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The numbering-up of zigzag-form microchannels for liquid mixing was experimentally investigated in a
multichannel micromixer including 8 parallel channels, based on the Villermaux-Dushman reaction system,
with an appropriate sulphuric acid concentration. The results showed that the micromixing performance in
such micromixers could reach the same quality as in a single microchannel, when flat constructal distributors
with bifurcation configurations were used. The mixing performance did not depend on whether a vertical or
horizontal micromixer position was selected. Surprisingly, the channel blockage somewhat increased the
micromixing performance in the multichannel micromixer due to the fluid redistribution effect of the
constructal distributors. This effect could also be confirmed by CFD simulations. However, the channel
blockage resulted in a higher pressure drop and thus higher specific energy dissipation in the multichannel
micromixer. The local pressure drop caused by fluid splitting and re-combination in the numbering-up
technique could be neglected at low Reynolds numbers, but it became larger with increasing flow rates.
The operational zone for the mixing process in multichannel micromixers was sub-divided into two parts
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Introduction

Mixing represents an important phenomenon in many liquid
processes, e.g., precipitation, crystallisation, polymerisation,
self-catalysis, enzymatic catalysis, and many others, in which
mixing and chemical reactions interact."”” Mixing on the
molecular scale is usually called micromixing® and plays a
crucial role in the reaction processes, when the character-
istic timescale of the chemical reactions involved is of the
same magnitude or smaller than the timescale of the mixing
process.” In this case, the conversion and selectivity of
chemical reactions largely depend on micromixing efficiency.
In order to improve the overall process performance and
product quality, it is necessary to design reactors with high
micromixing efficiency.

The development of microreactor/micromixer technology
is remarkable in the area of process intensification technolo-
gies because of its obvious advantages, such as continuous
operational mode, high mixing performance, enhanced heat
and mass transfer, improved reaction selectivity and excellent
process safety.'®'* A wide range of microreactors/micromixers
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have been designed and applied for liquid mixing and reac-
tion processes on the laboratory scale. T-shaped or Y-shaped
microchannels,"'® interdigital micromixers,'” split-and-
recombine micromixers,® packed-bed micromixers,"® and
multifunctional micromixers®° are representative examples
with high mixing performance. Reduced diffusion distance,
increased interfacial area and implemented flow disturbances
are the main design specifics of these micromixers.>'>* From
a practical point of view, T-shaped microchannel mixers
are easy to design and manufacture, and thus they are
widely used for laboratory tasks and have a high potential
for industrial application.

In order to experimentally investigate the mixing perfor-
mance in a micromixer, optical methods, such as microlaser-
induced fluorescence (u-LIF) detection, can be applied.>*>*
This can be accomplished by introducing an inlet stream
with a fluorescent dye and another inlet stream without a
fluorescent dye into the microchannel.>® The fluorescence
intensity field of the dye excited by the light beam is recorded
with a camera and further transformed into the concentra-
tion field; afterwards, the mixing performance in the micro-
channel can be described. Hoffmann et al.>® utilized p-LIF
and micro-particle image velocimetry (u-PIV) to characterize
the mixing performance in a T-shaped micromixer. It was
found that the flow was in the stratified regime and the feed
streams flowed side by side at low Reynolds numbers, while
the radial diffusion was weak. At higher Reynolds numbers, the
flow changed to the engulfment regime from the stratified
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flow regime. The intertwining of both inlet streams in the
T-junction resulted in an enlarged interfacial contact area
and a steep concentration gradient and, hence, an improved
mixing performance. It was further demonstrated that the
diffusive mixing in microchannels could be controlled by
a variation in the velocity profile. u-LIF detection is mainly
limited by the microchannel material, the detection limit of
optimal equipment and the choice of dyes. Furthermore,
optical methods usually can provide the information about
the mixing performance on the macro- and mesoscale only.

In contrast to the optical method, the chemical probe
method can easily detect the mixing performance on the
molecular scale (micromixing). In this method, parallel or
consecutive competing reaction systems are used to study the
micromixing performance in stirred tanks or in continuous-
flow mixers. One frequently applied parallel competing reac-
tion scheme for characterising the micromixing in micro-
mixers is the Villermaux-Dushman reaction system.'”'?3%73%
For instance, Li et al.*' controlled the mesomixing scale of
three different types of micromixers and characterised their
micromixing performance. Their results provided an under-
standing of how the mesomixing scale affected the micro-
mixing performance, which was helpful for the design and
optimisation of micromixers. Kamio et al.*® developed a
double-tubular counter-flow micromixer consisting of two
stainless steel tubes (inner and outer) with different dia-
meters as an asymmetric inlet structure. The inner tube
was inserted into the outer tube at the T-junction of the
micromixer, and one reactant fluid flowed in the mixing zone
from the inner tube while the other flowed from the outer
tube. The excellent micromixing performance was confirmed
by the results of Villermaux-Dushman reactions. Su et al."’
investigated the hydrodynamics and micromixing efficiency
in packed-bed microchannels by both high-speed imaging
techniques and the Villermaux-Dushman method. Ko6lbl and
Kraut®®> demonstrated that different compositions of the
resulting mixtures were achieved by feeding the acid stream
through different inlets when using the Villermaux-Dushman
reaction system to evaluate the mixing performance in T-junction
and V-type micromixers. This means that the micromixing
time could not be derived from the test chemical reactions
based on simple mixing models without taking the specific
geometry of the device into account.

It is well known that the numbering-up strategy is a
common method to increase the throughput of micro-
channels. However, only few studies on the numbering-up
of microchannels for liquid mixing processes have been
reported up to now. Kolbl et al.?” designed and fabricated
microchannel systems for multilamination mixers by stack-
ing and bonding microstructured foils and examined the
mixing performance in these so-called V-type micromixers by
using the Villermaux-Dushman reaction method. The results
showed that the throughput of V-type micromixers could be
multiplied by varying the number of micromachined foils and
keeping constant velocities of the fluids through the parallel
microchannels while maintaining constant mixing quality.
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Furthermore, it was indicated that the arrangement of the
microchannels at the interface between the microchannel
system and the mixing chamber had a crucial impact on
the mixing performance. Guo et al.>° fabricated a mini-
mixer with 16 channels and a channel diameter of 1 mm
or 2 mm and tested its mixing performance based on the
Villermaux-Dushman reaction system in terms of segregation
index, micromixing time and energy dissipation rate. Two
feed fluids were distributed among 16 channels through
distributors, then brought into contact at T-mixers, and
finally collected in a collector. Both distributors and collector
were designed following the arborescent shape. As the flow
rate increased, the flow disturbance was enhanced, thus
intensifying the micromixing performance. The authors
claimed that the mixing performance obtained with a milli-
metric mixer was comparable to the performance of micro-
mixers, and the design of the multichannel mixer with
arborescent distributor and collector made the numbering-
up of multiple channels possible. In general, however, the
understanding of the influencing factors for the numbering-
up of microchannels for liquid mixing processes is still
insufficient.

Recently, we carried out computational fluid dynamic
(CFD) simulations to investigate the liquid mixing in micro-
channels and the corresponding numbering-up process.*’ It
was found that the decrease in size of the lateral inlet and
the zigzag form of the channels could improve the mixing
performance in microchannels. The distance between the
elbow and the closest split point was a key factor that influenced
the performance of flat constructal distributors with bifurcation
configurations, and the rounding of the elbow could significantly
reduce the pressure drop in these distributors. The mixing
performance in the multichannel micromixers with optimized
microchannels and distributors was proven to be close to that
of a single microchannel. However, it was difficult to simulate
the whole multichannel micromixer because of the limitations
of computer memory and simulation time, and the effects of
connectors, collecting chamber and outlet on the numbering-up
process were neglected. Obviously, more detailed investigations
are necessary in order to establish an integral strategy for the
numbering-up of microchannels for liquid mixing.

In this work, we utilized the Villermaux-Dushman reaction
system with appropriate reactant concentrations to investigate
the decisive factors affecting the micromixing performance in
the numbering-up of single microchannels for liquid mixing.
The micromixing performance in microchannels was evalu-
ated by measuring the light absorption (Abs) of effluent at the
microchannel outlets. The mixing performance in a single
microchannel and in multichannel micromixers was com-
pared in the numbering-up process. The effect of the micro-
mixer position and random channel blockage on the mixing
performance in the multichannel micromixers was studied.
Furthermore, the pressure drop characteristics and the rela-
tionship between the specific energy dissipation and the
micromixing performance in multichannel micromixers were
examined.

This journal is © The Royal Society of Chemistry 2015
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Experimental section
Villermaux-Dushman reaction system

The Villermaux-Dushman reaction system includes the acid-
catalyzed reaction of potassium iodide with potassium iodate
to elemental iodine, competing with the fast neutralisation of
the acid by a borate buffer system:*°

H,BO; + H" — H3BO; (quasi-instantaneous) (R1)
51 +10; + 6H" — 31, + 3H,0 (fast) (R2)
Ib+I — I3 (instantaneous) (R3)

The neutralisation reaction (R1) is quasi-instantaneous,
while the redox reaction (R2) is fast but much slower than
reaction (R1). The redox reaction (R2) is also called Dushman
reaction. Reaction (R3) is an instantaneous equilibrium reac-
tion. Under perfect micromixing conditions, the injected acid
is instantaneously dispersed in the reaction medium and
consumed by borates according to reaction (R1). Otherwise,
the injected acid is consumed competitively by reactions (R1)
and (R2), and the formed I, can further react with I" to yield
the triiodide complex (I;) according to reaction (R3). The
amount of I~ produced depends on micromixing efficiency
and can be easily measured using a spectrophotometer at
353 nm. The farther micromixing is from ideality, the more
I;” is formed and the stronger light absorption is detected.
Therefore, the mixing process can be evaluated directly by the
light absorption of the effluent from the outlet of the micromixer.

inlet 2 distributor 1
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Other mixing parameters, such as segregation index, micro-
mixing time and micromixedness ratio, can further be derived
from light absorption.

Experimental procedure

The schematic representation and a photo of a multichannel
micromixer studied in this work are shown in Fig. 1. This
multichannel micromixer was constructed in the transparent
PMMA substrate by the micromachining technology. It mainly
consisted of two inlets, two flat constructal distributors with
bifurcation configurations, eight parallel zigzag-form micro-
channels, a collecting chamber and an outlet. A distributor
for the first liquid was fabricated on one side of the plate.
Parallel zigzag-form microchannels and a collecting chamber
were fabricated on the same side of this plate. The collecting
chamber was used to collect the reaction mixture from the
parallel microchannels. Another distributor for the second
fluid was fabricated on the other side of the plate, while its
outlets were connected to the parallel microchannels. The
plate was clamped tightly by another two plates with the help
of bolts. Both the depth and the width of these parallel micro-
channels were 500 um. Each microchannel had 14 zigzag-form
structures with an overall length of 53 mm.

The distributors comprised three generations. In the
first generation, the inlet channel was split perpendicularly
into two opposing channels, and then these two channels
were further split in the second generation. This fabrication
process for bifurcation formation finally resulted in 2° = 8 outlets
for each distributor. The resulting channels in distribu-
tors have rounding corners. The numbering-up process of
single microchannels could be realized within the same

inlet 1

/4

distributor 2

microchannel 8

collecting chamber - »-

parallel microchannels

microchannel 1

Fig. 1 Schematic representation (top) and a photo (below) of a multichannel micromixer.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schematic diagram of the experimental setup.

multichannel micromixer. This was done by selectively
blocking the channels with sealing grease, thus resulting in
different multichannel micromixers with 2, 4 and 8 channels.
For example, in order to investigate the mixing performance
in a single microchannel (channel 1), the elbows in both
distributors 1 and 2 highlighted by the three frames in Fig. 1
and the ends of microchannels 2-8 were blocked with sealing
grease. The sealing grease was resistant to aqueous solu-
tions and showed no corrosion effect on the PMMA material.
Blockages of the elbows in frames 2 and 3 and the ends of
microchannels 3-8 resulted in the multichannel micromixer
with 2 channels. With this blocking strategy, it is easy to obtain
micromixers with different numbers of parallel channels.
Furthermore, this method can be used to study the effect of
random channel blockage on the mixing process in the
multichannel micromixer. Moreover, the sealing grease in
microchannels was easy to remove through washing with
hexane without corroding the microchannels.

The schematic diagram of the experimental setup is shown
in Fig. 2. Aqueous solutions A and B were fed into the micro-
mixer at the same volumetric flow rate by two high-precision
piston pumps. Solution A was a dilute sulphuric acid solution.
Solution B was another aqueous solution containing potassium
iodate (0.003 mol L"), potassium iodide (0.016 mol L"), sodium
hydroxide (0.045 mol L™), and boric acid (0.045 mol L™).
After collecting enough effluent from the micromixer using a
sample cell (ca. 3 ml), light absorption was measured using a
spectrophotometer. The pressure drop in the micromixer was
measured with pressure transducers. Each experimental run
was repeated at least three times, and each data point repre-
sented the mean value of at least three measurements of light
absorption. The relative deviation did not exceed 5% in all
experiments.

Results and discussion
Adjustment of the H,SO, concentration

The light absorption of the resulting mixture in the
Villermaux-Dushman reaction system strongly depends on
H,SO, concentration.>>*> A necessary condition is that the
amount in moles of H" in solution A is lower than the amount
in moles of H,BO;" in solution B in the mixing process,
according to the stoichiometry of the Villermaux-Dushman
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reaction system. Otherwise, the redox reaction would occur
and lead to the generation of triiodide complex even when
the mixing process is perfect. Kolbl et al.®>* pointed out
that the rate of the Dushman reaction could be adjusted
by choosing appropriate reactant concentrations in order
to reach the maximum sensitivity. They carried out the mixing
investigations in microstructured mixers with different H,SO,
concentrations and considered 0.015 mol 1" as an optimum
concentration.

Different H,SO, concentrations of 0.03, 0.015, 0.01 and
0.0075 mol 1™* were applied in the experiments with a single
microchannel. Fig. 3 shows the effect of Reynolds number on
the light absorption of the effluent of the single micro-
channel at different H,SO, concentrations. It can be seen
that light absorption reached the measuring limitation
of the spectrophotometer in the studied range of Reynolds
number for the H,SO, concentration of 0.03 mol 1. This
was attributed to the excess protons that took part in
the Dushman reaction during the mixing process. For the
H,SO0, concentration of 0.015 mol 1™*, light absorption has
different values in the Reynolds number range of 200-1200,
whereas for low Reynolds numbers in the range of 8-200,
these values remained constant. This means that the sensi-
tivity in the Reynolds number range of 8-200 is rather low.
For the lowest H,SO, concentration (0.0075 mol 1), the
light absorption at the Reynolds number of 200 was close
to that at the Reynolds number of 400. We can conclude
that this H,SO, concentration does not permit discrimina-
tion of the mixing mechanisms in the Reynolds number
range of 200-400. Engler et al.*' identified three different
laminar flow regimes inside microchannels depending on the
Reynolds number, namely, stratified flow (Re < 80), vortex
flow (80 < Re < 240) and engulfment flow (240 < Re < 400).
Furthermore, in most practical applications of micromixers
and microreactors, Reynolds number does not exceed 400.
Consequently, solution A with the H,SO, concentration of
0.01 mol 1™* was chosen for the following study, because

3 o 4 ¢
+0.03 mol/l
2571 00.015 mol/l
40.01 mol/l
2r 00.0075 mol/l
215 F
1 .
A
0.5 |
I O
0 . Q . é . G . . . N 3
0 200 400 600 800 1000 1200
Re

Fig. 3 Effect of Reynolds number on the light absorption of the
effluent of the single microchannel at different H,SO,4 concentrations
in solution A.
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relatively high sensitivity could be obtained in the Reynolds
number range of 0-400.

Numbering-up of single microchannels

Fig. 4 compares the mixing performance of a single micro-
channel and the multichannel micromixers with 2, 4, and
8 channels. It can be seen that the light absorption of the
mixtures from the exits of the multichannel micromixers with
2, 4, and 8 channels was lower. These results indicated that
the flat constructal distributors with bifurcation configura-
tions could provide excellent flow uniformity for the parallel
channels of multichannel micromixers, while the micro-
mixing performance in such micromixers reached the same
or even higher quality as compared to a single microchannel.
The constructal distributors in these multichannel micro-
mixers could realize the uniform distributions of fluids under
Reynolds numbers below 1000, which was demonstrated by
the CFD simulations in our previous work.*® Otherwise, there
would be more triiodide complex produced inside the parallel
channels in the multichannel micromixers due to the excess
protons in some of the parallel microchannels arising from
the uneven distributions of solutions A and B.

Moreover, the collecting chamber affected the micromixing
efficiency of the multichannel micromixers. According to the
experimental observation, the whole collecting chamber could
not be fully filled with the liquid mixture, in which some
remaining air was present, and hence, a gas-liquid interface
formed, as shown in Fig. 5. The flow domain in the collecting
chamber for the single microchannel (Fig. 5a) was somewhat
larger than that in the multichannel micromixers with 2, 4 and
8 channels (Fig. 5b-d). Therefore, the flow velocities of fluids
in the flow domain of the collecting chamber of these multi-
channel micromixers were higher than those for the single
microchannel at the same mean Reynolds numbers deter-
mined for each parallel channel. The increase in flow rates
in the flow domain of the collecting chamber resulted in
higher local Reynolds numbers and more significant fluid

3 P
2.5 4 one channel
M two channels
2 ; A four channels
[72) Xei
_<Ql sk L 2 eight channels
1 3
L 4
<&
0.5 Al
0 N n -_. N . N " . - N .

0 200 400 600 800 1000 1200
Re

Fig. 4 Comparison of the mixing performance between a single
microchannel and the multichannel micromixers.
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gas-liquid interface
blockage

(d) air

Fig. 5 Flow domain and gas-liquid interface in the collecting
chambers of single microchannel (a) and multichannel micromixers
with 2, 4 and 8 channels (b-d).

disturbance, thus yielding better mixing performance. Even
more important, the flow velocities in the outlet of the single
microchannel were much lower than those in the outlets of the
multichannel micromixers with 2, 4 and 8 channels. The fluid
disturbance in the outlets of the multichannel micromixers
with 2, 4 and 8 channels was more remarkable, and, conse-
quently, higher mixing efficiency could be obtained as com-
pared with the single microchannel.

Effect of the micromixer position on the mixing performance

The position of mixers or reactors is an important factor in
industrial production. A flexible position is advantageous for
integrating the mixers with other unit operation equipment.
For mixers and reactors with conventional dimensions, their
positions usually have a great influence on the mixing effi-
ciency, and the gravity effect should be carefully considered
in the reactor design. Fig. 6 shows the effect of the position

# horizontal position

08 (W

M vertical position
w 0.6 F
| "
04 F

02 ‘

0 200 400 600 800 1000 1200

Re
Fig. 6 Effect of the micromixer position on the mixing performance.
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of the multichannel micromixer with 8 parallel channels on
the mixing performance, with the vertical and horizontal
positions to be chosen. It can be seen that the mixing
performance does not depend on whether the vertical or
horizontal micromixer position is selected. In other words,
the gravity effect has only insignificant impact on the mixing
performance in multichannel micromixers. These results clearly
indicate that the multichannel micromixers can be placed in
arbitrary positions without changing the micromixing efficiency.
This is beneficial for the implementation of multichannel
micromixers in practical applications. The gravity effect
on the mixing performance in microstructured devices can
be neglected due to their small characteristic dimensions.
Pohar et al.*? reported analogous results for the immiscible
liquid-liquid two-phase flow in microchannels.

Effect of channel blockage on the mixing performance
of multichannel micromixers

The synthesis of nanoparticles or microparticles and the pro-
duction of emulsions in micromixers have attracted growing
interest from both academia and industry.'® In these pro-
cesses, precipitation on the microchannel walls sometimes
occurs and the accumulation of solid particles can finally
result in channel blockage.*®> We, therefore, investigated the
effect of channel blockage on the mixing performance of the
multichannel micromixer with 8 channels.

Fig. 7 shows the mixing performance in the multichannel
micromixer with the blockage of channel 1 and with the
simultaneous blockage of channels 1 and 6. Unexpectedly,
it was found that the channel blockage did not reduce
the micromixing efficiency compared with the multichannel
micromixer without any channel blockage. Moreover, it was
even somewhat increased, especially for the multichannel
micromixer with the blockage of channels 1 and 6 at low
Reynolds numbers. This may be attributed to the fact that
constructal distributors ensure good fluid redistribution.

2
# cight channels
1.6 M blockage of channel 1
blockage of channels 1 and 6
1.2 f
wn
°
<
08 e
.l‘
04 F
! = "
0 L— J‘.!“...Vr‘."
0 200 400 600 800 1000 1200

Re

Fig. 7 Effect of channel blockage on the mixing performance of
multichannel micromixers.
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Thus, higher actual flow rates and fluid disturbance are
achieved in the open channels of the multichannel micro-
mixers with blockages when compared to the multichannel
micromixers without blockages operated under the same
inlet volumetric flow rates.

The mixing performance of the multichannel micromixer
with the blockages of outlets 1 and 2 in distributor 1 was also
investigated. Fig. 8 compares the mixing performance of the
multichannel micromixer without blockages and the multichannel
micromixer with the blockages of outlets 1 and 2 in distributor 1.
It can be seen that the micromixing efficiency was reduced in
the case of the distributor outlet blockages at low flow rates.
Solution B could be equally distributed among the eight parallel
channels via distributor 2 without the outlet blockages.
However, solution A could not flow through channels 1 and
2 due to the blockages of outlets 1 and 2 in distributor 1. Fluid
uniformity among the parallel eight channels was broken and
the mixing process deteriorated. As a result, the amount of H"
in solution A in channels 1-6 was in excess, and more triiodide
complex was produced. These results further demonstrate
the important role of the distributors in the numbering-up of
single microchannels.

In order to characterise the fluid distribution in the dis-
tributors with outlet blockages, we carried out CFD simu-
lations using the commercial tool COMSOL Multiphysics
(see a detailed description in our previous work®’). To quan-
tify flow non-uniformity in distributor 1 with the blockage of
outlet 1, the relative deviation (RD;) and the standard devia-
tion (SD) between the actual velocity magnitude at each
non-blocked outlet and the average velocity value for all
seven non-blocked outlets at uniform distribution are defined
as follows:

u —u

1 7
ui—fZMi
RD. == mo_ 7 i=1

1 um - l 7
7 Z“

2.5 L
# cight channels
2 F
» Ablockage of outlets 1 and 2 in
distributor 1
1.5 f
72}
..2 L
1 A
L oA
05 ®
0 " 1 ‘ ‘ L ‘ M L TSN
0 200 400 600 800 1000 1200

Re

Fig. 8 Effect of distributor outlet blockage on the mixing performance
of multichannel micromixers.
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Fig. 9 shows the velocity magnitude and RD; at each non-
blocked outlet of distributor 1 with the blockage of outlet 1
at different inlet flow rates in the distributor. It can be seen
that the velocity magnitude and RD; at outlet 2 is obviously
higher than those of the other six non-blocked outlets. The
symmetry of the bifurcation configuration that generated
outlets 1 and 2 was broken and the fluid could only flow
through outlet 2 in this bifurcation zone because of the
blockage of outlet 1. Encouragingly, the velocity magnitude
at outlets 3-8 was similar (Fig. 9a) and the corresponding
RD did not exceed +12% (Fig. 9b) for three different inlet
flow rates. The value of SD for the seven non-blocked outlets
was lower than 15% for the inlet flow rates, varying between
3-60 ml min~'. This deviation was mainly caused by the
excessive flow rate at outlet 2. It is worth noting that the
blockages of outlet 1 in distributor 1 and outlet 1 in dis-
tributor 2 were equivalent to the blockage of channel 1.
The numerical results on the fluid distribution in distributor
1 with the blockage of outlet 1 can help to explain the higher
mixing performance of the multichannel micromixer with
the blockage of channel 1 than that of the multichannel
micromixer without any channel blockage.

Pressure drop characteristics in multichannel micromixers

Fig. 10 shows the pressure drop in the multichannel micro-
mixers with and without blockages. It was found that channel
blockages remarkably increased the pressure drop when the
average Reynolds number in the parallel channels was higher
than 400. More channel blockages resulted in a higher pres-
sure drop. The channel blockages prohibited the fluids to
flow through the blocked channels and led to higher Reynolds
numbers in other channels. Furthermore, the pressure drop in
the multichannel micromixer with the blockages of channels 1

08 B Qin = 6 ml/min
0.7 1 WQin = 24 ml/min
0.6 - 0Qin = 60 ml/min
0.5 1
E 0.4 4
s 0.3 4
0.2 1
0.1
0 T
1 2 3 4 5 6 7 8
outlets
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Fig. 10 Effect of blockage on the pressure drop in multichannel
micromixers.

and 6 was very close to that in the multichannel micromixer
with the blockages of outlets 1 and 2 in distributor 1. These
results further indicate that the excellent fluid redistribution
can be ensured via the constructal distributors when the block-
ages arise in the channels or in the outlets of distributors.

The comparison between the pressure drop in a single
microchannel and in the multichannel micromixer with
8 channels is shown in Fig. 11. It can be seen that the pres-
sure drop in the multichannel micromixer is higher than that
in the single microchannel. This trend is more pronounced
when the average Reynolds number is larger than 400. In
addition to the pressure drop arising from the frictional resis-
tance, there was local pressure drop due to the fluid splitting
and re-combining in the distributors and in the collecting
chamber for the multichannel micromixer. Such a local pres-
sure drop also arises in other types of fluid distributors.**
Apparently, the local pressure drop resulted in the difference
in the values of the single microchannel and of the multi-
channel micromixer. The role of the local pressure drop in the
multichannel can be neglected at low Reynolds numbers, but it
becomes larger with increasing Reynolds numbers.

B Qin = 6 ml/min
30 B Qin = 24 ml/min
0Qin = 60 ml/min

outlets

(b)

Fig. 9 Velocity magnitude (a) and RD; (b) at each non-blocked outlet of distributor 1 with the blockage of outlet 1 at different inlet flow rates in

distributor 1.
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Fig. 11 Comparison of the pressure drop between the single
microchannel and the multichannel micromixer with 8 channels.

The relationship between specific energy dissipation and
mixing performance in multichannel micromixers

The specific energy dissipation (¢) in a channel is propor-
tional to the pressure drop:

E=—= (3)

M=pV (4)

where Q is the total volumetric flow rate, M is the mass into
which the energy is dissipated, V is the inner volume of the
micromixer and p is fluid density. Kockmann®’ reveals that
better mixing performance is usually associated with larger
specific energy dissipation, and its typical values in micro-
channels are some orders of magnitude higher than those in
batch reactors.

Fig. 12 shows the relationship between the specific energy
dissipation and the mixing performance of the 8-channel multi-
channel micromixers with and without channel blockages.

1E+01
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1E-01 -

17]
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Fig. 12 Relationship between the specific energy dissipation and the
mixing performance of the multichannel micromixers.
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It can be seen that the micromixing performance improves
with growing specific energy dissipation in the multichannel
micromixers, and the relationship between the light absorp-
tion and the energy dissipation approximately satisfied the
power function:

Abs = 0.3 exp(-0.013¢) (5)

As shown in Fig. 12, the specific energy dissipation in
the multichannel micromixers varied over several orders
of magnitude (107°-10> W kg™') depending on the flow rate
and the pressure drop. The whole zone of Fig. 12 can be
subdivided into Zone 1 and Zone 2. In Zone 1 (¢ < 10> W kg '),
the mixing process is mainly controlled by molecular dif-
fusion being far from the ideal micromixing condition. In
Zone 2 (¢ > 10> W kg '), the mixing process is dominated by
the convection resulting from the combined effect of the zigzag
channel structures and the high flow rates, with micromixing
approaching an ideal performance. Furthermore, the channel
blockages result in fluid redistribution in the multichannel
micromixer, and, compared to the micromixer without channel
blockages under the same inlet volumetric flow rates, they
may facilitate mixing due to the transition from molecular dif-
fusion to convection. Higher micromixing performance in the
multichannel micromixers is achieved at the expense of
higher specific energy dissipation. Therefore, both the mixing
performance and the specific energy dissipation should be
considered simultaneously when choosing a suitable operational
zone for the mixing process in multichannel micromixers.

Conclusions

The micromixing performance in zigzag microchannels was
investigated experimentally based on the Villermaux-Dushman
reaction system. The micromixing performance in microchannels
was evaluated by measuring the light absorption of effluent
at the micromixer outlet. The concentration of sulphuric acid
for the Villermaux-Dushman reaction was adjusted in order
to improve the detection sensitivity of the mixing performance
in microchannels at commonly used Reynolds numbers.
Numbering-up was realised within the same multichannel
micromixer including 8 parallel channels by selectively blocking
the channels with sealing grease. The micromixing perfor-
mance in these micromixers reached higher quality than that
in a single microchannel, because the fluid disturbance in the
collecting chambers and the outlets of the micromixers was
higher than that in the collecting chamber and the outlet of
the single microchannel. The results showed that the flat
constructal distributors with bifurcation configurations could
provide excellent flow uniformity for the parallel channels of
multichannel micromixers, while the collecting chamber and
the outlet also played an important role in the numbering-up
of the microchannels. The micromixing performance was
independent of the micromixer position, which is an advanta-
geous property for linking the multichannel micromixers to
other equipment units in industry.
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Furthermore, the effect of channel blockage on the mixing
performance in the multichannel micromixer was studied.
Channel blockage somewhat increased the micromixing effi-
ciency due to higher Reynolds numbers arising from the fluid
redistribution effect of the constructal distributors. However,
the channel blockage resulted in a higher pressure drop and
hence higher specific energy dissipation in the multichannel
micromixer. The role of the local pressure drop in the multi-
channel can be neglected at low Reynolds numbers, but it
becomes substantial with increasing flow rates. The micro-
mixing efficiency grows with increasing specific energy dissi-
pation in the multichannel micromixers, and the relationship
between the light absorption and the energy dissipation
approximately satisfies the power function. In the case of
specific energy dissipation smaller than 10> W kg™, the
micromixing performance in the multichannel micromixers is
controlled by molecular diffusion. In contrast, it is dominated
by convection when the specific energy dissipation is higher
than 10> W kg ™.
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