MANSOURA ENGINEERING JOURNAL, (MEJ), VOL. 41, ISSUE 3, SEPTEMBER 2016 M: 7
Mansoura University : (o)
Faculty of Engineering
= = Mansoura Engineering Journal
V@Y SR
\-!_hﬁ%}__ 2 f / %% o = E@ =
&N ‘ .

Modeling of Mixing Process in Microreactors
Used for Biofuel Production
) b deadieall 2a8al) C0leliall Lla dlee Al
S ﬁ;l\ Q )3 )J\

Salah H. EI-Emam, Mohamed Nabil Sabry, Mohamed H. Mansour and Mahmoud A. Shouman

KEYWORDS:

Biodiesel production —
Passive micromixer —
Mixing -
Multilamination — Ribs

1B (g gaadl J5aal) 3 g8 g Ly A88al) cdlelial) AuES aladialy & e alaia) dUA-: o self (ailelf

el A il S aSaly oMl 384l LAY g4 (gdA Joliall B Y] juaalell Aal) Lgielist
Jdsaslly el Bid cildbia ga caulill guilbal) aad A B0 o e @80 WA ek 4 Jeldall
Sall Gl puad) g Jalidf Alaad dadad Jus a3 ABEM clelally 5 giadl Jall 3 gh g UG B asdiicuall
i) ol Julad a8 | bl clillatia e conaliid IR 3] Cppanalt g A 33 Ciags Glld g (3841 JaDANL

JWEAS a3 Al B g8l BYAY) Bas ol Al JISE) aladiud Ll Al e coad LS BSAN iy
JSall 5 Aol milill) gl By Jilgud) Jallia (e Adlida 4o gana aladialy jghall JS&)
Jeasl g ey 3l Jadad Ay Jladl g LaS Ay jLEii) Liadiia Jaadliall eltd L8 Lay JDAL ) ghaall

Abstract—There is a growing interest in microreactor
technology for biodiesel production due to its high conversion
efficiency. The most important part of the microreactor is the
micromixer, which directly controls reactor efficiency. In this
paper, an efficient uniflow passive micromixer configuration
based on multilamination principle is developed, which is suitable
for the low Reynolds numbers encountered in this application.
The micromixer is modelled for the purpose of its shape
optimization to develop a micromixer that is applicable for
biodiesel production. A preliminary design of the micromixer is
initially analyzed over a range of Reynolds numbers from 0.1 to
10. Effects of different modifications of the preliminary design
are investigated. Finally, the developed micromixer is modeled
using different fluid mixtures. Results show satisfactory mixing
quality with relatively low pressure drop even with low
diffusivity fluid mixtures such as oil and alcohol mixture used in
biodiesel production. The configuration also helps enhancing
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mass transfer by diffusion, which is the dominating mixing
mechanism at low Reynolds nhumbers.

I. INTRODUCTION

IOFUELS are promising energy sources that can

replace fossil fuels. One of the most viable liquid

transportation fuels is biodiesel fuel which is
considered an alternative for diesel fuel. Biodiesel is
commonly produced by the transesterification process, which
is a reaction between oil and an alcohol of short chain in the
presence of a catalyst. The product of such reaction is a
mixture of biodiesel and glycerol. This process is usually held
in a batch reactor with a residence time ranging from several
minutes to hours in order to reach a suitable yield. It has been
reported that the use of microreactors in biodiesel production
could be more efficient with a reasonable time of few minutes
[1].

Since biodiesel production requires mixing of the two main
liquids; oil and alcohol before the reaction takes place
efficiently, a micromixer is usually used before entering the
microreactor. In general, micromixers can be classified as
active and passive. Active type can be achieved using an
external energy source that produces turbulence to enhance the
mixing process. On the other hand, passive type needs no
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external energy source and basically, depends on different
geometrical parameters to guide the flow during the mixing
process. Over the years, both types of micromixers have been
frequently reviewed [2-5]. Different proposed configurations
of passive micromixers have been introduced. They depend on
either multilamination principle (i.e. creation of multiple
interfaces) to increase molecular diffusivity or shape
optimization to increase convective mixing.

The influence of using different types of micromixers in
the production of biodiesel has been investigated both
experimentally and numerically. Sun et al. [6] have
experimentally investigated the influence of using four
different commercially available micromixers; T-shape, J-
shape, and two other commercial multilamination micromixers
in transesterification of cottonseed oil and methanol with
KOH as the catalyst. These available micromixers are T-
shape, J-shape, and two other commercial multilamination
micromixers; a rectangular interdigital micromixer (RIMM)
and a slit interdigital micromixer (SIMM-V2). The yield
obtained using multilamination micromixers was about double
of that obtained with T and J shapes. This high yield was
reached on the expense of a relatively high pressure drop
across the micromixer. SIMM-V2 was also used by Sun et al.
[7] for the production of biodiesel from high acid value oils. A
high FAME yield was reached but no pressure drops were
reported. Santana et al. [8] held a numerical comparison of
Jatropha curcas oil and ethanol mixing over a range of
Reynolds numbers (Re) from 1 to 160 in three different
micromixers; T-channel, and two T-channel with different
circular obstructions arrangements. They reported a mixing
quality of 0.75 at low Re number and reached 0.99 at high Re
number across the T-channel with alternate circular
obstructions micromixer. Such results were obtained at a very
high pressure drop ranging from 2 to 178 bar, respectively.
Alam et al. [9] also investigated the effect of circular
obstructions but in a curved microchannel instead of a straight
one. The mixing performance was improved compared with
the smooth curved microchannel mixer and T-micromixer
with circular obstructions. The et al. [10] investigated a novel
planar micromixer with cross inlets and special shaped mixing
units to create vortices located along the channel length at low
Re numbers. Satisfactory mixing quality with relatively low
pressure drops were reached. Xia et al. [11] also investigated a
novel planar micromixer with similar inlets and gaps and
baffles over a range of Re number from 0.1 to 60. High
mixing efficiency and relatively low pressure drop due to short
mixing length were achieved.

Ait Mouheb et al. [12] numerically investigated the mixing
of two fluids A and B having the properties of water in T-
shaped and cross-shaped micromixers, and Re number ranging
from 5 to 600 calculated at inlets (same flow rate). Cross-
shaped micromixer showed significantly higher mixing quality
at Re number greater than 75. For T-micromixer, it has been
noticed that the mixing quality changed with Re number with
three different mixing regimes. At low Re number (lower than
~ 50), the flow is considered to be stratified and the mixing is
entirely due to molecular diffusion resulting in a decrease of
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mixing quality with the increase in Re number, due to shorter
residence time. For moderate Re number (lower than ~ 150),
vortices are created, which causes a slight increase in mixing
quality considering that diffusion is still the main mixing
principle. For higher values of Re number, engulfment flow is
observed resulting in a rapid increase of the mixing quality as
the convection-dominated mixing mechanisms are observed.
Similar results have been reported by Soleymani et al. [13]. A
novel planar scaled-up passive micromixer with uneven
interdigital inlets considering a teardrop obstructions
arrangement along the mixing channel was experimentally
investigated by Cook et al. [14]. Considerable mixing
efficiencies were achieved for all tested Re numbers but no
pressure drops were mentioned. Re number of 25 was the
critical point, which separate the stratified flow, mixing zone
and the vortex flow mixing zone.

The objective of this paper is to introduce and develop an
efficient passive micromixer configuration based on
multilamination principle that is applicable for biodiesel
production. A numerical study is held to investigate the
influence of different parameters on mixing performance. The
study is conducted for Re number usually encountered in
biodiesel production, which ranges from 0.1 to 10, where the
flow is considered stratified.

1. COMPUTATIONAL MODEL

Figure 1 shows the fluid domain of the proposed
preliminary configuration of a micromixer based on
multilamination principle. As the flow is usually assumed
laminar in microchannels due to low-pressure requirements,
creating multi-mixing zones is required to increase mass
transfer by diffusion. For present work, the micromixer is
divided into two zones, induction zone and mixing zone.
Induction zone comprises a main entering channel and
distribution runners for each fluid. Firstly, both fluids are
divided into multi-streams flow using the separators at the end
of the induction zone. Then, each stream flows through its
runner. Finally, they enter the mixing zone to create multiple
interfaces between both fluids for the purpose of enhancing
diffusion. For mixing study, only the fluid domain after
section A-A is considered. Oil and alcohol enter the mixer
from inlets of fluid 1 and inlets of fluid 2, respectively. A low
diffusivity mixture of soybean oil [15] and methanol with the
physical properties listed in Table 1 was used for flow
simulation. A methanol to oil molar ratio of 6:1 was assumed.
Both diffusion coefficients were calculated using Wilke-
Chang correlation for diffusion of non-associated solvents
[16]. The temperature was assumed constant and equal 60 °C.
According to Vignes [17], The activity-corrected coefficient
of interdiffusion was calculated to be 8.13 X 107" m?s,
which doesn’t differ from the diffusivity of oil in methanol
mentioned in Table 1. So for further discussion, the activity-
corrected coefficient of interdiffusion is assumed to be equal
the diffusivity of oil in methanol.

Computational fluid dynamics (CFD) simulations are
carried out to analyze the flow and mixing behavior within the
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micromixer. The flow is assumed multicomponent, steady,
laminar, isothermal, Newtonian and incompressible. The
commercial CFD software ANSYS Fluent 15.0 is used to
solve the three dimensional mass, momentum, and species
conservation equations using finite volume method. Dilute
approximation is used to model species transport due to
diffusion. The SIMPLE algorithm is used to solve the
pressure-velocity coupling where the spatial discretization
QUICK scheme method is used to solve both momentum and
species transport. Scaled residuals of 10” are used as a
convergence criterion.

For all cases, the mass flow rate has been calculated for the
mixture based on Re number, oil density, and an area equal to
240 pm X 240 um. Reynolds number was calculated using oil
properties and a hydraulic diameter of 240 pm. Mass flow
inlet conditions are used for both inlets assuming normal flow,
zero-gauge pressure outlet for exit face, and no-slip wall
condition for the rest. Slip wall condition would have been
important to consider for smaller channel spacing (S) [18].

The mixing quality (M) is calculated based on the standard
deviation of mass fraction of oil (o) in exit section, as
illustrated in the following equations:

=2

o= [pN, S M
g

M=(1—U )x100% )

Where N is the number of nodes inside cross section, c; is
oil mass fraction at node i, ¢ is oil average mass fraction, and
Omax 1S the maximum standard deviation, calculated using the
following equation:

Omax = C(Cmax — ©) 3

Where ¢,,,4, is the maximum oil mass fraction that equals unity.

TABLE 1
PHYSICAL PROPERTIES OF FLUIDS

Molecular . kinematic e
Component weight (le?i:g))l viscosity D'Efnff/'sv)'ty
(kg/kmole) | <9 (mm?s)
Soybean oil 372 394 1 17.47 8.84(?0>< 10
[15]
Methanol 32.04 755 0464 | H918x10
Oil used by
Santana et al. 879.23 911.2 32.5944 1.2 x10°
[8]
Ethanol used
by Santana et 46.07 789 1.5 1.2 %107
al. [8]
Water used
by Alam and 18.02 999.8 0.9 1.2 x 107
Kim [19]
Ethanol used
by Alam and 46.07 789 1.52 1.2 x10”
Kim [19]
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Figure 1. Description of induction zone and mixing zone of fluid domain.
(Dimensions in microns)

ANSYS Meshing 15.0 software was used to discretize the
domain into hex cells using CutCell algorithm. The domain
shown in Figure 2.a was extracted from the original domain
for preliminary mesh dependency study at which both sides of
the domain were assumed to be a symmetry plane. Four
different maximum cell size were investigated and the mixing
quality was calculated at Re number of 0.1. Table 2 shows the
standard deviation, mixing quality, and percentage deviation
of mixing quality at exit plane. It is found that mixing quality
slightly changes with mesh size. The case of maximum mesh
size of 5 pm/cell was selected as a reference case in
calculating the percentage error. As indicated in Table 2, the
error for all cases ranges from 0% for reference case to 0.87%
for a maximum cell size of 10 um/cell. Therefore, a maximum
mesh size of 8 um/cell was selected for simulation, which
means 1,694,584 nodes for the whole domain.

The computational model was validated by comparing the
results given by Soleymani et al. [13] For regular T-
micromixer with the present model results. Figure 3 shows
comparison between the two models for three different Re
numbers. The maximum variation was found at higher Re
numbers and reached 2.01% at Re number of 80.

TABLE 2
EFFECT OF MESH SIZE
Maximum
mesh size c M % error
(um/cell)
10 0.18497166 51.92% 0.87%
8 0.185772198 51.71% 0.47%
6 0.187048798 51.38% -0.18%
5 0.18669921 51.47% 0.00%
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Figure 2. (a) Extracted domain for mesh dependency test, (b)
mesh sample. (Dimensions in microns)

70%
60% +
50% |
=

40% T+

30% T

20%

— @ -Soleymanietal. [13]

—— Present work

20

40 60 80

Re

Figure 3. Comparison between Soleymani et al. [13] and
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I1l. RESULTS AND DISCUSSION

3.1 Comparison with T-shape and Cross-shape micromixers

Mixing quality and pressure drop at the exit of the
preliminary micromixer were investigated for Re number
ranging from 0.1 to 10 and compared with the T-shape and
Cross-shape micromixers shown in Figure 4. Seven different
Re number values were chosen for comparison; (0.1, 0.25, 0.5,
1, 2.5, 5, and 10). Figure 5.a shows that creating multi-mixing
zones in the present work increases mixing quality compared
with that of the T-shape and Cross-shape micromixers over the
whole Re number range. Meanwhile, as the cross sectional
area is increased, pressure drop across the mixer is decreased
as shown in Figure 5.b.

It is noteworthy that the mixing quality for the preliminary
configuration is 4 to 6 times that of the T-shape micromixer
and almost the same compared to the Cross-shape micromixer.
It is also noticed that with the increment of the Re number, the
mixing quality decreases until it reaches a minimal value. This
is probably because the flow is still in the stratified zone
where the mixing is mainly due to mass transfer by diffusion.
As Re number increases, the time available for mixing
decreases resulting in a decrease in mixing quality

300_

1800 E 1800 g
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g 3
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Figure 4. Front and top views of (a) T-micromixer and (b) Cross-
micromixer used for comparison. (Dimensions in microns)
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Figure 5. (a) Comparison of mixing quality with Re number between T- shape, Cross-shape, and preliminary micromixer configuration,
(b) Comparison of pressure drop with Re number between T-shape, Cross-shape, and preliminary micromixer configuration



MANSOURA ENGINEERING JOURNAL, (MEJ), VOL. 41, ISSUE 3, SEPTEMBER 2016 M: 11

1400

240

400

Figure 6. Micromixer with abrupt contraction. (Dimensions
in microns)

3.2 Effect of abrupt contraction

An enhanced design by introducing an abrupt contraction
section was investigated. It is expected that contraction would
enhance mixing quality by thinning streamlines. Such effect
can be shown in Figure 8, which illustrates the change in oil
mass fraction at a mid-plane parallel to the streamlines and at
exit plane at Re number of 5 for the case with and without
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abrupt contraction. Figure 6 shows a schematic of a
micromixer with abrupt contraction. After contraction, a
square cross sectional area was assumed.

Figure 7 shows the effect of abrupt contraction on mixing
quality and pressure drop with Re number as compared with
the case without contraction. Figure 8 explains this result by
showing concentration contours with and without abrupt
contraction. It is noticed that the mixing quality almost
doubled by contraction for Re numbers greater than 0.5.

3.3 Effect of spacing between separators

Figure 9 shows the effect of increasing the spacing
between separators (S) illustrated in Figure 1.d at Re number
of 5 and an abrupt contraction on both mixing quality and
pressure drop. It is noticed that for a spacing of 150 um, the
pressure drop decreased by 26% compared to the case of 100
pm, while the mixing quality was reduced by only 6.5%. For
greater increment in spacing, mixing quality was affected
much more than the pressure drop.

14000
1 —— without abrupt contraction l
12000 1 wi u Up 1 -
’,
’
= 10000 + — m - with abrupt contraction .
= 1 -’
S 8000 T
o 4
Q
5 6000 +
a 1
o
a 4000 +

2000 +

Figure 7. Effect of abrupt contraction on (a) mixing quality and (b) pressure drop

3.4 Effect of ribs after contraction

Ribs are usually used to create turbulence in flow
direction, which help increasing mixing performance. Figure
10 shows a configuration of a micromixer with 3 ribs of equal
height of H um, width of 120 pm, and pitch of P um. Figure
11 shows the effect of a single rib height and 3 identical ribs
with different heights and pitches in mixing quality and
pressure drop at Re number of 5. It is found that for a single
rib, an increment of only 19% in mixing quality is reached
while the increment in pressure drop is 37% at a height of 120
pm (half of the channel width). For greater heights, the
pressure drop increment is much higher than the increment in
mixing quality. As an example, for 160 um, the increment in
pressure drop is 110% while the increment in mixing quality is
28%. For 3 ribs, a pitch of 240 um and a height of 120 um are

more than enough for a satisfactory increment in mixing
quality with a reasonable increment in pressure drop. An
increment of 36% in mixing quality is achieved with an
increment of 131% in pressure drop.

Figure 12 shows the effect of number of ribs with P=240
pm and H=120 pm in mixing quality and pressure drop at Re
number of 5. It is found that for a single rib, an increment of
only 19% in mixing quality is reached while the increment in
pressure drop is 37%. For 3 ribs, an increment of 36% in
mixing quality is achieved with an increment of 131% in
pressure drop. With more than 3 ribs, pressure drop is found to
increase almost in a linear behavior, while the mixing quality
slightly increases. So, a 3 ribs system is selected for further
investigations
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Figure 8. Filled contours of oil mass fraction at a mid-plane of the micromixer parallel to the stream lines and at
exit plan for (a) micromixer without contraction, and (b) micromixer with abrupt contraction, both at Re = 5.
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Figure 9. Effect of spacing between obstructions (S) on (a) mixing quality and (b) pressure drop, at Re = 5 and contraction angle 6 = 90°
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Figure 10. Micromixer with ribs. (Dimensions in micron)

3.5 Testing developed micromixer

The developed micromixer configuration shown in Error!
Reference source not found. was numerically tested using
different fluids mixture. Firstly, the presented low diffusivity
oil-methanol mixture was used in simulation at Re numbers
ranging from 0.1 to 60. Results are plotted in Error!
Reference source not found.. Then, the mixture of oil and
ethanol given by Santana et al. [8] was used at 3 different
values of Re number as shown in Table 3 to investigate
micromixer effectiveness for different flow regimes. Finally,
the mixture of water and ethanol given by Alam and Kim [19]
was used at 3 different values of Re number as shown in Table
4.

The configuration gave a satisfactory mixing quality with a
relatively small pressure drops for all cases compared to
Santana et al. [8] and Alam and Kim [19]. It was also effective
for all flow regimes exhibited during the simulation even at
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low Re number, where mixing was mainly due to diffusion.
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Figure 11. Effect of a single rib height and 3 identical ribs height at different pitches on (a) mixing quality and (b) pressure drop, at Re = 5.
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Figure 12. Effect of number of ribs on (a) mixing quality and (b) pressure drop, at Re =5
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Figure 13. Front view of the tested micromixer. (Dimensions in micron)
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Figure 13 (a) Mixing quality and (b) pressure drop with Re number for the tested micromixer.

TABLE 3
MIXING QUALITY AND PRESSURE DROP AT DIFFERENT RE NUMBER FOR OIL-
ETHANOL MIXTURE

Re | Developed micromixer Santana et al. [8]
Pressure drop M Pressure drop M
(Pa) (Pa)
5 60419.6 68.64% 250000 72%
45 || 755227 63.15% 3600000 80%
90 | 2443800 85.10% 8650000 97%
TABLE 4

MIXING QUALITY AND PRESSURE DROP AT DIFFERENT RE NUMBER FOR
WATER-ETHANOL MIXTURE

Re Developed micromixer Alam and Kim [19]
Pressure drop (Pa) M Pressuredrop (Pa) | M
5 70.9952 77.98% 1190 10%
45 872.27 77.11% 15500 55%
90 2463.22 87.08% 38000 92%
IVV. CONCLUSION

An efficient uniflow micromixer configuration was
introduced, based on multilamination principle. Better mixing
quality together with lower pressure drop were observed as
compared to other available designs based on multilamination.
This is mainly due to the uniflow character of the proposed
design.

In addition, abrupt contraction was proposed in order to
increase the interface area to volume ratio, which considerably
increased mixing quality, at a very small additional pressure
drop.

Effect of ribs in enhancing mixing was also numerically
investigated. A 3 ribs system with height equal half of the
channel width and a pitch between ribs equal the channel
width, were more than enough to increase the mixing quality
with relatively moderate effect on pressure drop. A developed
micromixer configuration was reached and tested with
different fluids mixtures.

The enhanced design gave satisfactory mixing quality and
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pressure drop even with a low diffusivity mixture such as the
mixture of oil and alcohol used in biodiesel production.
Enhancement was obtained at very low Reynolds numbers at
which a mixture of oil and alcohol should operate.
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