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Abstract: The field of hydrodynamics, specifically microfluidics, is currently undergoing
rapid development, with significant progress being made in the creation of new devices and
technologies that outperform their macroscopic counterparts. Concurrently, determining
the parameters of a non-Newtonian fluid is becoming an important task in many areas of
industry and production, particularly in the oil industry. Both the drilling fluids (needed to
create wells) and the polymer-based displacers and surfactants (needed to extract oil) have
non-Newtonian properties. This paper presents a method for determining the indices of
consistency and flow behaviour of the non-Newtonian fluid (power-law model) based on
the analysis of secondary Dean vortices generated in a curved channel. This phenomenon
is conveniently described using the recirculation angle. The structure of the flow of non-
Newtonian fluids in a U-shaped micromixer has been studied. The dependence of the
recirculation angle on the fluid flow rate was obtained for different fluid parameters. A
universal correlation was proposed to describe the dependence of the inverse Dean number
on the recirculation angle of the flow. The consistency and flow behaviour indices of
the power-law model of non-Newtonian fluids found using the above correlation can be
measured in the experiments.

Keywords: microchannel; microviscometer; non-Newtonian fluid; numerical modelling;
Dean vortex; Dean number; recirculation angle

1. Introduction

Currently, for various reasons, there is revolutionary development of microsystem
technology for various purposes. Microsystem technology has obvious advantages (energy
efficiency and low material consumption) and has been actively used in a wide variety
of applications: when creating new computer equipment samples, in various biomedical
technologies, and in the pharmaceutical and chemical industries, etc. A significant part of
microsystem equipment is, either way, connected with the flows of liquids and gases in
microchannels. Fluid flows in microchannels are characterized by the significant influence
of capillary forces and wall effects on flow regimes and heat and mass transfer processes.
Under these conditions, modes uncommon for large diameter channels are implemented.
Microchannels with dimensions of about 100 um are now widely used in micro-heat
exchangers for cooling electronics, in microreactors for the highly efficient synthesis of
chemical products, in medicine and pharmaceuticals as laboratories on a chip, and in the
production of new medicines, etc. Fluid flows in microchannels are also widespread in
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nature. These are the processes of substance transport in plants and living organisms, the
multiphase filtration of fluids in microporous reservoirs of oil and gas, and much more.
The variety of microchannel applications has lead to a large number of studies on this topic.
A new interdisciplinary science, microfluidics, has emerged to describe the behaviour of
flows of liquids and gases in microscopic channels, with their sizes ranging from 100 nm to
500 um.

The mixing of fluids is the basic process in most microfluidic devices (chemical mi-
croreactors, analyzers of chemical and biological substances, drug transport systems, and
microfluidic heat exchangers, etc.) [1-36]. In macroscopic flows, mixing usually occurs
in a turbulent mode. However, in microfluidic devices, the flows are usually laminar,
and mixing there is limited by molecular diffusion. In order to intensify mixing, special
devices—micromixers—are used. Micromixers are one of the key elements of many micro-
and nanoelectromechanical systems (MEMS and NEMS). To date, a large number of dif-
ferent micromixers have been developed. There are passive and active ways to intensify
mixing in micromixers (e.g., reviews [1-6] as well as monographs [34-36]). In passive
mixers, mixing intensification is achieved by increasing the residence time of the mixture in
the mixer, or the geometric features of the mixing channel (inserts, bends, and constrictions,
etc.). According to these principles, passive micromixers are divided into parallel mixing
micromixers (T- and Y-shaped microchannels), sequential mixing micromixers, focusing
micromixers, and mixers with chaotic mixing. In addition, active mixers have recently
become widespread. Active mixers superimpose some external disturbances (acoustic,
electric, or magnetic vibrations, etc.) upon the flow. One of the widely used methods of
active mixing is to set flow pulsations at the inlet to the mixer.

Despite the huge practical interest and significant number of works in this field,
the structure and properties of flows in micromixers have been studied insufficiently.
Experimental studies on mixing processes in micromixers in the vast majority of cases are
limited to the visual observation of the mixing pattern when varying certain parameters.
Only in recent years have works actively employing modern micro-PIV and micro-LIF
methods to study the local characteristics of flow and mixing in microchannels appeared.
Due to the extremely small size of the channels and the difficulties in ensuring optical access
to them, the widespread use of these methods to study the structure of flows in microflows
is limited. At the same time, in order to optimize the mixing process in microfluidic
mixers, there is a need for detailed information about the flow structure and flow modes.
For these purposes, computational fluid dynamics (CFDs) methods are actively used to
optimize the operation of micromixers. In accordance with the literature review, numerical
modelling has become the main tool in the field [1-16]. The Reynolds numbers are usually
small, and the flows are laminar in most cases. However, despite the small size of the
channels, turbulent flows also occur in microfluidic devices [11,12]; their modelling is
realized with direct numerical simulation (DNS) methods. Notably, at relatively high
values of Reynolds numbers (of the order of 1000), a number of new interesting phenomena
occur in microchannels; they should be further studied both from a fundamental point of
view and for practical purposes (e.g., our works [23-27]). A large number of works have
been devoted to the optimization of certain types of micromixers [17-22]. Over the past
fifteen years, various ways to intensify mixing in microfluidic mixers have been considered,
including by complicating the geometric shape of the mixing channel. At the same time,
despite all the variety in passive mixers, the most widespread ones are micromixers based
on the following principles of mixing intensification: diffusion (mixing in long channels),
alternate separation and fusion of flows, chaotic advection, and vortex mixing (Dean
vortices, etc.).
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As mentioned above, micromixers are the main components in any complex microflu-
idic device. In analytical chemistry, microfluidics have given rise to a laboratory on a
chip (lab-on-a-chip)—a microfluidic device that allows for several multistage chemical
analyses on a single microchip [37]. This also includes the concept of pnTAS (miniaturized
total analysis system), which involves examining a sample in the immediate vicinity of the
production site using various sensors integrated on a single microchip (chromatography,
pH, zeta potential, spectroscopy, and PVT analysis, etc.) [38]. The ultimate goal of these
approaches is to combine all the functions of a chemical laboratory in a single microfluidic
chip. In addition, microchannel technologies are widely used in chemistry [38—40] for the
precise chemical synthesis of substances on flow-through microreactors with high specific
velocity, studies of the kinetics of chemical reactions under conditions close to an ideal
mixing reactor, obtaining complex emulsions and dispersed systems with encapsulated
droplets of immiscible fluids, the filtration of chemical synthesis products, obtaining gas
microbubbles and foams, and conducting catalytic reactions with a catalyst applied to the
walls of microchannels, in particular, for the synthesis of liquid hydrocarbons from natural
gas, etc.

It is a common phenomenon that the fluids employed in such systems frequently
demonstrate non-Newtonian properties. Illustrative examples encompass drilling fluids,
polymer-based displacers and surfactants in the oil and gas industry, along with numerous
biological fluids, including blood, lymph, cerebrospinal, and intercellular fluid and cell
cytoplasm, etc. Consequently, a significant proportion of the scientific literature is dedicated
to the investigation of the flow and mixing of non-Newtonian fluids, in addition to their
properties and the mutual influence they exert on each other [41,42]. A number of papers
have been published that discuss the flows inside channels and flows around bodies at very
low Reynolds numbers [43,44]. Other papers discuss the flow of concrete [45,46] and the
heat transfer of waxy crude oil [47]. Furthermore, there are papers that discuss the flow and
mixing of such fluids in microchannels [48-50] and micromixers [30,51,52]. Furthermore,
studies pertaining to the properties of non-Newtonian fluids, along with the development
of rheometers for the purpose of their analysis, assume equal significance [53-55].

In the present study [56], the novel concept of measuring the viscosity of Newtonian
fluids is proposed and validated. This is achieved by analyzing the behaviour of Dean
vortices in a 180-degree curved microfluidic channel. Additionally, the hypothesis was
formulated that this rheometer could also be utilized to measure the properties of non-
Newtonian fluids. The development of such a microfluidic rheometer requires a detailed
study of the flow structure features in the curved channels of non-Newtonian media. In
this regard, this work systematically investigates the influence of fluid flow and rheological
parameters on the flow regimes of a non-Newtonian viscoelastic fluid in a U-shaped
microchannel, as well as on the flow structure and behaviour of Dean vortices in the
channel. This is achieved through the use of numerical modelling (CFDs).

2. Numerical Procedure
2.1. Basic Assumptions and Governing Equations

Computational fluid dynamics (CFDs) methods are used as the main approach to
solving the tasks. This paper considers the incompressible flows of multicomponent
fluids, which are described using a hydrodynamic approach. Within the framework of this
approach, microflows are modelled by solving a system of Navier-Stokes equations:

dp

9
a—i—V-(pv):O,%—FV-(pW):—VP—i-VT, (1)
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where p is the density of the fluid, P is the pressure, v is its velocity, and T is the viscous
stress tensor.

To model non-Newtonian flows, this work uses a well-known approach [30,57,58], in
which the medium is considered a non-linear viscous fluid with the introduction of the
effective viscosity of the fluid p(7), generally depending on the shear rate. In this case, the
viscous stress tensor is defined as T = () ¢, and the shear rate - is the second invariant

. 1 du;  Ouj
T=y[alEE s =t
i#] J !

Here, u;; are the components of the velocity vector.

of the strain rate tensor:

The medium under consideration can be either a viscous Newtonian fluid or a non-
Newtonian viscoplastic fluid, with its behaviour described by the most common rheological
model of a power-law fluid. Depending on the rheology of the medium, the effective
viscosity has the following form:

u(’y) = k for a Newtonian medium (k is the molecular viscosity of the fluid);

n(y) = ky" ! fora power-law model, where 1 and k are the coefficients of the model
(consistency index and flow behaviour index, respectively).

The viscosity and density of the mixture are determined through the mass fraction of
the components of the mixture f and the molecular viscosities i », as well as the partial
densities p; , of the pure components:

p=fu+(0-f)w - ==+ ,

with the evolution of mass concentrations being determined by the following equation:

B+ (ofv) = V- (5DV ). ®

The no-slip conditions were used as boundary conditions on the channel walls for
the velocity vector components. The applicability of this type of boundary condition for
channels of the order of 50 pum is shown in [21-36].

An unstructured three-dimensional grid (Figure 1) consisting of 1,000,000 nodes was
used for calculations. A preliminary study of the effect of the numerical grid refinement
was performed. The considered refinement is shown to be sufficient to obtain a conver-
gent solution.

Figure 1. Numerical grid and problem geometry. The direction of flow is indicated by the circle
arrow, while the direction of the view is indicated by the straight arrows.
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Systematic computational studies of the mixing processes of two non-Newtonian fluids
in a U-shaped microchannel have been carried out. The channel width was w = 920 pm, its
height was /1 = 500 um, and the radius of curvature was 1 cm. The influence of the flow rate
of fluids, the consistency index, and the flow behaviour index was investigated. The flow
rates of fluids at the inputs were set equally and ranged from 2 mL/min to 20 mL/min.
The consistency index ranged from 0.006 Pa-s" to 0.6 Pa-s", and the flow behaviour index
ranged from 0.4 to 0.8.

2.2. The Numerical Method

To solve the system of equations described above, a software package Ansys Fluent
2021 R2 for computational fluid dynamics problems was used. A detailed description of
the numerical algorithm is given in the works [24,25,31,32,57], and further, the main issues
of the numerical methodology are set forth. The difference analogue of the convective dif-
fusion Equations (1) and (2) is found using the finite volume method [59-61] for structured
multiblock grids. In this case, the resulting scheme automatically turns out to be conserva-
tive. The essence of the method is to divide the computational domain into control volumes
and integrate the initial conservation equations for each of them to obtain finite difference
ratios. The approximation of the convective terms of the transport Equations (1) and (2)
is made using the second-order upwind schemes QUICK [62] and TVD [61], respectively.
An implicit second-order scheme is used to approximate the nonstationary terms of the
equations of hydrodynamics. Diffusion flows and source terms are approximated by finite
volume analogues of the central difference relations with the second order of accuracy. The
connection between the velocity and pressure fields, which ensures the fulfilment of the
continuity equation, is realized using the SIMPLEC procedure on combined grids [59]. To
eliminate pressure field oscillations, the Rhie-Chow approach is used. The monotonizer
is to be introduced into the equations for pressure correction [63] in this approach. The
difference equations obtained as a result of discretization of the initial system of differential
equations are solved iteratively using an algebraic multigrid solver [64].

3. Results and Discussion

The study considered a curved U-shaped microchannel, with a height & and a width
w. The flow in such a microchannel is described by the Reynolds and Dean numbers.
Despite numerous studies of the rheological properties of non-Newtonian fluids, there is
still no single way to determine a characteristic as basic as the Reynolds number. The most
common formula is as follows:
o’ "y @)

k

where u is the velocity of the fluid and dj, is the hydraulic diameter of the channel. The
latter is a characteristic number that depends on the geometry of the channel cross-section
and is determined by the formula:

Re =

dy == @)

where S = w-h and P = 2-(w + h) are the cross-sectional area and the perimeter of the channel,
respectively.

The Dean number is a criterion of similarity in hydrodynamics, expressing the ratio of
the transverse fluid flow, arising from the curvature of the channel, to the longitudinal flow:

— Ret/ G
De = Re R’ (5)

where R represents the curvature of the channel.
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Velocity Magnitude
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In this paper, the flow of two power-law fluids with the following parameters have
been studied: the consistency index set to 0.006 Pa-s", 0.06 Pa-s", and 0.6 Pa-s" and the flow
behaviour index set to 0.4, 0.6, and 0.8. The flow rates for both fluids at the inlet were the
same and equal to 2 mL/min, 10 mL/min, and 20 mL/min. As a result of calculations,
distributions of the velocity modulus in the central longitudinal section of the channel
were obtained and shown for individual cases in Figures 2—4. Apparently, the shape of
the fluid flow in the U-shaped channel is influenced by both the parameters of the fluid
and its flow rate. From these figures, it can be seen that an increase in the flow rate leads
to the formation of a converging flow in the area of the merging of two fluids, as well
as to a more uniform distribution of velocity over the channel width. An increase in the
flow behaviour index affects the distribution of the velocity modulus non-linearly, namely,
its maximum heterogeneity is observed for a value of n = 0.6, which decreases at a value
of n = 0.8, and the most uniform distribution is established for n = 0.4. The effect of the
consistency index is also non-linear. Thus, when it increases from a value of 0.006 Pa-s" to
a value of 0.06 Pa-s", a pronounced central jet is formed at the beginning of the channel to
later press against the outer wall, and at k = 0.6 Pa-s", a velocity distribution is observed to
be almost identical to the flow in the non-curved channel.

Velocity Magnitude
0.4528
0.4075
0.3623
0.317
0.2717
0.2264
0.1811
0.1358
0.09056
0.04528
0

(a) (b)

Velocity Magnitude

0.8211
0.739
0.6569
0.5748
0.4927

0.4105
0.3284

0.2463

0.1642
0.08211
0

()

Figure 2. Distribution of the velocity modulus in the longitudinal section of the channel at
Q: (@) 2 mL/min (Re = 132.4; De = 23.8); (b) 10 mL/min (Re = 1738.3; De = 312.9); and (c) 20 mL/min
(Re = 5296.5; De = 948.4). k = 0.006 Pa-s", n = 0.4.
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Velocity Magnitude
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Figure 3. Distribution of the velocity modulus in the longitudinal section of the channel at n: (a) 0.6
(Re =1294.3; De = 233); (b) 0.8 (Re = 317.9; De = 57.2). Q =20 mL/min, k = 0.006 Pa-s".

Velocity Magnitude
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Velocity Magnitude
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0.956
0.8498
0.7436
0.6374
0.5311
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0.2125
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Figure 4. Distribution of the velocity modulus in the longitudinal section of the channel at k: (a) 0.06
Pa-s" (Re = 527; De = 94.8); (b) 0.6 Pa-s”" (Re = 52.7;, De = 9.5). Q =20 mL/min, n = 0.4.

In addition, concentrations were obtained in the longitudinal sections and several cross-
sections of the microchannel, and on their basis the values of the flow recirculation angle for
each of the cases were derived. For some cases, Figures 5-11 show the distributions of the
components’ concentration in the longitudinal section of the channel, as well as in several
cross-sections of the U-shaped bend at different distances from the beginning of the channel
curvature. In these figures, the red colour corresponds to an 100% concentration of one
fluid, the blue colour corresponds to an 100% concentration of the other fluid, and the green
colour corresponds to their complete mixing. By analyzing these figures, the following
conclusions may be drawn: (1) an increase in the consistency index leads to an increase in
the value of the flow recirculation angle (Figures 5-7); (2) an increase in the flow rate leads
to a decrease in the value of the flow recirculation angle (Figures 7-9); and (3) an increase
in the flow behaviour index leads to an increase in the value of the flow recirculation angle
(see Figures 9-11). In addition, in some cases, the increase in the value of the recirculation
angle of the flow was found to be so great that the U-shaped curvature (180°) was not
enough for this recirculation to appear in this micromixer. The same conclusions are drawn
from the analysis of the dependence of the value of the recirculation angle of the flow on the
flow rate for various values of the coefficients of the power-law model shown in Figure 12.



Fluids 2025, 10, 65 8of17

Obviously, for the case of n = 0.8, k = 0.6 Pa-s", the recirculation mode does not occur at
any flow rate, and for the case of n = 0.6, k = 0.6 Pa-s”, it takes place only for a flow rate of

2 mL/min.

(b)

[a |
€3] (8)

Figure 5. Concentration distribution in the longitudinal section of the channel: (a) central; (b) on the
wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and (g) 180°.
Q =2mL/min, k =0.006 Pa-s”, n = 0.4 (Re = 132.4; De = 23.8).

(©) (d) (e)

()

-

(©) (d) (e) ()

-

Figure 6. Concentration distribution in the longitudinal section of the channel: (a) central; (b) on the
wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and (g) 180°.
Q=2mL/min, k =0.06 Pa-s", n = 0.4 (Re = 13.2; De = 2.4).

(b)
(8)
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Figure 7. Distribution of concentrations in the longitudinal section of the channel: (a) central;
(b) on the wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and
(g) 180°. Q =2 mL/min, k = 0.6 Pa-s”, n = 0.4 (Re = 1.3; De = 0.2).

(a)

'

(b)
(8)

(c) (d) (e) (f)

Figure 8. Concentration distribution in the longitudinal section of the channel: (a) central; (b) on the
wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and (g) 180°.
Q=10mL/min, k = 0.6 Pa-s", n =0.4 (Re = 17.4; De = 3.1).
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| m |

(e) (f) (8

(d)

Figure 9. Concentration distribution in the longitudinal section of the channel: (a) central; (b) on the
wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and (g) 180°.
Q=20mL/min, k =0.6 Pa-s", n =0.4 (Re =52.7; De = 9.5).

()

C)

i

(b)
(8)

(d) (e) ()

Figure 10. Concentration distribution in the longitudinal section of the channel: (a) central; (b) on the
wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and (g) 180°.
Q=20mL/min, k= 0.6 Pa-s”", n = 0.6 (Re = 12.9; De = 2.3).
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() (b)

(d) ) f) 8)

Figure 11. Concentration distribution in the longitudinal section of the channel: (a) central; (b) on the
wall. Cross-sections of the channel located at an angle: (c) 0°; (d) 45°; (e) 90°; (f) 135°; and (g) 180°.
Q=20mL/min, k= 0.6 Pa-s”, n = 0.8 (Re = 3.2; De = 0.6).

0 \ \ \ \ \ 0 \ \ \ \ ] 0 \ \ \ \ ]
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
0, ml/min 0O, ml/min 0O, ml/min
(a) (b) (c)

Figure 12. Dependence of the value of the recirculation angle of the flow on the fluid flow rate:
(a) k =0.006 Pa-s"; (b) 2—k = 0.06 Pa-s"; and (c) k = 0.6 Pa-s"”. 1—n = 0.4,2—n = 0.6, 3—n = 0.8.

To describe the flows in the curved channels and the recycling phenomenon, in
addition to the Reynolds number, as mentioned above, the Dean number is used, which is
determined via Equation (5). Secondary vortices appear in a curved channel when the Dean
number reaches a certain critical value De* [17]. In the literature, one can find a rather wide
range of critical values of the Dean number for the curved channels of different shapes:
0.1 < De* < 36. Calculations have shown that in a U-shaped microchannel, the first barely
distinguishable Dean vortices appear at a value of De ~ 0.3.

Similar processes of the emergence and evolution of secondary Dean vortices in
non-curved channels with T-shaped junctions have been widely considered in the liter-
ature [17,31,32]. Several different flow regimes have been identified, including steady
stratified flow, steady symmetric vortex flow, steady asymmetric vortex flow (engulfment),
and periodic flow. These depend on the Reynolds number and other parameters.

The low Reynolds numbers are associated with creeping stratified flow, which is
characterized by a weak degree of mixing. An increase in the Reynolds number within the
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mixer results in the formation of a pair of symmetrical horseshoe vortices (Dean vortices),
which emerge from the left end wall of the mixer and propagate into the mixing channel.
This is what is referred to as a steady symmetric vortex flow regime. In such a case, the
flow is symmetrical relative to the central longitudinal plane of the mixer. Each such
horseshoe vortex is situated at the interface between the corresponding fluids, and does
not cross the boundary between miscible fluids. Consequently, the interface between the
two media remains almost flat. Upon reaching the critical value, the flow structure in
the mixer undergoes a sudden and significant transformation as the Reynolds number
continues to increase. A pair of horseshoe vortices are observed to turn on an angle of 30°
in relation to the central longitudinal plane of the mixer as a result of the development
of the Taylor—Gertler instability, which is caused by a quarter-turn of each fluid. This is a
steady asymmetric vortex flow regime. The rearrangement of the flow within the mixer
channel results in the formation of a layered S-shaped structure comprising miscible fluids.
The interface of miscible fluids in such a layered structure is highly developed, resulting
in a significant enhancement in mixing efficiency. When the flow transitions from the
symmetric flow regime to the engulfment flow regime, the mixing efficiency exhibits a
significant increase of several tens of times. The initial Dean vortices in a T-mixer emerge at
a Dean number of approximately 28.

Therefore, Figure 13 illustrates the dependencies of the Dean numbers on the value
of the recirculation angle of the flow. It should be noted that the graphs do not include
the data points for which the recirculation angle exceeds the limit of 180 degrees. It is
evident from this figure that the graphs begin to collapse into one curve. In the referenced
work [56], it was noted that the greatest interest lies in the dependence of the inverse Dean
number on the value of the recirculation angle, as illustrated in Figure 14. By collecting all
these graphs in one figure (Figure 15), one may see that they all fall on one curve, which
can be approximated via a correlation of the form:

De 1(0) = a(0 — )", (6)
wherea=10"%,b=2,and ¢ = 15.

10005 1005 o 10+

E Y Yy E 1 [ 2 2 DI

i EEm2 i ] N2
100 - e 10~ ]
g g B 1-
103 I :
] N ] ~.

1 I T \ I 0.1 I I \ \ 0.1 I I \
0 40 80 120 160 0 40 80 120 160 40 80 120 160
0.° 0, 0,°
(@) (b) (c)

Figure 13. Dependence of the Dean number on the value of the recirculation angle of the flow:
(a) k =0.006 Pa-s"; (b) 2—k = 0.06 Pa-s"; and (c) k = 0.6 Pa-s". 1—n = 0.4, 2—n = 0.6, 3—n = 0.8.
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Figure 14. Dependence of the inverse Dean number on the value of recirculation angle of the flow:
(a) k =0.006 Pa-s"; (b) 2—k = 0.06 Pa-s"; and (c) k = 0.6 Pa-s". 1—n =0.4,2—n = 0.6, 3—n = 0.8.
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Figure 15. Dependence of the inverse Dean number on the value of the recirculation angle of the
flow: 1—n = 0.4, k = 0.006 Pa-s"; 2—n = 0.4, k = 0.06 Pa-s"; 3—n = 0.4, k = 0.6 Pa-s"; 4—n = 0.6,
k = 0.006 Pa-s"; 5—n = 0.6, k = 0.06 Pa-s"; 6—n = 0.6, k = 0.6 Pa-s"; 7—n = 0.8, k = 0.006 Pa-s";
8—n = 0.8, k = 0.06 Pa-s"; and 9—correlation (6).

Thus, by substituting (3) into (5) and (5) into (6), one can obtain a system of equations

1 pui Ay 4y
a(e]fc)b k 2R

1 _ pu%_”dﬂ [d,
a(ezfc)b k 2R

By solving this system, it is possible to obtain the values of the coefficients of the power-law

of the form:

@)

model n and k, depending on the measured values of the recirculation angle of the flow:

m(a(el—c)b)

a(03—c)"

n®)=2—-——~-+
in(3)

_ pu%*”(el)dz(el)

(®)
ca(6y —c)’- \/%

The high accuracy of measuring this angle is a key factor, since the functions for n and k are

k(0)

significantly non-linear.
In summary, a methodological approach is hereby proposed for the determination of
the properties of non-Newtonian fluids, comprising a series of sequential steps: (1) Pump a
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non-Newtonian fluid with unknown parameters (1, k) through a micromixer with a flow
rate Qp set equally for both inlets; (2) Determine the recirculation angle 61; (3) Pump a
non-Newtonian fluid with unknown parameters (1, k) through a micromixer with a flow
rate ( set equally for both inlets; (4) Determine the recirculation angle 65; (5) Use relations
(8) to obtain the parameters of the non-Newtonian fluid (n, k). The flowchart of this sequence
is shown in Figure 16.

Define recirculation
angle: 01

Experiment #1
Flow rate: Q1

A non-Newtonian
fluid with unknown
rheology: n=?,k="?

Using the
equation (8), we
determine »n and k

Define recirculation
angle: 02

Experiment 2
Flow rate: Q2

Figure 16. The step-by-step flowchart of the proposed methodology.

4. Conclusions

Determining the viscosity of a non-Newtonian fluid is an important and urgent task.
In this paper, systematic computational studies of the mixing of two non-Newtonian fluids
in a U-shaped microchannel have been carried out. The influence of the flow rate of
fluids in the range from 2 mL/min to 20 mL/min, the consistency index in the range from
0.006 Pa-s" to 0.6 Pa-s", and the flow behaviour index in the range from 0.4 to 0.8 have
been studied. As a result, an increase in flow rate was found to lead to a more uniform
distribution of velocity across the channel width, as well as to a decrease in the value of
the recirculation angle of the flow. An increase in the consistency index has a non-linear
effect on the distribution of the velocity modulus. Thus, when it increases from a value of
0.006 Pa:s " to a value of 0.06 Pa-s”, a pronounced central jet is formed at the beginning
of the channel to further press against the outer wall, and at k = 0.6 Pa-s", the velocity
distribution is observed to be almost identical to the flow in the non-curved channel. At
the same time, an increase in the consistency index increases the value of the recirculation
angle of the flow. The influence of the flow behaviour index also affects the distribution of
the velocity modulus non-linearly, i.e., its maximum heterogeneity is observed for a value
of n = 0.6 to decrease at a value of n = 0.8, and the most uniform distribution is established
for n = 0.4. In addition, an increase in the exponent leads to an increase in the value of the
recirculation angle of the flow, and in some cases, the latter is so great that the recirculation
fails to appear in this micromixer.

Based on the analysis of the obtained data, we have proposed a universal correlation
of the following form: De~1(0) = a(0 — c)b, where a2 = 1074, b =2, and ¢ = 15. With its
use, it is possible to obtain the values of the coefficients of the power-law model # and k,
depending on the measured values of the recirculation angle of the flow. The simplicity
of use, speed of measurement and acquisition of results, the requirement of only a small
sample size for research, and the ability to integrate the rheometer directly into the flow are
all advantages of the method under consideration. In order to determine the consistency
index and the flow index, two measurements of the recirculation angles must be conducted
at different fluid flow rates (while ensuring that the fluid flow rates at both inlets are equal
to each other). The required values are then calculated using the formulas proposed in
this article. Rheometers of this type will be in demand in the fields of medicine and oil
and gas, among others. In the future, conducting a series of experimental studies on the
micromixers manufactured by us in an identical setting and comparing the calculated and
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experimental data is planned. Thus, the considered micromixer is usable as a viscometer to
determine the parameters of a non-Newtonian fluid.
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