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Objectives. The development of microfluidic systems is one of the promising areas of science
and technology. In most procedures performed using microfluidic systems, effective mixing in
microfluidic channels of microreactors (chips) is of particular importance, because it has an
effect on the sensitivity and speed of analytical procedures. The aim of this study is to describe
and evaluate the major parameters of the flow and mixing processes in a passive microfluidic
micromixer, and to develop an information-measuring system to monitor the dynamics of flow
(mixing) of liquids.

Methods. This article provides an overview of the concept of microfluidic mixing chips (micromixers)
and their classification, and analyzes the kinds of points of mixing and microfluidic channels
for mixing. The article presents the description and calculations of the hydrodynamic similarity
criteria (Reynolds, Dean and Peclet numbers), which are the critical parameters for creating and
optimizing micromixers (for example, straight and curved channels in the flow rate range between
100 and 1000 ul/min). We have developed an information-measuring system to monitor the
dynamics of flow (mixing) of liquids in a microfluidic channel, which consists of a microscope with
a digital eyepiece (LOMO MIB, Russia), an Atlas syringe pump (Syrris Ltd., UK) and a passive
mixing microfluidic chip of interest (made of clear glass). This system was designed to quickly
illustrate the principles of mixing in microfluidic channels of different configurations.

Results. The developed system has allowed carrying out a colorimetric analysis of the modes and
dynamics of mixing two liquids (5% aqueous solution of azorubine dye and water) at the T-shaped
mixing point, at the straight and curved (double-bend shaped) sections of the microfluidic channel
of the passive-type micromixer with flow rates varying from 100 to 400 ul/ min.

Conclusions. According to the obtained calculations, the share of the advective mixing processes
(formation of vortex flows and increase in the contact area of the mixed substances) in flowing
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liquids is significantly higher in curved microchannels. The developed information-measuring
system to monitor the dynamics of flow (mixing) of liquids in a microfluidic channel is a convenient
tool for optimizing the mixing modes in the channels of micromixers, and for designing new
configurations of channels in microchips. It would allow intensifying processes and increasing
the performance of microfluidic systems.

Keywords: microfluidics, microfluidic chip, passive micromixer, criteria of hydrodynamic
similarity, colorimetric analysis.
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IMenu. Paspabomka MUKpOpatoUOHbBLX CUCMeM SA8ASLeMCst OOHUM U3 NePCneKmueHblX Hanpas-
JleHUull pa3sumus Hayku u mexHuku. B 6onvuuremae npouedyp, npos8ooumMbsblx C NOMOULLIO MU-
KPODAIOUOHBILX cucmem, 8arKHoe 3HaueHue umeem sgexmusHoe nepemewiusarue 8 MUKpo-
PDAOUOHBIX KAHAIAX MUKPOPEaKmopos8 (Lunog), komopoe sausiem HA uyscmeumeslbHoCms U
b6bicmpomy aHanumuueckux npoyedyp. Llensvto pabomol S68/51UCLG ONUCAHUE U OYEeHKA OCHO8-
HblX Napamempos meueHus U CMeULU8AHUSL 8 MUKPOPDIAIOUOHOM MUKpOCMecumesie NaccueHo2o
CMeuuUBaHuUsl U paspabomra UHGPOPMAYUOHHO-USMEPUMENLHOU cucmembl KOHMPOsL OUHAMU-
KU npomeKaHus (nepemeuwiusarusy) sxuorxocmeti 8 Hem.

Memoobt. /JanHas cmambs cooepixum 0030p KOHUENUUU MUKPOPIIOUOHBIX UUNO8 CMEULUBA-
HUsl (MuKpocmecumesell), ux Kaaccugurayuro, oocyxoeHsbl pasHo8UOHOCMU MoUeK CMeulusa-
HUSL U MUKPOAIOUOHBLX KaHao8 cmewusarust. IIpusedeHsl onucarue u pacuemst Kpumepues
2udpoouHamuueckozo nooobus (uucaa PeliHonwoca, ITexne u [JuHa), A8As0UUXCS KpUMUUECKU-
MU napamempamu Oas paspabomKu U ONMuUMU3AYUU MUKpocmecumenell (Ha npumepe npsi-
MO020 U U302HYMO20 KaHA08 8 duanal3oHe ckopocmeti nomokog om 100 do 1000 mxn/muH).
PaspabomaHa UHGOPMAUUOHHO-UBMEPUMENbHASL CUCmemMa KOHMPOAS OUHAMUKU NPOmMeKa-
Husl (nepemewiugaHusy) kKuoxKocmeil 8 MUKPOPAOUOHOM KAHAE, COCMOSUAs U3 MUKPOCKONa
¢ yugposovim okyasapom («(AOMO» MUE, Poccust), wnpuyegozo Hacoca Atlas (Syrris Ltd., Benu-
KobpumaHust) u ucciedyemozo MUKpopouUOH020 UUNA NACCUBHO20 CMEULUBAHUSL, U320MO8JIeH-
HO20 U3 npo3paurozo cmexaa. JarHas cucmema npedHasHaueHa 015k mozo, umobsbl onepamus-
HO NPOUNTIOCMPUPO8AMb NPUHYUNBLL NepeMetuu8aHusl 8 MUKPOPAIOUOHBIX KAHANLAX PA3HOU
KOHuU2ypayuu.

Pesynemameut. C nomowbro paspabomaHHoll cucmemol npogedeH ygemomempuueckuli aHaius
perxxumos U OUHAMUKU nepemeuusaHrus 08yx skuokocmeil (5% 800H020 pacmeopa Kpacumess
azopybura u 800vt) 8 T-06pa3Holl mouke cMeuu8aHus, Ha NPSIMOM U U302HYMbLX (8 hopme
3MmeesuKra) yuacmKax MUKpoparouoH020 KAHANLA MUKPOCMECUMENST NACCUBHO20 MUNAa Npu ea-
povuposaHuu ckopocmu nomoxkog om 100 0o 400 mrn/ MUH.

3arxnrouenue. Co2nacHo noayueHHbiM pacuemam, 0051 A08eKMUBHBLLX NPOUECCO8 CMEeuUsa-
Husl (0bpasosaHue 8UXpPe8blX NOMOKO8 U Y8eauueHUe NA0ULa0U KOHMAKmMa cMeuusaemsblx
geujecms) 8 npomeKarwWuUx KUOKOCMSX CYWeCcmeeHHO 8blule 8 U302HYMbLX MUKPOKAHALAX
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Murpouunos. PaspabomaHHas UHGOPMAUUOHHO-UIMEPUMENLHASL CUCMEMA KOHMPOSSL OUHAMUKU
npomekaHusl (nepemeuueaHrust) Rxuokocmeil 8 MUKPOPAOUOHOM KAHANE s18siemest YOOOHbIM
UHCMpymeHmom 0ast pabom no ONMUMUIAUUU PEIKUMO8 CMEUUBAHUS. 8 KAHANAX MUKPOCME-
cumenell U 0151 NPOEKMUPOBAHUSL HO8bLX KOHGPU2YPAUULL KAHA08 8 MUKPOUUNAX, UMO NO380-
Jislem UHMeHCUPUUUPO8AMb NPOUECCHL U YBENUUUMb NPOU3ZBO0UMENLHOCMb MUKPOPIIOUOHBLX

cucmem.

Knroueevle cnoea: MuKpoparoudura, MUKpopaoudHblil uun, MuKpocmecumesib NACCUEHO20
CMeWUBAHUS, KpumMepuu 2UOPOOUHAMUUECKO20 N000OUSL, U8EemoMempuUeckKuil aHaIus.

Jna yumuposanua: Capbames K. A., Hukudoposa M.B., [Ilynera JI.I1., Hlumkuna M.A., Tapacos C.A. [Ipouecce! TeueHus
Y TIepeMeNIMBaHus B MUKPO(IIOUIHOM YHITe TACCUBHOTO CMEIIUBAH: OIICHKA MTapaMeTPOB M IBETOMETPUYCCKUIT aHAIIN3.
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Innovative approaches in chemical and biological
analyses, in order to simplify and speed up their
procedures as well as boost their performance, are in
high demand. Microfluidic systems are in the focus of
researchers, because such systems can be used in various
fields of science and technology, including chemical
and biochemical analytical procedures. The driving
force behind the active development of microfluidics
was the creation of microelectromechanical systems
(MEMS) which received the name ‘“System-on-a-
Chip,” and which allow to place several functional
components on a single microdevice. It is also in line
with the general tendency to miniaturize devices, to
elevate their performance and sensitivity for chemical
and biological studies and analytical procedures [1].
Such miniaturized total analysis systems (LTASs) are
used in chemistry, biology and medicine, and they are
called a lab-on-a-chip (LoC) [2, 3]. A microfluidic
chip (microreactor) is a device that combines several
functions, when working with a reagent-to-product or
sample-to-analysis pipeline, in a single complex system
whose size varies from several millimeters to several
square centimeters [4].

The main difference between microfluidic systems
and other currently employed analytical laboratory
equipment is the use of microvolumes (microliters)
in microfluidics, allowing the use of reagents and
electricity, as well as the amount of the analyte or
biomaterial to be significantly minimized, thus making
the analysis cheaper. Microfluidic systems are the tools
that we can use to develop multifunctional automated
analytical and manufacturing devices in a small scale,
allowing various chemical and biochemical reactions
to be performed quickly, in a small volume and with
the minimal human involvement. The use of small
volumes of substance solutions leads to the necessity
of investigating flow processes in microfluidic systems
in terms of both molecular dynamics and continuum
mechanics. Special microfluidic microreactors have
been developed, allowing to perform several actions with
liquids on a single chip, for example, mixing, separation,

fragmentation, sampling, etc. [2—10]. Other microfluidic
chips, which perform only a single procedure, for
example, mixing (one of the most important operations,
involved in almost all chemical and biochemical
analytical procedures), exist as well [11-14].

Microfluidic chips for mixing, the so-called
micromixers, are used to control and accelerate the
process of mixing [13, 14]. There are two kinds of
micromixers, active and passive. To intensify the process,
active micromixers require additional equipment that
acts on the liquid flow externally. For example, it can
be a piezoacoustic transducer, which creates shear stress
in the liquid flow by ultrasound waves, and induces
fluctuations in the velocity field, thus intensifying
the mixing. Another example is magnetic particles in
a certain area of the microfluidic chip, which mix the
liquid flows by their own active movements [14].

The design of active micromixers and their
integration into microfluidic systems is quite expensive
and difficult. On the contrary, passive micromixers are
easier and cheaper. When creating passive micromixers,
it is necessary to take into account the geometrical
parameters of the micromixer channels and the flow
behavior of the liquid [4]. In passive micromixers,
the mixing of liquid flows is intensified by various
construction features of the microfluidic channels that
allow increasing the contact surface between the liquids
and decreasing the diffusion distance. For example, the
micromixer channels may be equipped with obstacles, or
have curved configurations, allowing to abruptly change
the direction of flow, make the flows collide, create
vortex flows, thus making the mixing process more
effective [15, 16]. Superhydrophobic surfaces may also
be used in the chip channels, making the sliding of the
liquids better at the sides of the channels and increasing
the velocity of the flow [17].

The aim of this study was to describe and evaluate
the major parameters of the flow and mixing processes
in a passive microfluidic micromixer, and to develop an
information-measuring system to monitor the dynamics
of flow (mixing) of liquids.
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Evaluation of the hydrodynamic similarity
criteria of flow and mixing processes in a passive
mixing microfluidic chip

The efficiency of mixing processes in a
passive mixing microfluidic chip, in accordance
with the abovementioned description, depends on
the construction features of the channels. The key
zones in the chip structure, which facilitate effective
mixing, are the point of mixing and the channel of
mixing. The point of mixing is a certain place in the
chip where two or more channels are joined (where
liquids are supplied for further mixing). The channel
where the liquids are flowing together is called the
channel of mixing (Fig. 1).

By changing the geometry of these chip zones,
developers of microfluidic systems achieve the
maximal efficiency of mixing for various solutions.
The point of mixing can be T-shaped, Y-shaped or
arrow-shaped (Fig. 2).

QP ‘Sh V7

T- junction

Y- junction

Fig. 1. Scheme of a microfluidic chip (micromixer):
1 — two points of entry of the liquids;
2 — the point of mixing;
3 — the channel of mixing;
4 — the point of exit of the resulting solution.

Arrow-shaped junction

Fig. 2. Channel configurations at the point of mixing in passive mixing microfluidic chips.

Channels of mixing in passive micromixers
can have various configurations, such as a double-
bend shaped channel; a flat channel with staggered-

herringbone grooves; a three-dimensional, connected
out-of-plane channel (Fig. 3); and many more
configurations [4].

b

Fig. 3. Examples of channel configurations in passive microfluidic chips:
a) Zigzag-shaped channel for chaotic mixing at high Reynolds numbers;
b) Staggered-herringbone grooves for chaotic mixing at low Reynolds numbers;
c¢) Three-dimensional L-shaped channel for chaotic mixing at intermediate Reynold numbers [4].

The mixing process in solutions is influenced by
the parameters of the dissolved substances, such as
viscosity, diffusion coefficient and the supply rate of
the liquids. Other important factors, which affect the
mixing process, are the material of the microfluidic

chip and the characteristics of the chip itself, such as
the roughness of the channel sides, length and angles
of the channel.

In order to describe the mixing in microfluidic
chips, it is necessary to use the following parameters
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of hydrodynamic similarity: the Peclet number (Pe)
that characterizes the ratio of the advective processes
in the flow to diffusion; the Prandtl number (Pr) that
characterizes the thermodynamics of the mixed liquids;
the Reynolds number (Re) that characterizes the
flow mode of the liquid; the Dean number (Dn) that

characterizes the occurring transversal flows at the
curves and bends of the channels (Fig. 4).

We calculated these parameters in order to analyze
the mixing process in channels of passive microfluidic
chips with T-shaped junction in two configurations,
straight and double-bend shaped.

Variable parameters

Condition parameters

Flow rate

Calculated parameter:

Diffusion coefficient

FPeclet number
Fluid viscosity X

Prandt! number
Channel length »i Microfluidic Chip |

Mixing Reynolds number

Channel roughness

Dean number
Channel rotation angles I

Channel pressure changes

Dependent parameters

Fig. 4. Scheme of parameters for mixing of solutions in a passive microfluidic chip.

Let us consider the following setup, where we use a
microfluidic chip to mix 5% aqueous solution of azorubine
(carmoisine, food coloring E122; red dye supplied by
Roha Dyechem Pvt. Ltd., catalog number RD-09, India)
and bidistilled deionized water (generated by Milli-Q
Integral 5, Merck Millipore, France; further referred to
as “Milli-Q water”), making a dilution of the starting dye
solution with water to produce a homogeneous solution.
The microfluidic channel has the same cross-section area
of 1 mm? throughout the whole chip, and its length is
1080 mm. Two solutions are supplied to the micromixer
channels at the rate of 400 pl/min.

The Reynolds number can be calculated by the
following formula (1) [18]:

Re— 2¥4 0
n

where p — density of the medium, kg/m?;
v — characteristic velocity, m/s;
d — hydraulic diameter, m;
1 — dynamic viscosity of the medium, kg/(m-s)

As aresult, the Re number (in a straight channel) at
the flow rate of 400 pl/min equals to 6.6.

In this mass transfer process, when mixing a dye
solution with water, it is more important and descriptive
to analyze the ratio of advective processes to diffusion,
i.e. the ratio of the mass transfer caused by the movement
of the medium to the mass transfer caused by the chaotic
thermal movement of molecules. It can be characterized
by the Peclet number according to the formula (2) [18]:

Pe=Re x Pr 2)

The Prandtl number (Pr) equals to 7.02 for the
flow of azorubine aqueous solution at 20 °C [19].
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Therefore, for the liquid flow with Re = 6.6 (the flow
rate is 400 pl/min) in a straight channel, the Peclet
number equals to 46.33.

When flowing in a double-bend shaped channel,
the liquid changes its direction at the bends of the

channel. As we can see from the scheme of this
channel (Fig. 5), the flow changes its direction twice.
As aresult of the centrifugal force action, the layers of
the liquid begin to flow irregularly, the flow separates
into layers, thus intensifying the mixing.

d/4

1000 pm

— flow

—

Fig. 5. Scheme of a part of a double-bend shaped channel.

By using similarity coefficients, flow in channels
with turns can be characterized by the Dean number [18]:

L3
Dn:ZX B
) 2Xr

3)

where v — kinematic viscosity, m%s;
v — flow velocity/rate, m/s;
L — characteristic length, m;
r —radius of curvature, m.
The Dean number can also be calculated using the
Reynolds number [18]:

Dn = Rex \/Z 4
r

Then the Pe number for this type of mixing channel
can be expressed by the following formula:

Pe = (Re, x Re,) x Pr, 5)
D
Re, = 2| |+ ()
L
r

where Re, characterizes the movement of the liquid
at the bends of the double-bend shaped channel (the
multiplier 2 is the number of bends in the double-
bend shaped channel); Re, — the Reynolds number for
the straight part of the channel.

The resulting number (Re + Re,) for this channel
will be equal to 35.5. Therefore, the Pe number for the
double-bend shaped channel will be equal to 250.6. The
results of these calculations are shown in Table.

Similarity criteria for the straight channel and the double-bend shaped channel

Similarity criteria Straight channel Double-bend shaped channel
Re (Reynolds number) 6.6 355
Pe (Peclet number) 46.33 250.6

The calculations described above confirm that the
share of advective mixing processes is much higher in the
double-bend shaped channel than in the straight channel.
It indicates that more bends in microfluidic channels
are required for fast and effective mixing of liquids.
Similarly, we calculated Peclet and Dean numbers for
the straight channel and the double-bend shaped channel
at various flow rates. The resulting dependencies of these
similarity criteria on flow rates are shown in Fig. 6.

According to these graphs, for the double-bend
shaped channel, the increase in the Pe number (that
characterizes the ratio of the advective processes in
the flow to diffusion) is directly proportional to the
Re number, i.e. there is a significant dependency on
the flow rate. More vortex flows at the bends of the
mixing channel lead to larger contact areas of the
liquids and more effective mixing.
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Fig. 6. Dependency of Dn and Pe numbers on flow rates for the mixing of azorubine aqueous solution with Milli-Q water.
Left, double-bend shaped channel; Right, straight channel (diamonds, blue line)
and double-bend shaped channel (squares, red line).

Colorimetric analysis of liquid
flow in microchannels

In order to analyze the flow and mixing processes
in passive microfluidic chips, we have developed an
information-measuring system (IMS) to monitor the
dynamics of liquid flow. The IMS (Fig. 7) consists
of a microscope with a digital eyepiece (to take
photographs and record videos when connected to
a computer; LOMO MIB, Russia); an Atlas syringe
pump (to supply liquids at a certain rate into the
microfluidic chip; Syrris Ltd., United Kingdom);
and a passive mixing microfluidic chip of interest (a
double-bend shaped channel, made of clear glass).

In preliminary experiments, we obtained a series
of microscopic photographs that showed the mixing
process of 5% aqueous solution of azorubine (red dye)
with Milli-Q water. We used an algorithm designed

Fig. 7. View of the information-measuring system
(IMS) for monitoring of the dynamics of liquid flow
in a microfluidic chip.

with AutoHotKey script language for colorimetric
analysis. The results obtained in the RGB color space
were transformed into the CIE Lab color coordinate
system. The red chromaticity was calculated by
division of the “a” coordinate (green—red) by the “L”
coordinate (brightness) [19].

Using this IMS, we performed a colorimetric
flow analysis (at the flow rate of 400 pl/min) at the
T-shaped mixing point of the microfluidic chip for
5% aqueous solution of azorubine (bright red) and
Milli-Q water (Fig. 8).

As we can see, the intensity of red chromaticity is
always constant and there is a clear boundary between
the flows. We can assume that the concentration also
does not change, meaning that there is no convection
mass transfer at the mixing point. Previously, a similar
curve for distribution of concentrations was obtained
by mathematical modeling [20, 21].

When we decrease the rate of one of the flows
to 100 ul/min, we observe channel blocking (Fig. 9)
caused by excess density of one of the flows; it is not
optimal because mixing does not occur in this case.

The colorimetric profile of dye distribution for
flow in a straight channel is shown in Fig. 10.

The resulting curve for distribution of chroma-
ticity intensity clearly has fluctuations of values at
the sides, and shows formation of heterogeneity in
azorubine concentration due to the interaction between
dye molecules and sides of the channel. The profile of
flow rates is parabolic, because the flow in the channel
consists of a fast center and slow sides. The resulting
curve for distribution of chromaticity intensity in the
channel (Fig. 10) looks like the curve obtained in [20]
by mathematical flow modeling for a straight channel,
using methods of molecular dynamics (Fig. 11). It has
been suggested that heterogeneity in flow rates may
cause heterogeneity in concentration of the dissolved
substance in the cross-section of the channel [20].
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Fig. 8. a) Microscopic photograph (4x magnified) of the T-shaped mixing point, with flows of 5% aqueous solution of
azorubine and Milli-Q water. Dotted lines show colorimetric profiles — lines where chromaticity changes;
b) Chromaticity curves.

a) Left channel blocking. Flow rates:
solvent (left) — 100 pl/min,
dye (right) — 400 pl/min

b) Uniform flow. Flow rates:
solvent (left) — 100 ul/min,
dye (right) — 100 pl/min

T

c¢) Right channel blocking. Flow rates:
solvent (left) — 400 ul/min,
dye (right) — 100 pul/min

Fig. 9. Microscopic photographs (4x magnified) for various flow modes of 5% aqueous solution of azorubine
and Milli-Q water at the T-shaped mixing point of the microfluidic chip. Arrows show directions of flow.

It is known that, when both flow rates decrease,
the flow is stabilized, the mixing mode is disrupted,
the flow becomes laminar, and separates into layers
without mixing [22]. For colorimetric analysis of
mixing modes, we supplied 5% aqueous solution
of azorubine and Milli-Q water to a double-bend
shaped micromixer at the following flow rates: 100,
200, 300, 400 pl/min. We obtained microscopic
photographs and curves for distribution of intensity
of chromaticity (Fig. 12).

As we can see from these graphs of colorimetric
profiles, the decrease in flow rate causes stratification
of the flow. At flow rate of 400 ul/min, the colored
solution fills the whole cross-section of the bent channel
quite uniformly, indicating the effective mixing of the
two flows. The reddish flow at 300 pl/min indicates
that a gradient of dye concentration occurs, and the dye
concentrates in the right part of channel. At 200 pl/min,
we observe the unstable, yet appearing plateau of dye
concentration. The curve of chromaticity intensity at
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a/L (in system CIE Lab)

Profile Points

) ) (from the left side of the channel to the right)
Microscopic photograph

(4xmagnified) Distribution curve for intensity of chromaticity in the channel

Fig. 10. Colorimetric profile of flow in a straight channel for 5% aqueous solution of azorubine.
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Fig. 11. Profile of flow density in the cross-section of a straight channel for molecules whose interaction
is described: by the potential of hard spheres (+);
by the Lennard-Jones potential (x) [20].
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Fig. 12. Microscopic photographs and curves of distribution of chromaticity intensity for mixing in a bent channel
of a micromixer, while decreasing rate in both flows — azorubine solution and Milli-Q water
(see from left to right — from a to d).
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100 pl/min shows that the flow is stabilized as two
laminar flows; the dye concentration in the right flow
is uniform, which can be seen in the graph as a clear
plateau between profile points 4 and 8.

We have also analyzed the mode of flow at 100 pl/min
of dye solution in the bends of the channel filled with
Milli-Q water (Fig. 13).

We can see that the dye fills up the central area first,
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i.e. the core of the flow. The change in the flow trajectory
is caused by the appearing centrifugal force that acts on
the flow, since its velocity is much higher than that of
the side layers. By comparing the colorimetric profiles
1 and 2, we can see that the flow is shifted after the
bend of the channel. At high flow rates, the destabilizing
effect is higher, and active mixing occurs.
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Fig. 13. Analysis of dye flow in a channel already filled with water.

Conclusions

We can conclude that the criteria of hydrodynamic
similarity, which are Reynolds, Peclet and Dean
numbers, are crucial for development and optimization
of microfluidic mixers. These parameters are markers
for prompt evaluation and correction of flow modes in
various micromixers in order to ensure effective mixing.

We have developed an information-measuring
system to monitor the dynamics of flow (mixing) in a
microfluidic channel. It allows the principles of mixing
in microfluidic channels of different configurations to be
quickly illustrated, and modes and dynamics of mixing
in various parts of the channels of various microfluidic
chips to be evaluated. Using the IMS, we have shown
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