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ARTICLE INFO ABSTRACT
Keywords: One of the major challenges in the design of micro-devices, when very fast reactions are carried out, is to
Micro-reactor design overcome the limited performance due to the poor mixing efficiency of the reactants. Here, we report a holistic
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Fluid phase reactions
Dean vortices

analysis of reactants mixing and reaction rate in liquid phase flow micro-reactors with curved geometries. In this
sense, a mathematical model that accounts for momentum and mass conservation equations, together with
species transport and chemical reaction rate under isothermal conditions, has been developed using computa-
tional fluid dynamics techniques (CFD). To validate the predictive model, four micro-reactor geometries with
different radius and curved length (straight reactor, two types of serpentines and an Archimedean spiral) have
been evaluated. Simulated results proved that mixing is promoted through the formation of Dean vortices as a
consequence of the reduction of the radius of curvature and at the same time of the extension of the curve. Thus,
the overall performance of the micro-reactor is improved because mass transport limitations are minimized and
the process kinetics are greatly enhanced. Accordingly, the spiral micro-reactor reported the best performance by
reducing by half the time required to obtain 95 % conversion when compared with the straight reactor. Simu-
lated findings have been confirmed with the experimental analysis of the reaction between aqueous ammonium
and hypochlorite ions. Very good agreement between simulated and experimental results has been achieved with
an error lower than 10 %. Therefore, the robust model herein reported is a novel and valuable tool to assist in the
optimum design of micro-reactors for fluid-phase isothermal applications.

[30,31]. While active micro-mixers use external energy sources such as

1. Introduction electric, acoustic or magnetic fields to promote mixing, the use of pas-
sive micro-mixers, whose performance relies solely on their geometry,
Microfluidics have attracted great attention among the scientific has the advantages of lower operational cost and a less-complex fabri-
community due to their unique capabilities in the control of molecules cation process. In passive micro-mixers two physical principles can be
concentrations in space and time offering new opportunities in multiple used to induce mixing: diffusion and convection. When driven by
fields [1]. Different applications such as microextraction [2-5], mag- diffusion, the only way to achieve mixing is by decreasing the diffusional
netophoretic separations [6,7], gas-liquid absorption [8,9], detection of path of the molecules. Nevertheless, when convection is the mechanism
compounds of interest in food and biomedical applications [10-12], that controls mixing, it involves the detailed design of the micro-re-
polymer synthesis [13], catalytic reactions [14-16], preparation of actor’s geometry to promote non-parallel flow field that finally leads to
functionalized nanomaterials [17-19] and synthesis of active pharma- enhanced mixing of the molecules [32]. This facilitates overcoming
ceutical ingredients [20-22] among others have been reported so far. diffusional limitations and results in increased throughput and product
The precise control of the reagents concentration, temperature and yield [33-35].
residence time results in more accurate estimation of the kinetic pa- T-shape geometry has been deeply investigated in micro-mixers’
rameters [23-26] with micro-reactors. Moreover, these miniaturized literature since the beginning of 21st century. In 2000 Won et al.[36]
chemical reactors have improved chemical synthesis towards the sub- fabricated micro-mixers in a silicon substrate and investigated the
stitution of traditional batch reaction in flow chemistry systems mixing performance. More recently, Camarri et al.[37], Nimafar et al.
[27-29]. However, for the implementation of chemical reactions, where [38] and Viktorov et al.[39] investigated the mixing degree in three

reactants must get in contact, mixing represents often a challenge different geometries: T-micromixer, O-micromixer and H-micromixer.
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Nomenclature

Roman Symbols

Cp drag coefficient

G molar concentration of specie i mol/m®
D; molecular mass diffusivity m? /s

g gravity acceleration m/s?

_: diffusion flux of species i mol/(m?s)
M, ; molecular weight of specie i kg/mol

p pressure Pa

t time s

v velocity m/s

Y; molar fraction of species i

Greek Symbols

u dynamic viscosity kg/(ms)

P fluid density kg/m®

Pi mass concentration of species i kg/m>
T stress tensor Pa

R; molar chemical generation of species i mol/(m®s)

Hsieh et al.[40] employed optical visualization techniques to investigate
the mixing efficiency in Y-type micro-mixers as a function of the mixing
angle. Yang et al.[41] and Hossain et al. [42] focused their work on the
evaluation of the mixing performance of modified Tesla structures. They
reported mixing efficiencies above 95% for Reynolds numbers below
100 and moderated pressure drops (less than 1054 Pa). The mixing
performance of curved micro-channels has been widely studied in
literature. In this case, inertial mixing can occur due to the formation of
double Dean vortices which greatly improve the mixing efficiency. Ali-
jani et al. [43] and Durydhan et al.[44] tested different curved geome-
tries (serpentine and spiral shapes) and they concluded that the presence
of Dean vortices enhanced the mixing performance with the mixing
index reaching values around 95%. Many authors use these devices as
micro-reactors in different applications such as the synthesis of
ibuprofen studied by Bogdan et al.[20] in continuous-flow micro-re-
actors; the experimental procedure followed three steps and the authors
reported 68% of yield. Also, Ghosh et al.[45] employed a micro-reactor
to intensify and increase the efficiency of the enzymatic production of
xilooligosaccharides and they achieved 12 times faster the same con-
version of xylan to xylooligosaccharides compared to a conventional
batch process by feeding the same reagent volume in both systems.

The literature contains interesting reports with the analysis of
different geometries of passive micro-mixers different to the aforemen-
tioned geometries, either experimentally or described by CFD simula-
tion techniques [46-48]. In general, the modification of micro-devices
shape is the basic idea for splitting, stretching, folding and breaking of
the flow, because increasing the contact surface area between the
different fluid layers promotes the rate of mass transfer [48].

Thus, the interest and applications of flow micro-reactors demands a
deep study that considers in an integrated way the analysis of mixing,
component’s mass transport and chemical reaction kinetics. This work
aims to gain insight and model the coupling between mixing efficiency
and chemical reaction kinetics in liquid-phase isothermal micro-
reactors. A methodology for the analysis and design of micro-reactors
has been developed based on CFD techniques and has been experi-
mentally validated with the results of a very fast reaction implemented
in four different micro-devices with curved geometries. The methodol-
ogy herein reported as well as the conclusions obtained in this work can
be extended to other geometries and operational conditions typically
used in microfluidic systems for different applications.
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2. Mathematical model

In order to quantify the solute’s concentration at each point in the
micro-device, and then evaluate the performance of the micro-reactors,
the flow field, coupled to mass transport and chemical reaction equa-
tions must be solved.

The Navier-Stokes equations have been expressed in dimensionless
form [49], with dimensionless variables as follows:

0
o
where “¢” is the original variable with dimensions, “¢,” is a
dimensional constant (a characteristic value of the variable) and
consequently, “¢” is the dimensionless variable.
The dimensionless continuity equation can be written as follows:

¢

W o
STV pv) =0 m

where “S” is the Strouhal number.
The dimensionless momentum equation is:

R
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where “Eu” is the Euler number, “Re” is the Reynolds number, “Fr” is
the Froude number and “z’” is the dimensionless stress tensor:
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where “Cp” is the drag coefficient:

Cp=—— )
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and “z” is the stress tensor (Pa) that is given by:
2
T=u (V7+V7T) —§V-7I (5)

where “I” is the unit tensor and the second term on the right hand
side is the effect of the volume dilation.
The generalized mass conservation equation for a chemical specie,
when applied to a fluid-fluid mixture is:
s v (V) = Ly T i ©®
—+ “dAp.v )= ——V -j. .
o Z Peo Ji i
where “Pe” is the Péclet number, Da is the Damkohler number, “R;” is
the dimensionless net rate of formation of component ‘i’ due to chem-

ical reaction and “j; ” is defined by Eq.(7):

g Jito
ji=2" =sh @
" Dipy
where “Sh” is the Sherwood number and ]T is the diffusion flux of
specie “i” which arises due to its concentration gradient (mol/m~2s71).
Using Fick’s law, it is possible to describe the mass diffusion flux as a
function of the concentration gradient:

ji = —pDVY, (8)

where “Y;” is the mass fraction of the specie “i”.
The generalized reaction rate for each specie, for a unique non-
reversible reaction is described by Eq.9:

N
R, = MW_,~(19]~ — 19,-) <kf H (Ci)('h) ) 9)
i=1

where “M,,;” is the molecular weight of the specie “i”, “9;” and “¢;”

et

are the stoichiometric coefficients for product “j

e

and reactant “i
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respectively, “k;” is the kinetic constant of the chemical reaction, “C;” is
the molar concentration of the component “i” and “y,” is the reaction
order for specie “i”.

The numerical simulation has been carried out using a finite volume
solver, ANSYS Fluent 19.2 (ANSYS, Inc., Canonsburg, PA, USA). A
structured grid was defined and applied to discretize the computational
domain. In order to capture the complex flow field in the vortex for-
mation and the location of the interface between the two fluid streams,
the geometry was meshed with a regular mesh using a multizone method
where the mesh is refined in the radial direction to optimize the
computational time.

The boundary conditions applied corresponded to normal velocity
components at the inlets and atmospheric pressure at the outlet. No-slip
boundary condition was assigned to the walls.

The chemical reaction was classified as a volumetric type reaction
and the progress of the reaction was solved using a pressure-based
approach in pseudo transient time using the Stiff Chemistry Solver.
The solution method for the species is second order upwind and first
order upwind for momentum and energy equations.

3. Materials and methods
3.1. Micro-reactor design

In this study, the performance of four different micro-reactor ge-
ometries has been studied. These three-dimensional geometries, which
are shown in Fig. 1 have a circular cross section (radius = 0.4 mm) and a
total length of 400 mm. All of them were designed in Autodesk Inven-
tor® and fabricated with Tygon® tube with a 60° inlet angle between
the two reagent inlets.

The straight reactor (Fig. 1.a) presents the simplest geometry of all,
the rest of the geometries contain curves with different radii of curva-
ture. For the serpentine 1 (Fig. 1.c) the radius of curvature is 13.6 mm
and for the serpentine 2 (Fig. 1.d) this radius decreases to 2.7 mm. In the
Archimedean spiral (Fig. 1.b), the radius of curvature is between 6.3 and
23.8 mm.

c)

S

/
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Details of the micro-reactor meshing can be found in the supple-
mentary material.

3.2. Experimental section

Finally, for the experimental section different materials were
required: ammonium solution was Panreac® (purity, 30%) and sodium
hypochlorite was Labkem® (purity, 10%). The pH of the solutions was
adjusted by adding sulfuric acid (Fisher Scientific®, purity > 95%).

3.2.1. Kinetic study

For the kinetic study, batch experiments were performed; 10 ml of
ammonium solution (1.1 mM) were contacted with 10 ml of hypochlo-
rite solution (5.5 mM) under stirring at neutral pH. Samples (1 ml) were
taken at known intervals of time and quenched by addition of ammo-
nium test reagents (HI 93700, Hanna Instruments Company) in NaOH
solution at pH = 13. The concentration of total ammonium was deter-
mined in a spectrophotometer (UV-1900, Shimadzu®) with a wave-
length of 420 nm using commercial kits.

The oxidation of ammonium by hypochlorite has been reported to
follow a second order kinetic equation, first order kinetics with respect
to ammonium and first order with respect to hypochlorite anion, as
expressed in Eq. (10).

dCyys
di

= k'czv114+ -Ccio- (10)

where “k” is the estimated value of the kinetic constant and “C” refers
to reagents concentration.

3.2.2. Analysis of the micro-reactors performance

For the experimental analysis of the micro-reactors performance, two
syringe pumps were used to feed the reagents; one syringe pumped the
ammonium solution (1.1 mM) and the second syringe pumped the so-
dium hypochlorite solution (5.5 mM); the pH of both solutions was kept
neutral by adding sulfuric acid. The syringes were connected to the
micro-reactor Tygon® tube by a luer lock connector.

b)

@

d)

/

N
b
, A

Fig. 1. 3D design of the different micro-reactor geometries: top left is a straight reactor, top right is an Archimedean spiral and the bottom two are serpentines, 1 and

2 respectively.
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The flow rate was adjusted with both syringe pumps (Fig. 2.a) for
each experiment maintaining the hypochlorite/ammonium molar ratio
equal to 5:1 and flowing the same reagent flow rate through each inlet
(between 0.2 and 6 ml-min-1). The micro-device was placed vertically
with the outlet tube submerged in the NaOH solution in order to quench
the reaction (by the same method that was employed to study the re-
action kinetics) when leaving the micro-reactor. Samples (1 ml) were
taken in a stirred vial (Fig. 2.c) at known residence times (sampling time
vary between 10s and 300s, depending of the flow rate). Finally, the
ammonium concentration at the outlet of the micro-reactor was
measured in a UV-V spectrophotometer at a wavelength of 420 nm.

4. Results and discussion

In this study, ammonium oxidation by hypochlorite was employed as
model reaction to characterise the performance of the different micro-
reactor geometries. The reaction between the ammonium -cation
(NH4) and the hypochlorous acid (HCIO) is represented by the
following stoichiometric equation [50]:

NH; +3/2 HCIO— 2N, + 32 CI” + 34 H,0+2H" R1

First, the reaction kinetics between ammonium and hypochlorite at
neutral pH with an initial molar ratio of 5 mol of hypochlorite for each
mole of ammonium at room temperature (22 °C) was experimentally
evaluated in batch experiments conducted under magnetic stirring.

With the experimental results, the value of the kinetic constant of the
reaction was estimated using the Aspen Custom Modeler® parameter
estimation tool obtaining a kinetic constant value of 156.6 (sec’
L.mole!.L) which is in accordance with the values previously reported in
literature [51,52] and getting a very good fitting between experimental
and simulated values with the estimated parameter (Fig. 3).

For CFD simulations, first, the influence of the mesh quality was
analysed in the simulated ammonium concentration results. Fig. 4 shows
the mesh quality study for the serpentine 2 micro-reactor where it is
observed that in the range between 0 and 6-10° nodes, the number of
nodes influences the simulated conversion of ammonium; however,
from 6-10° nodes on there is no significant change in the ammonium
conversion but the computational time increases drastically. When a
mesh has a low number of nodes, the cell size is large giving rise to a low
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accuracy in the location of the interface that translates in the over-
estimation of the mixing within the micro-reactor and consequently in
the calculated ammonium conversion increase.

For the operational conditions used in this work, it was estimated the
diffusion coefficient of the ammonium ion as D = 1.79-10° m%.s~! [53].

Results of the performance for different geometries are expressed as
ammonium conversion and depicted in Fig. 5; in this figure the exper-
imental results are given together with the simulated curve corre-
sponding to ideal behaviour, that is when there is no influence of the
mixture since the inlet streams enter the reactor fully mixed.

As shown in Fig. 5, when the residence time is very low (tless
than 5 s), the performance of the curved micro-reactors is similar to that
of the pre-mixed reactor, because the convection mixing occurs in
curved geometries and the overall performance is controlled by the
chemical reaction rate. On the other hand, for the straight reactor with
no curves, no convection mixing occurs and the performance of the
micro-device is limited by molecular diffusion. Then, in order to achieve
the mixing degree the average residence time in the micro-device should
be equal to the diffusion time [54]:

res = Lajfy (11)
L 12

= _ Cmix 12
u 2D; a2

Considering typical values for the diffusivity of solutes in liquid
phase, mixing length and velocities inside the microfluidic devices, the
required mixing channel usually results unacceptably long for the
straight reactor to achieve high conversions.

As residence time increases, the inertial forces inside the micro-
reactor become less important, therefore molecular diffusion is the
mixing controlling mechanism in all geometries.

Furthermore, as the curvature radius decreases it favours ammonium
oxidation, for instance, at a residence time of 10 s, the conversion is 48%
in the case of the straight reactor, 75% of serpentine 1, 80% of serpen-
tine 2, and 86% of the Archimedean spiral. For instance, to achieve an
ammonium conversion of 90% the spiral shape micro-reactor needs 14 s
of residence time, while residence times of 18, 12 and 8 s are required for
the straight reactor, serpentine 1 and 2 respectively, to achieve the same
conversion compared to the spiral geometry.

In order to gain insight on how mixing affects the micro-reactor’s

Fig. 2. Experimental diagram for the analysis of the micro-reactor performance, composed of two syringe pumps (a), the micro-reactor (b), stirred glass vial (c) and

magnetic stirrer (d).
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Fig. 3. Comparison between the simulated and experimental kinetic data
represented by the line and dots, respectively at 22 °C and pH =7 with 5:1 M
ratio [HCIO]/[NH,"]. Total volume of 20 ml.
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Fig. 4. Mesh quality study for the serpentine 2 micro-reactor.
performance the mixing pattern along the length of the device has been
studied. The mixing degree was estimated by calculating the variance of

the concentration on a particular transversal plane normal to the fluid
flow [55-57]. The variance of the mass fraction was determined as:

13

where “N” is the number of sampling points within the cross-
sectional plane, “¢,” is the mass fraction of fluid at point “i”, “¢,” de-
notes the cup mixing average mass fraction, “u;” and “u” represent the
axial velocity at point “i” and mean velocity respectively. The mixing
index was defined as:

o
o
T

conversion (-)
o o
i o
T T
\
N
\\
\\
\
\\
\
\\
\
\
.

+ < -
T Fs
=z - \\\\/
0.2 F \\\\\\\\ \\\\§ B
I /7/”
0 L I L L
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Residence time (s)

Fig. 5. Ammonium conversion as function of the residence time in the micro-
reactors with different geometries. — pre-mixed reactor, Spiral, [J Serpen-
tine 2, Serpentine 1, (O Straight reactor. Dots and lines represent experi-

mental and simulated data respectively.
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MI=1-

a4
Omax

where “6,4,” is the maximum variance over the range.

Fig. 6 shows the mixing degree achieved with different micro-device
geometries for a specific residence time (t=10s), observing that the
mixture in the spiral shape was improved, in terms of the mixing index,
by 58%, 28% and 18% compared to straight reactor, serpentine 1 and 2
respectively.

The different mixing degrees are caused by the curved micro-
channels, where chaotic advection is induced by the action of the c
entripetal forces that cause the fluid molecules to change their main
direction of motion. This gives rise to a secondary motion, perpendicular
to the main flow direction, in which the fluid in the centre of the pipe is
pushed towards the outer side of the bend and the fluid near the pipe
wall is forced to return to the inner part of the channel. This secondary
motion is developed as a pair of counter-rotating cells, which are call-
ed Dean vortices. This phenomenon is characterized by the Dean num-
ber (De).

\/ 1 (centripetal forces)(intertial forces) d,
De = - - =Re (15)
viscousforces 2r.

Where “dp,” is the hydraulic diameter of the micro-channel (m) and
” is the curvature radius of the channel (m).

The worst performance was obtained with the straight reactor, where
the mixture is only generated by molecular diffusion. The performance
of the serpentine’s 1 is significantly improved compared to the previous
one. This is because a curved geometry induces the generation of passive
mixture due to the appearance of Dean’s vortices (Fig. 7).

The performance of serpentine 2 appears slightly improved
compared to the serpentine 1, because despite having a shorter curved
length (102 mm, 25.5% of the total length for serpentine 1, compared to
serpentine 2 that has 171 mm of curvature, 43% of the total length), the
inertial forces produced by the smaller curvature radius generate more
efficient Dean vortices improving the performance of the passive mixing
(De =5.5 and 12.3 for serpentine 1 and 2 respectively with 1=105s).
The best performance was achieved with the spiral shape since Dean
vortices are efficiently generated (De oscillate between: 4.1 and 8.1 for
T =10s) and this geometry has 338 mm of curved length, which means
that Dean vortices are being generated at 84.5% of the length and
consequently throughout that length mixing takes place by convection.

Finally, using computational fluid dynamics (CFD) techniques with
Ansys Fluent®, the performance of the system has been predicted
obtaining good agreement between simulated data and experimental
results, concluding that the mathematical model predicts the system
with an error of less than 10% in 100% of the cases (Fig. 8). The points
that are out of the selected range of agreement correspond to the highest
flow rate, where the experimental error is higher.

“rc

1 T T T T T T g ——
Straight Reactor B a
0.8 Serpent?ne1 _— 4 |
Serpentine 2 T
Spiral /
06}
=
0.4 r
0.2
0 1 1 I 1 1 1 1
0 50 100 150 200 250 300 350 400

Micro-reactor length (mm)

Fig. 6. Simulated Mixing Index (MI) along the length in micro-reactors with
different geometries for 10s of residence time. @ Spiral, ® Serpentine 2,
Serpentine 1, @ Straight reactor.
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Fig. 7. Velocity lines in the curved part that cause the generation of vortices within the micro-reactors for different configurations:

Spiral with a residence time of 10s.
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Fig. 8. Parity plot with a + 10% error (grey dashed lines) between the exper-
imental values and the mathematical model simulations of each micro-reactor
{) Spiral, Serpentine 1, [ Serpentine 2, (O Straight reactor.

5. Conclusions

A detailed holistic study of chemical reaction and mixing perfor-
mance in different micro-device geometries has been performed using
experimental and numerical simulation techniques. The main objective
of this work is to understand the phenomena that govern the fluid dy-
namics in curved micro-channels and the coupling with chemical reac-
tion kinetics to develop a tool that allows the design of micro-reactors
for different liquid-phase applications.

The best performance was obtained with the spiral shape micro-
reactor, improving the ammonium conversion by 44%, 12% and 7%
with respect to the straight reactor, serpentines 1 and 2 respectively, for
a residence time of 10s. This improvement is explained because the
spiral geometry has the best trade-off between the curvature radius and
curved length compared with other geometries.

The curves in micro-reactors geometry bring about the appearance of
the Dean vortices, causing a secondary movement perpendicular to the
direction of the main flow, that improves the mixing degree within the
micro-device by generating convective mixing. Therefore, the mixing
degree increases with increasing the curved length where Dean vortices
are generated, and with decreasing the curvature radius that favour the
formation of more efficient Dean vortices.

In addition, a mathematical model has been developed in Ansys
Fluent® employing computational fluid dynamics (CFD) techniques; the
model is capable to accurately predict the performance of different
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0.004

Serpentine 1, @ Serpentine 2, ®

micro-reactor geometries. This model has been experimentally validated
with different micro-devices configurations employing a fast second
order reaction with an error between experimental and simulated data
of less than 10%.

Thus, we report a valuable tool to assist in the design of micro-
reactors that accounts for the integrated analysis of reactants mixing
and reaction rate; this tool allows predicting the performance of
different geometries and facilitates the decision-making of the process
conditions for liquid-phase reactions.
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