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Most of the reactions that occur in microreactors take place on the
surface, so it is important to keep the reactants close to the reactive wall.
One effective technique in this field is the single-phase hydrodynamic
focusing. However, this method has a drawback: a high percentage of
reactants penetrate into the sheath fluid. To address this issue, the
concept of the two-phase hydrodynamic focusing is introduced in this
study. The main idea is to use a highly viscous sheath fluid to create a
barrier against reactant penetration into the sheath flow. To
demonstrate the effectiveness of this method, a 3D numerical simulation
was performed with an irreversible second-order reaction. The results
show that the two-phase hydrodynamic focusing increases reaction
rates, particularly in downstream regions where the Sherwood number
can increase by several orders of magnitude with the use of a highly
viscous sheath of liquids. Additionally, it was observed that the use of
the two-phase hydrodynamic focusing improves the efficiency, which is
defined as the ratio of the solute in the sample flow to the total solute in
each cross-section..
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1. Introduction

components of microfluidic systems [1-6].

Over the past two decades, there has been a
growing interest in the miniaturization of
components in the processing and energy
industries. This has resulted in the
development of microreactors, which are
considered one of the most important

These devices are created using advancements
in manufacturing micro systems to facilitate
homogeneous or non-homogeneous chemical
reactions. Microreactors provide high surface-
to-volume ratios and significantly improve
mass and heat transfers. The volume of fluid in
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microreactors is typically small, but the fluid
velocity in these microchannels can range from
a few centimeters to tens of centimeters per
second [7]. These factors, combined with
variations in fluid types, have led to a wide
range of performance parameters in
microreactors, such as Reynolds number and
Peclet number. Currently, microreactors have
diverse applications, including in combustion,
hydrogen and synthesis gas production, and
the manufacturing of industrial chemicals.

In recent years, there has been progress in the
field of component miniaturization, aiming to
increase efficiency, reduce construction and
testing materials, lower costs, and decrease
energy consumption. This progress has been
achieved through the wuse of Micro-
electromechanical Systems (MEMS), which
allow for all laboratory activities to be
performed on a single chip.

For the efficient operation of heterogeneous
microreactors, it is necessary for the reactants
to be close to the reactor wall, increasing the
chance of reaching the surface of the
microreactor and carrying out the reaction[3].
Several research studies have been conducted
in the past two decades [8,9]. In an
experimental-numerical research study, Yoon
et al. [10] proposed three different methods to
improve the performance of microreactors by
manipulating the depletion-reaction boundary
layers formed at the reactor wall: the removal
of the depleted zone through multiple outlets
along the channel, the addition of fresh
reactants through multiple inlets periodically
positioned along the reactor wall, and the
generation of transverse spiral flows by
invoking the coalescence of herringbone
ridges.

One effective technique for controlling the
passage of chemical reagents or biological
samples through microchannels in

microfluidic devices is the hydrodynamics
4

focusing technique. This method involves
keeping the reactants near the wall of the
reactive surface by using another fluid (sheath
fluid). This technique has been successfully
applied in various applications, such as flow
cytometry for particle/cell counting and
separation, cellular algorithms, ligand-receptor
assays, DNA hybridization[11], DNA
stretching, permeation-based mixers, micro-
flow switches, and the production of micro and
nano particles[12-15]. The flow techniques
used in these applications can generally be
classified into two categories: multiphase flow
focusing (liquid-liquid or liquid-gas) and the
single-phase liquid flow focusing. In 2D
symmetric hydrodynamic focusing, the sample
flow is confined to the center of the channel by
two sheath flows from the side channels. On
the other hand, asymmetric hydrodynamic
focusing involves enclosing the sample flow
between two unequal sheath flows with
different volume flow rates.

However, the single-phase hydrodynamic
focusing has a drawback: a high percentage of
reactants penetrate into the sheath fluid. To
address this issue, the concept of the two-phase
hydrodynamic focusing is introduced in this
study. The main idea is to use a highly viscous
sheath fluid to create a barrier at the fluid—fluid
interface against reactant penetration into the
sheath flow. We demonstrate the effectiveness
of the proposed method by conducting a three-
dimensional numerical simulation involving a
reaction plate with an irreversible second-
order reaction. The modeling is carried out
under steady state conditions. The results
indicate that the efficiency of the device, which
is defined as the amount of solute present in the
sample stream divided by the total solute at
each axial site, is enhanced by utilizing the
two-phase hydrodynamic focusing.
Additionally, the reaction rate can be
significantly improved.
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2. Problem definition

Microreactors are divided into two main
categories: homogeneous and heterogeneous.
In homogeneous microreactors, reactions
occur within the fluid bulk, while in
heterogeneous microreactors, reactions take
place on the surface [16]. In both cases, fluid
mechanics plays a crucial role in transporting
the reactants. For the purpose of this study,
which focuses on heterogeneous
microreactors, two main criteria must be
followed in relation to fluid mechanics:
minimizing hydrodynamic dispersion [17] and
keeping reactions close to the surface of the
reactor [18].

Previous works in the field of modeling flow
in microchannels  and investigating
hydrodynamic focusing have made several
simplifying assumptions. These assumptions
include assuming uniform and developed
velocity, the absence of chemical reactions, no
flow penetration in the sheath and sample
fluid, and similar viscosities between the two
streams of samples and sheaths.

Sheath fluid inlet

In this research, our aim is to eliminate most of
these simplifying assumptions that were used
in previous studies. We have solved the
problem for a situation that closely resembles
reality and have investigated the effect of
various parameters on hydrodynamic focusing.
Considering the coupling of equations, the
simultaneous involvement of multiple transfer
phenomena, and the presence of chemical
reactions, we have selected the appropriate and
efficient  software package, COMSOL
Multiphysics for the 3D simulation of the
problem. In COMSOL Multiphysics, the main
method for solving PDEs is the finite element
method and most of the interfaces between
mathematics and physics in the software are
based on this method.

To avoid convective mixing, the 3D geometry
design should allow for gentle contact between
the sample and sheath flows. Fig. 1 illustrates
the geometry of the device. The purpose of this
design is to ensure a smooth flow field when
the sample and sheath streams meet, thus

preventing any uncontrolled convective
mixing.
Outlet

Outlet

Reaction surface

Sample fluid inlet

Figure 1. Three-dimensional geometry under study. The liquid containing the solutes, called sample fluid,

enters via the lower inlet with the volumetric flow rate of Q5 and has a viscosity of ugs. The sample fluid is

focused to remain near the reactor by the sheath fluid, having a viscosity of ugy, that enters the channel via
the upper inlet at the flow rate of Qgy,.
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The device features a Y-shaped channel with
two inlets and two outlets. The main length of
the channel is 100 wm, while the width and
height at the inlets and outlets are 10 pum. The
width of the channel in the main part is 20 um.
Table 1 provides a list of the parameters, their

units, and the values involved in the physical
model.

Also, considering that the results are presented
in terms of dimensionless parameters, it is
important to define these parameters as
follows:

, Z i X . LU 1
z = X = WP’ c*=c/cy, Pe—F (1)
Table 1
Parameters involved in the physical model.
Title symbol Value
Diffusivity (m?/s) D 5x 10711
Initial concentration of the solute Co 1
in the sample flow (mol/m?)
Initial velocity (mm/s) U 0.1
Main channel width (um) w 20
Main channel length (um) L 100
Damkdhler number Da 0.1~10
Viscosity ratio Ny = tsn/Us 1-10

Flow rate ratio

F= QSh/Qs 1

where Pe is the Peclet number.

The purpose of this design is to ensure that the
transfer of components between the sheath and
sample flows occurs only through diffusion,
and that this diffusion is minimized by
utilizing viscosity ratios. The flow velocity at
the inlet is approximately 0.1 mm/s. To
achieve a smooth flow, the Reynolds number
must be less than 10.

Assuming the fluid is incompressible and
ignoring any volume forces, the equations of
motion and continuity are as follows:

p(u-V)u="V-[—pl+u(Vu+ (Vu)")]

The components are assumed to flow in the
microchannel at relatively low concentrations
compared to those in the solvent. This means
that the solute molecules only interact with the
solvent molecules, and Fick's law can be used
to describe the transport by diffusion.
Therefore, the mass balance equation for the
soluble substance is as follows:

V:(=DVc+cu) =0 (4)

Where D is the diffusion coefficient of the
dissolved component (m?/s) and c is its
concentration  (mol/m3), the ation
mentioned above is subject to the following

vou=0 boundary and surface conditions: 3)
605 _ 2 aCSh _ _ B
Sa_z z=0 N kCS |Z=O "9z l,= =0, C5|x=0 = Co, CShlx:O =0 (5)

The first formula in equation (5) is derived
from the equality of the diffusive mass flux in
6

the reactive wall and the amount of solvent
consumption. The second formula states that
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the upper wall is impermeable to the solvent.
Finally, the last two formulas refer to the input
conditions in two phases. Upon careful
examination of the first equation in relation
(5), we can observe the presence of the
Damkohler number, which is defined for a
second order reaction as follows:

kWc

Da = DS" (6)
The Damkdéhler number (Da) is one of the
most important factors in reaction Kinetics. It
represents the ratio of the diffusion time scale
(W? /D) to the reaction time scale (W /k c,).
The parameters of interest, including the
Sherwood number and efficiency, can be

determined using the following equations:

D dc
_Whm _ W 5£|Z=o (7)
Dg Ds co—Clz=0

Sh

Where h,, is the mass transfer coefficient.
Efficiency is defined as the ratio of the amount
of the solute present in the sample stream to the
total solute at each axial location.

mg

[1]

Thstitsn 8
In general, achieving mesh size-independent
results is not difficult when dealing with
channels that are micrometer-sized or smaller.
To demonstrate this, we conducted simulations
using a total of 26,046 meshes initially.
Subsequently, we increased the number of
meshes to 34,310 and 58,176 in the following
two stages of the simulation. We compared the
concentration of the solute at three different
locations for the three different mesh sizes and
various viscosity ratios. Remarkably, all three
cases showed excellent agreement.

3. Validation of the method

To compare the results obtained from the
numerical solution with those from a two-
dimensional analysis, the width-to-height ratio
of the three-dimensional geometry is set to 10.
This ensures that the impact of one dimension
is minimized, enabling a comparison with the
two-dimensional analysis previously
conducted by the same team [3] for a first-
order reaction.

Fig. 2 displays the dimensionless
concentration diagram generated by the two-
dimensional analytical model, along with a
comparison to the numerical solution results
obtained from the software. This comparison
is made at various axial positions across the
channel, with a viscosity ratio (n,) equal to 1.
The figure shows that the 3D simulation results
are reasonably consistent with the 2D
analytical solution results. However, there are
small discrepancies that can be attributed to
two factors. Firstly, the width-to-height ratio
of 10 in the model does not completely
eliminate the influence of the third dimension.
Secondly, there is a discrepancy between the
boundary conditions defined in the two-
dimensional analysis and those used in the
three-dimensional simulation. In the two-
dimensional analysis, boundary conditions are
established at the interface of the two phases,
while the three-dimensional simulation
software determines the interface location and
solvent passing through it based on the
interaction between the phases, without
explicitly defining boundary conditions.
Despite these disparities, the key point in the
three-dimensional simulation is the observed
trend of changes in concentration, velocity,
dimensionless numbers, and efficiency, which
closely align with the results from the two-
dimensional analysis.
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Figure 2. Comparison of analytical and numerical results of concentration for the first-order reaction
across the channel at various axial positions forn, = 1, Da =1and F = 1.

4. Results and discussion

Fig. 3 shows the velocity contour inside the
microchannel for the viscosity ratios of 1, 5,
and 10, under the conditions of F =1 and
Da = 10. In the single-phase hydrodynamic
focusing (n, = 1), the velocity
distribution inside the microchannel is
completely uniform, with the velocity in the
fluid flow of the sample and sheath being
equal.

When the viscosity ratio is n, =5, an
asymmetric velocity field is formed due to the

difference in viscosities in the channel,
resulting in a higher velocity for the sample
flow compared to the same for the sheath flow.
For viscosity ratios greater than one, the
sheath fluid spreads laterally to compensate
for the reduction in velocity caused by
increasing ugp, in order to maintain a constant
flow velocity. This is usually accompanied by
an increase in the velocity of the sample fluid,
as it now has to travel through a narrower
path.
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Figure 3. Velocity contour in the viscositiy ratios of n, = 1,1, =5andn, =10inDa=10and F = 1.

Fig. 4 illustrates the concentration changes in
the total volume of the microchannel for
various viscosity ratios at Da =1 and F = 1.
The figure clearly showcases the impact of
hydrodynamic focusing on inhibiting solute
penetration in the sheath fluid, in comparison

to the single-phase hydrodynamic focusing. To
delve deeper into the quantitative analysis of
the effect of the two-phase hydrodynamic
focusing, Table 2 provides the average
concentration at outlet in both the sheath fluid
and the sample.
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Figure 4. Concentration in the total volume of the microchannel for different viscosity ratios at Da = 1
and F = 1.

As shown in Table 2, the concentration of
waste (the solvent introduced into the sheath
flow) significantly decreases with an increase
in the ratio of viscosities. Furthermore, the

average concentration in the outlet flow of the
sample fluid increases with the increase in the
ratio of viscosities.

Table 2
Solute concentration in microchannel outlets at Da = 1 and F = 1.
n,=1 n, =2 17”=5 n, =10
The average concentration in the sample outlet
J Lo Samp 0.463 0491 0537 0561
stream(mol/m")
The average concentration in the sheath outlet
g 3 0.408 0.381 0.296 0.166
stream(mol/m>)

In the bar chart shown in Fig. 5, the efficiency
is presented for different viscosity ratios. The

efficiency is approximately 71% higher when
the sheath fluid is completely viscous and has

10

a much higher viscosity than the sample fluid.
This is in comparison to the single-phase
hydrodynamic focusing, where the viscosities
of the sheath fluid and the sample are equal.
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Figure 5. Comparison of microchannel efficiency at the outlet of the channel for different viscosity ratios
at Da=1 and F=1.

Now that we have discussed the distributions
of fluid velocity, solute concentration, and
efficiency, let's shift our focus to surface
reaction rates by examining the variation of the
Sherwood number with the main physical
parameters of the problem. Fig. 6 displays the

28
24

20

0

graph of Sherwood's number against x* at
different values of n,. As anticipated, the
Sherwood number decreases as we move along
the axial coordinate for all cases, indicating
solute consumption at the reactive surface and
resulting in a decrease in the fluid sample.

Da=10

-0 .qp:1
-— —qus
— =10

v

000 003 006 009 012 015 0.18

x'

Figure 6. Sherwood number changes along the channel and on the reaction surface for the average channel
depth, considering different viscosity ratios at Da = 10 and F = 1.

11
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When analyzing the effect of n, on the
Sherwood number, we observe a significant
positive impact on the reaction rate when using
the two-phase hydrodynamic focusing.
Increasing n,, results in a noteworthy increase
in the Sherwood number. This is primarily due
to the creation of a strong barrier against solute
penetration into the sheath fluid, an increase in
the viscosity of the sheath fluid and the
formation of a concentration jump at the
interface. The influence of the n, complex is
more pronounced at higher axial positions,
where the availability of solutes for the
reaction decreases.

To assess the effectiveness of the two-phase
hydrodynamic  focusing  under  these
conditions, we compared the values of
Sherwood's number at x* = 0.1 (which
corresponds to x/W = 10 assuming Pe =
100) and Da = 10 for both single-phase and
two-phase flows.

For the single-phase flow, the Sherwood
number at x* = 0.1 is 3.513. However, for the
two-phase flow withn, = 10, this number

increases to 7.164. This indicates that the
Sherwood number is approximately 2.04 times
larger in the two-phase state compared to the
single-phase state.

5. Conclusion

The results of the study demonstrate the
effectiveness of the two-phase hydrodynamic
focusing in increasing reaction rates. This
effect is particularly prominent in downstream
regions, where the Sherwood number can
increase by several orders of magnitude when
a highly viscous liquid sheath is utilized.
Importantly, this improvement can be
achieved regardless of the Damkdéhler number.

12

Furthermore, the study reveals that the use of
the two-phase hydrodynamic  focusing
enhances efficiency. Efficiency, in this
context, refers to the ratio of solute located in
the sample stream to the total solute present in
each cross-section. Additionally, the study
highlights that while the single-phase
hydrodynamic focusing can reduce the amount
of soluble waste, it has adverse effects on the
Sherwood number and efficiency.

Nomenclature

c Number concentration (m™3)
Co Inlet concentration (m™3)
D Diffusivity (m? s™1)
Da Damkohler number [=
kW /Ds]
F Flow rate ratio [= Q¢ /Qs]
hm Mass transport coefficient
(ms™)
k Reaction rate constant (m s™1)
i Mass flow rate (s™1)
p Pressure (Pa)
Pe Péclet number [= Wu,,/Ds]
Q Volumetric flow rate per unit
depth of the channel (m? s™1)
Sh Sherwood number [=
W hy, /D]
u Axial velocity (ms™1)
w Channel width (m)
X, Z Coordinates (m)

Greek symbols

Mo Diffusivity ratio [= Dg,,/Ds]
Ny Viscosity ratio [= ugp, /sl
Dynamic viscosity (Pa s)

1 =

Efficiency [= mg/m]

W Portion of the channel
occupied by the sample flow
Subscripts
S Sample stream
Sh Sheath stream
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Superscripts
* Dimensionless parameter
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