently low dye concentration, the laser
attenuation can be negligible (i.e. [;€¢(s,t)ds « 1), allowing the
Eq. (4) to be approximately simplified to

gx. ) ~T Ix.t) PR 1) +8y(X). (5)

The coefficient I'-Iy(x,t) can be obtained through a calibration
procedure [32]. Thus, the concentration field ¢ (x,t) can be ob-
tained from the linear Eq. (5). Thomas and Ameel [4] carried out
LIF measurements in a centimeter T-mixer, where the inlet is con-
nected with a tank filled with uranine dye (a passive fluorescent
dye). A continuous argon-ion laser with a wavelength of 488 nm
was employed to generate a thin light sheet for exciting the dye,
which emits the fluorescent light in wavelength of 512 nm. The
flow structures from the LIF measurements are taken to define
flow regimes. Their planar LIF measurements were assisted with
point-LIF measurements, which was achieved by photodiode with
illumination of laser beam via fiber optics. The planar LIF was
also used in Zhang et al. [7] in a H = 10 mm T-mixer, where the
Rhodamine 6G (with absorption wavelenght of 532 nm and emis-
sion wavelength of 560 nm) was used as the fluorescent dye. They
took measurements at multiple planes of cross-section in the out-
let channel. The samples of point-LIF and planar LIF measurements
are shown in Fig. 4c and d, respectively.

3.2. Characterizing mixing by chemical reactions

Chemical reactions were applied to quantify the mixing sce-
nario in T-mixers. Hessel et al. [33] used the uncolored iron ion
(Fe3+) and rhodanide (SCN-) solutions, which are mixed to gener-
ate brownish complex for visualizing the flow structures. Following
the similar strategy, Wong et al. [34] used the chemical reaction of
the hydrolysis of dichloroacetyl phenol red (DCAPR) by sodium hy-
droxide (NaOH) solution to observe the mixing process. After the
complete mixing of the two solutions, a dark-red color solution
(appearing pink in the micro T-mixer) can be observed. The im-
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age of completely hydrolysed DCAPR was used as a reference for
evaluate the mixing level of flows in the T-mixer.

Another strategy to implement chemical reaction to investigate
the mixing scenario relies on a set of two competing reactions,
the production of which depends on the competition between the
mixing effects. Falk and Commenge [27] introduced the method of
extracting the intrinsic mixing time using Villermaux-Dushman re-
action. This competing reaction consists of a neutralization reaction
(NR) and redox reaction (RR):

HzBO; +H" — H3BO;3 (NR)

51 +105 + 6H" «— 3I, + 3H,0 (RR)

where the redox reaction (the time is in the same range of the
micromixing process) is much slower than the neutralization re-
action. In the T-mixer, a premix solution containing iodide I~ and
iodate 105 in a H,BO5/H3BO3 buffer is taken as one fluid, while
another fluid containing a sulfuric acid solution that contains the
protons H*. In the case of ideal mixing, the acid is exclusively con-
sumed by the neutralization reaction, while the redox reaction, a
slower process, cannot occur due to the absence of sufficient acid.
When the mixing is poor, the acid is consumed insufficiently, so
that the acid can react with iodide and iodate to result the iodine
I, (after the acid finishes the consumption of borate ions). The I,
reacts with the iodide I~ to yield tri-iodide ions the I3 in a quasi-
instantaneous equilibrium process:

" +1, = 3[;. (6)

I3 can be measured by spectrophotometry. The mixing time can be
then extracted from this complex process, see details in Falk and
Commenge [27] and Guichardon and Falk [35]. In order to make
a quantitative comparison with their simulation, Schikarski et al.
[11] employed the Villermaux-Dushman reaction in a T-mixer ex-
periment and utilized the mixing time as a measure to quantify
the mixing efficiency.

3.3. Flow regimes of water-water mixing

In T-mixer experiments of passive scalar transportation and
mixing in water-water system, the characteristics of the flow pat-
terns at the plane (x,y =0,z) suddenly change as the Reynolds
number is increased to across critical numbers. Accordingly, four
flow regimes have been identified in experimental studies: the
steady symmetric flow, the engulfment flows (including steady
asymmetric flow and periodic asymmetric flow), and the unsteady
symmetric flow, as well as the chaotic flows [2,4,6,21,36].

These regimes exist in the T-mixers with two squared inlets
and a rectangular outlet (see Fig. 1b), a widely used configuration
so that particularly focused here. When the Reynolds numbers are
very low (Re < 100), the streams from two inlets are segregated
and the mixing is only due to the molecular diffusion. As Re in-
creases, the four-vortex flow emerges in the T-mixer, where flows
are segregated around the centerline, and the molecular diffusion
exclusively happens at the central interface. This vortex regime was
first found in experiments by Wong et al. [34] and Thomas and
Ameel [4]. They pointed out that the presence of vortices in the
junction of the T-mixer has minimal effect on redistributing the
concentration, when the flows remain symmetric.

For 142 <Re <190, it is called engulfment steady flow
regime [4]. In this regime, the reflection symmetry breaks and the
shear layer in the T-junction starts to engulf the two flow streams.
Two vortices can be seen, and they retain a central symmetry (see
Fig. 2b). In this regime, the mixing efficiency is enhanced. It can
be attributed to the velocity induced by these two co-rotating vor-
tices, which improves mixing through the advection. When Re >
190, the flow steadiness cannot be sustained and the engulfment
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Fig. 5. PLIF images of the periodic engulfment flow pattern, every quarter of a pe-
riod, at the cross-section (y = 0) for Re = 237. The figures are adapted with the per-
mission from Zhang et al. [7] Copyright © 2019, Elsevier.

(@)os

Fig. 6. (Color online) (a-d) PIV measurements of the flow velocity fields for un-
steady symmetric flow at the cross-section (y = 0) for Re = 360, and the time in-
terval between the two neighbors is a quarter of the period. The figures are repro-
duced from Li [14]. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

unsteady (periodic) flow can be visualized. Here the liquid-liquid
interface exhibits a periodic shear-layer process. As shown in Fig. 5,
initially, two vortices gradually form at the lower left and upper
right corners. Subsequently, these two vortices slowly move along
with the inter-fluid interface and eventually engulf at the center of
the channel, before the process repeats again.

For larger Reynolds numbers (Re > 320), the flow regains the
symmetry but with unsteady behavior, in the meanwhile the
mixing efficiency decreases. The flow pattern exhibits the quasi-
periodic behavior during the symmetric unsteady flow, where a
symmetric four-vortex topology was observed (see Fig. 6). Peri-
odic breaks from the symmetry become more frequent as Re is
increased. Here the momentum field of the inlet flow in the T-
mixer is more energetic [36]. As the Reynolds number is fur-
ther increased, the flow regime is blended with chaos (Re > 400)
[9,36]. While for further larger Reynolds numbers (i.e. Re > 500),
chaotic/turbulent flow motion was observed in simulations [6,11].

Similar flow regimes have also been observed in T-mixers with
other geometric configurations. The symmetric and engulfment
flow regimes have been reported in T-mixers with rectangular in-
lets and a rectangular outlet, which is detailed in Section 4.3. The
T-mixers with non-aligned inlets, as investigated by [22] and [21],
exhibit steady engulfment and unsteady engulfment flows with pe-
riodic behavior (where the flow patterns are distinct from those
observed in the T-mixers with rectangular inlets and a rectangu-
lar outlet). Regarding to the T-mixers with circular inlet and out-
let pipes, [25] highlight that, although the symmetric and engulf-
ment regimes can be observed, the flow behavior significantly dif-
fers from that of T-mixers with rectangular channels. Specifically,
vortices form at the curved edges of the intersection between the
inlet and outlet pipes.
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Fig. 7. (Color online) Experimentally measured mixing time t,, (circles) and com-
putationally estimated mixing time using Eq. (11) (triangles) as a function of Re.
Three mixing regimes are highlighted: low-Re, intermediate and turbulent, respec-
tively, which is discussed in Section 4.2. A and A represent laminar-laminar (LL)
and turbulent-turbulent (TT) inflow conditions, respectively. Data with laminar-
turbulent (LT) inflow conditions are indicated with an arrow. The influence of the
different inflow conditions is discussed in Section 4.4. Adapted with permission
from Schikarski et al. [11] Copyright © 2019, Royal Society of Chemistry. (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

3.4. Mixing efficiency and mixing time

In most studies, the mixing efficiency with the intensity of seg-
regation is quantified by
=20, (7)
Omax
where opmax is the maximum variance (determined by completely
segregated streams),

01121ax = <¢)(l - <¢>)7 (8)
where
1 N
(@) = 5= > S (9)
i=1

is the mean concentration and St (S;) is the area of the cross sec-
tion (control volume i) and N is the number of control volumes in
the cross-section. The mean square deviation of the concentration

2_ | 2aydz— L3 2 10
%—%Iw7m>yuﬁggxﬁ4wy (10)

The mixing efficiency is evaluated by the local segregation at a
particular point in the T-mixer, and Iy = 1 means completely seg-
regated (perfectly well mixed) of the streams. In the simulation
study, [11] find that the empirical relationship between the mix-
ing time t; and the residence time t. (the mean residence time
from the junction to the outlet of the T-mixer), i.e.

tm = 1.8 - t,, (11)

renders a good agreement between the experimental and numeri-
cal measurements of the mixing time, particularly in the high Re-
regime (Re > 1500), see Fig. 7. While for low-Re regime, intermedi-
ate and turbulent regime, Schikarski et al. [11] concluded that the
mixing time can be precisely given by the specific power input.

4. Numerical investigation for flows in T-mixer

The design of the T-mixers can be benefited from computa-
tional fluid dynamics (CFD), given that this tool allows efficient in-
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vestigating the effects of geometrical configuration and operating
condition on the flows.

4.1. Numerical methods and modelling

A large number of simulation investigations of flows in T-
mixers are performed with commercial CFD codes, e.g. FLUENT
and CFD-ACE+, based on finite volume methods. With increasing
the Reynolds number, characteristic flow structures emerge with
flow regimes established. However, the respective critical Reynolds
numbers for the flow regimes are challenging to be precisely deter-
mined for the numerical simulations. With direct numerical sim-
ulation in FLUENT, Hussong et al. [37] systematically investigated
the influence of the discretization scheme, the spatial resolution
and the inlet length on the transition from flow dominated by the
diffusion to the one dominated by the convection. From the tests,
they concluded that the critical Reynolds number corresponding to
the flow transition is lower for the upwind differencing scheme
compared to the central differencing integration scheme. Zhang
et al. [7] used large-eddy simulation in FLUENT equipped with
Smagorinsky-Lilly subgrid model to investigate the unsteady en-
gulfment flow, in cooperation with their own experiments. The
CFD-ACE+ was applied to simulate the flows in the micro T-mixers
with the finite-volume scheme [8,10], and characteristic flow pat-
terns such as stratified flow, vortex flow and engulfment flow can
be well captured for Re < 45, 45 < Re < 150 and Re > 150, respec-
tively [8].

Schikarski et al. [6,11] employed a finite-volume scheme to dis-
cretize the Navier-Stokes equations in space and utilized a Runge-
Kutta scheme in time, implemented using the FASTEST3D code.
To ensure their simulation resolve all eddy motions, the local
grid spacing max(Ax, Ay, Az) < 2ng was reached, where 7y is the
smallest (Kolmogorov) velocity scale. They used the second-order
spatial discretizations with flux limiters, which adds diffusion in
space and time when large scalar gradients appear in the simu-
lation. This numerical method is expected to be able to simulate
high Reynolds number flows in the T-mixer, closer to the require-
ments in practice. Some studies performed direct numerical sim-
ulations of the flows in T-mixers with spectral elements method,
favored by the high degree of parallelization [17,38].

4.2. Flow characteristics in water-water system

The flow regimes in the experiments of the water-water mixing
are confirmed in the numerical simulations. Advanced than the ex-
perimental measurements, the simulations can provide the three-
dimensional characteristic flow structures and their evolution in
time.

For very low Re, two streams are segregated and steady vortical
structures are found [8,38,39], see Fig. 8a. When Re is at 80-140,
the flow topology becomes the four-vortex regime, as shown in
Figs. 2a and 8 a. According to Kockmann et al. [10], the steady sym-
metric vortex pairs stem from the rapid damping of vortical struc-
tures resulted from the viscous forces. Later on, two steady three-
dimensional (3D) vortical structures, like a letter ‘U’, are identi-
fied in simulations [5,37]. The bottom part of ‘U’ is formed at the
confluence of the two streams, while the two legs of the counter-
rotating vortical structures are in the outlet channel, see Fig. 8b.
When the Reynolds number is above a critical value (usually be-
tween 138 and 155), the flow steps into engulfment steady regime,
as reported in simulations [5,8,10,37-39]. In this regime, due to
the loss of symmetry at the stream confluence, one leg of vorti-
cal structure is fed more fluid than the other. As a result, the two
strongest legs co-rotate and persist far downstream in the outlet
channel, while the two weaker legs vanish, see Fig. 8c.
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Fig. 8. The A, isosurfaces of the three-dimensional vortex structures and the corresponding concentration distribution at three slices in the outlet channel: (a) stratified
regime, (b) steady symmetric regime and (c) steady engulfment regime. Adapted with the permission from Mariotti et al. [38] Copyright © 2018, Elsevier.

(a) Unsteady engulfment regime
Re~220-320

(b) Unsteady symmetric regime
Re~325-510

Fig. 9. (Color online) The X, isosurfaces of the three-dimensional vortex structures
and the corresponding concentration distribution at three slices in the outlet chan-
nel: (a) unsteady engulfment regime and (b) unsteady symmetric regime. Adapted
with the permission from Fani et al. [20] Copyright © 2014, AIP Publishing. (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

For moderate Re, the flow is in the engulfment unsteady regime
[6,15-17,20,39]. With remaining as laminar flow, periodic oscilla-
tions of the flow can be observed (e.g., Fig. 5). These periodic os-
cillations are found to be associated with the pulsating vortices
flowing in the outlet channel [9]. The Kelvin-Helmholtz instabili-
ties in the shear layers are believed as the origin for the formation
of these pulsating vortices [9]. [20] provided a physical explana-
tion for the periodic oscillations of the flow from the perspective
of the dynamics of 3D vortical structures, which exhibit similari-
ties to the flows in the steady engulfment regime. In the unsteady
engulfment regime, the 3D vortical structures at upstream merge
with the cancellation of vorticities in opposite signs, and a blob
of the vorticity is generated and transported towards the channel
outlet. In the meanwhile, two new structures form and replace the
original structures to present the flow periodicity (Fig. 9). Here we
recommend to see the video of 3D structures in [20] for better un-
derstanding of this dynamic process.

For larger Re (= 320), studies of [6] and [38] have confirmed
the presence of the unsteady symmetric regime. They found that

the 3D vortical structures in this regime keep their similarity to
those observed in the steady symmetric regime, for most of the
time. Recently, [6] and [11] conducted a computational study on a
T-shaped mixer for Reynolds numbers up to 4000, in which they
ascribe the flows (at 260 < Re < 600) as intermediate regime and
the flows (Re > 650) are turbulent, as shown in Fig. 7.

4.3. Effects of aspect ratio and stability analysis

Most of the T-mixers in the literature has two squared inlets
and a rectangular outlet, which has an aspect ratio width/height
=2H/H = 2. This aspect ratio, however, may strongly affect the
flow regimes and the corresponding mixing performance. The as-
pect ratio for the inlet channel is k; = W;/H while the aspect ratio
for the outlet channel is x, = W,/H. Investigations were carried out
on the effect of the T-mixer configuration (i.e. x; and «,) on the
determination of the Reynolds number corresponding to the tran-
sition from symmetric flows to engulfment steady flows [40-43].
Soleymani et al. [42] provided a dimensionless group of «; and
Ko to take into account about the aspect ratios on the transition
from the vortex flow to the engulfment flow. This dimensionless
group was found to be in agreement with available experimental
data from various T-mixers. According to the studies conducted by
Reddy Cherlo and Pushpavanam [43] and Poole et al. [40], this ex-
pression can predict the critical Reynolds number, when the height
of the T-mixer is smaller than or equal to the width.

Stability analysis of the linearized Navier-Stokes equa-
tions around the baseflow were conducted for the T-mixer
with aspect ratios of x; =0.75 and «, = 2k; = 1.50 for the inlet
and outlet channels, respectively [5,20]. For the T-mixer geometry
considered in Fani et al. [5,20], the results showed that the onset
Re of steady engulfment regime is about 140 and the onset of
the unsteady engulfment regime is observed within the range
220 < Rec < 230. The effects of the aspect ratio and the stability
analysis on the features and the occurrence of the regimes can be
found in the review of Camarri et al. [2].

4.4. Effects of inlet flow conditions

The flow regimes in the T-mixer are identified for the fully de-
veloped Poiseuille flow achieved in the inlets. When the velocity
profile deviates from the Poiseuille profile, the onset of the differ-
ent regimes alters. If the flows at the T-junction are not fully de-



H. Li and D. Xu

(@ 05

Fig. 10. (Color online) Contours of the concentration for the water-water mixing (a
and b) and the water-ethanol mixing (c and d) in the engulfment regime at Re =
160 (a, c) and Re = 220 (b, d). The arrows show the cross-sectional flow velocities.
The figures are adapted with permission from [6] Copyright © 2017, Elsevier. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

veloped, the engulfment flow pattern was found to occur at higher
Reynolds numbers [16], and the flow exhibits significantly lower
mixing efficiencies compared to the case with a fully developed
flow profile. Fani et al. [5] and Fani et al. [20] also showed that for
the non-fully developed case the flow tends to be more stable via
the sensitivity analysis. Recently, [11] studied the influence of in-
let boundary conditions (i.e., laminar-laminar, turbulent-turbulent
and laminar-turbulent inflow conditions) on the efficiency of mix-
ing at high Re, see Fig. 7. For instance, they reported that by uti-
lizing mixed laminar-turbulent inflow conditions, only an approxi-
mate 1/6 specific power input is needed to reach the same mixing
time (mixing efficiency) as that with the turbulent-turbulent in-
flow condition.

4.5. Flows and mixing in water-ethanol system

In T-mixers, few works have focused on mixtures of two dif-
ferent fluids, e.g., alcohol and water, a circumstance for the appli-
cations of the LAP technique. In the investigation of water-ethanol
(WE) mixing, [44] observed three flow regimes (stratified, vortex,
and engulfment) and found a strong correlation between mean
particle size and mixing efficiency. These findings motivated Orsi
et al. [45] to conduct numerical simulations of WE mixing in the
steady flow regime (Re < 200), which confirmed the presence of
flow regimes similar to those observed in water-water systems but
with transitions hindered by the increased viscosity from mixing.
The dependence of the viscosity on the mixture concentration was
depicted in [46]. In the experiments of [44], WLIF technology is
used to measure the WE mixing, but the measurement errors in-
duced by the inhomogeneous refractive index field of the WE mix-
ing process are not considered. This may be particularly paid at-
tention to when using the LIF technique in larger sized T-mixers
[4,7,36].

In the simulations of the water-ethanol mixing in Schikarski
et al. [6], the density p and dynamic viscosity | depend on
the normalized concentration (mass fraction) of the water-ethanol
mixture, ¢ € [0, 1], see their Fig. 1b. Explicit expressions for p(¢)
and [ (¢) obtained from fits to the experimental data are used to
accurately simulate the WE mixing for 100 < Re < 2000. In agree-
ment with the simulations of Schikarski et al. [6], Orsi et al.
[45] reported that the transition sequence occurs at larger Re for
WE than for water-water mixing, see Fig. 10. Further water-ethanol
mixing can be found in [47] and [48].
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Fig. 11. (a) A typical scanning electron microscope (SEM) image of the curcumin
particles by the LAP technology at Re = 300. The picture is adapted with permis-
sion from [44| Copyright © 2012, Elsevier. (b) The SEM image of the MnCO3; mi-
crospheres with approximate sizes distributions of 2-3 pum generated by the co-
precipitation method. The picture is adapted from Su et al. [49] with CC BY license
(http://creativecommons.org/licenses/by/4.0/).

5. Applications
5.1. Liquid antisolvent precipitation technology

The liquid antisolvent precipitation (LAP) technology is usually
applied to the nano-drugs preparation from a solution in the phar-
maceutical process. In a T-mixer, a solution containing the dis-
solved substance is injected through one inlet and a liquid anti-
solvent is injected into the other inlet channel. In the junction, the
mixing happens and causes the solute to precipitate out of the so-
lution as small particles. The liquid antisolvent is typically a sol-
vent in which the solute is not soluble, such as water for organic
compounds. As studied in [44], they used the LAP technique to
produce curcumin particles and a correlation between mean par-
ticle size (see Fig. 11a) and mixing efficiency was observed, that
higher mixing efficiency results in smaller sized particles.

5.2. Wittig chemistry synthesis

The Wittig chemistry is a widely employed method for syn-
thesizing vitamin A. This synthesis reaction enables the forma-
tion of a carbon bond in the production of an alkene and phos-
phine oxide from a phosphorane (or phosphonium ylide) and an
aldehyde (or ketone). For example, a standard reactant solution
(e.g., 2-nitrobenzyltriphenyl-phosphonium bromide in dry MeOH)
flows into the T-mixer from one inlet and the other reactant (e.g.,
Methyl 4-formylbenzoate was premixed with sodium methoxide
solution) was injected through the other inlet. The Wittig reac-
tion then occurs in the junction of the T-mixer. The T-mixer can
rapidly generate products in sufficient amount. This characteris-
tic of T-mixers has significant implications for establishing high
throughput chemistries, therefore presenting a promising method
for future advancements in the field of chemical synthesis [50].

5.3. Co-precipitation method

The co-precipitation method is a commonly used technique for
large-scale production in commercial fields. The size and distribu-
tion of particles produced by this method depend on mass transfer
and dispersion in the reactor. The use of a T-mixer enables precise
control of flow rates and enhances mixing effects, thereby short-
ening the reaction time and facilitating control over the reaction
process. For instance, [49] injected two solutions of MnSO4-H,0
and NH4HCO5 simultaneously into a T-mixer using an accurate
syringe pump at a fixed flow rate of 50 mL-min~! to produce
MnCO;3 crystals (see Fig. 11b), which were subsequently trans-
formed into MnO/C microspheres via calcination. The MnO/C mi-
crospheres have porous structures and an approximately uniform
size. These characteristics make the MnO/C microspheres a promis-
ing anode material for Lithium-lon batteries. The morphological
and structural characteristics of these microspheres contributed to
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improved electro-chemical performance of the anodes, as reported
in studies of [51] and [52].

6. Summary

The T-mixer brings unique conditions to achieve mixing be-
tween two fluid streams, so that it gives successful applications
in chemical and pharmaceutical engineering and can also be ap-
plied for fundamental studies of mixing physics. This manuscript
presents an elementary level overview of the flow dynamics in
T-mixers. With water-water mixing, steady symmetric flow, en-
gulfment flows (including steady asymmetric flow and periodic
asymmetric flow), and unsteady symmetric flow are identified in
both simulations and experiments, when the Reynolds number is
smaller than 500. When Reynolds numbers is above 500, chaotic
and turbulent flows are observed. However, the aspect ratio and in-
let conditions may give non-trivial influence on the characteristics
flows and the critical Reynolds numbers corresponding to the flow
regimes. In water-ethanol mixing, similar mixing scenario can be
seen, but the critical Reynolds numbers for the transition among
the characteristic flow patterns are delayed.

The investigations of flows in T-mixers has reached great un-
derstanding of the mixing dynamics and influence factors on mix-
ing efficiency in numerical simulations and experiments. For the
former, commercial software and self-developed codes have been
used in the framework of direct numerical simulations and large
eddy simulations, while the mixing of very small scales is mod-
eled. For the latter, current experimental investigations mainly
relied on 2D measurement technique, whereas 3D measurement
techniques, such as Tomo-PIV, are needed for examining the 3D
flow structures, which are largely reported in simulations. Cur-
rent studies focus on flows and mixing for the length of the out-
let channel smaller than 10H, turbulent mixing and structures at
downstream locations (> 10H), better approaching the fully devel-
oped flows, need further detailed investigations. Another unclear
point is the effect of Schmidt number on the mixing scenarios,
particularly for better understanding of the fundamental mixing
physics and filling (partially) the gaps between the theory and the
experiments. Overall, more efforts are necessary and greatly fa-
vored to advance the knowledge of (turbulent) mixing in T-mixers.
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