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ARTICLE INFO ABSTRACT

Microreaction engineering enables new strategies in process intensification. A precise analysis of local mass
transfer and hydrodynamics in micromixers for different flow regimes are strongly needed for a complete un-
derstanding the processes occurring. One of the simplest in the manufacture, but at the same time, quite effective
T-shaped micromixer was used for numerical investigation and analyzing the mixing quality and flow regimes as
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xﬁzggltamr well as the influence of different fluids properties on this parameters. It was numerically revealed that the
Viscosity viscosities and the densities, as well as the initial temperatures and the rheology of mixing fluids have significant
Temperature effects on the flow regimes and the mixing efficiency of two fluids. In this study viscosities and densities ratios of
Rheology mixing fluids ranged from 1 to 2; the coefficient n in power-law model of non-Newtonian fluids ranged from 0.3

Pressure drop

to 1; the initial temperatures difference of two fluids was varied up to 40 °C. Mixture components concentration
as well as pressure and velocity fields distribution in the micromixer was obtained. The dependence of fluids
mixing efficiency and the pressure drop, as well as a map of flow regimes and mixing modes on the Reynolds

number and properties of miscible fluids was numerically established.

1. Introduction

The miniaturization of technological processes is being actively
promoted in recent years in the chemical industry, and thus micro-
mechanics has become a rapidly developing and promising research
area. Microchannel devices are widely used in various fields of science
and technology as microreactors, microscale heat exchangers, micro-
mixers, etc. Many studies have noted that the use of microdevices al-
lows significantly enhancing the physicochemical processes in com-
parison to classical space consuming reactors [1-3]. It can be
confidently predicted that the situation in the chemical laboratories will
change radically in the near future toward a significant improvement in
the productivity and efficiency of synthesis processes through a sub-
stantial miniaturization of instruments and apparatuses. Control of
pressure, temperature, reaction time and flow velocities in reactors
with small volume is carried out much easier and more efficiently.
Thus, the main undeniable advantages of microreactor microsystems
are safety of carrying out highly exothermic reactions and working with
toxic or explosive reagents, carrying out reactions in supercritical
conditions and significantly reducing the cost of research, as well as
implementation and scaling of chemical processes.

However, despite the obvious benefits of microchannel technology,

there are a number of specific problems. Most microchannel devices
that used in chemistry and biology require fast and effective mixing of
substances [1-5]. At the same time, the flow in microchannels is pre-
dominantly laminar and mixing occurs through diffusion, and thus very
slowly. Therefore, the design and optimization of micromixers with the
shortest mixing time is an actual problem in the development of mi-
crochannel devices.

The T-shaped micromixers (Fig. 1) are the simplest in the manu-
facture in terms of their underlying geometry. The first study of T-
shaped micromixer [6] shown very high stirring rates obtaining in such
configuration of micromixers. Flow regimes at low Reynolds numbers
have been systematically studied previously in many works [6-8].
Apparently, first studies of fluids mixing processes in T-shaped micro-
mixer at moderate Reynolds numbers were conducted in [9]. The ef-
fective mixing rate in the T-shaped micromixer at a certain inlet flow
velocities was obtained experimentally for the first time in that work.
The most comprehensive experimental study of mixing in T-shaped
micromixer at moderate Reynolds numbers (100-400) was carried out
in [10].

A number of experimental and theoretical works [11-14] should be
also mentioned. They present calculations of some flow regimes in T-
shaped micromixers with different cross sections. The existence of a
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Fig. 1. Geometric configuration of the task.

certain critical Reynolds number, at which Dean vortices in the T-
shaped micromixer lose their symmetry was shown experimentally.

A more detailed study of this effect was carried out in a series of
works [15-17]. Flow regimes and mixing modes in the water-water
system in the T-shaped micromixer were investigated within a wide
range of Reynolds number from 1 to 1000, using numerical simulation,
micro Particle Image Velocimetry (u-PIV), and micro Laser Induced
Fluorescence (u-LIF) measurements.

The flow structure and its influence on mixing mode was in-
vestigated, five different flow regimes were revealed, and dependences
of friction coefficient and mixing efficiency on the Reynolds number
were obtained. Dramatic increase in mixing efficiency at transition
from symmetric to asymmetric mode for stationary flow regime was
noted. The laminar-turbulent transition area was investigated and good
qualitative and quantitative agreement with the results of field ex-
periments was obtained.

A systematic study of the viscosity effect on mixing modes in the T-
shaped micromixer was carried out in [18], where the significant effect
of viscosities ratio on the flow structure before and after the transition
from symmetric to asymmetric flow regimes was shown. The self-si-
milar behavior of the asymmetric flow regime is established.

Also a comprehensive investigation of mixing of binary fluids with
composition-dependent viscosity in a T-shaped micro-device was car-
ried out in [19]. In that study, it was shown that in the case of a positive
fluidity of mixing, the onset of the engulfment regime is accompanied
by a sharp increase of the degree of mixing, with the critical Re de-
creasing as the fluidity of mixing increases. This research was devel-
oped in [20], where unsteady mixing of binary liquid mixtures with
composition-dependent viscosity was studied. It was shown that a vis-
cous layer forms at the confluence of the inlet flows when the viscosity
of the mixture is larger than that of the pure components. It tends to
keep the two streams separated, resulting in a shift of the engulfment
regime towards larger Reynolds numbers.

Water-ethanol mixing in T-shaped microdevices was investigated
numerically in [21] and experimentally in [22] taking into account
both density and viscosity variations. The results were compared with
studies of water-water mixing. In both research works, it was shown
that at smaller Reynolds number there is no vortex formation for either
cases, and at larger Reynolds numbers, mixing of water and ethanol
may take considerably longer, as the onset of engulfment is retarded
and occurs at larger Reynolds number.

In addition to micromixing of Newtonian fluids, the problem of non-
Newtonian fluids mixing (blood, polymer solutions, suspensions) is
relevant as well. A study of non-Newtonian fluids mixing in serpentine
and T-shaped micromixers was carried out in [23]. The Reynolds
number ranged from 10”2 to 10% A blood, whose viscosity was given
by Casson and Carreau-Yasuda non-Newtonian blood viscosity models,
served as a non-Newtonian fluid. It was shown that the efficiency of
mixing in T-shaped mixer decreases with the increase in the Reynolds
number due to the corresponding increase in the Peclet number. In the
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serpentine micromixer the mixing efficiency originally decreased and
then sharply increased upon reaching the region of transition from
symmetric to asymmetric mode at stationary flow.

The effect of non-Newtonian fluid characteristics, specifically the
effect of shear-thinning on the critical Reynolds number through the use
of the power-law model in the power-law index range from 0.5 to 1 was
investigated in [24]. It was shown as a result that, depending on the
exact choice of Reynolds number, it would be possible to claim that
shear-thinning either promotes or inhibits the bifurcation to asym-
metric flow.

Thus, flow regimes depending on the Reynolds number were in-
vestigated in many works [18-21,24-29]. At that, quite interesting
hydrodynamic phenomenon, named flow reversal or engulfment flow
regime upon reaching the critical Reynolds number was observed in the
T-shaped mixer. This critical Reynolds number differs for different
mixtures, also it strongly depends on the channel geometry, e.g., for
water-water mixing in the T-channel, shown in Fig. 1 the critical Rey-
nolds number is equal to 140-150. The aim of the present work is to
carry out systematic investigation of the effects of miscible fluids
properties on the flow regimes and the critical Reynolds number in the
T-shaped micromixer.

2. Mathematical model and numerical algorithm

Incompressible flows of multi-component and generally non-
Newtonian fluids, which are described using a hydrodynamic approach
based on the solution of the Navier-Stokes equations were considered in
this work. Currently, in numerous experiments was shown that such
description for fluids works well for the channels sizes up to 1 pm.

In general, the Navier-Stokes equations system has the following
form:
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Here p is the fluid density, p is the pressure, v is the velocity, and T is
the tensor of viscous stresses, g is the gravity vector.

The widely known approach [30,31], in which the medium is con-
sidered as a nonlinear viscous fluid characterized by the effective fluid
viscosity u(y) depending in general on shear rate, was used for the si-
mulation of non-Newtonian flows. At that, the viscous tension tensor is
defined as T = pe, while components of the strain velocity tensor € can
be written as:
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Shear rate y is the second invariant of the strain velocity tensor:
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The considered medium may be both Newtonian viscous fluid and
non-Newtonian viscoplastic fluid, whose behavior is described by the
most common “power-law” rheological fluid model.

The effective viscosity depending on the rheology of the medium is
given by:

u(@) = k for Newtonian medium (k is the molecular viscosity of the
fluid),

u(y) = ky™~! for the power-law model, where n and k are coeffi-
cients of the model.

The effective viscosity of the mixture is determined through the
mass fraction of its components f and effective viscosities of pure
components |1 5

=fu + @ =y,
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