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Study on the Mixing Performance of Micro
Optical Rotor by CFD*

Yoshifumi OGAMI**, Ken NISHIKAWA** and Hiroo UKITA™**

The mixing efficiency of an optical micro rotor designed to be used as a part of the
Micro Total Analysis Systems has been studied using Computational Fluid Dynamics. It is
found that the mixing efficiency due to convection by the rotor depends on the ratio of the
circumferential speed of the rotor to the inlet speed of the fluids, and the efficiency due to the
diffusion of the fluids depends on the ratio of the diffusion coefficient of the fluids to the inlet
speed. A multiplier effect due to convection by the rotor and diffusion of the fluids on the
mixing performance is observed. The results obtained in this study can be used for designing

more effective optical micro rotor systems.
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1. Introduction

Recently, the research regarding pTAS (Micro Total
Analysis Systems)" has been increasing; this system in-
tegrates the functions of organic syntheses, chemical anal-
ysis, etc. on a single chip using microfabrication tech-
nologies. Further, a microchannel is fabricated on a glass
or silicon substrate, where a chemical synthesis reaction,
antigen-antibody reaction, etc. are analyzed. The follow-
ing are the advantages of uTAS:

(1) Due to its small size and light weight, it can be
carried or used in the field.

(2) The amount of liquid reagent used can be re-
duced and the temperature can be accurately controlled.

(3) Multiple reactions can be observed and analyzed
simultaneously.

However, in the microscale fluid region, the Reynolds
number reduces to such an extent that it interferes with
the onset of turbulence. Therefore, it becomes difficult to
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mix the liquid reagents, which is essential for an effective
reaction. In order to accelerate the mixing process, the
following methods are suggested and their effectiveness is
reported.

1. Designing the channels

a) Prepare several outlets of the liquid reagents
(Ref. (1), p.73)

b) Set the channel in a zigzag shape (Ref. (1), p.141)

¢) Divide and combine the fluid flows (Ref.(1),
p-237), (Ref. (2)).

2. Pulsating the liquid reagents®

Contrary to the abovementioned ideas, a micro op-
tical rotor system has been suggested®». This device
traps and rotates a small transparent element like a screw
by the optical tweezers technique®. The fluid mixing
process can be accelerated with the help of this rotor
placed in a microchannel. Since optical energy is the driv-
ing force for this rotor, remote operation is possible and a
roller bearing is not required for the rotor.

In order to design the micro optical rotor system that
utilizes these advantages, it is necessary to clarify the con-
ditions for the proper values of parameters such as (1) ro-
tation speed of the rotor, (2) diffusion coefficient of the lig-
uid reagents, (3) inlet velocity of the liquid reagents, and
(4) size of the device in order to sufficiently accelerate the
mixing process. Moreover, it is desirable to provide the
conditions for versatility that can deal with various liquid
reagents.

In this study, in order to provide a guideline for de-
signing the micro optical rotor system, the relation be-
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Fig. 1 Principle of optical trapping and rotation

tween the mixing effect of this rotor and the abovemen-
tioned conditions is clarified by computational fluid dy-
namics (CFD).

Although the optical energy is considered as the driv-
ing force of the rotor in this study, our results will be ap-
plied to systems with a magnet-driven rotor, motor-driven
rotor, etc.

2. Micro Optical Rotor

This chapter explains the principles of trapping and
rotating the micro optical rotor that utilizes optical energy
as its driving force, as mentioned in chapter 1.

As shown in Fig. 1 (a), the laser beams “a” and “b”
focused on by the objective lens are refracted while en-
tering the surface of the four-blade rotor. The change in
momentum due to this refraction results in a force on the
surface along the vertical direction, which acts as the “op-
tical pressure.” The rotor is trapped at a position where
the resultant force due to the optical pressure, gravity, and
buoyancy acting on the rotor are balanced. Similarly, the
optical pressure is generated when the beams that pass
through the rotor body emerge from the rotor surfaces; this
represents the torque of the rotor.

As shown in Fig. 1 (b), surfaces (A), (B), and (C) on
one of the blades of the rotor are considered. The beam
emerging from surface (A) generates the optical pressure
acting along the vertical direction on this surface at the
time of refraction, resulting in the generation of a clock-
wise rotation torque. Since surface (B) is a part of the cir-
cumference, the optical pressure acting vertically on this
surface will not generate a rotation torque. Further, an op-
tical pressure is not generated on surface (C) as the beam
does not emerge from this surface. Therefore, the rotation
torque acting on this rotor is due to the optical pressure on
the four sides of the blades that correspond to surface (A).
The rotor is rotated clockwise due to this torque.

3. Numerical Methods and Results

3.1 Microchannel
Figure 2 shows the shape and dimensions of the opti-
cal micro rotor used in this research. The diameter of the
rotor is 20 um, and the width and height of each blade are
4 um and 10 pm, respectively. Figure 3 shows a Y-shaped
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Fig.3 Y-shaped micro-channel and rotor

microchannel used in our calculations. It is assumed that
the rotor is trapped and rotating at the center of the chan-
nel. The flows of the two liquid reagents from INLET1
and INLET2 are stirred and mixed by the rotor, and the
mixed liquid reagent flows out from the OUTLET.

Figure 4 shows the computational grids of the chan-
nel. The grids of the rotor exhibit an axisymmetric struc-
ture such that the technique of rotational grids can be used.
The number of grids used for the inlets is 12 x 20, that
for the outlet is 30 X 20; further, the total number of the
grids is around 70000. The mixing rate (later provided
by Eq.(4)) obtained by the preliminary calculation with
approximately 120000 grids differs by only 0.3% from
the rate obtained with 70 000 grids. Therefore, the results
from 70000 grids are considered to be sufficiently accu-
rate.

3.2 Equations and numerical method

The following equations are considered: the continu-
ity equation (1), momentum equation (2), and transport
equation of concentration ¢ (3) in three dimensions, where
the moving velocity vector % of the rotor is incorporated.
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Fig. 4 Grid-system of Y-shaped micro-channel and rotor

The parameters u, p, p, and u denote the velocity vector,
density, pressure and viscosity of the fluid, respectively.
D denotes the interdiffusion coefficient for the two lig-
uid reagents. Knudsen diffusion is not considered in this
study.

V-(u-%)=0 ¢y
Q‘_.'_{(u—j)-V}u:—le'FﬂVzu (2)
ot P

dc 2

5+(u-V)c_DV c 3)

With regard to the discretization of these equations in
space, the central difference in the second-order accuracy
(the upwind difference in the first-order accuracy for the
convection term) is used. With regard to the discretization
in time, the implicit method in the first-order accuracy is
used. Further, the SIMPLE) method is used to calculate
the pressure.

The computational grid system that contains the ro-
tor is rotated at a constant angular velocity; further, at the
interface between the rotational and non-rotational grids,
the numerical values are exchanged using the interpola-
tion method. In order to determine the time step At, the
stability condition is set according to the grid width, rota-
tion speed of the rotor, and inlet velocity of the fluid. The
range of the time step varies between 0.005 s and 0.1 s de-
pending on the stability condition. It is assumed that con-
vergence has been achieved when the order of the relative
residual reduces to 1076 at each time step.

The physical properties of the fluids are the same as
those of water at 293 K (i.e., density p=9.978 x 10> kg/m?
and viscosity p = 1.024 x 103 Pa-s). The order of the
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(a) Top view

(b) Outlet
Fig. 5 Concentration distribution (400 rpm, 33.33 um/s)

Reynolds number in our calculation is 1 x 1074 ~1x1072,
and the flow is considered to be laminar.
3.3 Mixing effect due to convection by rotor

First, in order to clarify the accuracy of our calcu-
lation and the mixing effect of convection caused by the
rotor, we set the interdiffusion coefficient D to 0.

Figure 5 demonstrates how the liquid reagent from
INLET1 (shown in black) and that from INLET2 (shown
in white) are stirred and mixed by the rotor at a rota-
tion speed w = 400rpm and at an inlet velocity of liquid
reagents u =33.33 umy/s. In this figure, the gray level indi-
cates the volume fraction (white: 1, black: 0) in the steady
state, which corresponds to the concentration of the mixed
liquid reagent. Due to the effect of the rotor, the color in
the channel has transformed to gray except near the chan-
nel sidewalls.

With regard to comparison, Fig. 6 shows the results
when the rotation speed of the rotor is set to 0. The inlet
velocity is set to 33.33 um/s. Since the stirring effect or
mixing of the two fluids is absent, the joint area in which
the color transforms to gray is narrow. Although the color-
coding is supposed to be performed only using the colors
black and white, a volume fraction other than 0 or 1 in-
evitably exists because of the numerical error due to the
use of a finite grid size (i.e., discretization error).

In order to quantitatively evaluate the mixing effect,
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(a) Top view

(b) Outlet

Fig. 6 Concentration distribution (0 rpm, 33.33 pmy/s)

the mixing rate M defined by the following formula is
used.

1 [X(Ci-05)
A s @

In this case, C; is the volume fraction at the ith nodal point
on the surface of the OUTLET, N is the total number of
the grids on this surface (i.e., 600), and C is the average
value of volume fraction defined as

c-2G 5
N ®
In the absence of a mixture, M becomes zero; when the
mixing process completes, it changes to 1.

Figure 7 shows the variations in M with time at four
different rotation speeds. In all the cases, the inlet veloc-
ity is set to 33.33 um/s. After the time during which the
fluid from the inlet reaches the outlet elapses, the mix-
ing rate increases and reaches each of the steady values,
as shown in the figure. The mixing rate at the steady state
also increases with the rotation speed of the rotor; thus, the
mixing effect of the rotor is clearly shown. Although the
mixing rate should be zero when the rotation speed of the
rotor is zero, the rate inevitably reduces to a finite value of
0.0669 as a result of the previously mentioned discretiza-
tion error. Therefore, errors of this order are inherent in
our calculations.
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Fig.7 Time history of mixing rate at various rotation speeds at
inlet velocity 33.33 pm/s

1 T T T

0.8
0.6
=

0.4
G—oO 14=33.33um/s
B—B u=66.66um/s

0.2 %—x  u=100.0¢m/s .

0 " 1 1 1
0 500 1000 1500 2000
w (rpm)

Fig. 8 Mixing rate at various rotation speeds and inlet
velocities at D=0

Figure 8 shows the variations in M in the steady state
for three different inlet velocities, namely, 33.33, 66.66,
and 100.0 um/s when the rotation speed of the rotor w is
varied from 0 to 200 rpm. The mixing rate increases with
the rotation speed, which demonstrates the mixing effect
of the rotor. At the same rotation speed, the mixing rate is
greater when the inlet velocity is lower. This is because the
time for stirring the fluid by the rotor increases at a smaller
inlet velocity. Moreover, at the rotation speed of zero, the
mixing rate is always 0.066 9, irrespective of the inlet ve-
locity. This indicates that the numerical errors, except the
previously mentioned discretization error, are sufficiently
small.

Figure 9 shows the mixing rate M with the dimen-
sionless rotation speed 7Rw/(30u). The radius of the rotor
is R=10 um. In this figure, the data of Fig. 8 are indicated
by the symbols O, m, and x, and the results of the addi-
tional calculations are indicated by A. It is observed that,
irrespective of the inlet velocities, the calculated values are
approximated by a single curve (solid line). Therefore, it
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Fig. 10 Mixing rate at various interdiffusion coefficients and
inlet velocities at w =0

is evident that there exists a similarity—the mixing rate
is the same at the same values of 7Rw/(30u) for different
inlet velocities. As will be mentioned in the next section,
M depends on the ratio of the interdiffusion coefficient D
and the inlet velocity u, i.e., D/u. The effect of convective
mixing by the rotor is similar to the effect by diffusion,
and it can be related to this effect. Further, the rotation
speed of the rotor can be converted into the interdiffusion
coefficient, as will be explained in chapter 4.
3.4 Mixing effect due to diffusion of fluids

In this section, in order to study the effect of diffusive
mixing of fluids, the convection effect of the rotor is ex-
cluded by setting the rotation speed w of the rotor equal to
zZero.

Figure 10 shows the mixing rate M and the interdif-
fusion coefficient D at the inlet velocities of u = 20, 40
and 80pumys. D is set between 0 and 8x 107" m?/s. For
example, the interdiffusion coefficient of hemoglobin in
20°C water is 6.9 x 107! m?/s®. As shown in this figure,
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Fig. 12 Mixing rate at various rotation speeds and inlet
velocities at D=1x107"!

M increases with D. Further, it increases with a decrease
in the inlet velocity because the transit time of the fluids
flowing from the inlet to the outlet increases with this de-
crease; consequently, the effect of diffusion becomes more
evident.

In Fig. 11, the horizontal axis is nondimensionalized
as D/(Ru); further, the data in Fig. 10 and the results of the
additional calculations are shown. Furthermore, for the
same value of D/(Ru), M takes almost the same value even
when the inlet velocity and interdiffusion coefficient are
different. This is because the diffusion of fluids depends
on VDt (namely, YD/u or D/u).

3.5 General case

This section considers the mixture obtained by the
convective effect of the rotor as well as by the diffusion
effect of the fluids. In Fig. 12, the mixing rate is plotted
for a constant interdiffusion coefficient D=1x 107" m?/s
with three inlet velocities, namely, 20, 25 and 30 umy/s. In
a manner similar to the one observed in Fig. 10, the mix-
ing rate increases with the rotation speed of the rotor and
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Fig. 13 Mixing rate at various rotation speeds and diffusion
coefficients at u =20 pm/s

with a decrease in the inlet velocity.

Figure 13 shows the results for a constant inlet veloc-
ity u =20 um/s when D assumes four values: 0, 1 x 1071,
2% 10~!! and 4x 10~'! m?/s. At a constant rotation speed,
it is observed that the mixing rate increases with the inter-
diffusion coefficient and for a constant interdiffusion coef-
ficient, this rate increases with the rotation speed. Chapter
4 provides a detailed discussion on the convection mixture
and diffusion mixture.

3.6 Effect of size

In order to obtain the same mixing rates as shown in
Figs.9 and 11 for an n-fold increase in the size of the de-
vice, it is necessary to increase the inlet velocity by n times
and the interdiffusion coefficient by n? times with the same
rotation speed. This is because the transit time of the fluid
from the inlet to the outlet is the same (because both the
device size and the inlet velocity are n times larger); fur-
ther, for the mixed area to spread n times wider due to
diffusion within this time period, the interdiffusion coeffi-
cient needs to be greater by n* times.

In order to verify this, the calculations are con-
ducted at the three different rotation speeds (200, 400 and
800 rpm) for n = 10; in other words, the interdiffusion
coefficient and inlet velocity are 100 times and 10 times
greater, respectively, than those of the basic model shown
in Fig.3. The results are summarized in Table 1. For all
the cases, the mixing rates of the ten-fold model are in
good agreement with those of the basic model; therefore,
the relevance of the above discussion is confirmed.

Further, when the size of the device increases n times,
the parameter on the horizontal axis in Fig. 9 remains the
same, that is, (nR)mw/30/(nu) = nRw/(30u); this is also
the case for Fig. 11, that is, n2D/(nR)/(nu) = D/(Ru). This
indicates that the results in Figs.9 and 11 are valid even
for devices with different sizes.
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Table 1 Similarity of mixing rate between two models
Basic model Tenfold model
w D u M |@ D u M
pm | i | HS pm m?*/s pm/s
800 |2x10°" | 40 [0.7825] 800 |200x107"| 400 |0.7799
400 4 40 0.8009] 400 400 400 |0.8010
200 8 20 [0.9126{ 200 800 200 |0.9126

4. Discussion

First, the effects of convective mixing by the rotor and
diffusive mixing of the fluids are discussed.

By considering that the diffusion coefficient is propor-
tional to the speed and mean free path of the molecules in
random motion, the fluid particles rotated by the rotor are
forcefully imparted a speed and displacement, which pro-
duces a similarity between both the mixing effects. This
is why the mixing rate by convective mixing depends on
nRw/(30u), similar to the manner in which this rate de-
pends on D/(Ru) by diffusive mixing.

In order to study the quantitative relation between the
effects of convective mixing by the rotor and the diffusive
mixing of the fluids, the parameter on the horizontal axis
in Fig. 14 is modified to D/(Ru)+nRw/(30u)/191. This
is obtained by shrinking the horizontal axis in Fig. 11 by
1/191 such that the approximated curves in Figs.9 and 11
correspond to each other (namely, the root-mean-square
of the difference between the two curves is minimized),
particularly in the region where a significant variation in
M is observed (e.g., D/(Ru) < 0.5 in Fig. 11). In Fig. 14,
the approximated curve obtained in Fig.9 is indicated by
a solid line and that obtained in Fig. 11 by a long dashed
line. Although these curves do not completely agree with
each other, a rough estimation of the diffusion effect by
the rotation speed w (rpm) is given as follows:

2
=T @) ®)
For example, the diffusion coefficient of the rotor at w =
800 (rpm) is calculated as D=4.39x 107! (m?/s).

In Fig. 14, the mixing rates with nonzero values of D
and w are plotted using symbols @, O, and X. These re-
sults can be approximated by a single curve (short dashed
line); although a few noticeable deviations exist, a simi-
larity is observed.

Interestingly, a multiplier effect due to convective
mixing by the rotor and diffusive mixing of the fluids
is observed. This is confirmed by the fact that in the
region with large mixing rates (for example, M > 0.6),
these rates with nonzero values of D and w (symbols
@, O, and X) are greater than the rates obtained when
D =0 (solid line) and w =0 (broken line). The parame-
ter D/(Ru)+nRw/(30u)/191 on the horizontal axis is re-
garded as a similarity parameter, and the mixing rate is the

D,
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Table 2 Multiplier effect
a= D/(Ru), b= 7Rw/(30u)/191
‘rupm mg/s ﬁm/s M a b atb | a/b
800 [4.39%x10°™"" | 43.86 | 0912 | 0.1 0.1 02 |10

800 0.439 24.12 | 0920 | 0.0182| 0.182 | 0.2 | 0.1
800 439 2412 | 0.859 | 0.182 | 0.0182] 0.2 {10.0

same for the same value of this parameter. When the sim-
ilarity parameter is around 0.2, the mixing rate is almost
0.7 both for only convection (D = 0) and only diffusion
(w = 0). However, when D and w are both nonzero, the
mixing rates are greater than 0.7 when the similarity pa-
rameter is around 0.2.
In order to observe the multiplier effect, calcula-
tions are performed at a constant rotation speed of w =
800 (rpm) along with the parameters that satisfy the rela-
tion D/(Ru)+mRw/(30u)/191 = 0.2. The results obtained
are listed in Table 2, where the relations a = D/(Ru) and
b=Rw/(30u)/191 are used. In this table, for the parame-
ters D and u that are selected to yield a/b= 0.1, 1 and 10,
the values of M are 0.912, 0.920 and 0.859, respectively.
These rates are greater than those with either the convec-
tive effect — 0.69 (D =0) — or the diffusive effect — 0.7
(w=0); thus, the multiplier effect is confirmed.
As previously mentioned in the Introduction, it is de-
sirable to provide the conditions for versatility that can
deal with various liquid reagents. Therefore, a discussion
on the versatility of the micro optical rotor system is given
below. It is known that the relation between the diffusion
time fp, mixing length Ly, and diffusion coefficient D is
given by®
Ly

=35 @)
The mixing length of our device is Ly =30 um (width of
the OUTLET in Fig.3). The time period within which
the liquid reagents from the two inlets meet at the junc-
tion and reach the outlet is estimated as 50 um (channel
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length) = u (inlet speed). Sufficient diffusion is achieved
when this time period is greater than the diffusion time
tp. Therefore, the following condition is obtained for suf-
ficient diffusion:
Ly, _ 50 (um)
th= 2 <———
PToD"  u
100 (wm)D
2
Ly
Here, the rotor is not considered. The volumetric flow rate
Qp is calculated as

®)

Op =ux30x20 (um)* < 3%QD>< 100 [m3s]  (9)

This indicates that the amount of well-mixed reagent is
proportional to the diffusion coefficient; further, a consid-
erable time period is required to obtain a sufficient amount
of mixed reagent if the diffusion coefficient of the liquid
reagent is small.

However, with convective mixing by the rotor
(Eq. (6)), the upper limit of the inlet velocity is increased
as follows:

100 (um) nR*w

u< ___L%u (D + 57—36)

Further, the volumetric flow rate Op.c for this flow is
expressed as

(10)

Qp+c <737 \P T 35730

This indicates that even if the diffusion coefficient is small,
a sufficient amount of mixed liquid reagent can be ob-
tained by increasing the rotation speed w. This elimi-
nates the limitation on the diffusion coefficients of liquid
reagents and improves the versatility of the system. For
example, the volumetric flow rate of hemoglobin in water
at 20°C (D =6.9X 10~ m?/s) is Qp <4.6X 10715 [m?/s]
without taking into account the effect of the rotor, while
it increases to Qpsc <7.5% 107 [m3/s] when the rotation
speed of the rotor is w = 800 rpm.

Finally, the relation between the size of the device and
the volumetric flow rate is discussed. In section 3.6, the
discussion is based on the various values of the diffusion
coefficient and the rotation speed. In this case, we consider
of a device that is n-fold in size with constant diffusion
coefficient and rotation speed.

In the absence of the rotor, the relation between the
diffusion time tp, the mixing length Ly, the diffusion co-
efficient D, and the inlet velocity u for the n-fold device is
given by

2
200 (D+ 7R “’)x 1076 [m%/s] (1)

tp= n’Liy < 30n (wm)
2D u (12)
100 (pm)D
U<——o5
nLy,

This shows that for a sufficient amount of mixing, the inlet
speed has to be 1/n-th of that in Eq. (8). The volumetric
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Table 3  Scaling effect

D=1x10"m?s, w= 800rpm

u Qpic

um/s X10"m/s M
Basic model 5.984 5.59 0.996
Tenfold model 48.84 2931 0.986

flow rate Qp is increased n times as compared to that in
Eq. (9) as follows:

Op =ux30nx20n (um)* < 2—(3)91);1 x 1070 [m>/s]
(13)

Further, by taking into account the effect of the rotor
(Eq. (6)), the inlet velocity can be expressed as

100 (um) an*R*w
D 4
ST ( 5730 (a9
and the volumetric flow rate Qp.c as
200 R?
Oprc< = (Dn+ ’5’7—%;13) %1075 [ms]  (15)

The diffusion effect term (the first term on the right-hand
side of Eq.(15)) is n times greater than that in Eq. (11),
while the convective effect term (the second term on the
right-hand side of Eq. (15)) is n? times greater. Therefore,
it is expected that the rotor has a significant effect on the
mixing rate.

In order to confirm this effect, calculations are con-
ducted for devices with a basic size and a ten-fold size at
D=1x10"""m%/s and w = 800 rpm with the upper limits
of the inlet velocities as defined in Eqgs. (10) and (14); the
results of these calculations are tabulated in Table 3. The
mixing rate is almost one in both the cases, indicating that
a sufficient mixing is achieved. The volumetric flow rate
for the basic device is 5.59x 10~'5 m3/s and, as expected,
it increases by triple digits to 2931 x 107> m%/s for the
ten-fold device.

In summary, for a given diffusion coefficient of a lig-
uid reagent and a requested amount of mixed reagents, the
size of the device, rotation speed, and inlet velocity of the
liquid reagent for a sufficient mixing rate can be deter-
mined; thus, a guideline for designing the micro optical
rotor system is presented.

5. Conclusion

The mixing efficiency of an optical micro rotor de-
signed to be used as a part of the Micro Total Analysis
Systems has been studied using computational fluid dy-
namics. The results are summarized as follows:

1. The effect of convective mixing by the rotor de-
pends on the ratio of the circumferential speed of the rotor
to the inlet speed of the liquid reagent, and the mixing ef-
fect of diffusion of the liquid reagent depends on the ratio
of the interdiffusion coefficient of the liquid reagents to the
inlet speed of the liquid reagents.

2. The rotor at the rotation speed of w (rpm) corre-
sponds to a diffusion coefficient of TR*w/5 730 (m?/s).

3. The multiplier effect due to convection by the ro-
tor and diffusion of fluids on the mixing performance is
observed.

4. In the case of a device that is n-fold in size, the
volumetric flow rate of sufficiently mixed fluids as well as
the diffusive mixing effect of the fluids increases n-fold,
while the convective mixing effect by the rotor increases
n3-fold; therefore, the rotor significantly affects the mixing
rate.

The guideline for designing the micro optical rotor
system presented in this paper can be applied to systems
with magnet-driven or motor-driven rotors.
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