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The hydrodynamics and residence time distribution (RTD) of two microreactors based on the split-and-recombination
(SAR), and multilamination mixing mechanisms, respectively were investigated. It was found that the design of the
distribution manifolds of the SAR mechanism produces an unbalanced flow distribution. For feeding ratios different than
one, bypassing and recirculation occur within the SAR manifolds. For equal flow rates the SAR flow behavior can be
accurately described by the pure convection model. The manifold used in the multilamination microreactor achieves a
homogeneous distribution of flow and its interdigital mixing structure generates an alternated pattern of fluid layers which
is maintained for Re 140. After this point the ordered arrangement is broken and two large segregated zones are formed. In
the absence of molecular diffusion both microreactors reach limiting values of scale and intensity of segregation that were
found to be independent of the energy applied to the system. © 2012 American Institute of Chemical Engineers AIChE J, 59:

988-1001, 2013
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Introduction

In the rapidly developing field of chemical microprocess
engineering, microreaction technology is seen as a powerful
approach for process intensification. Many applications can
be thought of in the chemical industry, and polymer reaction
engineering is certainly one field that could exploit the theo-
retical benefits of microreaction technology. Indeed, poly-
merization reactions are usually exothermic and highly sensi-
tive to the level of mixing of the reactants and can benefit
from the high heat-transfer rates and efficient mixing
allowed in microreactors. Whereas a low throughput can be
anticipated from microreactors due to their characteristic
small active volume, high selectivity and yieldl‘3 can favor-
ably impact the overall performance of a polymerization pro-
cess in the microscale. This compromise between low
throughput and reaction performance makes microreaction
technology an attractive alternative for targeted applications
such as on-demand production of polymers or fine chemi-
cals. Selectivity and overall yield of a reaction are related to
the degree of mixing and the time spent by the reactants
inside the chemical reactor which in turn are governed by
diffusion effects and the specific flow patterns of the reaction
vessel. Thus, knowledge of the spatial and temporal mixing
characteristics of the flow system is necessary to predict
yield and conversion of chemical reactions.

The flow patterns inside a chemical reactor have a direct
impact on the amount of time and contacting area of the reac-
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tants, which can lead to unexpected concentration gradients
and unreacted material. The distinctive flow patterns of any
chemical reactor are the result of the relationship between the
fluid properties, flow conditions, and the geometry of the ves-
sel. Proper knowledge of these contacting flow patterns is
required to predict the behavior of a continuous flow reactor.
Thus, direct visualization of flow patterns is one of the most
appropriate approaches to understand three-dimensional (3-D)
flow phenomena in chemical reactors. However, direct visual-
ization is not possible in microreactors that are constructed
from nontransparent materials. Microfluidic devices are usu-
ally composed by several microchannels in parallel and in
some cases by different flow sections in serial arrangements.
This generates intricate flow paths that lead to difficult inter-
pretation of experimental results. Furthermore, the perform-
ance of the distribution manifolds embedded in microreactors
plays a critical role on the homogeneous distribution of the
flow, and, consequently, on the level of concentration of reac-
tants in a parallel microchannel network. Inhomogeneous flow
distribution may lead to poor reaction selectivity and degrade
the overall yield of the process.

A series of investigations used CFD simulations to gain a
better insight of the flow patterns of new micromixing mech-
anisms;*’ on the optimization of microchannel shapes and
distribution manifolds;*™'? on the characterization of mixing
efficiency of microdevices;wf22 and on the calculation of
numerically based residence time distributions (RTD).?7
Most of the aforementioned studies focused on T-junctions
and the staggered-herringbone mixer (SHM). Presently, there
is a large family of available microreactor models and
knowledge about their hydrodynamic performance is a key
requirement to find suitable applications.
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Figure 1. Schematic of the SAR microreactor plates (a) stacking order, and (b) flow principle.

We have previously conducted an experimental characteri-
zation®® of the performance of two microreactors known as
potential candidates for industrial applications. One unit was
a prototype design using the split-and-recombination (SAR)
mixing principle, while the other was an already commer-
cialized model using the mixing mechanism of multilamina-
tion of flow by means of an interdigital structure. The results
indicated the possibility of bypassing and/or recirculation.
Since visual inspection is restricted in the microreactors
investigated, numerical flow simulations (CFD) can be used
as a useful complementary tool for the analysis of the fluid
mechanics inside these microfluidic devices.

a) Inlet 2

1@ 0310101

e

192 110

D~y e e

(3 g el g nel g ol My ol

LI,

] 4 Jom ==t B o] ) =5 ) iy | =1

L,

192 a0

Inlet 1

In the forthcoming, our objective is to provide further
insight on the hydrodynamic performance and RTD of the
two microreactors by means of CFD, and especially to clar-
ify the extent of the role of the manifold design on the flow
distribution in the microchannel network.

Description of Micrometors

Two microreactors have been considered in this work. A
prototype microreactor featuring a split-and-recombination
mechanism (further referenced as SAR) was provided by
Atotech GmbH (Berlin, Germany). The SAR microreactor
consists of a stacked arrangement of 8 plates (Figure 1)

b)

Control plane

Figure 2. Flow path of the mixing section of the SAR microreactor (a) top view of the complete mixing section,
and (b) isometric detail of each manifold attaching to the five G-shaped structures.
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Figure 3. Isometric (a) and lateral (b) views of the 3-D flow path of the complete mixing and reaction sections fea-
tured by the SAR microreactor including inlet and outlet ports.

where the mixing section is created by two plates featuring a
G-shaped structure® ! employed to arrange the splitting
elements longitudinally along the flow direction. The result-
ing microchannel network consists of five long mixing chan-
nels composed of 10 G-shaped structures (Figure 2).

The solid model of the resulting flow path of the SAR
microreactor used for the simulations is presented in Figure
3. The distribution and collection manifolds are manufac-
tured with a trapezoidal shape. This type of manifold has
been applied in other parallel channel microdevices*™*' and
proposed as the optimized shape that minimizes space time
under the constraint of flow uniformity.""'>

The second microreactor is a liquid/liquid microreactor
(LLMR) acquired from IMM GmbH (Mainz, Germany)
under the model designation LLMR-MIX-SI, and is based on
the multilamination of flow by means of an interdigital struc-
ture. The LLMR microreactor™>* consists of a stack of four
machined plates. The first plate is composed of two inlets
that feed the reactants into a mixer inlay in which the fluids
are contacted in a bilayer configuration. The multilamination
mechanism takes place in the mixer inlay (Figure 4). The
solid model of flow path of the LLMR is presented in Figure
5. For the purpose of schematic representation, the reaction
channels of the LLMR in Figure 5 have been shortened to
10 mm. However, during the numerical simulations the orig-
inal microchannel length of 75 mm was used.

The geometric characteristics of the microchannels consid-
ered in this investigation are given in Table 1. Further
details of their assembly and flow characteristics can be
found elsewhere.”® The computer-aided design solid models
of the 3-D flow path of the microreactors were based on the
blueprints provided by the manufacturer in the case of the
SAR, and on geometrical values and sketches disclosed in
the user assembly manual in the case of the LLMR. The vol-
umes of the 3-D models are accurate to =1% of the values
obtained experimentally except for the mixing section of the
SAR which is almost three times higher.

Numerical Methodology

The characterization of mixing efficiency in microdevi-
ces'¥ % is usually based on the analysis of striation thickness
and striation rates, the Lyapunov exponent, and statistical pa-
rameters such as the coefficient of variance. A more robust or
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unified analysis such as the spectral theory proposed by Cer-
belli*? could also be used. In that work, Cerbelli discussed the
limitations of applying fundamental parameters such as the
Lyapunov exponent when evaluating practical applications.
Thus, a two-step numerical approach previously referenced as
the decoupled CFD-mixing approach®® is followed in this
investigation. Such strategy has been applied for the numeri-
cal characterization of macroscopic static mixers®* ¢ and
microfluidic devices."*'®*>" The first step consists of the
computation of the flow variables (e.g., velocity and pressure)
in the flow vessel geometry by means of CFD. The second
step consists of analyzing the mixing performance and the res-
idence time distribution (RTD) by means of the particle track-
ing technique. One limitation of this approach is that the
effect of the viscosity ratio between the fluids to be mixed is
not taken into account. However, its application is useful for
certain mixing systems where the fluids exhibit similar viscos-
ities upon contact, e.g., monomers and organic solvents in
continuous free-radical polymerization processes.

Scale and intensity of segregation

In the context of CFD the mixing performance is usually
evaluated by the concepts of scale and intensity of segrega-
tion proposed by Danckwerts’’ to describe the mixing pro-
cess of two miscible liquid species. The scale of segregation
is a measure of the size of the clumps that result from a
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Figure 4. Schematic of the interdigital inlay of the
LLMR in which multilamination takes place.
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breakup mechanism undergone by the two-fluid species. The
intensity of segregation is a measure of the homogeneity of
the two fluids across the boundaries of said clumps. There-
fore, the scale and intensity of segregation are, respectively,
related to the dispersive and distributive characteristics of
the system.

In a mixture composed of species A and B, the scale of
segregation is estimated by measuring the total concentration
of one component in the mixture along a straight line joining
two points in the reference plane of interest. The content J
of species A in a line-sample of length X is defined by

X
J:/ adx 1)
0

where a is the concentration of A at a point distance x from one
end of the line. If content J is determined for a large number of

such line-samples in different regions of the mixture then the
scale of segregation can be determined as

2

oy
= 2
=% @
where ¢° represents, respectively, the variances of J and «

which are defined by
o) = (J —ax)’ 3)
o> = (a—a)’ )

The intensity of segregation is a statistical parameter
defined by Danckwerts®’ as

Table 1. Geometrical Values of the Microchannels used for Simulations

Microreactor  Section  Number of channels Width (mm) Height (mm) Length (mm) Volume experimental (uL) Volume 3D model (uL)

SAR Mixing 5 0.5 0.15 48.1 20 57.2
Reaction 31 0.3 0.15 23.6 107 106.7

LLMR Mixing 36 0.045 0.25 0.9 4 3.8
Reaction 8 0.07 0.9 75 132 132.1
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where ¢ represents the variance, a and b represent the
concentrations of two different miscible species in terms of their
volume fractions. The intensity of segregation /; characterizes
the extent to which the concentration of any of the two species
in a delimited clump departs from the mean value of the
mixture. As defined in Eq. 5, the intensity of segregation has a
value of 0 when the concentration is uniform throughout all the
clumps, and a value of 1 in a complete segregated state when
the concentration in any clump is either only a or b.

Danckwerts®’ states that during the mixing of two misci-
ble liquids the value of I; is progressively reduced by the
effect of molecular diffusion and not directly affected by the
mechanical process of mixing. Thus, in the absence of diffu-
sion the mixture would remain “grainy” or segregated. Rely-
ing on the statistical nature of the definition of intensity of
segregation the particle tracking method has been exploited
for the mixing characterization of microfluidic devices,'*'®*’
and at least one example of a stochastic approach (e.g., ran-
dom walk model) has been coupled with this method to
account for the effect of molecular diffusion.?*?’

In this investigation we translate the concepts proposed by
Danckwerts®’ to estimate the scale (S,), and intensity (/y), of
segregation by means of the particle tracking method. The
calculation of S; and I is based on the spatial distribution of
the tracer particles positions detected at specific reference
planes perpendicular to the flow direction. The concentration
of the particles positions is quantified as a function of prede-
fined spatial regions or grid cells. The cell size, which can be
viewed as the clump size in the Danckwerts definition, will
dictate the level of resolution for the estimation of /. This
level of resolution has been previously addressed,***° and
ideally there should be a grid cell for each particle injected.
Thus, during the postprocessing stage of our methodology, we
defined the grid size accordingly to the number of tracer par-
ticles arrived at the reference plane. The intensity of segrega-
tion estimated by the particle tracking method is the result of
mechanistic effects only and disregards the effect of molecu-
lar diffusion. However, these mechanistic effects are of great
importance in laminar flow systems that promote intensive ra-
dial mixing by means of split-and-recombination mechanisms,
e.g., static mixers, microreactors. Due to the nature of the
geometries analyzed in this investigation the scale and inten-
sity of segregation are evaluated as a function of the flow
conditions at a constant downstream position located at the
outlet plane of the mixing sections of the microreactors.

The coefficient of variation COV is a statistical parameter
frequently used to quantify the degree of mixing in continu-
ous flow systems by means of CFD."??*3¢ Statistically the
COV is defined as the ratio of the standard deviation of a
variant divided by the mean value of its distribution

N

)

Cov, = (62)

N

where s, is the standard deviation of the concentration of
species a defined as

= | N(- a)’ (6b)
Sa = N -1 — di—d

i=1
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It is usually stated that the COV varies from 0 to 1 with
zero indicating a complete mixed stated while 1 represents
complete segregation. The COV is a measure of relative var-
iability about the mean and is recommended that this coeffi-
cient be used in ratio form and not as a percentage since it
can readily exceed unity.40 Values of COV > 1 are statisti-
cally possible even if volume fractions are used when a cer-
tain number of grid cells exhibit a concentration that is far
greater than the mean. Thus, the use of COV to characterize
the degree of segregation between 0 and 1 from Eq. 6 should
be taken with care. In this study, the concept of intensity of
segregation was chosen since the values of /; as defined in
Eq. 5 consistently vary between 0 and 1.

Residence time distribution

Two approaches can be followed for the numerical calcu-
lation of residence time distributions (RTD) in continuous
flow systems, where distribution functions at a given cross
section can be reproduced from (1) the concentration of spe-
cies obtained by solving the continuity and convection-diffu-
sion equations, and (2) the residence time of massless par-
ticles injected in the flow field.

Nauman®' has raised concerns about the capabilities of CFD
codes to account for the low-fluid velocities near the walls of
the system, which can pose practical problems during the calcu-
lation of numerically based RTD. A strategy of particle restitu-
tion has been applied to macroscopic static mixers* and
recently to microfluidic devices® to conserve the tracer particles
that are lost in the region near the walls. In turn, this strategy
has been questioned® since the reinstated particles do not con-
serve their flow history, and, thus, the theoretical criteria of infi-
nite mean in the absence of molecular diffusion is not met.

However, according to Nauman** the exit-age distribution
function in laminar flow systems without diffusion asymp-
totically approaches a dependence of 1, therefore, produc-
ing a finite mean. It has been demonstrated*’ that such a dis-
tribution has an infinite first moment with an asymptote pro-
portional to 2 when the RTD is weighted by surface area
and not by volumetric flow rate. Nauman® states that in a
laminar flow system, the exit-age distribution function
weighted by volumetric flow rate will exhibit a first moment
equal to V/Q even in the absence of molecular diffusion,
with V being the total volume of the flow vessel, and Q the
total volumetric flow rate.

The weighting of the tracked particles by volumetric flow
rate is performed by assigning to each particle a fraction of
the volumetric flow rate AQ; = v,-AA, where v, is the velocity
normal to the inlet surface evaluated at the inlet surface, and
AA is the area of the inlet associated with each particle. Each
volume fraction is calculated relatively to the radial position
ri(x,y) of each particle over the area A;, of the inlet tube as

AQ; = 2v (1 _ (%)2> (?V—) ™

where v is the mean flow velocity, R is the radius of the inlet
tube, and N, is the total number of tracer particles. The exit-age
distribution function is then obtained by constructing a
histogram of the volume fractions and their corresponding
residence times. The ratio AQ;/Q represents the fraction of
particles having a residence time equal to #. Due to the
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Table 2. Flow Conditions considered in the Simulations

Q (mL/min)
Condition Inlet 1 Inlet 2 Total Flow ratio (rp)
1 0.1 0.1 0.2 1
2 0.1 1.0 1.1 0.1
3 0.1 10.0 10.1 0.01
4 0.5 0.5 1.0 1
5 1.0 1.0 2.0 1
6 10.0 10.0 20.0 1

discrete nature of the results the bin size at each frequency
count must be defined prior to the construction of the
histogram. The shape of the histogram is largely dependent
on the choice of the bin size. If a large bin size is chosen the
spike rate of the distribution cannot be accurately represented.
On the contrary, if the bin size is too small the time histogram
fluctuates greatly, and the underlying rate cannot be discerned.
During the RTD analysis of flow vessels the shape of the
histogram, that is, the RTD curve, is of critical importance for
diagnosing purposes of special flows such as bypassing,
recirculation or stagnancy. Thus, the relevance of selecting an
appropriate bin size for such applications is evident.

Several methods exist to define the bin size of a histo-
gram depending on the number of available data points.
One robust criterion frequently used in statistical analysis
is the Freedman-Diaconis estimator,46 which relies on the
calculation of the first and third interquartiles, and, thus, is
not as susceptible to fluctuations as other estimators relying
simply on the variance. More recently, a histogram bin
width optimization method was developed by Shimazaki
and Shinomoto*” which is based on the minimization of
the mean integrated squared error (MISE) of a preliminary
histogram fitted to the underlying rate of the available
data. In this method, an arbitrary number of bins N, of size
d is selected and the number of events k; in each bin is
quantified. The mean g and variance o7 are calculated as
follows

We=—> ki (3)

(i — ki) ©)

The optimal bin size is the value of ¢ that minimizes the
cost function C(0)

2y — o2

C(0) = Tk (10)

For the histograms obtained in this investigation it was

found that the Freedman-Diaconis and the Shimazaki and

Shinomoto estimators yielded similar results with the opti-
mal number varying from 185 to 204, respectively.

Numerical flow conditions

The 3-D modeling of the flow field requires the simultane-
ous numerical solution of the steady-state incompressible
Navier-Stokes momentum (Eq. 11) and continuity (Eq. 12)
tackled by means of the finite element method
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p(%—l—v-grad V) =—gradp—divrt (11)

divv=0 (12)

Where p is the fluid density, v is the velocity vector, p is the
pressure, and p is the stress tensor. The 3-D solid models and
the corresponding unstructured mesh were generated with
GAMBIT (ANSYS, Inc.) software using block partitions to
refine the mesh as required. Due to the complexity of the
geometry and the aspect ratios of the microchannels, the final
mesh required approximately 3.8 million elements for the SAR
microreactor, and 6.1 million elements for the LLMR
microreactor. The mesh of the LLMR required an increased
number of elements due to the length of the 8 high-aspect ratio
microchannels in the reaction section. To overcome this
computationally expensive problem, the low-order MINI finite
element*® implemented in the commercial 3-D finite element
software*” POLY3D (Rheosoft, Inc.) was applied, yielding a
total of approximately 2.2 million and 3.5 million equations
for the SAR and LLMR, respectively. This type of finite
element is inexpensive with respect to the number of degrees
of freedom per element generated, which impact directly on
the size of the final linear system. Due to the presence of the
convective term in the Navier-Stokes equations, the problem is
nonlinear. To solve the respective system of equations a
Newton-Raphson iterative scheme was used. Convergence
problems were encountered in preliminary simulations for the
SAR microreactor due to the small volume size of the
tetrahedral elements needed. The volume of the elements was
calculated by dividing the active volume of the microreactor
by the number of elements in the mesh yielding a volume of
~4.3-107" m? per element. Since this value is close to the
machine epsilon (~10719), a change of units to millimeters
and grams was mandatory to converge the solution of the flow
solver.

The fluid properties considered for the simulations corre-
spond to the flow of water in steady-state laminar regime.
The flow conditions considered for the simulations are sum-
marized in Table 2. The boundary conditions imposed are:

1 No-slip velocity at the wall surfaces;

2 Zero radial velocity at the inlets;

3 Parabolic velocity profile in the axial direction;

4 Free-flow condition in the axial direction at the outlet.

Particle tracking method

The particle tracking technique performed in this study is
based on the methodology developed by Heniche and Tan-
guy.so Preliminary runs were performed on the SAR micro-
reactor to determine the influence of the number of tracer
particles injected. Five cases were investigated using 5,200,
13,000, 31,000, 63,000, and 100,000 tracer particles.

The injection consisted of a circular plane in which the
tracer particles were evenly distributed covering only 94%
of the radius of the inlet plane (3.175 mm and 1.59 mm for
the SAR and LLMR, respectively). This value of 0.94R has
been proposed by Nauman®' as a guideline to avoid the
injection of tracer particles in close proximity to the walls of
the vessel, which would contribute to long tailing effects.
Reference planes were defined at each inlet of the
microchannels of the splitting manifolds as well as at the
outlet plane of the mixing and reaction sections of the
microreactors.

DOI 10.1002/aic 993
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The amount of tracer particles lost in each case was
around 50-60%. It was found that neither the shape of the
histogram nor the magnitudes of the first and second
moment of the distributions were affected by the number of
tracer particles injected. Thus, the rest of the analysis was
performed using 5,200 tracer particles to reduce the compu-
tation time.

Results and Discussion
Pressure drop

The pressure drop values obtained from the simulations
are compared to experimental data and converted to a nondi-
mensional friction factor f. The conversion is made by calcu-
lating an equivalent dia. d,,, that for a given flow rate would
produce the same pressure drop as the microreactors. The
numerical results are plotted in Figure 6 as a function of the
Reynolds number calculated as

d,

Re = PVdeq (13)
u

0.1 mL/min 0.5 mL/min

c‘_-—_:;,
7| [ 2

!
II
I
I
| [ —
]

The numerical results show an excellent agreement with
both laminar flow theory and experimental data. The numeri-
cal values for d,, are 0.522 mm for the SAR and 0.311 mm
for the LLMR, which are also in agreement with the respec-
tive values of 0.506 and 0.344 mm obtained from experi-
ments. The flow rates of 0.2, 1.0, 2.0, and 20.0 mL/min cor-
respond, respectively to Re values of 8, 41, 83 and 825 for
the SAR, and 14, 68, 136 and 1363 for the LLMR.

Flow distribution

The flow rate delivered to each microchannel of the SAR
has been normalized with the theoretical value expected in
the situation of homogeneous distribution, i.e., 20% of the
volumetric flow rate per inlet being delivered into each
microchannel. It was found that for all the hydrodynamic
conditions investigated there is an imbalance in the flow dis-
tribution in the SAR trapezoidal manifolds. Figure 7 shows
the pathlines obtained in the manifold of inlet 1 at different
flow conditions when ry = 1 (i.e., conditions 1, 4, 5 and 6).
The pathlines have been normalized by the maximal flow ve-
locity at each flow condition. The manifold of inlet 2 (not
shown) exhibits the same trend.

The flow imbalance (Figure 8) exhibits an almost linear
asymmetry with respect to the center channel with differen-
ces of approximately 5% per adjacent channel. The micro-
channel closest to its respective inlet receives as much as
10% more fluid than the center channel, while the micro-
channel farthest to the inlet exhibits a 10% deficit. However,
a slight reduction in this difference is observed as the flow
rate is increased. This suggests that a better flow distribution
may be obtained at higher flow rates although at the expense
of higher pressure drops.

The flow distribution in the LLMR (not shown) occurs af-
ter the mixing section and before entering the reaction pas-
sages. Although the distribution of flow does not have a
direct impact on the mixing stage of the LLMR it was found
that the axially symmetrical manifold design can produce a

10.0 mL/min

1.0 mL/min

=

Normalized
velocity

1.0 pm

0.5 .

0.0

Figure 7. Fluid pathlines in the SAR manifold for different flow conditions when rq = 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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homogeneous flow distribution in parallel microchannel
networks.

The flow imbalance is further verified using the particle
tracking method. In an optimal flow distribution situation the
total amount of particles detected at the entrance of each
mixing microchannel of the SAR should be composed of an
equal amount of particles coming from each inlet. For the
three flow conditions with rp = 1 (Figure 9) the flow com-
position in each microchannel is nearly identical and follows
the trend shown in Figure 8 where only the central channel
achieves a 50/50 composition. There is approximately a
12.5% variation per adjacent channel with the ones closest
to the inlets receiving as much as 25% more particles than
the center channel.

For the case of different feeding ratios the volumetric flow
rate of inlet 1 was kept constant at 0.1 mL/min while the
flow rate of inlet 2 was increased from 0.1 mL/min to 1.0
and 10.0 mL/min. In this situation the effect of bypassing is
observed with particles injected through inlet 1 flowing only
through channels 4 and 5 when inlet 2 is at 1.0 mL/min and
only through channel 5 when inlet 2 is increased to 10.0
mL/min. The tracer pathlines in Figure 10 (in red and blue)
confirms a recirculation effect of the fluid delivered through
inlet 2 (blue), and a bypassing effect of the fluid delivered
through inlet 1 (red) when ry #1. The recirculation of fluid
delivered through inlet 2 around the G-shaped structures is
produced by the pressure difference that forces the fluid into
the distribution manifold of inlet 1. Upon colliding with the
upcoming stream the fluid from inlet 1 is bypassed through a
reduced number of channels.

At rp = 0.01, inlet 1 contributes as much as 85% of the
total composition of the microchannel (Figure 11). The pres-
sure imbalance has a great impact on the flow distribution
capabilities of the trapezoidal manifold structure and renders
the SAR microreactor as a less suitable alternative to be
used, for instance, in emulsification processes since in such
applications the droplet size and droplet-size distribution is
frequently controlled by the ratio of flow rates.
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Mixing characterization: Scale and intensity of
segregation

The scale and intensity of segregation were evaluated at
the outlet plane of the mixing section for both microreactors.
The outlet planes of the mixing sections of the SAR and
LLMR microreactors are circular and rectangular, respec-
tively. A squared reference plane was used for the SAR,
while a rectangular grid was used for the LLMR. To deter-
mine the influence of the grid size during the mixing analy-
sis the scale and intensity of segregation of the SAR micro-
reactor were calculated as a function of the total number of
cells in the reference plane for two flow conditions with rg
= 1. The maximum number of cells must not exceed the
number of particles reaching the reference plane. The mini-
mum number of tracer particles arrived at the reference
plane was 4,935, thus, to avoid statistical distortion the max-
imum number of cells was fixed to 4,900 (i.e., 70 cells per
side of a squared grid). The results in Figure 12 show that
the magnitude of Sy does not follow a linear trend as a func-
tion of the cell number for the two flow conditions investi-
gated. Interestingly, the difference between both conditions
at each cell number remains constant regardless of the abso-
lute value of S;. The values of I/, show a linear increase as a
function of the number of cells. This is due to the size of
the individual grid cells in comparison to the scale of segre-
gation of the tracer particles. If the cell size is lower than a
limiting value of the scale of segregation, then the concen-
tration of tracer particles in each cell will be likely to be ei-
ther only A or B, thus, affecting the value of /;. The limit of
S, is selected as the mean of the values in Figure 12. This
mean of S at the exit of the mixing section of the micro-
reactors was found to be 0.18 mm for the SAR and 0.03 mm
for the LLMR.

The effect of the cell size on the value of I; can be better
observed in Figure 13, where the intensity of segregation of
the SAR and LLMR for cell sizes lower and higher than the
limit value of S; are plotted as a function of the energy dissi-
pation defined as

Injected through Injected through
Inlet 1 Inlet 2
mmm 0.1 mL/min — 0.1 mL/min
=== 1.0 mL/min 1.0 mL/min
mmm 10.0 mL/min 10.0 mL/min
100 . -
90 -
S 80
> .
2 70 .
S 7
© 60 4 7
5 ¢
v 50 7
5 7
S 40 - .
3 .
S 30 A “
5
N 20 A
10 A
0 p
1 2 3 4 5

Mixing channel

Figure 9. Percentage of particles injected through inlet
1 and inlet 2 that reach each mixing micro-
channel for rq = 1.
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Figure 10. Details of the tracer pathlines in the manifolds of inlet 1 (red) and inlet 2 (blue) of the SAR microreactor
(upper images); and velocity vectors in the manifold of inlet 1 (lower images) for different flow ratios (a)

rq =1, (b) rq = 0.1, and (c) rq = 0.01.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AP -v
&=
p-l

(14)

where v is the flow mean velocity, p is the mass density, and /
is the microreactor or tube length between the pressure
detection points. When the cell size is lower than the limit of
S, the intensity of segregation is considerably increased.

Since the values of scale of segregation for the SAR and
LLMR microreactors are in the range of ~0.1 mm and
~0.01 mm, respectively, then in the presence of molecular
diffusion the LLMR will lead to shortest mixing times
between fluid layers. One interesting result that deserves
attention is that from a fluid mechanics perspective the inten-
sity of segregation achieved by these microreactors is not
significantly affected by the amount of energy applied to the
system.
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For the cases when the cell size is greater than the limit-
ing value of S, the SAR mixing section achieves an average
I value of 0.53. For the LLMR an average /; value of 0.16
is reached except at 20.0 mL/min where a higher state of
segregation (~0.58) is observed.

This behavior is analyzed in Figure 14 using Poincaré
maps at the exit plane of the mixing section of the LLMR
for different Re. In the context of CFD, a Poincaré map can
be defined as the surface of intersection between the tracer
particles and a subspace perpendicular to the fluid flow. It is
worth to underline that the interdigital mixing structure of
the LLMR produces an alternated pattern of layers of tracer
particles. The ordered arrangement of the tracer particles is
compressed in the center and stretched at the edges as the
flow rate is increased. At Re = 1363 (20.0 mL/min) the lay-
ered and alternate arrangement is broken and while the value
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of the scale of segregation remains close the mean value, the
average value of /; is increased from 0.16 to 0.58. The tracer
particles at Re = 1363 are segregated in two major pockets
along the longest dimension of the exit plane. The alternated
arrangement produced by the LLMR geometry can be main-
tained for Re < 140.

The effect of ry on the values of /; and S, as well as on
the disposition of the Poincaré maps for the LLMR is shown
in Figure 15. As the flow ratio is decreased, a higher state of
segregation is produced and a lower scale of segregation is
achieved for the stream injected through inlet 1 (i.e., the
fluid segments represented by the red particles); the opposite
effect is observed for the stream supplied through inlet 2
(i.e., represented by the blue particles). Thus, for flow ratios
different than one the intercalated arrangement generated by
the interdigital structure is distorted and the layer thicknesses
are disproportional as compared to the balanced condition
when rp = 1.

The Poincaré maps at the exit of the mixing section of the
SAR are shown in Figure 16. For ro = 1 (Figure 16a) the
average values of Sy and /; are 0.18 mm and 0.5, respec-
tively. The cases for rp # 1 (Figure 16b) confirm the strong
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Figure 12. Scale and intensity of segregation of the
SAR mixing section at two different flow
conditions with rq = 1.

AIChE Journal March 2013 Vol. 59, No. 3

Published on behalf of the AIChE

—@— SAR - cell size: 0.048 mm
—¥- SAR -cell size: 0.300 mm

—O— LLMR - cell size: 0.012 mm
—57— LLMR -cell size: 0.056 mm

S,=0.180 mm S, =0.030 mm

1.0
— =TTt T AL T
g 081 Cell size < S,
® e T I g AR 4
o -
S 061 o v
8 | [T M L=l
0 SR =TT s
b~ i
O 04 - gl
%’ Cell size > S, P
c e
2 02 1 -~
= VT T M=~

0.0 ; T " T T

0.01 0.1 1 10 100 1000 10000

£ (Wrkg)

Figure 13. Intensity of segregation as a function of the
power dissipation for the mixing section of
the SAR and LLMR obtained using two dif-
ferent cell sizes.

uneven distribution of tracer positions produced by the SAR
manifolds. The scale of segregation diminishes for the red
tracer particles (i.e., increases for the blue particles) as 7, is
increased. It can be seen that the Poincaré maps configura-
tion depends on Re. More precisely, at low-velocity condi-
tions the particles concentrate in one half section of the cir-
cular exit plane. Then, as Re increases the particles shift to-
ward the center of the plane until arriving to the opposite
half section. It was found that neither the number of tracer
particles injected nor the grid size affect this behavior.

The control plane of the SAR microreactor is placed in
the straight outlet tube as close as possible to the exit of the
mixing section following a 90° bend, thus, the location of
the tracer particles might be affected by inertial effects. For
the SAR microreactor the corners of the grid outside the cir-
cular control plane were not included during the calculations,
and the analysis of scale and intensity of segregation was
conducted only in the zones were tracer particles were
detected. The configuration of the Poincaré maps in Figure
16 strongly depends on Re and ry, thus, revealing the impor-
tance of the operating conditions on the mixing capabilities
of the SAR microreactor. In our case we found that the con-
dition at Re = 83 and rp = 1 yields the lowest value of
scale and intensity of segregation.

Residence time distribution

The mean residence times (f,,) obtained numerically are
listed in Table 3 along with the theoretical and experimental
values previously obtained. In our previous experimental
findings®® it was found that the classical axial dispersion
model (ADM) was capable of describing the microreactor
behavior only at Re = 6 (0.2 mL/min) and that for Re > 35
a compartment flow model using a plug flow in series with
the side capacity model provided a better fit. In the experi-
mental scenario the molecular diffusion greatly contributed
to the spread of the tracer at Re = 6. In this study, the parti-
cle tracking method disregards molecular diffusion, and,
thus, the ADM was not capable to fit the SAR flow behav-
ior. The microfluidic structure of the SAR microreactor can
be regarded as a series of plug flow reactors with different
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Figure 14. Poincaré maps produced by the interdigital structure of the LLMR for different Re with ro = 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

flow rates connected in parallel. Such flow arrangements are
known to produce exponential decay curves rather than
Gaussian distributions.”” On the other hand, the mixing prin-
ciple of the LLMR relies on the direct multilamination of
flow by the interdigital structure and no recombination of
fluid is performed during the mixing stage. Compared to the
SAR, the LLMR resembles more closely the characteristics

of an open pipe. Figure 17 shows the RTD curves of the
mixing and reaction sections of both microreactors in dimen-

sionless form.

In the absence of molecular diffusion the pure convection
model®? accurately describes the RTD of the microreactors
under laminar flow regime. The convection model can be

defined in dimensionless form as

Figure 15. Poincaré maps generated by the interdigital structure of the LLMR for different flow ratios (a) rq

Re =14 Re =74 Re =690
Q,=0.2 mL/min Q, = 1.1 mL/min Q, =10.1 mL/min
1,=0.16 1,=0.35 I, =048
S,=0.031 mm S,=0.013 mm S, =0.007 mm
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(b) rq = 0.1, and (c) rq = 0.01.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 16. Poincare maps at the exit plane of the SAR mixing section at different Re (a) rq = 1, (b) ro #1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where 0 is defined as the time parameter ¢ over the mean
residence time t,. Figure 17 provides no indication of
recirculation or stagnancy when ro = 1. The reaction section
of the LLMR is also well characterized by the pure convection
model since the flow configuration comprises a set of parallel
microchannels with equal volumetric rates of flow.

Conclusions

The pressure drop results of the SAR and LLMR micro-
reactors are in excellent agreement with laminar flow theory
and experimental results yielding tube-equivalent diameters
of 0.522 mm and 0.311 mm, respectively.

It has been shown that with the SAR microreactor princi-
ple, the manifolds design produces an unbalanced flow distri-
bution in the microchannel network. This imbalance results in
variations of composition of 12.5% between adjacent micro-
channels. For the cases when an equal feeding ratio is used
only the central microchannel achieves a 50/50 composition.

The visualization of the velocity fields by CFD and the
mixing analysis with the particle tracking method confirm
the presence of recirculation and bypassing in the SAR
microfluidic structure for ro # 1. Thus, the use of feeding
ratios other than one further deteriorates any flow imbalance
already present due to the geometry of the distribution mani-

AIChE Journal March 2013 Vol. 59, No. 3

folds. Improved designs are required to make SAR micro-
reactors industrially successful. While not directly affecting
the mixing mechanism of the microreactor, the symmetrical
manifold construction of the LLMR proved to evenly distrib-
ute the flow under all the conditions investigated and can be
used as a guideline for the design optimization of microreac-
tors requiring distribution of flow in several substreams.

The scale and intensity of segregation concepts originally
proposed by Danckwerts allowed for the quantification of
mixing efficiency by means of the particle tracking method.
It was found that in the absence of molecular diffusion, the
intensity and scale of segregation achieved by both micro-
reactors at rp = 1 are not significantly affected by the

Table 3. Mean Residence Time of the SAR and LLMR
Microreactors obtained by CFD

Mean Residence Time ¢, (s)

Flow rate
(mL/min)  Experimental Theory @ CFD  Error (%)
SAR 0.2 79.73 + 1.18 57.27 57.58 0.6
1.0 11.25 + 0.85 11.45 10.91 4.8
2.0 5.84 £ 0.19 5.72 5.51 3.8
20.0 0.57 £ 0.01 0.57 0.58 2.8
LLMR 0.2 38.53 4+ 3.45 39.91 36.67 8.1
1.0 6.18 £ 0.19 7.98 7.40 7.2
2.0 3.79 £ 0.23 3.98 3.75 5.9
20.0 0.37 £ 0.02 0.39 0.35 10.1
Published on behalf of the AIChE DOI 10.1002/aic 999
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Figure 17. RTD functions in dimensionless form obtained numerically for the SAR and LLMR microreactors (a) mix-

ing section, and (b) reaction section.

amount of energy applied to the system except for the
LLMR at Re = 1363. In contrast, these same characteristics
were considerably affected at rp #1 proving that unbal-
anced flow ratios are not the optimal operating conditions
for the mixing mechanisms of both microreactors. The RTD
obtained by means of CFD were accurately described by the
pure convection flow model and the shape of the curves
showed that the mixing and reaction sections of both micro-
reactors exhibit the behavior of tubular reactors under lami-
nar flow conditions with no recirculation or stagnancy pres-
ent for rp = 1.
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Notation

a = concentration of species a in terms of volume fraction,

dimensionless
A;, = total area of inlet plane, m?

b = concentration of species b in terms of volume fraction,
dimensionless

C = cost function, dimensionless

COV = coefficient of variance, dimensionless

I; = intensity of segregation, dimensionless

J = content of particles in a line-sample, particles-mm

k; = number of counts per bin
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N;, = total number of bins
N, = total number of tracer particles
Q = volumetric flow rate, m>/s
r = radial position of the tracer particles, m
ro = ratio of flow rates
R = radius of the inlet tube, m
s = standard deviation
S, = scale of segregation, mm
t = time, S
mean residence time, s
= mean velocity, m/s
= velocity vector, m/s
= volume, m’
= Line-sample, mm
= size of histogram bin
= mean value of counts per bin
= mass density, kg/m’
= variance of quantity denoted by subscript
= stress tensor, Pa
= dimensionless time parameter
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