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Introduction

Every year pharmaceutical and chemical companies run millions of tests using
96-well microplates. This research looked at orbital mixing, in hopes of finding a better
mixing technique which will maximize concentration homogeneity in minimal time.
Having the most efficient technique is always desirable for these tests, this will save time
and it keeps companies profitable. The interest in this research came from Rosetta
Software company. Our objective is to compare our model produced from COMSOL
software to a paper written in biotechnology progress by Svenja Weiss, et. al.' It will be
useful to understand and model this mixing.

Materials and Methods

As seen in Figure 1. the 96-well microplate is a small device which holds 96
individual wells with a volume of 0.2 mL. The shaking diameter is 12 mm and shaking
occurs at 500, 700 and 900 revolutions per minute. The radius of an individual well has
been estimated by dimensional analysis to measure 3.66 mm. The density of the fluid and
the dynamic viscosity were estimate to have the properties of water 1 g/cm’ and 0.001 Pa
s respectively. We were then able to calculate the rotational velocities for 500, 700 and
900 rpm to be 52.3, 73.3 and 94.2 radians per second.

Figure 1. Photograph of a 96-Well Microplate

There are two approaches which were considered to model orbital mixing on COMSOL
multiphysics software. Our research in the fall used ALE moving mesh in COMSOL to
model velocity forces.” After determining that the ALE method was a strenuous
calculating method for COMSOL, we determined using a fixed coordinates system with
Equation 1 shown below to describe the velocity forces would hopefully make
calculations easier:
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Where the Centrifugal Force is: —2Q xu and the Coriolis Force is: — Q x (Q X x). These
two forces calculated the velocity forces for orbital mixing.

We used a programmed model called The Momentum Transport was modeled using the
Navier-Stokes equation (NS) for incompressible fluids, given in Equation 2, and the
convective and diffusive transport was modeled using steady-state convection and
diffusion equations, given in Equation 3. The momentum transport was solved first and
the results obtained were used in solving the convective and diffusive transport. All
settings and boundary conditions are displayed in Table 1.

pg—:=—p+MV2 v+ pg Equation 2

(V-v)=0
p = constant density of fluid
v = velocity vector
p = pressure
u = constant dynamic viscosity
g = gravitational force vector

DV?’c=v-Vc Equation 3
D = constant diffusion coefficient

¢ = concentration
v = velocity vector



Table 1. Parameters set in COMSOL multiphysics

Constants

Q 52.3
shaking D 0

a 0.3
Subdomain Expressions

Xo R*sin(omega*t)+x
Yo R*cos(omega*t)+y

coriolis_x 2*omega*v

coriolis_y =-2*omega*u

centrifugal XR*cos(omega*t)+x)*omega”2
centrifugal (JR*sin(omega*t)+y)*omega”2
length sqrt((R+x)"2+y”2)

Solver Parameters

Analysis transient, time dependent
Times 0:0.01:0.96

Relative 0.01

Absolute 0.001

Boundary Expressions

theta atan(y/(R+x))

Xo length*sin(theta+omega*t)
Yo length*cos(theta+omega*t)
length sqrt((R+x)"2+y”*2)
Results

Navier-Stokes subdomain settings

Fx (coriolis_x+centrifugal_x)

Fy (coriolis_y+centrifugal_y)
Boundary Conditions inflow/outflow velocity
symmetry

Uo -omega*a*y/SQRT(x"2+y”2)
Vo omega*a*x/sqrt(x"2+y”2)
Concentration/Diffusion

O 1

D isotropic 1.00E-10

u u-omega*(R*sin(omega*t)+y)
\Y v+omega*(R*cos(omega*t)+x)

This section will show and discuss all experimental results from the research
done. The main case looked at for this quarter was done for a time 0.96 seconds or 8

revolutions at 500 rpm.

Case 1

Elements: 1140

Degrees of freedom: 7596
Solving time: 1.5 hours



0.3

0.1

Time=0
Surface: Concentration, ¢ [mol/r]
Contour: Concenfration, © [mulIn‘F]

-0.4

-0.3 -0.2 -0.1 o] 0.1

0.2

Mae: 1,256 Max: 1,222

1222

L2 1,153
1.084
1.016
0,947
0.878
0.809
074
0671
0,603
0,534
0.465
0,39
0327
0.259
0.19
0121
0.052
-0.017
0,086
Mir: -0.120  Min: -0,0856

HENENEREER

Figure 1. This shows the initial profile for case 1. The inner circle has a concentration set at 1 mol/m’

while the outer circle is set with no concentration
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Figure 2. This shows the final profile for case 1. The concentration is highest at the distance from

center of the original concentrated drop.

As seen in figures 1 and 2 there is a significant amount of mixing for this model. The
concentration is highest at the radius from the initial concentration profile. It was
determined that better mixing may occur if a concentration profile of equal area were to
stretch the diameter of the circle results for this can be seen in Case 2 below.

Case 2

Elements: 4010

Degrees of freedom: 26685
Solving time: 3 hours
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Figure 3. This shows the initial profile for case 2. The inner line has a concentration set at 1 mol/m’

while the outer circle is set with no concentration.
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Figure 4. This shows the final profile for case 2. The concentration is highest at the center of the well
due to the fact that there is no velocity at the center of the well.

As seen in figures 3 and 4, a greater homogenized mixing was obtained. The greatest
amount of inhomogeneity was at the center of the well which is expected because there is
no velocity at the center.

A couple simple checks for the solution can be done if the angular velocity is changed
and if the mesh is refined. In case 3 shown below both checks were done to verify the
results.

Case 3

Elements 4560

Degrees of freedom: 30008
Solvin time: 3.4 hours
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Figure 5. This shows the initial profile for case 3. The inner circle is has a concentration set at 1

mol/m® while the outer circle is set with no concentration.
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Figure 6. This shows the final profile for case 3. The concentration is highest at the distance from
center of the original concentrated drop.

As seen in figures 5 and 6, results are similar to those shown in figures 1 and 2. The
greater mesh refinement has given a better concentration distribution

Case 4

This attempt was to solve for the problem in three dimensions, but it was very difficult
for Comsol to model. An attempt to model mixing after 10us with a coarse mesh was
obtained after 3 hours, however, mixing for 10us is not long enough to see any mixing
effects. An attempt to model mixing for more than 10us was done, but the solution did
not converge due to inverted matrices.

Earlier research from last fall gave the results shown in Figure 7 below:
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Figure 7. After 360 degrees, the profile shows that the concentrated circle has moved closer to the
wall and the inner portion has flattened out from its original shape.
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Figure 8. This shows the concentration profile after 0.12 seconds for 500 rpm simulation using the
Coriolis and centrifugal forces.

It can be seen that little mixing occurred in this case using ALE in Figure 7. Although
this mixing was only after one revolution the comparison to the results obtained using the
Coriolis and centrifugal forces was different in Figure 8.

Conclusions

After completing the second quarter of research on this problem, the conclusions
have not changed very much. Although using the Coriolis and centrifugal equations
helped shorten the solving time for Comsol. This problem is still very difficult and time
consuming. Trying this problem using a non-dimensional unit method could further
simplify the problem and make a 3 dimensional case feasible. However, there were some
notable differences between using ALE and the new equations. As seen in the results
section research done in the fall did not have the same kind of mixing that we found in
this quarter’s research. It was shown that homogenized mixing is better obtained when a
concentrated fluid is placed over the diameter of the well.
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Appendices
Sample calculations:

500 rev 27 rad 1min =52'3ﬂ

min lrev 60sec sec




