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This article describes an active mixing method for a microbioreactor that was
designed, simulated, tested, and successfully implemented. By applying a varying pres-
sure to a microchannel looping tangentially into a cylindrical microreactor an oscillat-
ing fluid flow was shown to occur. Such an oscillating fluid flow improved mixing,
both by diffusion and convection. The oscillating fluid flow has a large impact on the
ratio between the diffusion domain and the convection domain. A good match was
obtained between experimental mixing results, computational fluid dynamics simulation
results and the results of a simplified mixing model thus demonstrating the potential of
simulation on improving the design of microreactors. © 2009 American Institute of
Chemical Engineers AIChE J, 55: 2725-2736, 2009
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Introduction

In recent years, there has been a growing interest in devel-
oping minute ““laboratories on a chip” and in microchemical
reactors able to perform chemical and biological experiments
and analysis. Many industrial companies and research insti-
tutes are involved in research into developing microreaction
technology. All the parties involved are convinced of the
unique possibilities of microreaction technology comprising
relatively fast mixing, sufficient heat transfer, sensitive and
efficient reaction control, and simple scaling up in principle
allowing for environmentally friendly production method-
s.!'Some of these microdevices have been produced on com-
mercial production scales, and many more possible designs
have been tested on a laboratory scale. For instance, Kostov
et al.? described a 24-well plate with unit working volume
2 ml micobioreactor, which can be used to study cultivate
Escherichia coli. Zanzotto et al.”> developed a batch micro-
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bioreactor with volume 5 and 50 ul also for Escherichia coli
fermentation. Zhang et al.*> utilized an array of four 80 ul
fed-batch and continuous microbioreactor for E. coli growth.
Balagadde et al.® demonstrated a 16 nl microchemostat on a
chip to monitor a long-term bacteria growth. Doig et al.’
used three different microplates (24-, 96-, and 384-wells)
with working volume 65 and 1182 ul to grow Bacillus subti-
lis. To have those reactors work properly different mixing
methods were applied.

Normally achieving a well-mixed situation in a microsystem
consumes less energy than in a macro system, and theoretically
due to the smaller working volume, it is believed to be easier to
control the mixing behavior in a microsystem. However, due to
the low Reynolds numbers achievable (<100) on a microscale,
mixing in a microfluidic system is typically dominated by diffu-
sion rather than turbulence. Furthermore, mixing by diffusion
only may be time-consuming and inefficient.

Improved mixing thus relies on two principles: first the
need to create a more chaotic flow on a small scale; second
the need to increase the interfacial area between the
liquids to achieve fast mixing via diffusion. Most of the
research has focused on the second principle, because an
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increase in the diffusion area can easily be achieved by
simply changing the mixer geometry while chaotic flow
would require the liquids to travel at high velocities and
hence energy to be introduced into the flow from an external
source.

Microfluidic systems can also be broadly categorized into
continuous-flow systems and batch systems. Continuous-flow
systems may have either a plug flow reactor (PFR) or a con-
tinuous stirrer tank reactor (CSTR) configuration, and have a
continuous input liquid flow and an equal output flow. Batch
systems utilize isolated volumes of liquid. Within each sys-
tem mixing can be carried out passively or actively. Passive
mixing requires no energy input other than used to drive
fluid flow at a constant rate. Active mixing, on the other
hand, requires an external actuator, which inputs extra
energy to induce chaotic mixing.

Most recent research focuses on continuous operations.
With the passive continuous mixer, the basic design is a
T-shaped or Y-shaped mixer.® Based on this principle, peo-
ple have developed other types of micromixers that only
require structured microchannels. Examples are utilizing sur-
face tension effects to create a time-dependent flow pattern
inside a multisample liquid plug as this plug moves through
a chamber’; repeated dividing and merging of fluids'®'";
and varying the 3D structure to enhance the convection
around bends.""'>'® For active mixing, several actuators
have been implemented, including, ultrasonic wave induc-
tion,g’17 order-changing microfluidic devices,18 crosschannel
micromixer with oscillatory flow,"? magnetic stirring“’5 and
piezoelectric lead-zirconate-titanate actuators (PZT),"” and
recently recycle flow mixing.”

The most commonly used energy source to drive fluid
flow through static mixers is pressure difference, which is
very easy to implement and which can be very accurately
controlled within a relatively large range. However, the com-
plex structure of the static mixers limits the potential appli-
cation. For active mixers, the commonly used energy sources
are ultrasonic wave, magnetic energy and PZT. All these
energies can be created by using small size devices, which is
a big advantage for microscale applications. However, reduc-
ing the size of those devices to a smaller scale will certainly
limit the energy that each individual device can produce.
Therefore, most of those active mixers operate at a high fre-
quency. Furthermore, because of the physical limitation of
actuators, present active mixing methods can only be scaled
down for microreactors, whose working volume are around
100 pl or larger. By combining the advantages of both pas-
sive and active mixing strategies, that is a powerful driving
force, for example, induced by pressure and a high-
frequency operating mode, we expect that an effective new
mixing strategy, which is suitable for varies scales can be
developed.

In this article, we will demonstrate, both on the basis of
computational fluid dynamics (CFD) simulations and their
experimental validation, the possibility of applying a pump-
based oscillating mixing in a microreactor, which is devel-
oped as a fed-batch microbioreactor for microscale fermenta-
tions.>' In what follows, we first briefly describe the model
used in the simulation before presenting the simulation
results. Subsequently, we describe the experimental system,
the experimental results, and the comparison between experi-
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ments and simulations. Furthermore, it is validated that this
novel mixing method is applicable in yeast cell fermentation,
and it has no negative impact on cell viability, contrary to
other traditional mixing methods, that is magnetic stirrer
mixing.

Materials and Methods
u-Bioreactor/mixer design and simulation

To optimally design the mixing performance of the micro-
bioreactor, its mixing performance was simulated using the
commercially available CFD software package FEMLAB 3.1
(COMSOL, Sweden). A choice needs to be made between
active and passive mixing. We chose a passive mixing, as it
does not require the installation of moving parts (which is
difficult to realize at such small scales). Passive mixing strat-
egies have the advantage of higher reliability because there
are no moving parts that would require additional power and
control. Nevertheless, to achieve good mixing, most passive
mixers have complex structures to increase the diffusion
area or enhance convective radial diffusion (Taylor disper-
sion) in a microchannel. Such unique passive structures may
limit the use of the mixer, especially in a multiphase system.
Therefore, to avoid such a complex structure, a simple cylin-
drical microreactor was used, as shown in Figure 1. A pres-
sure difference is induced in the microchannel, which is con-
nected to the bottom port of the reactor (Boundary 5, Figure
2). A square wave pressure oscillation with a certain fre-
quency and amplitude is imposed on the inlet (Figure 3a).
Under different pressures, a solution, which resides in the
microchannel and the reactor, is pushed out of the micro-
reactor into the channel or vice versa. The movement of the
solution follows the square wave in phase with the pressure

Figure 1. Microreactor (a) overall picture of the micro-
reactor, (b) bottom view of the microreactor,
and (c) side view of the microreactor.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 2. Simulation grids and 2D simulation geometry.

variation. This alternating fluid motion induces convection in
the reactor, thus improving the mixing in the reactor. To
investigate the mixing performance of the proposed mixing
mode, FEMLAB 3.1 was used for a CFD analysis. The phys-
ical properties of water were applied in the simulation. The
diffusion coefficient of the dye in an aqueous solution was
set to 3.5 x 107'° m? s> To simplify the simulation, ini-
tially a 2D simulation was selected instead of a full 3D sim-
ulation. Because of the limited height of the reactor of only
1/3 to 1/4 of the reactor diameter, a bottom view (Figure 1b)
shows the extent of mixing more clearly than the side view

(Figure 1c). Therefore, the bottom view geometry of the
reactor was used in the simulation as shown in Figure 2.

Only tube 1 was open during the experiments, all the
other three tubes were sealed, therefore, in the simulation,
tube 1 was the only tube included.

The model uses the Incompressible Navier-Stokes equa-
tions and the Convection and Diffusion equation. The model
equations are formulated as following.”?

oU ,
p 5 -V [;7~ <VU+(VU) )} Y pU-VU+VP=F
V.U=0 (1)
aC,‘
E+V . (*D,'VC,‘ +CiU) =R; 2)

In the aforementioned equations, 1 denotes the dynamic
viscosity of the solution (kg m~' s~ "), U denotes the veloc-
ity vector (m s~ '), p denotes the density (kg m ), P is the
pressure (Pa), ¢; denotes the concentration of chemical i in
solution (kg m~), D, denotes its diffusion coefficient, and R;
denotes the reaction term (kg s ' m ). F denotes the
selected volume force field (i.e. gravity), which influences
the velocity field (N m ™). The expression within brackets in
Eq. 2 represents the flux vector, where the first term
describes the transport by diffusion and the second repre-
sents the convective flux.

The oscillation term in the simulation was set on Bound-
ary 5 (Figure 2), by using the following formula:
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Figure 3. (a) Linear flow rate on Boundary 5 during the simulation, (b) velocity field in the reactor when Boundary 5
has a positive value, and (c) velocity field in the reactor when Boundary 5 has a negative value.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4. Simulation grids and 3D simulation geometry.

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

U= Vi — 2. Vi 'fHS,c'l (x7xmax) (3)

x = sin (“Tt) )

In the aforementioned equations, U denotes the linear flow
rate on the set boundary in m s~'. v; denotes the maximum
linear flow rate of the pushing flow in m s~'. 7 denotes the
time in seconds. a is a constant, which helps to convert time
t into the frequency function to the certain time interval. The
function f(x) = fus,c, (X, Xmax) is used to calculate the value
of the smooth version of the Heaviside function (e.g., Ref.
24). The function is 0 at x < —Xxp. and 1 at x > Xpax. In
the interval of —Xpax < X < Xmax, fis.c, (X, Xmax) 18 @ smooth
Heaviside function with a continuous first derivative without
overshoot, defined by a fifth-order polynomial. Boundary 2
was set as the internal boundary, which had no influence on
the main part of the simulation, but only helped the dye
injection simulation. Boundary 8 was set as natural bound-
ary, which is used to balance the velocities of the overall
system.

Two different parameters were discussed in the simula-
tion, as mentioned previously, one was the set velocity in
m sfl, and the other was the oscillation period in seconds.

As shown in Figure 2, for the designed geometry 14,471
nodes were used in the simulation. The degree of freedom is
98,976. For a simulated operating time of 10 s, it took
around 20,000 s CPU time in a 3 GHz microprocessor.

Figure 4 shows the geometry of the full 3D simulation.
To reduce the simulation complexity, only the reactor part
was included in the simulation. The model also uses the
Incompressible Navier—Stokes equations and the Convection
and Diffusion equation. The oscillation term was set as same
as the 2D model. Finer meshes (triangle) were set around
two oscillation ports and dye injection spot. Coarser meshes
were used for the major part of the reactor to reduce the
amount of the nodes. In total, 23,662 nodes were used in the
simulation. The degree of freedom is 148,547. For a simu-
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lated operating time of 1 s, it took more than 12,000 s CPU
time in a 3 GHz microprocessor.

Chemicals

All reagents were analytical grade. Rhodamine B powder
was supplied by SIGMA company (Steinheim, Germany).
(NH4),SO,4, KH,PO, and MgSO4-7H,O were purchased
from Baker Analyzed reagent (Deventer, The Netherlands).
All solutions were prepared with doubly distilled water and
passed through a 0.22 um cellulose acetate filter (Molshelm,
France). To prepare the pH 4 buffer solution, 2.5 g
(NH4)»>S04, 1.5 g KH,PO,4, and 0.51 g MgSO4-7H,O were
dissolved into 50 ml deionized water. One millimolar Rho-
damine B solution was prepared by dissolving 1.2 g Rhoda-
mine B power into 30 ml buffer solution. Two milliliters of
fermentation broth was taken from a 4 1 batch fermentation
culture, which was started from overnight grown of a precul-
ture (0.5 1) of Saccharomyces cerevisae in a shake flask at
30°C on pH 4 buffer and sufficient glucose feeding.®> Dry
weight of cell culture was around 15 g 17"

Microbioreactor

Photographs of the microreactor are shown in Figure 1.
The reactor consisted of two parts: the lid layer and the reac-
tor layer. Both layers were made of poly(dimethylsiloxane)
PDMS. For the reactor layer, the main reactor volume was
drilled out by using a 5 mm diameter flat surface drilled on
a PDMS plate. Using a 0.1 mm driller, several side channels
with a diameter of 100-120 pum were drilled in the reactor
plate. A red polyetheretherketone (PEEK) polymer tubing
was connected to the bottom port of the reactor. Four metal
tubes were fixed to the lid layer. Tubes 1 and 4 were con-
nected to the side channels of the reactor. Tubes 2 and 3
were placed above the central reactor axis. The microreactor
had a diameter of 5 mm, a height of 1.5 mm and a volume
of 27 pul. The side channels had a diameter of ~300-500
um. The backside port diameter was 800—1200 um. The two
layers were placed on top of each other and secured with
four screws.

Additional equipment

A Leica DFC 280 digital camera (Heerbrugg, Germany), a
KD-scientific S-101 syringe pump (USA), a Single stirrer
motor (RET B, IKA Werke, Germany) and a Leica Qwin
image control and analysis program were used in this work.

Experimental procedure

Microbioreactor Mixing Experiment. To characterize the
actual mixing in the microreactor, 1.5 ul of a solution of
Rhodamine red B dye in demineralized water was injected
into the reactor via tube 2. Subsequently, by continuously
running the oscillating syringe pump, which was connected
to the red PEEK tube, the dye was dispersed. The syringe
pump displaced a fixed volume (2 ul) at a fixed pumping
rate. The digital camera was used to record on video the
mixing performance by measuring the change in color distri-
bution in the reactor. Thus, at the beginning of the experi-
ment only the injected dye spot showed up as a red spot.

October 2009 Vol. 55, No. 10 AIChE Journal
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Figure 5. Schematic representation of experimental
setup: (a) cell settling experiment with 27 ul
microbioreactor and (b) cell settling experi-
ments with single well from 96 multiple well
titer plate.

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

During the oscillation, the dye was dispersed to the other
parts of the reactor. One of the driving forces for dye disper-
sion is the dye concentration gradient (diffusion), but more
importantly, the dye’s dispersion was caused by the oscilla-
tion-induced convection flow. At the end of the experiment,
the color in the reactor was the same everywhere, indicating
that the dye was homogeneously distributed in the reactor.
The color density of the images was measured and it showed
that mixing was achieved after a certain time.

Cell Settling Experiment. Fermentation broth was filled
into microreactor, a microfilter was placed between the
PEEK tube and the syringe pump to keep the cells inside the
reactor and PEEK tubes. The reactor was placed vertically
as illustrated in Figure 5a. The oscillation syringe pump
displaced a fixed volume (2 ul) at a fixed pumping rate
(1000 ul min™"). The oscillation mixing was started and
kept overnight.

The cell settling issue was additionally tested in a single
well of a 96 multiple well titer plate as shown in Figure 5b.
First, two transparent PEEK tubes were placed in the well
and connected to two syringes, fixed on opposite sides of an
oscillation pump. Second, the well was filled with 200 ul
fermentation broth, and the oscillation pump was set to a
fixed displacement volume (10 ul) at a fixed pumping rate
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(1000 pd min~'). The oscillation mixing was started and
kept overnight. At the end of the experiment, 2 ul fermenta-
tion broth was taken from the well and was placed under a
microscope equipped with the aforementioned CCD camera
to take pictures of S. cerevisae.

For comparison, a micromagnetic stirrer bar experiment
was performed. 200 ul fermentation broth was filled into a
single well of a 96 multiple well titer plate. The well was
closed using a rubber cap. A hole was drilled in the mag-
netic stainless steel stirrer bar of 1.67 mm x 2.01 mm X
4.80 mm dimensions (VP 711-1, V&P Scientific, Nether-
lands). A needle was pinched through the center point of the
rubber cap. The tip of the needle was bent as to fixate the
stirrer bar at elevated height. The mixing started with a fixed
speed 600 rpm. After 4 h mixing, 2 ul fermentation broth
was taken from the well and was placed under a microscope
equipped with the aforementioned CCD camera to take pic-
tures of S. cerevisae.

Data processing

The mixing performance of the oscillating flow in the re-
actor can be quantitatively analyzed from the recorded pic-
tures. However, unlike in the static mixer, which uses outlet
concentration against inlet concentration to indicate the mix-
ing performance, the quantitative analysis in this case uses a
factor called colored area ratio. This colored area ratio is
defined as A,/Ay. A is the colored area size in square meter,
subscript “¢” is the time in s, and subscript “f’ is indicates
the equilibrium condition at the final state. The colored area
is defined as the area where the dye has a more intense color
than the final state color. Because the color intensity is
directly related to the Rhodamin B concentration, the
colored area is actually the area where the dye solution has
a higher concentration than in the final state. One thing that
needs to be noted is that for every single picture, the color
intensity is influenced by the noise from the surrounding,
which is mainly the slight change in light during the
experiment. To eliminate the influence of that background,
light change is monitored and it is excluded from the
measured color intensity.

Results
Simulation results

As mentioned in the simulation procedure, two parameters
were set in the simulations, that is, the maximum linear flow
velocity on Boundary 5 and the switching time. In Figure 6,
the results are shown for a linear flow velocity of
0.06 m s™' (v; = 0.06), and a switching time of 0.12 s (¢ =
83). The reactor very easily achieved complete mixing
within 4 s. The mixing in the overall reactor system can be
divided into two parts. The first part is the mixing inside the
reactor unit where, due to the unevenly distributed flow
velocity field, as shown in Figures 3b, c, a larger dye-influ-
enced area was obtained (Figure 6). The main mixing
mechanism in this part of the system is convection based
dispersion. The second part is the mixing in the
microchannel, which follows a two-directional Taylor disper-
sion. Taylor dispersion arises from the velocity profile near
the channel walls due to the no-slip flow condition at the
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Figure 6. Simulation result of the concentration profile of oscillation mixing in the reactor at different times with
the flow velocity set at 0.06 m s~ and the oscillation frequency 8.33 Hz; (a) t = 0s, (b)t =1s,(c)t = 2

s,and (d)t = 4 s.

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

solid-fluid interface.?®” Obviously, the velocity profile will
significantly contribute to the mixing behavior. !>

The Taylor—Aris dispersivity (K) is used to describe
the impact of the Taylor dispersion compared with the
molecular diffusion. The Taylor—Aris dispersivity (K) for
pressure-driven flow between two parallel plates is given

as29:
K71+1 Ud\* )
D 210\ D

where D is the molecular diffusion coefficient of the species
(m? s, U is the average fluid velocity (m s71), and d is the
separation distance between the parallel plates (m). The
aforementioned expression indicates that the overall mass
transfer in the pressure-driven system arises from two additive
contributions, diffusion transport in the flow direction (the first
term of the equation) and the effective dispersivity due to the
fluid shear (the second term of the equation). The latter term of
the equation scales with the square of the Peclet number Ud/D,
which estimates the relative magnitude of convection to
diffusive transport rates in the system. The coefficient
multiplying this dimensionless group in the aforementioned
equation is a function of the channel cross-section and has a
value of 1/210 for two parallel plates. For a closed
microchannel, it is important to note that the exact cross-
section of the channel can significantly affect the actual
dispersion. Mathematically, that effect can be evaluated by
introducing a function f in Eq. 5 as®%:
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K Ud\*
D= 1 +f(3) (6)

The factor f relates to the shape of the channel cross-sec-
tion. The effect of the typical microchannel cross-sections
geometry on the hydrodynamic dispersion of the solution
slugs has been well investigated in the past.’***' These
studies have shown that the function f for this profile
increases monotonically with an increase in the aspect ratio
of the conduit. For a square cross-section, which is close to
our geometry, f ~ 1.76.2° On our microfluidic devices,
because the diffusion coefficients for most analytes have val-
ues smaller than 10> cm? s™!, with channels having a diam-
eter around 100 pm, linear flow rates larger than 1 cm st
K/D ratio has a value larger than 10*, which indicates the
dispersivity of the chemical significantly exceeds its diffu-
sional limit (K/D = 1).

Two-directional Taylor dispersion gives very good mixing
as shown in Figure 7a, which means that within one oscillat-
ing cycle, the dye concentration was already more homoge-
neously dispersed as shown in Figure 7b. Figure 8 clearly
shows that the mixing time in the reactor decreases as the
pulling and pushing flow velocity increases due to the
impact of the increase in energy input. With a linear flow
rate of 0.02 m s~ and an oscillation frequency 8.33 Hz,
well mixing can be obtained within 10 s. However, the
energy input is not the only factor that has an impact on this
mixing method. The positions of the oscillation tubes also

October 2009 Vol. 55, No. 10 AIChE Journal
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Figure 7. Simulation result of oscillation mixing in the microreactor close to the microchannel inlet part for one
pulling and pushing cycle: (a) simulation results displaying the concentration field and (b) time dependant
concentration profile along the cross-sectional line in the microreactor.

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

play an important role. During reactor design, it is necessary
to make sure that the flow field evenly covers most area of
the reactor, leaving minimal room for dead zones within the
reactor.

The full 3D simulation results are shown in Figure 9, the
streamline plots from the top view (Figure 9¢) and the side
view (Figure 9d) were compared. The parallel streamlines
along the z-axis shown in Figure 9d indicate that in the most

0.005m/s

9 mm

part of the reactor the flow velocity is evenly distributed
along the z-axis. That is also proved by the flow velocity
profile shown in Figure 9b. In the overall reactor only the
spaces near the input port and output port are different, and
it is caused by the size difference between the reactor and
oscillation tube. In other words, the 3D simulation shows the
validity of using 2D simulation to simplify this 3D geome-
try. Of course because of the size difference between the

0.89

@om l Ei 0.06mis
c d 0.00

Figure 8. Simulation results of concentration profile of the oscillation mixing with different pulling and pushing lin-
ear flow rates; (a) 0.005 m s~ ', (b) 0.01 m s, (c) 0.02 m s~ ', and (d) 0.06 m s~ with same oscillation fre-

quency 8.33 Hz at time 2 s.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 9. Three-dimensional simulation results for oscillation linear flow rate 0.01 m s~ 1, frequency 8.33 Hz: (a)
simulated geometry, (b) linear flow velocity profile at time 0.165 s, (c) streamline profile on velocity field
at time 0.165 s (top view), and (d) streamline profile on velocity field at time 0.165 s.

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

reactor and the oscillation tubes, 2D simulation may lose
some details, and the simulated result deviates from the
experimental one, however, the simulated result still repre-
sents sufficient fluid flow information in the reactor and in
the oscillation tube.

Experimental results

Figure 10 shows the comparison between the experimental
results with an oscillating flow rate of 1000 ul min~' (linear
flow rate ~0.015 m s~ ') and an oscillation frequency of
8.33 Hz and the simulation results with a fixed maximum
linear flow rate of 0.02 m s~ ' and an oscillation frequency
of 8.33 Hz. The correlation between A,/A and time was used
to characterize the micromixing. The mixing time was
defined as the time to reach an A,/A; value of >95%. Figure
11 clearly shows that with a certain oscillation volume, the
higher the pumping flow rate, the faster complete mixing
will be achieved. The experimental mixing times are shown
in Table 1.

It is also possible to use a simplified method to estimate
the mixing time in the microreactor by using a micromixing
equation’”:

22 3/2
fmiero = 0175 = 0.1
D gl/2D

(N
where 7.0 denotes the mixing time in the microscale system
in seconds; Ak denotes the Kolmogorov length scale in meters;
D denotes the diffusivity in the liquid phase in m* s~ '; v
denotes the kinematic viscosity in m* s'; & denotes the energy
dissipation rate in W kg~ '.

The kinematic viscosity (v) can be calculated by:
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where 1 is the viscosity of the solution in kg m™' s™'; p

denotes the density of the solution in kg m >,

The energy dissipation rate (¢) is defined as the energy
input per kilogram solution, therefore, it can be estimated
from:

:EDiss:E’f :%'m'vz'f
VR-p Vr-p VR - p
VNV f VNS

= 9
VR,[) ZVR ()

where Ep;g denotes the energy dissipation in Watt, E denotes
the kinetic energy of the injected fluid in joule, f denotes the
frequency in hertz, m denotes the mass of injected liquid in
kilograms, Vy is the volume of the reactor in cubic meters, VN
is the injected volume per cycle in cubic meters, and v is the
linear flow rate around the port in m s~'. The mixing time can
be estimated on the basis of the aforementioned equations. The
results are given in Table 1.

Figure 12 compares the results from the 2D CFD simula-
tion, the oscillation mixing experiments and the micromixing
model correlation. A good match was obtained, especially
within the high energy input range. However, a somewhat
larger deviation was observed around the low energy input
range. This can be partly explained by the fact that the influ-
ence of the dead-zone areas, which was obviously not taken
into account in the micromixing correlation, has a larger
impact in the low energy input range. Within the dead-zone
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Figure 11. Experimental oscillatory microreactor mix-
ing, different symbols indicate different
frequencies and different flow rates.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. Comparison of Results of Mixing Times from
Oscillation Mixing Measurement, a Simplified Micromixing
Correlation and CFD Simulation Results

Flow Rate
Mixing (ul min~") [and Corresponding
Time (s) Oscillation Frequency (Hz)]
0* (0) 50 (0.42) 500 (4.17) 1000 (8.33)
Experimental >2500 412 132 45
Correlation 17,860 698 70 35
FEMLAB 16,600 - - 37

simulation (2D)

*Diffusion only.

areas, diffusion instead of convection takes a dominant role
in the mass transfer mechanism.

The experimental curves (50 ul min~ ) given in Figure 11
indicate that the oscillation mixing process may have two
different periods. In the first period rapid mixing takes place,
and the A/A; value 27% < A/JA; < 90%) shows a sharp
increase (slope = 2.5 x 10> per second). In the second
period, the A/Ay value still increases (90% < A/ /A, <
100%) but with a smaller slope (9 x 107 per second). For
the 1000 ul min~" curve, only the rapid increase period was
observed. Furthermore, for the 500 ul min~! curve, a much
shorter second period (95% < A,/A; < 100%) was observed.
From the illustrations earlier, it can be concluded that the
fraction of the first period in the total mixing process
increased as the oscillating flow rate increased. In other
words, the slope of A/As vs. time curve increased with an
increase in the convection flow rate, which proves that dur-
ing the first period convection is the dominant factor that
affects mixing. Furthermore, during the second period diffu-
sion is the dominant factor, because the slope in the second
period is close to the slope of the diffusion only curve (2 x
1074 per second).

For fermentation broths, it is possible to treat yeast cells
as very small particles, which means the cells will follow
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Figure 12. Comparison of results of mixing times from
oscillation mixing experiments and a simpli-
fied micromixing correlation and 2D CFD
simulations.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 13. Experimental results of cell settling test for
single well: (a) side view of oscillated fer-
mentation broth after overnight mixing with
oscillation flow rate 1000 ul min~', fre-
quency, 1.66 Hz; (b) side view of clean
water; (c) side view of settled fermentation
broth after overnight stand still; (d) top view
of oscillated fermentation broth after over-
night mixing with oscillation flow rate 1000
ul min~', frequency, 1.66 Hz; (e) top view of
clean water; and (f) top view of settled fer-
mentation broth after overnight stand still.

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

the streamlines in the microbioreactor. The dispersion of the
cells within the reactor will mainly be based on convection.
Figure 11, clearly indicates that although in the microreactor
dye dispersion normally is due to both diffusion and convec-
tion, convection takes the dominant place especially under a
high-oscillation frequency. Therefore, both dye and the cells
will follow the convective patterns (flow field) in the reactor.
Thus, good convective dye mixing indicates good yeast cell
mixing.

In the microbioreactor, after overnight mixing, many cells
kept suspended. This can be explained by the fact that there
is <5% density difference between S. cerevisae and water.
Therefore, with flow oscillation on the bottom of the reactor,
which, in this case, is the oscillation around the PEEK port,
cells gain sufficient lift to stay suspended. One thing needs
to be noted is that because of the large distance between the
top of the reactor and bottom of the reactor well (5 mm),
and the relatively small oscillation area, the experiment with
yeast concentrations of 15 g 1! dry weight showed small
areas with slightly higher cell concentrations than the rest of
the reactor well. However, by switching the position of the

2734 DOI 10.1002/aic
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Figure 14. Experimental results of cell viability tests: (a)
original fermentation broth, (b) fermentation
broth after 4 h vigorous mixing with mag-
netic stirrer (600 rpm), (c) fermentation broth
after overnight oscillation mixing in single
well of 96 multiple well titter plate with os-
cillation flow rate 1000 ul min~"; frequency
1.66 Hz; light cells indicate living cells, dark
cells indicate dead cells.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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oscillation tube as illustrated in Figure 5b, during overnight
mixing a more or less homogeneous cell suspension was
maintained in the microbioreactor as shown in Figure 13.

In Krommenhoek’s work,21 serious cell damage was
reported, caused by the vigorous mixing (400—1200 rpm) of
a magnetic stirrer in a single well of a 96 multiple well titer
plate. Figure 14 shows the comparison of cells condition
between the overnight oscillation mixing and 4 h magnetic
stirrer mixing (600 rpm). It clearly indicates that more than
80% of the cells were broken after four hours magnetic stir-
rer mixing. In contrast, barely any cell breakage was
observed after overnight mixing with the oscillation mixing
method. Furthermore, a relatively long mixing time might
not be a problem as long as the mixing prevents cell settling
and the transport within the reactor of substrate and oxygen
does not become limiting.

Conclusion

In this article, a simple active mixing method for a micro-
bioreactor using a pressure-based oscillating driving force
was designed, simulated and tested. Good mixing perform-
ance was achieved under high oscillating flow conditions.
The experimental results show a reasonably good match with
the simulated results and the model-based calculated results.
The mixing performance shows that both diffusion and con-
vection contribute to mixing, however, with a large oscillat-
ing flow rate the contribution from convection predominates.
This method can be easily implemented on most simple
microdevices in the volume range several to hundreds micro-
liter, without requiring any complex structures. No extra in-
ternal apparatus like stirrer bar or PZT crystal is needed.
This method can be easily implemented for multiple parallel
reactors, a single central oscillation source is enough to cre-
ate oscillation flow in different reactors. Furthermore, the
position of the oscillation tubes definitely helps to prevent
possible cell settling. Compared with the most commonly
used microbioreactor mixing method, that is magnetic stir-
ring, the effect of the oscillating flow on cellular viability
and behavior is considered to be not a problem, as the oscil-
lation flow induced shear stress is not strong enough to dam-
age the cells.
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Notation

= constant

the color area size, m>

= concentration of chemical 7 in solution, kg m
separation distance, m
diffusion coefficient, m? s~
dissipation power, W
kinetic energy of the injected fluid, J
frequency, Hz

select volume force field, N
Taylor—Aris dispersivity, m > s~ '
mass of injected liquid, kg

pressure, Pa

reaction term for species i, kg s~ ' m >
time, s
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I'micro = the well mixing time, s

u = velocity, m s

U = average fluid velocity in the channel, m s~
v = linear flow rate around the port, m s7!

vo = the linear flow rate on the set boundary, m s~
v; = the maximum linear flow rate of the pushing flow, m s~

1

1
1

Vin = inject volume per cycle, m’
Vr = volume of the reactor, m’

Greek letters

Li

1.

19.
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¢ = energy dissipation rate, W kg '

# = dynamic viscosity, kg m ' s~
Ak = Kolmogorov length scale, m

p = density, kg m

. - . 2 1
v = kinematic viscosity, m” s
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