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Experimental Biophysics VT17 Supervisor:
Fluidics Simulation by COMSOL Stefan Holm

1 Introduction

Within all fields of science and technology, there is a common need to generate
reliable models, which either aid in the next generation of new devices, or evaluates
the performance of existing ones. A variety of modeling tools exist for such studies.
The ubiquity of COMSOL as a modeling tool is clearly seen within the field of
microfluidics and more generally within micro- and nanotechnology. Here we make
use of COMSOL for generating a realistic model for the H-filter device used in our
experimental lab. We will generate a model, which closely resembles the device,
including the particles and settings used for separation, but will also see how
COMSOL can be easily used to transfer a set of basic steps into a widely applicable
area of microfluidics. While modeling tools, such as COMSOL, can be used to aid in
the investigation of experimental techniques, caution must also be used when making
claims about the results. Just because we get an answer, for example, in the specific
questions asked within this lab, does not implicitly guarantee that our answer is
correct or that it will correspond to what we will see in the experiments.

In this lab we will use COMSOL to build a model of particle separation/mixing that
closely resembles the H-filter set-up used in the previous lab. The H-filter separates
particles based on their diffusion coefficients, and we will use this model to look at
particles of different sizes and determine the mixing and separation of the particles
within a single model. If time permits we will explore other properties of the device
not covered in the H-filter experimental lab.

In preparation for the lab the following should be read. The original H-filter
article from 1997 by Brody and Yager (1) describes the device and gives a good
introduction to the lab. The pdf provided in the COMSOL documentation (2) is a
good introduction into the capabilities of this tool for microfluidics modeling and
contains an example, which we will follow, to a certain extent, for generating our
model. C.S. Niman et al. (3), gives a good example of how modeling and
experimental studies are important for understanding device performance in other
applications. The device is similar to our H-filter in principle, but with a more
advanced application in controlled switching.

1) Brody J P & Yager P (1997) Diffusion-based extraction in a microfabricated
device Sensors and Actuators A 58:13-18.

2) COMSOL guide: Introduction to Microfluidics Module. After downloading
COMSOL you can find this pdf in the doc folder -> pdf folder -> Microfluidic
Models folder. (Read only up to pg. 18 for a brief introduction).

3) Niman, C.S., et al. (2013) Controlled microfluidic switching in arbitrary
time-sequences with low drag. Lab Chip 13: 2389-2396.
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2 Complementary Theory

A brief introduction to some common microfluidics terms follows,

2.1 The Reynolds Number

Re — M} — Finerli(zl (1)

il F viscous

The Reynolds number, Eq.1, is used to predict whether inertia or viscosity dominates
the behavior of a fluid. Systems with large spatial dimensions (/), high densities (p),
large velocities (v) or small viscosities (1) are characterized by large Reynolds
numbers. It is such flow, known generally as turbulent flow that we are well
acquainted with on the macro scale. The flow of coffee around the inside of a cup is
dominated by inertia (stop stirring and see what happens) and is therefore in general
turbulent, exhibiting eddies and vortices that are characteristic of turbulent flow. The
onset of turbulence depends on the geometry of the system and occurs only when
inertia totally dominates, becoming increasingly more likely for Re>1500. For
Reynolds numbers spanning the range on the order 1 to 1000, non-turbulent inertial
effects may occur. Low Reynolds numbers (<1) characterize systems with sufficiently
small dimensions, low densities, low velocities or high viscosities. In microfluidic
systems with water as the fluid, characteristic channel dimensions in the range 10°m
to 10° m and characteristic velocities in the range 10° m s to 10° m s Re ranges
from 10 to 1 and viscosity dominates. Under such conditions the inertial terms can
be neglected. Microfluidics systems are almost always characterized by low Reynolds
numbers.

2.2 Laminar Flow

The word lamina means, “thin layer”, and laminar means, “consisting of thin layers”.
In fluidics these thin layers consist of non-mixing parallel flows, often visualized by
particles or dye molecules, see Fig. /. Laminar flow occurs at low Reynolds numbers.

. Lamina 1—v——

Lamina 2——>

\'j

channel wall
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Figure 1. Two streams, one containing fluorescent beads, meet but continue as if still confined by
channel walls. These non-mixing streams are referred to as lamina and such flow is called laminar

flow.

2.3 Diffusion

The molecules in a fluid are constantly moving due to their thermal energy. A 1pum
particle suspended in water will be bombarded by water molecules somewhere on the
order of 10" times a second from all directions. Each collision imparts some inertia to
the particle. Because the collisions are coming from all directions the average position
of the particle does not change. These random fluctuations in the number of molecular
collisions affect the mean square of the distance, r, at which the particle can be found
from the mean position. The mean square of the distance grows with time. This
phenomenon is known as Brownian motion. The mean square distance a particle
diffuses over time ¢ is given by the following equation:

<I’k>2=2-k-D-t @)

where k gives the number of dimensions 1, 2 or 3 and D is the diffusion coefficient.

For three dimensional systems we get:

<X2>+<y2>+<22>=<(r3)2>=6-D-t

€)

The diffusion coefficient is given by the Stokes-Einstein equation.

kT
67nR,

®

Here kj; is Boltzmann's constant, 7 is the temperature, # the viscosity and R,, the
hydrodynamic radius of the particle. Because of the quadratic dependence of the
distance, diffusion becomes highly relevant in micro-fluidics devices. An example of
this is hemoglobin in water for which the diffusion coefficient D = 7%107 cm’s™. A
molecule of hemoglobin can diffuse a distance of 10 pm in only 1 s but it would take
about 3 months for the same molecule to diffuse a distance of 1 cm.

2.4  Separation in an H-filter
Two streams, one containing a mixture of particles to be separated and another

containing a diluent (water in our case) are introduced into an H- or double Y-shaped
channel, under low Reynolds number conditions. As the particles follow the flow
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towards the outlets they will diffuse from the sample stream into the diluent stream.
We choose conditions such that a large fraction of the smaller particles with a high
diffusion coefficient will diffuse into the diluent stream and exit through outlet 1
whereas the larger particles do not have time to diffuse and are mostly contained in
the sample stream exiting through outlet 2. Note that, since we operate at low
Reynolds number, the streams will not mix (apart from the mixing caused by
diffusion).

Outlet 2 \

Outlet 1

Inlet 2 / \ Inlet 1

Solute (particles in water) Buffer (water)

Figure 2. Small particles (red) diffuse into the diluent stream due to their large diffusion coefficient
whereas larger particles (black) don’t diffuse as far and remain in the sample stream.

3 Model Design

The H-filter we will model has the dimensions shown in figure 3. Here we will model
the bottom half of the device along the symmetry axis.



Experimental Biophysics VT17 Supervisor:

Fluidics Simulation by COMSOL Stefan Holm
10 mm
20 um I
© 100um

Figure 3. The dimensions of the H-filter. Right: height, length and width of the main transport channel.
Left: example sketch of h-filter device model.

4 Finite Element Simulation

Finite element simulations can be very useful as an aid to visualize fluid flow in a
fluidics system. Using COMSOL, we can simulate both fluid flow and the effects of
diffusion on different sized particles at varying flow rates in our H-filter. Figure 4
shows, in blue a stream containing no particles, i.e. water or buffer solution with
initial concentration ¢, = 0, and in red a stream containing particles with initial
concentration ¢, = 1 (or 1 molar). Here the initial concentration of the particles
doesn’t matter, as we only input particles into one inlet. As the two flows move side
by side through the center channel the particles diffuse from the area of high
concentration (red) to the area of low concentration (blue), which can be seen as the
mixing of the colors (light blue and yellow). The amount of mixing that is seen at the
outlets (or at the end of the transport channel) will depend on the initial conditions
that we set in our model, including channel length, diffusion coefficients, pressure at
the inlets, and flow rate.
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Figure 4. Example model of how particles diffuse between flow streams in the H-filter. Red is a
concentration of 1 molar and blue is a concentration of 0. The sofiware simulates the effects of
diffusion, which can be seen as the mixing of the two colors in the center.

We will use the Tutorial example: A controlled Diffusion Micromixer as a template
for generating our model, but will make changes so that it closely resembles the
H-filter used in the experimental lab.

5 Measurements

After generating our model, we can perform measurements on the device to see how
the flow is changing along the channel, how the concentration of dilute species
changes and, if time permits, how different boundary conditions can affect our results.

An example of such measurements is shown in Figure 5. Here we see the cross
sections of the concentrations of the three different particles at different points along
the channel. In Figure 5a the two streams are mixed well at the end of the channel, as
the diffusion coefficient of the particle is high (i.e. small particles modeled) compared
to 5b-c. Increasing the particle size, and thereby decreasing the diffusion coefficient in
the model by a factor of 2 (Fig. 5b), we see that the mixing at the end of the channel is
reduced. Further increase in particle size, corresponding to an increase in the diffusion
coefficient by a factor of 10, shows that the mixing at the end of the channel is much
further reduced, (Fig. 5c). Figures 5d shows an example of the velocity profile for the
flow in such a device. Regions of higher velocity are shown in red, whole regions of
low velocity are shown in blue. In this cross-section along the z-axis, we see that the
channel is symmetric through the center. In some devices, a deviation in the
distribution along the height of the channel will change the profile, i.e. if the material
is not similar (through surface chemistry or otherwise) and there will be changes in
the boundary conditions. Figure 6 shows how the concentration can be measured
along a cutline in the device. Selecting a different position for the cutline in Figure 6a
will change the measurement, in this example for larger particles, and thus the
perceived mixing capabilities.
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Figure 5. (a-c) Example model of how particles of different size, and therefore different diffusion
coefficients, diffuse between flow streams in the H-filter. Red is the highest concentration (near c, or
IM), while blue is the lowest (near zero). (d) Velocity profile (z-plane) of H-filter with particles of one
size. Red indicates areas of highest velocity, while blue indicates regions of lowest velocity. Arrows
indicate weighted velocity in the device.
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Figure 6. Example of diffusion between flow streams in the H-filter. a) Cut line placed at upper half of
channel where initial concentration at the inlet is zero. b) Plot of concentration along cut line in (a).
Here the particles with the largest diffusion coefficient (blue circles) are well mixed as in Fig. Sa,
having a final concentration at the upper outlet of 50% of the initial concentration. The largest
particles with the smallest diffusion coefficient (red circles) do not mix well with the upper channel
stream but do eventually diffuse across the middle of the channel reaching the upper outlet, see also
Fig. 5c.

6 The Challenge

The challenge in this laboratory exercise is to create a model based on the
experimental lab on the H-filter. You will work together with the supervisor on the
model described in the COMSOL tutorial and make modifications throughout the lab.
The supervisor give you the tools you need to set up a simple device and later give
you an opportunity to work as a group to modify the input parameters in the model to
get a better understanding of the versatility of COMSOL.

At the end of the day we will discuss the following key points of the lab:

e [s COMSOL an effective tool for modeling the H-filter?

e What are the limitations of the method?

e Are there alternative methods, which would produce faster/more accurate
results?

e How could we improve the model of our device?

As well as reading the articles you should answer the following questions in
preparation for the lab. You will turn in your answers on the day of the lab exercise.
If they are not done you cannot participate in the lab. These questions will prepare
you for the lab.

1. What input parameters are required in order to solve a CFD problem in
COMSOL?
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2. In order to achieve an average flow speed of 1mm/s (average speed of the

parabolic flow) in the channel, what pressure difference is required? What

volume flow rate does this equate to?

What is the Reynolds number in the central channel at this flow rate?

4. The Péclet number is used to characterize diffusion. What is the Péclet
number?

5. In this lab we will model beads of, for example 10 nm, 300 nm and 5 um
diameters. What are the diffusion constants of such beads? How far would
they diffuse in 1s in 1 dimension?

(98]

COMSOL 5.2a is available to all LTH students through the computer
management group (DDG) at http://program.ddg.lth.se/. Please make sure that
you have downloaded and installed COMSOL 5.2a before coming to the lab and
that you bring your laptop!! If you have any questions regarding download
please contact me immediately.
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