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Abstract

A transport model for the fluid flow of two immiscible fluids in a microchannel is
presented. The fluids, water and acetone, are at a Reynolds number of less than 10 to ensure
laminar flow during the diffusion portion of the microchannel. Laminar flow provides the
means of diffusion of molecules to occur between the fluids without the fluids mixing all
while in a microdevice. In this research, amino acids and fluorescamine are carried by the
water and acetone, respectively.

The fluid properties as carriers of the molecules are unknown for transport
phenomena calculations so best predictions are calculated from diffusion theory and
Einstein’s diffusion equation. The diffusion coefficient for fluorescamine (1.77x10° cm?/s
in acetone and 6.11x10”7 cm?/s in water at 298 K) is compared to the calculated versus
manufacturer provided data for fluorescein, a similar fluorophore that gives off light at a
differing wavelength.

Thermal effects on the fluids as well as chemical reactions are investigated. The
model is validated with experimental results from the literature and experimental
measurements taken in lab of fluorescing beads in moving water. Comparison between the
model results and literature show an agreement within 10%. This can be attributed to
diffusion coefficients and temperature differences within the model. The model predicts
diffusion of fluorescamine-tagged amino acids to the acetone side by 1.88 mm of the

channel length.
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Chapter 1: Introduction

One of the objectives of NASA’s Astrobiology Program [1] is to develop new
technologies to improve scientific understanding of life in our solar system. This program
funds research to help answer questions regarding how life began and evolved, how life can
be detected beyond Earth, and what may be next for life in the universe. To help answer how
life can be detected beyond Earth, the AstroBioNibbler (ABN) task was selected to develop
an instrument capable for a flight mission to Mars to detect signs of life as indicated by the

presence of amino acids [2].

Purpose of the ABN:

The ABN is a task proposing an in-situ instrument designed to detect and quantify
amino acids present within a collected soil sample. Astrobiologists consider amino acids the
“building blocks of life,” and their presence can signify extant or extinct life [1]. The focus
of the ABN, however, is to develop microscale sample extraction and detection capabilities.
Current Earth-based laboratory technologies are large and heavy, and neither characteristic
is ideal for space exploration. By using a microdevice as the in-situ instrument, small
amounts of sample would be needed, and the probability of selection on a future mission

increases with a smaller footprint, lower power needs and reliable reusability.

The path of an amino acid through the ABN:
The ABN builds on existing technologies of microfluidic separation and subcritical

water extraction for capturing and quantifying amino acids from a soil sample. These



processes will take place in microchannel networks on four-inch diameter borofloat glass
wafers (also called chips); the glass acts as the material substrate and structure for this
instrument. Figure 1 provides a system map for key inputs and components including

processes and outputs contained on this chip.

Fluorescing
compound

Collected
H-filter fluorescing
stream

Ice plug

Figure 1. System map of sample handling and detection system. Input/output streams are in green circles. Processes are in
boxes with blue representing sample processing and orange representing manipulation/detection instruments requiring
power; the overlapping orange triangles occur on chip. The noted ice plugs (as small gold triangles) hold the sample in
place while extraction occurs.

This system map shows the progression of the soil sample from the top left to the product of
the tagged and collected amino acid chains in the fluorescing stream at the right of Figure 1.
The soil and water are mixed so any potential organic contents within the soil can be
transported along with the suspended soil particles in a fluid stream through the rest of the
chip. The subcritical water extraction (SCWE) portion of the chip prepares this soil
suspension for its future processing prior to the mixture entering the H-filter portion of the

system. At the H-filter, the suspended soil sample can interact through localized diffusion



with a fluorescing compound. The H-filter is a unique design, explained in more detail in
Chapter 2, which allows for two fluid streams to flow adjacent to one another at low
Reynolds numbers. This arrangement permits the fluids to remain separate, but molecules
can diffuse across what is called a laminar flow diffusion interface (LFDI), the boundary
between two adjacent fluid streams. The fluorescing compound from the reactant stream
tags amino acids from the sample stream. These tagged amino acids are collected in the
reactant stream where optics near the exit of the H-filter can detect and quantify the strength
of the fluorescence. The exit streams can be collected and concentrated, or dumped

depending on the requirements of the mission.

Specifics of the amino acid pathway:

Once the soil is captured and delivered from sampling instruments as 150-micron
diameter particles, it will be mixed with water to suspend and possibly dissolve broken
chains of amino acids. This mixture is transported to the SCWE chamber, a circular, empty
space with a piezoelectric disc attached to the outside of the glass in order to provide heating

and agitation as roughly sketched in Figure 2.

SCWE

TEC
chamber

(outline)

Piezoelectric
disc

Figure 2. SCWE chamber on glass wafer with footprint of the thermoelectric cooler (TEC) to create frozen plugs in
channel and the piezoelectric disc to create resonance and heating.



The goal of this part of the system is to heat water to a specific subcritical temperature in
order to dissolve or break down amino acids from the larger soil particles without vaporizing
the water. Ice plugs are created in the channels leading to and from this chamber by
thermoelectric coolers in order to hold a sample of a desired size in an enclosed volume
where the pressure helps the water to reach higher-than-atmospheric temperatures without
boiling. The goal is to heat within the 150-200°C range without a phase change occurring;
therefore, increased pressure to the system must be maintainable. Figure 3 shows the vapor
pressure of water, which is the main consideration for the SCWE operational parameters.

The water begins at room temperature and pressure, and an estimated ending state is shown.

100000

10000

1000

240

100 @
Starting state

\ Estimated ending state

P [kPa]

10

O A
250 300 350 400 450 500 550 600 650

T [K]

Figure 3. Vapor pressure of water from 0°C to the critical point. Starting and ending states of the SCWE process are
depicted as blue dots. Plotted in EES from equation of state [3].

Once the water reaches the desired temperature, the coolers are shut off to melt the
temporary ice plugs, and the soil slurry is emptied from the SCWE chamber. Two

possibilities to proceed include settling out the large particles. Without large particles, the



possibility of clogging the H-filter portion of the system is minimized. The second
possibility is to push the soil slurry through the H-filter but keep soil particles suspended
using a resonance frequency produced by piezoelectric discs.

Preliminary experiments use a pump to move 10%-by-weight soil slurry from an
agitator cup (a cylindrical container that has a line out to a pump and a piezoelectric disc as
the bottom of the cup for mixing and suspension purposes). Connections between the chips
and the pumps are nanoports. Figure 4 shows the nanoports that have been epoxied to the
inlets and outlets on chip. The nanoports work much like a Swagelok fitting in that they

tighten down on the tubing as the nanoport cap is twisted onto its base.

Figure 4. Nanoports with input lines (green and purple) on the left and output lines (look clear) on the right during proof-
of-concept experimentation at JPL [4].

The colored tubes in Figure 4 contain water with food dye to observe whether the streams in
the channel mix as explained next.
Fluid flow through microchannels is investigated with two laminar streams of fluid

flowing alongside each other in an H-filter as depicted in Figure 5.
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Figure 5. Diagram of H-filter (left) and photo of fabrication prototype manufactured at JPL (right) displaying four H-
filters with different aspect ratios of the diffusion channel width/height. Diagram’s left side (blue) contains water with
sampled material, right side (red) contains fluorescing compound, and mixing at centerline (purple) occurs slowly since
fluid streams experience laminar flow [5].

One stream is an aqueous soil solution containing amino acids; the other stream contains a
high concentration of molecules that fluoresce when bound with amino acids [4]. At the end
of the H-filter, the concentration of the diffused amino acids bound to the fluorescing
compound is measured using optical detection of the fluorescent signature.

The optical detection is a camera on a rail that can move along the width of the
channel. The placement of this camera along the length of the H-filter must be considered
carefully. While placing the camera too far upstream means the molecules will not have
sufficient time to diffuse to the appropriate stream, if the camera is placed too downstream,
the molecules may have diffused too much. Photo bleaching may occur where the
fluorescence is too strong to detect the locations of minimum and maximum levels across
the width of the channel. It is possible the prototype chip shown in Figure 5 will not have a
long enough diffusion channel. To solve this, a very long H-filter was etched as shown in

Figure 6.



Figure 6. Original and modified H-filter configurations.

The idea behind the longer, meandering H-filter is to allow for more time for diffusion to
occur if the flow rates must be on the higher end of the range (flow rates have ranged
between 1 and 100 microliters per minute in proof-of-concept experiments). The slower the
flow, the more chances for the molecules in the streams to begin to diffuse into one
homogenous stream from a diffused molecule standpoint. The faster the flow, the less likely
enough diffusion can take place before the fluid streams reach their exit points. Due to these

constraints, H-filter length and layout as well as resident time are critical parameters.

Considerations for amino acid detection:

Device configuration and operational parameters can be determined through a best-
guess experimental procedure. By using theory, CFD and building on previous designs from
literature, an optimal device can be tailored rather than relying on the guess-and-check
routine that was once typical for these microdevices. In this work, modeling of the fluid flow
and the diffusion between the streams is presented. The mass transfer between the streams
may be affected by a variety of the molecular properties including type of molecules and
their molecular size, shape and mass, physical properties such as temperature, pressure,

resulting coefficients of diffusion and viscosity, fluid flow rates, and geometric properties



such as the microchannel length, height and width [6-8]. Created models are compared to

data from the literature as well as experimental data. These models of the fluid interaction
and flow can also guide design iterations and fabrication procedures of the H-filter as new
needs are introduced.

The use of computational fluid dynamics (CFD) software with the incorporation of
particles in the flow and heat transfer to the fluids adds to the current state of the art for
laminar fluid flow of adjacent streams in microchannels. Particles are generally difficult to
move as a fluid. The additional constraint for them to be inside a reusable microdevice
presents a challenge. The operational range of temperatures may also influence diffusion and
reaction rates and must be considered.

Some design limitations include a targeted weight limit of 1 kg. Since orientation of
the device may vary, rectangular channels with the smallest dimension at three times the
diameter of the largest suspended soil particles would be ideal so that gravity effects will not
pose a risk to the operation of the system based on an altered orientation.

Chapter 2 reviews current state of the art within the literature. It is broken into
subsections for a detailed investigation into the theory of low Reynolds number flows,
microdevices, uniqueness of the application and design considerations for Mars, effects of
particles within the flow, and heat transfer effects. The theory of corresponding states is also
reviewed; few data are available for diffusion coefficients and chemical reactions between
the fluorescing agent and amino acids with water and acetone as the working fluids. Chapter
3 outlines the fluid model through a given geometry with diffusion between the fluid
streams, and Chapter 4 expands the model to include heat effects with chemical reactions.

Chapter 5 provides validation for the models presented. This occurs by comparing finite



difference solutions to CFD solutions and experimental work. Chapter 6 concludes the
current and presented work while Chapter 7 proposes future work and possible directions in
which to continue efforts. Details regarding the modeling can be found in the appendices as

well as reference material.
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Chapter 2: Literature Review

While this dissertation focuses on fluid dynamics at small scales, the use of low
Reynolds number flow theory provides the basis of the modeling work and argues the
feasibility of using a microfluidic device to detect amino acids with heat transfer and
geometric constraints. Microdevices, and their characteristics and history within fluidics are
reviewed. The application considerations are summarized.

The microdevice world has expanded rapidly with the aid of computer modeling and
precision machining. Conversely, as pointed out by Livak-Dahl et al. [9], microfluidics has
expanded the field of science and engineering for their easy incorporation with other devices
and their need for a small amount of fluid. As fluidic systems are miniaturized, volumetric
flow rate and gravity effects are reduced but the diffusive rates and driving pressure are

increased.

Theory of low Reynolds number flows:
The Reynolds number is used to indicate whether a flow may be laminar or
turbulent. It is calculated as a ratio of inertial to viscous effects within a flowing fluid as

shown below

ul ul inertial forces
Re = 2= =1 - 8 2rc® (1)

u v viscous forces
where the product of the density (p), velocity («) and length (L) are divided by the dynamic
viscosity («). (Kinematic viscosity, v, can also be substituted for the ratio of dynamic

viscosity, u, to density, p.) When the inertial effects are very small in comparison to the
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viscous effects and can essentially be ignored, the Reynolds number is also small. This is the
case for the ABN.

Though the laminar-turbulent transition occurs near a Reynolds number of 2300 for
internal flow, a low Reynolds number flow is considered by most researchers to be any
value below one in a regime where turbulence does not occur [10]. A lecture by Purcell [11]
normalizes examples to a Reynolds number of one and shows that for a body to move, a
force (F) acting upon that body must be equal to the square of the dynamic viscosity («) of a

fluid divided by the fluid density (p) as shown below.

=&
F=t @)

As Purcell [11] points out, particles moving in low Reynolds flow cannot simply drift. The
fluid around them has to move too, which also means that the force defined above will tow
anything with a Reynolds number of one. Therefore, any stirring that may take place will not
cause separation or mixing; the surrounding fluid is moved along with any molecules or
particles within the flow. Any description of low flow rates with respect to the molecules
and particles will then be characterized by the bulk fluid movement. Momentum (Navier-
Stokes) equations reduce to
—Vp+uvV?u=0 (3)

which is known as Stokes flow. The flow becomes steady, and velocity changes with time
are no longer present.

At the same time, operational barriers occur near this unity value. Surface tension
can be a major force on the fluid even if turbulence does not occur at low Reynolds numbers

[12]. Surface tension effects would be present at the start/stop of a flow and at transitions
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between chips and reservoirs where a pump would have to overcome this force to begin to
flow fluid through empty lines and channels.

Despite concerns of starting fluid movement, the largest advantage of microchannels
with small amounts of fluid moving slowly enough their Reynolds numbers are near unity is
the way that the fluids do not mix due to turbulence, rather that “mixing” occurs only on a
molecular level through diffusion. Various research groups have used this knowledge to
enhance mixing by staying away from low Reynolds numbers [13, 14]. Conversely,
diffusion-only mixing is advantageous in developing a device that can separate molecules
and particles without mixing the fluid streams, which would work well for many detection
and separation applications including the needs of the ABN. If the ABN also wishes to
concentrate the separated molecules, then ratio of the exit stream areas needs to be factored

into a design so diffused areas of the channel are collected appropriately.

Laminar Flow Diffusion Interface (LFDI):

The LFDI is found only where fluids are under low Reynolds flow conditions. The
fluids can flow alongside one another while not mixing; mixing usually occurs due to eddies
from flow interference and turbulence generated in the flow stream. These interfaces exist
where the streams interact. Therefore, if three streams are present, two LFDIs will be
present.

The shear stresses within the adjacent immiscible flows match at the interface
between the fluids as well as their velocities [15]. The following, Equations 4-6 for sheer

and velocity profiles, are for two fluids that each take up half the channel flow volume.
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The viscosities are denoted with I and II for the fluid they represent, and the starting and
ending pressures are labeled with 0 and L for the pressures at the entrance and exit of the
diffusion channel, respectively. Li and Renardy [16] work through two immiscible liquids at
low Reynolds flow. Their study focuses on droplets within the fluid, and how those droplets
can stretch or break apart in the flow because of differing viscosities. Finlayson [17]
presents an analytical solution of two immiscible fluids where the velocity matches at the
interface between the two fluids.

Williams et al. [18] used SPLITT (split flow thin-cell) fractionation to help separate
wanted and undesired particles between two fluids. Instead of a physical barrier or fluids of
differing viscosities, streams of the same fluid are flowed side-by-side, and the particles
within these streams are separated by density due to settling. It is pointed out here that the
LFDI acts like a virtual membrane between fluids and emphasize the importance of
acceptable limits in which settling can and will occur.

Schattka et al. [19] use the LFDI to precondition samples. Their work develops a
model for flow thicknesses. This way, the “filtered” stream can be split off at the end of the
diffusion channel. Experimental procedures discarded the first 90 microliters of fluid
through the channel (equivalent to three full channel volumes) to allow diffusion to

equilibrate.
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Similarly, Mansfield et al. [20] prepare samples using a LFDI so wanted components
of the flow can be collected and concentrated for further analysis. The major difference
between their work and the proposed work for this dissertation is their use of capillary forces
to draw the fluid through the microchannels whereas a pump will move the fluid in the
microchannels of the ABN.

Jandik et al. [21] use an H-filter to take advantage of the LFDI for sample
preparation. The fluids were moved by external syringe pumps through a network of
multilayered microchannels, and although whole blood was used, fouling was overcome by
using saline as the receiving fluid. Nelson et al. [22] and Foley et al. [23] use a LFDI to
model and measure diffusion between channels as well. Kuo and Chiu [24] present mass
transport control in microfluidic devices, specifically with a focus on the LFDI. The
segmenting of fluid droplets within another fluid can minimize the diffusion between the
two fluids. Conversely, the act of increasing the diffusion interface between the two fluid
flows while in the diffusion channel together will increase the diffusion rates. This can be
done by folding the stream onto itself, providing rough channel walls and narrowing the
channel width/depth.

Not all of the time does the LFDI reside along the centerline of the diffusion channel.
The ratio of the flow volume used by each fluid is a function of their inlet pressure and

viscosity. An example of how this might differ is shown in Figure 7.
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Figure 7. Results from Hatch et al. [25] where viscosity values influence the flow characteristics.

The fluids do not have the same viscosity even though they have the same inlet flow rate.
The portion of the channel is influenced by this fluid property. Kuczenski et al. [26] use
feedback to the pressure control system to adjust the fraction of the channel one specific side
the fluid is taking up. While the viscosity and pressure influence the volumetric flow, the
diffusion coefficient is used to help predict location during molecular diffusion as shown by
Equation 7. The diffusion coefficient can be calculated based on its temperature dependence

as shown below [27].

RT

6TTURT 4

(7

Dyp =
The Stokes-Einstein equation can provide a good estimate of the diffusion coefficient for an
unknown molecule even if the molecule is not spherical.

An alternative to flowing is to allow the amino acids to mix with the fluorescamine
prior to passing through the diffusion channel. In this case, the channel would be used to
“sort” the molecules based on size in the way modeled by Hatch et al. [25]. The problem
would be whether fluorescamine binds with the fluid molecules and not the amino acids

present. This would give a false positive as indicated by the strength of fluorescence.
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Kamholz and Yager [28] summarize the scaling of the Einstein diffusion
approximation where diffusion displacement is estimated during stopped flow. Once flow
begins, the velocity profile becomes non-uniform, and their modeling predicts diffusion

occurring more rapidly at the no-slip boundary as shown in Figure 8.
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Figure 8. Channel visualizations for diffusion across the channel width and depth according to Kamholz and Yager [28]
where each slice represents a specified length downstream from or at the inlet.

Hatch et al. [25] warn of errors with a one-dimensional analysis. Whether relevant or
not, multidimensional analysis could include convection and binding reactions present in the
flow which may not be visible from one dimension. Premixing diffusion-based analysis is
first reported by Hatch’s team. The fluorescein and bovine serum albumin (BSA) were
allowed to react prior to entering the diffusion channel in a T-sensor. Buffer flowed on the
other side of the channel and diffusion of the tagged molecules happened over the length of
the channel. Later experiments added glycerol to the buffer to match viscosities of the two
fluids. Doing this allows a one-dimensional model to be valid since residence times of both

fluids are similar or equal.
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Hatch et al. [25] also used hydrogels to form a mechanically stable interface at the
surface of the fluid sample to preserve samples and reagents. This method cannot be used
more than once since the hydrogels line the channels and are consumed by the flowing
fluids. The use of hydrogels is not a preferred method of detection for the ABN because of
the limits on size and quantity of detectors.

Bowden et al. [29] extracted hydrocarbons from oil. They etched microscope slides
to fabricate H-filters for testing hexane and oil with residence times of less than 5 seconds.
With diffusion of species across the LFDI between two liquids, scaling effects are noted by
Figure 9 where Ismagilov et al. [30] experimentally verified the model with x-ray

photography.

1ﬁm

Figure 9. Effects at walls along length of channel [30].

Kashid et al. [31] used slug flow to investigate mass transfer with CFD modeling.
Their assumptions simplified the modeling to transfer at the boundaries of the slugs. Their
model included a chemical reaction between species, which is an important consideration

with the model presented in this dissertation. As the chemical species move, they react with
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each other and the fluids they encounter from a chemistry standpoint, not a momentum
reaction.

According to Brody et al. [12], the extraction within microfluidic systems is best
controlled while Re<<I else mixing in addition to diffusion may occur at Re>>10. Their
experiments show the diffusion of 0.5-micron diameter fluorescent beads between two fluid
streams at a rate of 100 um/s. It is also noted that the entrance length of the flow is half the
diameter of the channel, which is quite small in comparison to the overall channel length.

Theoretical development of the movement within the microfluidic channel is
modelled by Kamholz and Yager [32]. Their model uses BSA, a blood serum with proteins.
Since T-sensors are commonly used to measure diffusion coefficients, they compare tagged
proteins to theoretical models. The fluorescence measurements follow an error function as

predicted by analytical calculations.

Microdevices:

Two types of sensors in this microfluidic total analytical system (u-TAS), also
referred to as microdevices, are T-sensors and H-filters. Each has at least two inlet streams
of fluids, usually with different properties including the type of fluid or the types of
molecules suspended or dissolved within the fluid. Weigl and Yager [33] define the
characteristics of these systems and describe how all analytical functions can be performed
by this one system. They argue that separation of particles is the most difficult part of this
system since centrifugation and filtering are poor options at this microscale.

It is also pointed out that although many functions can be performed on a chip such

as sampling, separation, dilution, reactions and detection among others, by 1999, a single
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chip had not been fabricated to perform all of these functions on one device. The
microdevices allow for diffusion without fluids mixing if they flow at laminar conditions for
their channel size. A bonus for these microdevices is their ability to sort particles by size
through diffusion. The T-sensor was the first to perform both separation and detection in the
same device, and the smaller the molecules are for the diffusion, the faster they will move
between the streams [33].

Kambholz et al. [34] analyze a T-sensor; these sensors can only be used for separation
and detection within the channel as the output stream is a single outlet. This would be
satisfactory if the analysis takes place prior to the fluids leaving the channel. In the event
that the fluid is recirculated for concentrating, having the tagged sample separate from the
reacted stream at the exit would be ideal. Silicon devices with photoresist etching were
bonded to Pyrex glass wafers for the structural component. The fluid is albumin, and a
“butterfly effect” is mentioned for the flow nearest the channel walls where diffusion occurs
more rapidly due to resident times of a non-uniform velocity profile.

Stone et al. [35] review microdevice uses and unique design aspects. Devices are
considered “microfluidic” when fluid flows are controlled or manipulated at a millimeter or
less. Forces driving microfluidic flows include pressure gradients in pipe flow and capillary
effects with surface tension changes. Other driving forces include electric fields, magnetic
fields, sound and rotation. Though acoustic streaming might help with particle settling, there

will not be any acoustic energy used for particle suspension for the ABN as the fluid travels
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through the diffusion channel. Electric and magnetic fields will also be ignored, and rotation
effects are not present since the channel is not curved.

Using the principles described previously, microchannel devices are becoming
common for extraction, detection and interaction of organic molecules in chemical and
biological applications. Mixing or separation of fluid streams and the diffusion of specific
molecules play a large role in the design and fabrication goals of these devices. The network
of microchannels is most commonly etched on a glass or composite wafer. Devices are
generally small in footprint and can be made economically so that they can be one-use
devices to minimize the risk of cross-contamination between samples.

Microdevices benefitted from the addition of the MEMS (micro electrical
mechanical systems) discipline to the field of engineering. The microchannel design with
laminar adjacent flow of two liquids has been studied since the early 1990s. Most recently, it
has been used as a medical device for quick blood testing. The medical industry is looking to
use such devices as a way to test for specific diseases or conditions with a small amount of
body fluid. Due to the total volume of fluid space within these devices, only a few drops of
blood, urine or saliva are needed, and the results are quick if a chemical indicator is used.
They can be made to be inexpensive so one-and-done does not cross-contaminate sample
results. The difference with the ABN is the need for it to be reliably reusable or definitively
disposable.

Microdevices were established as a way to move and manipulate small amounts of
fluid. External components can induce bulk fluid movement, such as a pump, or chemical
species transport in the way that electrophoresis can manipulate specific ions within the bulk

fluid. Microdevices for separation and detection of fluid components began as T-sensors. In
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these devices, there are two inlets of two separate fluids and the detection occurs while the
fluids are still passing through the detection portion of the channel. The outlet (waste)
streams do not matter so all fluid exits from one outlet. H-filters are very similar, but the
outlet streams are separate and can be collected for analysis post-channel.

SPLITT devices are also referenced in literature where separation can be obtained
through the application of an electric field to the fluid channel, such as electrophoresis.
While this may be attractive, the development of the ABN will be based on diffusion for
amino acid detection.

Work prior to the ABN includes work by other JPL research teams to use Earth-
based detection systems for proof-of-concept amino acid detection in the Atacama Desert.
Skelley et al. [36] developed a capillary electrophoresis instrument where an external
electrical field and pneumatic pumps were capable of detecting amino acids at 70 parts per
trillion to 100 parts per billion from soil in the Atacama Desert. The chip with the
microchannel network had a small footprint yet the external equipment for the detection and
fluid manipulation, though portable, was large in comparison to the chip. It is common for
microdevices to use electrophoresis to separate polar molecules to specific locations within
the stream. Other microdevices currently separating molecules effectively rely on an
external electric field to push or pull molecules through electrophoresis. This adds
complexity and overall weight that could limit where the ABN is sent.

Kapoor et al. [37] studied biomolecular reactions in Poiseuille flow. The
experimental setup included a glass tube with an inner radius of 0.95 mm. Experiments
showed that velocities varied greatly over the cross-sectional area of the tube, and diffusion

rates from stopped to moving flow change the concentration quickly.
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Some of the earliest microdevices with fluid flow provided chemical analyses for
biological samples. The small amount of fluid needed for these devices made them perfect
diagnostic tools for detecting specific solutes within the sample. Brody et al. [7] even show
it is possible to filter out 16-um diameter spheres from deionized water. This device differs
from later versions in that a LFDI is not used to separate particles across the boundary of
two fluids. These researchers do point out potential issues which may arise from surface
tension in such small channels, and that even if the channels are wetted, the exit of the
channel will still be an issue. Though the purpose of their work was to present an alternative
to centrifuging blood samples, their work does not take into account the irregular shape of
red blood cells. With a soil sample, it is possible the particles will not be spherical.

Microdevice development began as a way to provide analysis using small amounts of
sample. Some of the earliest designs used a permeable membrane to keep the fluids
separated yet allow particles to move between the streams [18]. Membranes are prone to
fouling so when reusability and ease of cleaning between samples is important, membranes
are not preferable. However, the aspect ratio and the direction of diffusion do seem to be
important parameters [7, 18].

Experimental and theoretical work regarding the transport of these molecules within
the channels takes on several forms, but mainly for medical or geologic purposes. Some
devices have specifically been designed to calculate diffusion coefficients of specific solutes
by measuring the distance the solutes move from one stream to the next in well-known
fluids. The issue with comparing the medical studies to the work of amino acids from a soil

sample is that blood is a non-Newtonian fluid, which means the behavior of the fluids within
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the microchannel will act differently than water, acetone or other fluids not containing blood
components.

Diffusion-based analysis is possible for interactions within the microdevices. Though
Weigl et al. [38] focus on passive H-filter systems, they conclude that active systems allow
for more precise flow conditions rather than relying on gravity or capillary forces to drive
the flow. Channel sizes are bound by the largest particles needing to pass through and
keeping the dimensions small enough that the flow remains laminar. Small particles diffuse
quickly from one stream to the other. A major disadvantage of passive H-filters is their need
to be pressure driven, thus dependent on viscosity, which influences the flow rate and ratio.

The pressure changes are proportional to their velocities as shown below [38]

AP

where the pressure drop, 4P, is experienced equally between the fluid streams along the
channel length. The velocities and viscosities are then proportional as shown below [38]

Uthin _ MHthin _
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where U is the velocity and y is the viscosity. The thin and thick describe the width of the
fluids within the channel while R is the ratio between them.
The same logic can be applied to solve for the fraction of the volumetric flow taken

up by each fluid as shown below [38]

Dthin _1 (1 + M) (10)

DthicktDthin 2 UR*TQR
where volumetric flow rate is @ and Q is the volume. The mass flow rate can be represented

by concentration and volumetric flow rate [38].

m =Y m, =Xt GO (11)
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The concentration, C, and the volumetric flow rate, O, are compared to the ratio of the mass
rates, m.

Weigl et al. [39] reviews the possibility of a non-instrumented microdevice. The
fluid movement would rely on gravity or surface tension rather than an external pump with a
power supply. The argument is made for low-cost, rural healthcare though these points are
relevant to space exploration missions. Stability until use is an advantage though the
simplicity may make them less sensitive at detecting specific molecules (or antibodies or
antigens). Multiple streams of fluid can pass through at once where the smallest particles
diffuse the furthest across the channel in the same amount of time.

One group of researchers investigated the interaction between three fluid streams.
The middle stream is sandwiched between streams of the same fluid so the total volumetric
flow rate for the two fluids is constant and equal to the two-stream model, but the surface
area between the fluids is doubled, thus increasing the length/area where diffusion can take
place [40]. Due to the buffering required by the liquid to prevent back-diffusion of the
tagged amino acids, this sandwiching of laminar flow layers may not be feasible for the
development of the ABN. From a separation for collection standpoint, fluid layering would
complicate the geometry, and more than two outlet ports would be needed.

Culbertson et al. [41] present measurements of diffusion coefficients taken with a
microfluidic device. The results show an 11% increase from data in literature when

measurements are taken under dynamic versus static conditions.
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This Einstein-Smoluchowski equation is commonly used for calculating diffusion
coefficients, D, with ¢ as the run time and ¢° as the spatial peak variance. The experimental
work to verify their theory uses bovine serum albumin (BSA), which is the protein most
abundant in whole blood.
The Hagen-Poiseuille equation as stated by [9] shows that when the pipe diameter

shrinks, the pressure must increase to keep the same flow rate.

e (15)

md*
The pressure drop, AP, is calculated with a fluid of viscosity, &, and flow rate, Q, in a
channel with a length, L, and diameter, d. The same researchers solve for a critical velocity

where diffusion dominates over convective mixing [9].

ve=n(3) (3) (1)

The velocity is calculated from the length of droplets, L, the diffusivity, D, and the
microchannel depth, d.

Choban et al. [42] used a T-sensor (though with inlets positioned in the shape of a
“Y”). This shape was thought to shorten the entrance length of the stable velocity profile so
the entrance length should be a design consideration if there is not a structural separation at

the inlet of the channel.

Mixing:
Ignoring the limits of the dimensions of the channel geometry and any structural

flow obstructions in accordance with the flow rates, mixing may occur between the fluids
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rather than simply allow for diffusion of molecules between the streams. The work of
Adeosun and Lawal [13], Mengeaud et al. [14] and McKay [43] use these mixing theories
purposely to induce the fluid streams to combine. Not only do they prove this mixing
mathematically, but they also use CFD modeling accompanied by experimental results to
show that mixing can and will happen under the correct conditions.

Nonino et al. [44] change the geometry of the flow channels to cause mixing of
fluids. For this research, mixing is not desired though changes to the diffusion time are.
Jayanti et al. [45] simulate curved ducts by “applying” a centrifugal force to flow in a
straight duct. Errors only occurred when the radius of the bend neared the radius of the duct.
With electrophoresis, Culbertson et al. [46] used a spiral channel to perform separations.
These are unlike this dissertation as separation occurs with natural diffusion instead of an
electric field.

Solehati et al. [47] model mixing within the diffusion channel of a T-sensor with
Gambit and AutoCAD software. The amplitude of the curving geometry of the diffusion
channel changes the flow conditions as well when a T-sensor with a straight and a curvy
diffusion channel is modeled to show the possible mixing effects due to geometry
constraints. The channel geometry is extremely similar in magnitude and shape to the model
presented in Chapter 3 with a width and height of 500 microns. Water was the fluid used for
this model.

Some considerations of the fluid mechanics within the microdevice design include
rounded bends as opposed to zigzag patterns [35]. Mixing only occurs via diffusion, and as

the Peclet number increases, so does the channel length to carry out the diffusion.
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Tabeling [48] also refers to mixing as a capability of microdevices. The geometry
plays the largest role in causing mixing when laminar flow in microdevices generally is the
main reason for using such microdevice technologies. With the Peclet number, the larger the
value, the more likely mixing will take place. This value could serve as a check for
certifying the fluid streams do not mix and particles in the fluid do not disrupt the flow.
Depending on the controls and inlet geometry, it would be possible to form bubbles in the

channel.

Effects of particles:

Purcell [11] proposed that small particles act because of the forces on them at the
time and not the forces that once acted upon them. This is simply because little inertia exists
at low Reynolds numbers for them to continue moving. What this does not take into account
is any buoyancy or gravitational effects on the particles for settling purposes.

The motion of spherical particles in film flow is investigated by Pozrikidis [49]. The
results, while verified, represent flow down an inclined plane with assistance from gravity.
The results of film flow are not directly comparable to flow within a duct.

Brody et al. [10] point out that proteins tend to adsorb to channel walls causing
biofouling and eventual clogging. Though amino acid chains may be present in the samples
the ABN processes, adsorption to the walls may aid in particulate clumping, which is not
beneficial for this system. Because there is a larger surface area to volume ratio in
microdevices, the adsorption is more problematic than in larger devices. The adsorption

ratio, 4p, was predicted as shown below [10].

A, = (17)

r2Cw
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The protein radius, », concentration within the flow, C, and ratio of volume to surface area
per length of channel, w, are all needed for this calculation. Brody et al. [10] also show that
with low Reynolds numbers, the effects of the wall on particles is much more pronounced
than if the particle was in a highly turbulent flow and exhibiting a boundary layer at its
surface. The H-filter works similar to field flow fractionation. Their H-filters were 1 mm
long, 50 microns wide and 30 microns deep where a pressure drop of 2 cm of water is
present between inlet and outlet columns at a flow rate of 100 microliters per minute.

Brody and Yager [50] begin to investigate the size of particles versus their time of
diffusion. They also calculated the distances proteins travel across a channel in one second.
This model is verified through experimental work where diffusion through a microchannel is
observed. The channel is machined from a silicon wafer, and the diffusion prediction is
modeled from a Gaussian distribution. The pressure difference between inlet and outlet ports
was 3 cm of water to target the flow rate to 100 microns per second for a diffusion rate of 1
second across a 10-micron wide channel; this is compared to 10 days to diffuse across a 1-

cm pipe at the same temperature.

Soil movement:

Most of the literature containing information regarding movement of solids either
resides in medical or metallurgy journals. Two major issues regarding solids in fluid flow
are clumping and settling. Clumping mainly occurs when particles are not spherical, such as
red blood cells, or other biological reactions are taking place, such as clotting of platelets in
whole blood. Settling is an issue when the particles are denser than the suspending medium

or solvent.
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One major concern with whole blood is its preference to clump while in channel.
This clumping is also a potential concern for moving soil particles through the
microchannels, especially from the SCWE chamber to the H-filter where particles may have
fallen out of suspension as the ice plugs are allowed to melt before the fluid is pushed
through the H-filter. A major difference between medical devices and the ABN task is the
fact that blood is a non-Newtonian fluid so any blood data from the literature will not be a
reliable comparison to the modeling results from this water and acetone system.

To overcome the settling issue, which is much more relevant to the ABN, it is
possible to settle out the large particles prior to the flow in the diffusion channel and only
flow particles that are easily suspended due to their shape or density. Another possibility is
having a fast enough flow rate that the particles do not have a chance to settle during their
resident time within the detection channel.

Priest et al. [51] built a detector for mining companies to use in order to forecast the
amount of a targeted mineral present in a rock outcrop. Their microfluidic device had a
physical barrier at the bottom of the channel to help keep the streams separated. Settling in
the device was also an issue so large particles were settled out of solution before liquid was
passed through the microfluidic channels. Priest et al. [52] also showed extractions from
between co-flowing streams with 180-micron aggregates present with a continuous flow
condition that is assisted by a small ridge at the fluid interface within the channel.

Chen and Jiang [53] and Cal-Prieto et al. [54] use a soil slurry to analyze heavy
metals within a soil sample. Ultrasonification and dilution were key to suspensions for

quantifying heavy metals with a propensity to settle quickly.
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Pozrikidis [49] highlights particle motion in viscous flow, though most specifically

in film flow. This does not apply to the majority of the flow seen in the microchannels.

Sub-critical Water Extraction (SCWE):

The SCWE process exists as a way to make water act like an organic solvent instead
of using acid hydrolysis. For planetary exploration, utilizing an alternative to organic
solvents is appealing; the risk of organic solvents includes leaks to the atmosphere (pollution
on another planet or moon) or false detection. Water begins to behave like a nonpolar
organic solvent at high subcritical temperatures, which allows for chains of amino acids to
be broken into smaller molecules without destroying or diminishing the quality of the
sample.

Amashukeli et al. [55] designed, fabricated and tested a portable SCWE in the
Atacama Desert. They successfully extracted amino acids from soil using water at the
optimal subcritical conditions of 200°C and 17.2 MPa. The SCWE process lasted for a
period of 10 minutes to maximize the potential of smaller molecules. The equipment was
quite large to hold up to this extreme pressure. The pressure and temperature increases were
performed in increments to ensure water stayed in its liquid form.

Depending on the conditioning step following this SCWE process, the water may be
warm enough to vaporize the acetone as they flow side-by-side in the H-filter. Keeping the
fluids at an increased temperature to decrease the dielectric constant and enhance the ability
of water to make amino acid molecules available for further processing must be balanced
with the possibility of vaporizing the liquid in the channel. Figure 10 shows the change in

the dielectric constant of water from 0°C—100°C.
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Figure 10. The change in the dielectric constant of water due to rising temperature from various sources [56].

Amashukeli et al. [57] proved the flow rate is also important else sufficient time may not
allow extraction to take place.

The SCWE process uses a sealed volume of water with thermal energy added at
increments while the pressure builds. If heat is added before the pressure can balance,

vaporization may take place.

Effects of heat transfer:

Heating within the channel will affect the thermophysical properties of the fluid and
the ability of the molecules to diffuse between the streams. The percentage of this heat effect
can be as much at ten percent of the total. While this may not seem like much, because this
is such a small scale with fine detection limits, this is a relatively large change. New
materials are being used that are compatible with a range of fluids and can moderate desired
heat transfer rates.

Heat transfer to microchannels with hydraulic diameters ranging from 30-344

microns is characterized by Xu et al. [58]. The Reynolds numbers are higher than what is
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projected for this work, but laminar flow exists and allows heat transfer to occur at relatively
large heat fluxes when compared to the geometric lengths of the channels.

Urbanek et al. [59] use angled walled microchannels to investigate temperature
effects. Though not explained by theory of Navier-Stokes equation, the Poiseuille number
increases with temperature in microchannels of 5-25 micron hydraulic diameters.

Heat transfer between two immiscible fluids in theoretical work by Bostic et al. [60]
shows the use of finite element analysis to be a valid method for solving flow problems. The
research of Avsec et al. [61] flows gas through microchannels. While the variations of
thermophysical properties is presented, the results are not valid for liquids since the densities
have a weaker dependence on temperature than gases do. Wibulawas [62] relates heat

transfer to laminar flow in non-circular ducts.

Microchannel detection:

The detection component is being developed by an optics member of the ABN task;
however, detection considerations are noteworthy for ultimate design of the microchannel
network. The limitations on the channel design include enough length in the H-filter where
enough diffusion has occurred and the scanning across the channel will be slow enough that
the diffusion is no longer changing. Most microdevices have a targeted area of the channel
where diffusion measurement takes place optically. With a T-sensor, this positioning of the
optical detection equipment is important as the fluids mix upon exit from the channel, and a
second chance at analysis does not exist.

Detection within the channel is not the only solution for analysis. If the exit streams

are parsed and collected, there would be the opportunity to analyze these collections off-
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chip. Regardless, the detection is a one-and-done operation; if the diffusion does not work as
predicted, the detection may not occur in the right way, thus affecting any analysis that may
take place either in the channel or in a collection container after the channel.

Kamholz, Schilling and Yager [63] present research with optical measurements of
diffusion within a microchannel. These measurements do not focus on the splitting off for
output ports; instead, all exiting fluid is dumped into one collection reservoir. Their setup
allowed for a rapid measurement of diffusion coefficients. Experimental results included
measurements at five millimeters down the diffusion channel prior to the fluids exiting with
a fluorescence detection system. Their research group points out the difference of fully
developed versus developing velocities by modeling the flow.

Optical measurements are a common way to analyze flow characteristics without
interrupting the flow, and without needing sensitive probes. Fluorescence microscopy has
been used since the mid-1990s for visualizing flows [35].

The purpose of not allowing mixing is to be able to concentrate the fluorescing agent
without it tagging to the water stream. This can be achieved by providing a buffer solution
with a specific pH level. Holl et al. [6] optimized the extraction device by investigating
changes to the flow rates and depth of the channel. This study found the optimal setup to be
a 50-micron deep channel with a length of 40 mm, which unfortunately will not satisfy the

needs of the ABN.

Uniqueness of application for amino acid detection:
Fluorescamine was first introduced by Udenfriend et al. [64] in the early 1970s as a

reagent for assay of amino acids. It is determined through their work that fluorescamine has
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a reaction time of one-tenth to one-half of a second with primary amines in a solution with a
pH of nine. The reaction with water molecules occurs between five and ten seconds to
produce a non-fluorescent product. The products fluoresce for several hours. The strength of
the fluorescence is dependent on pH. Not many articles discuss how solutions should be
buffered for prevention of back diffusion, nor do they account for material substrate
limitations.

Space applications ideally use a small footprint and conservative mass margins.
Reliability is key to any design with reusability as an added bonus. Making this detection
system from borofloat with a way to clean between uses or avoid cross-contamination is
vital to the success of the detection.

Skelley and Mathies [65] used fluorescamine to label amino acids during capillary
electrophoresis. Their work was analyzed post-SCWE and not through a microdevice with
the same requirements as the ABN has. Chiesl et al. [66] increased detection of amino acids
by using Pacific Blue in place of fluorescamine. Jandik et al. [67] purified amino acid
samples from carbohydrates for detection procedures.

Beebe, Mensing and Walker [68] review applications of microfluidics for biology
uses. The Reynolds number describes the flow regime, so with such small volumes moving
through small channels, laminar flow is crucial for flow that allows only diffusion. The

fluidic resistance is calculated through geometric measurements and the viscosity of the

fluid.

_ 12
T xw3 (18)
The length, L, width, x, and height, w, of the channel along with the viscosity, u, of the fluid

provide the resistance value, S.
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Hatch et al. [25] outline a variety of techniques used to analyze molecular binding
interactions. For their purposes, a rapid and high-throughput analysis is essential with an
existing diffusion potential created by placing the wanted molecules in only one fluid
stream. Their device has pressure-driven flow with a range of analytes for testing purposes.
They illustrate the difference between premixing the proteins with the analyte. Separation
creates very large particles near the interface. Holl et al. [6] walk through the design of a
microdevice that extracts albumin (a protein in blood). Their work uses two fluids where
detection is the goal for the extracted protein.

Hatch et al. [69] developed a T-sensor capable of measuring molecular
concentrations in one minute at nanomolar levels. Though using blood samples for
verification, they point out that albumin is known to interfere with the indicator molecules.

Blood clumps on its own and has a tendency to adhere to the channel surfaces [10].
Some devices use filters or centrifugal force to separate particles from soluble components
[33]. It is also noted that the size of the particles directly relates to the point at which they
cross into the second stream along the length of the channel making it possible to sort
particles by size based on the distance down the length of the microchannel. This will be
helpful for when the amino acids are tagged by the fluorescamine, which will create a larger
molecule to separate into its own flow.

Mora’s group [70] used capillary electrophoresis to detect organics. Amino acids are
targeted for their composition and structure. Movement on the chip occurs through
peristalsis with actuated valves. A large footprint is needed for the external instruments
providing assistance with microchip operations. Skelley et al. [71] extracted amino acids

from bacterium. Their system runs a rinsing solution through after each analysis so must
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take extra fluid. Experiments show pH values matter when it comes to intensity of the
fluorescence, and the total time was 12 minutes with 10 minutes for labeling and two
minutes for separation.

Kate et al. [72] studied the photostability of amino acids to predict length of
exposure to UV radiation on Mars. If embedded, the amino acids could last several
thousands of years yet when exposed at the surface, the amino acids most likely could not
last one day. This is important to note, as samples of soil cannot be simply scooped from the

surface of Mars.

Experimental data:

The data shown in Table 1 are results from experiments with configurations similar
to the ABN. These experiments range from two fluids to three fluids. The geometry is only
different in the entrance portion of the device; the fluids still flow side-by-side in the
diffusion channel. Some include the use of membranes between the fluids or films on the
channel walls to absorb specific molecules, or cause or limit a reaction. Data were used for
fluorescamine and fluorescein with BSA as well as non-fluorescing reactions. Some of the
literature include data from blood analysis. The channel dimensions and flow rates are
included for replication in the validation section in Chapter 5. Not all sources listed in Table
1 share the diffusion coefficient used in their modeling. When this occurred, the diffusion
coefficient was looked up in other references. Some of the sources shown in Table 1 are not
used for validation; these sources do not provide a reaction with non-Newtonian behavior,
which is different than flowing amino acids in water. Other sources also note fouling on the

channel walls, and as the device should be reusable, fouling hinders this requirement.
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Materials Dimensions Flow Rate Results Reference
Albumin, water <100micron(z), 0.1 and 0.25 | Graphical output 6 (1996)
<100micron(x) uL/s
2.6- and 12- 50micron(z), 100 pm/s Fluorescent image | 7 (1996)
micron diameter 200micron(x)
spheres
HCI, NaCl, NaOH, | 69micron(z), 3.85x10” and | Plots from model | 8 (2012)
CH3COONa 160mm(y), 3.85x10°!°
404&266mm(x) m?/s
Cytochrome, Various ratios Various Graphical output 18 (1992)
sodium benzoate ratios
Albumin, 330micron(z), 83.3nL/s 0.81s 19 (2011)
creatinine 4.45micron(x),
22.2mm(y)
Creatinine and n/a n/a Graphical output 20 (2005)
albumin
BSA + antibody 0.3mm(x), 53 nl/s Pictures and plots | 23 (2007)
(1-1000 nM 3mm(y),
concentrations) 0.1mm(z)
Fluorescein-biotin | 1560micron(x), 20.8 nL/s Graphical output 25 (2004)
+ BSA 92micron(z)
Ink and water 100micron(x), n/a Picture and 26 (2007)
50micron(z), 10— graphical output
20mm(y)
Hexane and oil 150micron 0.1 mm?®/s Picture and 4.8 s 29 (2006)
diameter
HAS, albumin 550micron(x), 83.3nL/s Optical output 34 (1999)
blue 25micron(z)
Tanshinone 1A, 600micron(x), 0.2 mL/min | Picture and plots 40 (2010)
dichloromethane 30micron(z)
Fluorescein-biotin | 75micron(x), 41.7nl/s—1 | Optical 63 (2001)
10micron(z) ul/s measurement
Water, rhodamine | 50micron(z), 100- | 1.2-20 Pictures and plots | 73 (2009)
B 200micron(x), uL/min
4mm(y)

Brust et al. [74] focus on the plasma portion of blood. Only surface effects exhibit

non-Newtonian behavior in plasma and bovine serum albumin (BSA). These effects are also
present with changes in pressure, which means the viscoelastic behavior of plasma is

important in assuming Newtonian behavior.
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Mu et al. [40] extract herbal ingredients from plant matter at an improvement rate of
over 90% by switching from solvent extraction to microfluidic device extraction. Van
Leeuwen et al. [73] use an H-filter to transfer glucose between two streams of water. The
LFDI needs to be stable, predictable and split correctly at the outlet. Flow simulations were
performed in COMSOL for a rounded diffusion channel and compared to visual data from

the flow.

Fluorescing agent:

Corresponding states work includes the comparison of two or more fluids from the
same family (similar molecular structure) and their thermophysical or transport properties.
This allows for the comparison of two fluids where the properties of one are not known very

well. The chemical structure of fluorescamine (C17H1004) is shown in Figure 11.

Figure 11. Fluorescamine molecular structure, Ci7H1004 [75]
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This fluid is an identified fluorophore with a known range of fluorescence activity based on
wavelength yet thermal effects and most properties are unknown. Figure 12 shows its

reaction with a primary amine.

Figure 12. Fluorogenic amine-derivatization reaction of fluorescamine [76].

Culbertson et al. [41] show that diffusion coefficients are measured using devices
such as the H-filter or T-sensor. Their experiments use fluorescing agents showed a slight
interaction between the fluids and the channel wall with static measurements.

Hausler et al. [8] optimized the design of an H-filter by the resulting Fourier number.
Each aspect ratio of the channel dimensions was compared to the flow of a solution whose
diffusion coefficient was measured. The results agreed closely to literature, and diffusion

times ranged between 3—14 seconds.

Fabrication:

Kenis et al. [77] used chemical etches flowing through the microchannels to show
that 5-micron features are possible to manufacture with the correct combination of flow rates
and chemicals.

Stockton [78] outlines the fabrication process used most commonly by device

engineers at JPL. This is the procedure used for manufacturing the features for the ABN.
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While chemical etching produces clean walls, defects may be present during bonding of the

two discs, and mostly limited to the corner of the channel.

Work in this dissertation:

The work outlined in subsequent chapters builds on the existing work of H-filter
theory. It incorporates a chemical reaction between particles in the two fluid streams and
takes into account overall temperature of the system. (The range of temperatures including
high, low and average are investigated separately for the outcome of the calculated diffusion
coefficient.) The temperature affects transport and thermal properties. Wall effects are

ignored since eddy currents from wall temperature fluctuations could theoretically form.
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Chapter 3: Modeling Fluid Flow

The modeling of the diffusion effects of the AstroBioNibbler is focused on the
diffusion channel portion of the H-filter. The model assumes that diffusion starts to occur
once the bulk fluid begins to travel down this diffusion channel without residual effects from
the inlet conditions. Inlet effects are important though with laminar flow, and with a small
geometric addition to help the flow turn 90° against a partition rather than the opposing

fluid, any undesired effects (such as mixing of the fluids) can be minimized or eliminated.

Modeling considerations:

Time and spatial values can be used to designate the flow conditions and
corresponding concentrations with MATLAB modeling. These incremental values of time
and space are small in comparison to the size of the channel as well as the flow rate and

molecular length in order to minimize error propagation.

Constants:

Water and acetone are the fluids moving through the H-filter. The temperature range
expected by the device is from room temperature and atmospheric pressure to approximately
500 K at a pressure of 240 kPa to keep the fluids in liquid phase. Figures 13 and 14 show the

vapor pressures for acetone and water.



42

10000

1000

100

10

P [kPa]

0.1

0.01

0001 b e
150 200 250 300 350 400 450 500

T [K]

Figure 13. Vapor pressure data for acetone as plotted in EES using the equation of state developed by Lemmon and
Span [79].
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Figure 14. Vapor pressure data for water as plotted in EES using the equation of state for water developed by IAPWS [3].
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These high temperature/pressure limits occur on the SCWE chip and not near the diffusion
channel although it could be possible to add the capability of using excess heat to help the
diffusion occur at a more rapid pace. It is noted that the effects of temperature fluctuations

on reaction kinetics are not discussed in this work.

Inlet conditions:

The inlet fluids of acetone and water enter the H-filter as opposing streams. The
pressure of each stream must be balanced so that one fluid does not dominate the diffusion
channel. Both fluids flow at velocities proportional to the viscosities of the fluids in order to
have the same pressure drop along the length of the diffusion channel. Having similar
pressure drops causes the LFDI to be at or near the centerline of the channel and will help
the optical detection avoid the walls of the channel, the consequences of which are discussed
in Chapter 5. As shown by Equations 8—13, the viscosity of each fluid will determine the
relative velocity of the fluid streams. No geometric constraints are needed for the inlet
though having a physical barrier to help turn the opposing inlet streams 90° to run parallel to
each other would ensure no mixing happens or that particles do not impinge on the other
fluid through momentum rather than diffusion if particles are carried by either fluid.
Rounding the corners would eliminate eddy formation at the inlet. The velocity at the LFDI

must be the same for each fluid.
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Diffusion channel:
Once the fluid turns 90° from the inlet to begin flowing in the diffusion channel, the
velocity profile stabilizes. This entrance length is calculated by Equation 19
Lg = 0.05ReDy, (19)
where the Reynolds number, Re, and an equivalent hydraulic diameter, Dy, are used to verify
the point in the channel at which the velocity profile will not change. The Reynolds number
is used to verify the flow conditions and is calculated from the velocity, cross-sectional
length and viscosity of the fluid as given by Equation 7.

Table 2 lists the flow conditions exhibited by each fluid at different flow rates.

Table 2. Calculated Reynolds numbers for varying flowrates.

Water (Pr=7.18) Acetone (Pr=4.22)
Flow rate Reynolds Pressure Flow rate Reynolds Pressure
[uL/s] number change [Pa] [uL/s] number change [Pa]
1 0.05514 1.324 1 0.136 0.4252
2 0.1103 2.649 2 0.272 0.8503
5 0.2757 6.622 5 0.6801 2.126
10 0.5514 13.24 10 1.36 4.252
25 1.379 33.11 25 3.4 10.63
50 2.757 66.22 50 6.801 21.26
75 4.136 99.34 75 10.2 31.89
100 5.514 132.4 100 13.6 42.52

The values listed above are calculated with a temperature of 293 K and a channel width and
depth of 300 microns (flow area is half of total channel). The flow rates are expected to be
under 5 pl/s, and for both fluids, the Reynolds number is under 10 at that rate. The entrance
length is less than 5 pm at a Reynolds number of 5; this entrance length is less than 0.025%
of the channel length.

The pressure drop, as stated by Equation 15, can also be stated equivalently below

2

AP = fo (52) 5 (20)
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where pressure drop is function of friction factor, fj, (for laminar flow where f, = % ) and

the ratio of the length over the diameter. For this case, values shown in Table 2 do not
change much over a range of flow rates when compared to the atmospheric pressure of
101,325 Pa. If on Mars, the pressure is even lower at 600 Pa, and the pressure drop would be
approximately 1% over the length of the diffusion channel between the inlet and outlet.

In configuring Equations 4, 5 and 6 to solve directly for the shear stress, and solving
the velocity profile across the channel for two adjacent fluids with differing viscosities, the
results are shown in Figures 15 and 16. The velocities are the same value at the interface.

The maximum velocity location is also where the shear stress is zero, as expected.
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Figure 15. Velocity profile in flow. Top fluid is acetone. Bottom fluid is water. Results of Equation 4 [15].
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Figure 16. Shear stress of same flow conditions with water on bottom and acetone on top of channel. Results of Equations
Sand6 [15].

These graphical representations show what is occurring as a bulk fluid. Discussion for mass

transport is included in Chapter 4.

Outlet conditions:

The end geometry separates the streams largely based on viscosities of the fluid
streams. Knowing where the particles within the flow occur crosswise, the correct ratio of
exit stream geometries may be calculated for various separation needs. This would allow for
concentrating the fluorescing stream to ensure all fluorescamine finds an amino acid with

which to react, or it allows dumping all or a part of the exiting fluid to a waste stream.
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Chapter 4: Modeling Mass Transfer and Thermal Effects

Partial differential equations were used for the diffusion equations relevant to this
model. Fluorescamine and amino acid chains are the molecules carried by the fluids, water
and acetone, respectively, and they are the molecules being modeled for concentration
profiles. The conservation of chemical species is represented by Equation 21 with three
dimensions of concentration rates, where C is the concentration, ¢ is time, D is the

coefficient of diffusion.

5=D(ﬁ+a_yz+ﬁ) (21)

The directions are represented with x as the direction of diffusion across the channel width, y
as the direction of diffusion along the channel length, and z as the direction of diffusion
along the channel height. The z-direction is deemed negligent due to low gravity effects. The
transient nature of the equation allows a simple model to be built using the correlation that
flow rate down the channel can be exchanged for the y-direction component of this
concentration as the model solves each time step. The remaining equation is also known as

Fick’s Law.

ac a%c
P D Fye) (22)
The initial condition is a step function where the concentration of the amino acids
begins at 1 on the left side (100% concentration) and 0 on the right (0% concentration)

within the stream of water.

Cx<%,t=o =0 (23)
Cow,_ =1 (24)



48
The concentration is normalized to 1 for the rest of the problem. The reverse initial
conditions are true for fluorescamine because it starts in the acetone and is allowed to
diffuse to the water side.
The boundary conditions set the derivatives along the sides of the channel at zero
where no mass can enter or leave, or a zero flux condition. The boundary condition is

Equation 25.

ac  _dc

=0 (25)
This is true for all values of ¢ at x = 0 and x = w. The channel wall is not permeable for the
case of the ABN. There is not a boundary at the centerline as most flow problems would
have since there is no symmetry between the diffusion of these molecules into a fluid
different than the molecule’s carrier fluid. Observation of what occurs at the interface
between the fluids is a good check; their velocities must match, and no discontinuities
should occur.

The spatial and temporal steps (appearing as dt and dx in the above equation) must
be on the same order else oscillations occur and skew the solution. The equations used

within Equation 26 uses forward time marching, central differences to calculate the

concentration along the channel.
+1 _ At
M1 =+ D (55) (Clhy — 2C1 +Cy) (26)
The indices of i and j represent the time and position coordinates as the concentration is
known and calculated. Each molecule has its own concentration model based on Equation

26. A third concentration results from the formation of an additional molecule from the

reaction of an amino acid with a fluorescamine molecule.
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Fluorescamine binds with water molecules 100% of the time they come in contact
with each other. However, the rate of the reaction is 10—100 times faster between
fluorescamine and amino acids than between fluorescamine and water. The assumption was
made that as long as fluorescamine is in the same part of the fluid where amino acids can be

found, the reaction occurs between the two instead of fluorescamine binding with water.

Diffusion coefficients:

One difficulty searching for fluids and molecules for a fluorescing reaction is the
lack of experimental data for molecular properties, mainly the lack of verifiable diffusion
coefficients. There is evidence temperature can shift the value of the diffusion coefficient.
Fluorescamine is not as well-known as fluorescein, but with a similar molecular makeup and
structure, the general characteristics for fluorescamine are verified by comparing it to
fluorescein.

The diffusion coefficients are calculated using Equation 7. Both fluorescamine in
acetone and amino acids in water are calculated with temperature dependence. This equation
is a way to relate unknown diffusion coefficients. Though it is not a true corresponding
states work, the possibility of the diffusion coefficient as a function of temperature, viscosity
and molecular size is important. The best/worst case scenarios with the amino acids are to
use the largest and smallest molecular diameters within the equation for the diffusion
coefficient. Amino acid chains range between 1.2—1.7 nm, and their lengths can also
increase or decrease depending on how much water is “held” by the molecule.

Fluorescamine has a molecular weight of 278.26 and a diffusion coefficient of

1.77x10% cm?/s in acetone and 6.11x107" cm?/s in water (at 298 K) as calculated by Equation
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7. None of the manufacturers give coefficients let alone over a range of temperatures, and
while room temperature may be a common operating parameter for most applications, it is
not for this work.

Fluorescein is a closely related fluorophore with a chemical composition of
C20H120s. Using Equation 7, the diffusion coefficient of fluorescein is calculated to be
3.54x10° cm?/s. According to manufacturer’s data [80] and Hatch et al. [25], the diffusion
coefficient is 4.25x10°° cm?/s, which means the calculated value is a 17% decrease over the
measured value. Over the range of freezing to boiling water (at atmospheric pressure), the
calculated diffusion coefficient changes from 1.67x10¢ cm?/s—1.40x10"° cm?/s, or a factor of
ten, and both the calculated and the manufacturer-provided values are within this range. This
can be due to temperature effects or an overestimation in the molecular size. For instance, a
40% increase in the molecular size (from 0.5 nm—0.7 nm) results in this same 17% decrease
in the diffusion coefficient.

The fluid reactions change with temperature due to the influence on the diffusion
coefficient. That change is shown in Figures 17 and 18 for water and acetone, respectively.
The diffusion coefficients are inversely proportional to the length of the diffused molecule.
Though amino acids can be of varying lengths, an average length was used in the diffusion

coefficient calculation.
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The diffusion coefficients are shown over a range of temperatures at atmospheric pressure.
The acetone is the limiting fluid and will vaporize if heated above 327K without additional
pressure. The water vaporizes at 373K, which means if heated water comes in contact with
the acetone, the acetone can still vaporize. With respect to the diffusion coefficients, the
difference due to temperature is very small and does not change the value of the

concentration much.

Modeling verification:

The values for the spatial and time steps must be verified for stability of the
modeling. The model began with a spatial step of 12 microns. The definition of the corners
was not fine enough for molecules on the order of 1.2 nanometers. Reducing the spatial step
to one micron maxed out the memory of MATLAB. Using a spatial step of 5 microns
allowed a refined resolution along with a reasonable processing time.

The time step was calculated using the von Neumann method for solution stability.
The variable G is solved between time steps of the concentration value for upper and lower
bounds.

crtt =gl (27)
After incorporating G into the solution of the PDE and substituting d as shown in Equation

28, the bounds of the solution become

At

f=D+; (28)

—-1<1+2f(cosf—-1)<1 (29)
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where a 5-micron spatial step for Ax allows for the time step to be equal or less than 0.07
seconds, or 70 milliseconds, when the fluid is water (due to dependence on diffusion
coefficient). A selection of one millisecond for the time step is within stability criteria. If
compared with the movement the fluid would experience with a particular flow rate, the
time step allows enough movement downstream for the concentration to be calculated for a

new location during each time step.

Modeling considerations:

The dynamic viscosities of acetone and water at 20°C are 0.0003224 kg/m-s and
0.001002 kg/m-s, respectively. Knowing that the viscosity affects how a specified volume of
fluid will move and interact is a critical piece to controlling the design of these microfluidic
channels.

At atmospheric pressure, acetone boils at 56°C. If water is entering the channel
hotter than the acetone, it is possible the acetone will vaporize. The diffusion can occur at a
faster rate if the temperature is higher so for these reasons, it would be necessary to have the
pressure at a point where both fluids can maintain their liquid state.

An exact solution is helpful, but for complex modeling purposes, a numerical
solution is needed. MATLAB was used for its ability to handle large matrices. The built-in
PDE solver was not used at this time. The boundary condition of a zero flux is captured by
using an equation that ties the concentration at the edge to the concentration in the stream
with a way to mimic a zero-flux condition. Figures 19 and 20 show concentration changes as
the fluids travel down the channel. These figures show the way the concentrations begin to

level out as the fluid moves down stream.
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Chemistry:

Acetone requires a buffer for the pH level to be balanced to the soil/water slurry. The
soil particles average 150 microns as the aim is to complement current sampling drills that
produce particles in this approximate size range. Effects of the materials interacting with the
fluids are ignored. Wetting and molecular interactions from the channel walls are ignored.
No applied electric fields are present. Any heating of the walls occurs as a flux, but for this
work, is also ignored. Reactions of fluorescamine molecules with found and available amino

acids is considered and shown in Figure 21.
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Figure 21. Product from reaction of fluorescamine with amino acid.

The values used in the solution assume a reaction rate of 0.05% when both molecules of
fluorescamine and amino acids are present. The model does not eliminate fluorescamine

from the channel to mimic its loss to water.
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Chapter 5: Results

The model provides an estimation of time and distance the fluorescamine takes to tag
amino acids in the diffusion channel. With a flow rate of 1.0 microliter per minute for water
and 3.1 microliters per minute for acetone, the fluorescamine reacts with amino acids and
fluoresces by the end of the diffusion channel. Since fluorescamine can tag the water
molecules, albeit much less likely in the presence of amino acids (at a rate of 1 to 10 in favor
of amino acids), the product formed by the amino acid and fluorescamine is measured in the
reactant stream. The molecules of this newly formed compound are found on the acetone
side by a length of 0.3 mm.

The flow rates vary, and if the flow rates increase to more than 10 microliters per
minute, the Reynolds number rises above 1. While this is still laminar flow, the flow at a
Reynolds number below 1 is dominated by viscous forces and can take the unevenness of
channel walls with a lower rate of disturbance.

The largest contributor to the error in the results is due to the diffusion coefficient.
The diffusion coefficient is suggested for amino acids in literature. To calculate the diffusion
coefficient, the size of the molecule is needed. Amino acids have a range of lengths though
the most commonly occurring amino acids are 1.4—1.7 nanometers long. The length and
shape of these amino acids do vary if the amino acid reacts with water molecules. This
should not be as great an issue after processing in the SCWE chamber than before
processing. The water temperature during SCWE is higher to cause the dielectric coefficient
of the water to drop; this helps the water molecules to depolarize and become less attractive

to each other and other molecules.



57
Investigating the effects of temperature on the calculated diffusion coefficients used
in the model, for molecules diffusing through water, the value changes 10% with a four-
degree temperature increase/decrease. For molecules diffusing through acetone, the
diffusion coefficient changes by 10% with an increase/decrease of 8.5 degrees. The
temperature change affecting the diffusion coefficient has less of an effect than the size of

the molecule.

Literature validation:

Inputs to each of the referenced models were put into this model for comparison of
their results to the results of this model. These comparisons of output (a concentration
profile at a specific location in the diffusion channel, designated by the reference) are
included in Table 3. Not all references in Table 1 included enough information for a proper

comparison and are not listed in Table 3.

Table 3. Results from reference parameters run in model.

Best Fit Average Fit Reference
20.5% 21.6% [19] Albumin
0.606% 1.02% [19] Adjusted
0.962% 4.03% [25] Fluorescein
1.79% 3.15% [25] Fluorescein-biotin
0% 6.34% [34] Low flow
0% 0.27% [34] High flow
1.98% 16.7% [63] Low molar
1.98% 7.96% [63] High molar
0% 1.36% [73] Rhodamine B

The results in Table 3 are the percentage difference between the modeled results in
comparison to results presented by their respective research team. The “best fit” is how close

the profiles matched each other at any concentration level. The “average fit” is how close
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the entire profiles matched each other at all locations of the channel width. The dimensions
of the channel, flow rate, fluids and molecules used in order to find appropriate diffusion
coefficients (if not provided by the reference) were used in the model. Slight adjustments
were made in the comparison of the model to [19] since the results given by [19] included a
physical barrier in the exit of the channel that was not accounted for in the model here.

Each reference is shown below as a comparison of the concentration profile plotted

against the results of the model.

Comparison of Model with [19]
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Figure 22. Comparison to Schattka et al. [19] with albumin diffusion.

The profiles in Figure 22 show the difference between the model created here versus the
results provided by Schattka et al. [19]. Their model is adjusted for a physical barrier put in
place to help separate the exit streams. With this adjustment in place, the error is 2%.

Without, the associated error is greater than 20%.



59

Comparison of Model with [25]
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Figure 23. Model comparison to Hatch et al. [25] for fluorescein.

Figure 23 shows a comparison between the model and results presented by Hatch et
al. [25]. Fluorescein is of importance in validating the model. With the absence of
fluorescamine in the literature and from experimental results, fluorescein is a similar-sized
molecule that also gives off fluorescence when it tags to protein chains (or amino acids).

The comparison is within 4% until 960 microns (and greater) across the channel width.
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Figure 24. Model comparison to Hatch et al. [25] for fluorescein-biotin.
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The fluorescein-biotin results are less deviating from the model and the results of Hatch et

al. [25]. The greatest error between the model and the results are 5% or less with most at

2.5% difference.

Comparison of Model with [34]
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Figure 25. Comparison of model to Kamholz et al. [34] with two flow rates.

Figure 25 shows two flow rates from Kamholz et al. [34] where the faster flow rate is ten
times the slower flow rate. The model was set to the slower flow rate, and the error between
the two is less than 5% except for where 0% and 100% concentration levels occur. The

faster flow rate has much better matching to the model.
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Figure 26. Fluorescein-biotin profiles presented by Hatch et al. [63] in comparison to modeling.
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The comparison with visualization in Figure 26 shows a similar calculation for the
concentration for the rising side of the channel (the side that starts with zero concentration)
at the exit of the channel. The model deviates more for the fluorescein-biotin with a lower
molar concentration than for the fluorescein-biotin with a higher molar concentration. The
lower molar concentration has an error of more than 30%. The error for the higher molar
concentration is 12% or less. The model has no way of taking molar concentration of a
sample into account; 100% concentration means that all of the “extra” molecules within a

fluid sample are of one species.

Comparison of Model with [73]
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Figure 27. Comparison of Rhodamine B from van Leeuwen et al. [73] and modeling.

At its best fit, the profile of the model in Figure 27 shows an agreement of within 5% of van

Leeuwen et al. [73]. The data does stray up to 40% nearing a nominal concentration of 1.
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Experimental validation:

The diffusion channel begins after the two inlets combine. Each inlet is a 300-micron
square; therefore, the diffusion channel is 600 microns wide with a depth of 300 microns.
The inlet channels can be as long as needed prior to making a 90° turn into the diffusion
channel. In experimental setup, the lengths were 2 cm. The flow rate is set and controlled by
a KD Scientific Legato 180 syringe pump for laboratory verification rather than by hand.
Flow rates are kept under 100 microliters per minute to allow the Reynolds number to stay
at a value under 5. For modeling purposes, it is assumed the flow has already made its initial
90° corner into the channel before the length is measured.

The exact solution is solved for as shown below in Figure 28. This representation of
the error function is compared with experimental data collected in lab with fluorescing beads

suspended in water. A video microscope measured and recorded optical intensity from its
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Figure 28. Results of modeling on the left. Actual optical measurements on the right [81].

Figure 28 shows a collapsed side between 150-300 um where all reported intensities are at 0
and the centerline is not at half as numerically expected. This inconsistency was mentioned

previously. It is speculated that light fixtures shining onto the channels to illuminate the
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beads caused shadows that were picked up by the analysis software. Likewise,
photobleaching could have caused the unnatural centerline data where the light was too
bright to distinguish any details. This points out the need for fluorophores; they give off a
different wavelength of light than the lights in a laboratory or sunlight, and perhaps even the
sunlight that is filtered through Mars atmosphere.

What needs to be incorporated now is the use of small particles on a continuum basis
and the movement of concentrations between the two fluids. For this particular flow
problem, a syringe pump controls the flow rate through the microchannel. This can range
from 0.1-100 puL/min depending on the user-controlled settings.

Unpublished results from experimental work includes Figure 29 where two fluids are
flowing into the H-filter. This happened to be water for both inlet streams that contained an

organic food dye to distinguish each side.

Figure 29. Experimental results for water-water with organic food dye [82].
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The inlet also shows shadowing effects and defects in the walls. Etching should be more
precise than what is presented here but raises awareness that chemical etching into borofloat
glass wafers can include unexpected imperfections. Once again, the lighting issue could be
filtered out if the fluorescence was a different wavelength that the camera could filter rather
than at a wavelength the human eye can detect.

The details of Figure 30 are showing how water and isopropyl alcohol (IPA) interact
within the diffusion channel in comparison to dyed water streams. The diffusion coefficient
of the dye was estimated to be 5x10°® cm?/s in water. Thermophysical properties were
calculated for water and isopropanol at room temperature and a flow rate of 10 uL/min. The
diffusion coefficient of the food dye in the isopropanol was calculated to be 1.9x10° cm?/s

using an equivalent size for the dye molecule.

Figure 30. IPA-water, left, and water-water, right, to show what the optical capabilities of the system are [82].

The shadowing is very evident in these photographs, and the channels were outlined in post
processing so that the edges could be distinguished from the rest of the material substrate. A

raw image in Figure 31 demonstrates how the camera was moved during the experiment to
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capture both inlet and outlet ends of the diffusion channel. The pink dye does begin to blend

with the green side.

Figure 31. Water-water system with food coloring at 1 microliter per minute [82].

Figure 32 is the same setup as Figure 31 except the flow rate is increased tenfold. When the
images are compared side-by-side, the diffusion of the dyes is evident in Figure 31, whereas

in Figure 32, the streams are separate but some of the red dye exits with the green dye.

Figure 32. Water-water system with food coloring at 10 microliters per minute [82].

This serves as a demonstration for the flow keeping separate around corners while at a low

enough Reynolds number, flow stream separation is possible.
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Figures 31 and 32 are a water-water system. Figures 33 and 34 show an increase of

flow rate but use IPA and water instead.

Figure 33. IPA-water with a flow rate of 1 microliter per minute [82]. The water is pink.

The setup in Figure 33 shows that the two streams either mix together or the dye diffuses
completely by 2 mm into the length of the 2 cm diffusion channel. Figure 34 increases the

flow rate by 50 times that of Figure 33.

Figure 34. IPA-water with a flow rate of 50 microliters per minute [82]. The water is pink.

With the faster flow rate, the [IPA and water keep separate. Some water has exited to the top

right of the photo with the IPA, and not much of the food dye has diffused into the IPA.
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The results of the experiments matched to results of modeling within 8% for the
water-water system; the model predicts 1.88 mm for a 60%/40% concentration split (as
opposed to 50% where everything is equally diffused and 100%/0% for the start of the
channel). The pink stream takes over the diffusion channel at approximately 1.75 mm. The
deviation may be due to the diffusion coefficient error.

The results of the IPA-water system differ greatly from the model (by 50%). The
deviation from what the model predicted can be explained by the miscibility of the IPA with
the water. This mixing was noticed most prominently with the slower flow rate.

Another test was to introduce bubbles into the lines. Though this was initially
accidental, the bubble took up the entire width of the diffusion channel. As the bubble
passed under the microscope, both streams experienced stopped flow. As the bubble left the
viewing area, one stream took over the entire channel, then slowly retreated to the centerline
where the LFDI of the fluid streams began to allow the second stream flow volume in the
same channel. This balancing, or evenness, is because both streams were the same fluid
moving at the same flow rate. As pointed out in Chapter 2, the viscosity difference and flow
rate are proportional though this did not affect the bubble experiment. Further tests could use
this incident to prove additional theories.

The experiments in the lab were done with the following equipment. Figure 35

shows the syringes with dyed fluid in them and computer-controlled flow rates.
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Figure 35. Syringe pump for experimental setup [83].

The syringe pump is not flight certified for traveling with the ABN. Each syringe can be
individually controlled by the pump to allow a simulation with various flow rates. The
consistency provided by a pump or electronic equipment is needed rather than gravity-fed
lines or hand-forced syringes lacking reliability and the possibility of clogging. Figure 36

shows the lines leaving the syringes for the H-filter.

Figure 36. Input lines from syringe pump [83].
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These lines carry water containing food coloring for visibility and to distinguish the fluid
streams while inside the diffusion channel. The food coloring is not a reliable material as it
has temperature dependence and will begin to break down above boiling at atmospheric
pressures.

The experiment was tested with fluorospheres at a density of 1.06 kg/m® and a
diameter of 4.8 microns. The beads are stirred in a beaker of water at 1% volume by weight
before being drawn into the syringe for the pump. Figure 37 shows fluorescence of the
channel as the water streams move through the channel. The bottom half of the channel

contains the beads.

Figure 37. Fluorospheres in water. Second fluid is also water. LFDI brightest part of the channel (at centerline) [81].

The beads flow through the diffusion channel with a total flow rate of 100 pL/min. This is
faster than the flow rates of the isopropanol/water and water/water experiments. Settling
occurred at slower flow rates. Figure 37 also shows the channel wall shadow where
improper lighting causes a “doubled” wall to appear. These artifacts show once again that
etching does not result in smooth walls and workmanship should be inspected for rough
walls that may result in eddy formation or cause a roughness factor to be incorporated into

the calculations in place of smooth wall assumptions.
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It was determined with the fluorescent beads that any concentration greater than 10%
volume by weight would begin to settle in the syringe even before entering the diffusion

channel. Settling was still a problem with 1% by weight if the flow rate was slow (less than

100 pL/min).
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Chapter 6: Conclusion

Molecular species transfer within the microchannel between two different fluids is
plausible and reliable. The use of partial differential equations with software modeling can
predict the bulk fluid movement as well as the molecular diffusion. Resulting distances and
times can be calculated based on the models with a 90% reliability.

When compared with experimental results performed alongside JPL colleagues, the
predictions are within this 90% reliability. The missing link for a quantifiable result is the
fluorescence detection (or count of molecules in the case of food dye) that make up the
experimental validation section of Chapter 5. The comparison of the error function with
early results as shown in Figure 28 worked because of the software program of a microscope
that quantified the “brightness” of a sample. This quantification was not always reliable and
changed with the lighting scenario in the laboratory.

The model is compared to literature results. In the example of [34], the molecular
concentration does make a difference in the results. This molecular concentration is not a
consideration in the model though it would affect the reaction rate and ability of the
molecules in the fluid streams to find and react with each other.

As far as the occurrence of temperature effects, the temperature changes from the
SCWE process may cause the acetone to vaporize inside the diffusion channel if the water is
warmer than the vapor pressure of the acetone. If cooling is allowed before the water
reached the diffusion channel, this would not be a concern. If another fluid with a vapor
pressure similar to the vapor pressure of water is used as a fluorescing agent carrier instead

of the acetone, this would also alleviate any concern of empty channels due to vaporization
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of the carrier fluid. Temperature also changes the diffusion coefficients by over 100%
increase or decrease from an average (“room”) temperature.

The Reynolds numbers of the fluids are low enough that flowing two fluids through
a microchannel without the fluids mixing is possible. It is also possible to allow diffusion
between the streams. Through geometric design during the manufacturing of the
microchannel network, specific lengths and outlet schemes can help to control how much of
each fluid is collected or separated.

The experimental results compare well to the calculated results if diffusion
coefficients are accurate. A difference in temperature or molecular size can have a
significant impact on the model results (+/- 10% error) due to the diffusion coefficient
influence in the resulting calculation.

Fluorescamine is modeled through the diffusion channel at a rate of 1 uL/min and 10
uL/min. The diffusion of fluorescamine places the molecule reacted with an amino acid into
the acetone stream by 0.3 mm. The most reliable use of the diffusion channel is to allow
products of the fluorescamine-amino acid reaction to migrate to the acetone side. Since
fluorescamine can also fluoresce due to a reaction with water, the strength of the “glow” on
the water side may be unfairly influenced by these fluorescamine-water products. Diffusion
to the acetone side will take longer because the molecules and products diffuse faster
through water.

No calculations or predictions are made for equating the fluorescence strength to the
concentration of the molecules in either fluid along the diffusion channel. With a scanning
optics device, moving only half the width of the channel would speed the data collection and

allow for a more accurate measurement of fluorescence strength. The best position to place
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the optics would be at this 1.88 mm location where most of the diffusion has taken place. It
also is advisable to take optics measurements while the fluid is flowing at the faster flow
rate; this allows for greater spacing between concentrations and avoids measurements during

stopped flow conditions.
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Chapter 7: Future Work

This work can be improved by using diffusion coefficients that are temperature
dependent. Not many chemicals have data for their diffusion coefficients for more than one
state point, which is most commonly room temperature at atmospheric pressure. Since some
of these references include mentions of using microfluidic devices as a way to measure the
diffusion coefficient for a chemical or fluid, it is possible at some point in time, precise
measurements of the diffusion coefficient should be incorporated. If the channel can be
heated to a steady and consistent temperature for the length of the channel, it would be
possible to measure the diffusion coefficient for a range of temperatures. An equation
describing the dependence on temperature by this coefficient could be made to improve
Equation 7.

Additional work to the coefficients of diffusion and friction would be helpful to
describe the model completely. As new technologies on micro- and nanoscales emerge,
material descriptions will need to be confirmed based on the processing in clean rooms and
the accuracy of etching “smooth-walled” channels. Theoretically, the channels should be
completely smooth. As evident in some of the photos from the experiments, that was not
always the case. A bad batch of etching chemicals or a mask that was not printed and laid on
the chip cleanly could have caused some of these geometric inconsistencies. One suggested
improvement for future etching is to round the sharp corners at the entrance turn from the
inlet to the diffusion channel. Though this portion of the channel was not investigated,
making the 90° direction change would allow for a smoother direction change for the fluid

and prevent eddy formation if the corner was not as blunt.
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Different fluid carriers would provide a broader temperature range than the limits set
by the vapor pressures of acetone and water. This is prevented currently with a cooldown
period after the water is processed through the SCWE portion of the system.

The design can be improved overall by incorporating an active and passive system to
allow larger particles to pass through the H-filter. An active system may be a visual
feedback loop to increase flow rates to allow less time for particles to settle. A passive
system may include geometry changes to cause eddies that kick up sinking particles into the
middle of the flow channel.

Other families of fluorescing agents might be better since fluorescamine has such a
high affinity of binding with water. This is currently overcome by focusing detection on the
acetone side of the channel, but there may be another chemical less reactive in combination
with another particle-carrying fluid instead of water. Acetone and water systems could be
exchanged for fluids that are less polar and can stay within the limits of the vapor pressure
much easier than the limited range of temperatures in which these fluids must operate. Even
with the low freezing point of acetone, it still must contest with its relatively low vapor
pressure compared to water at the same temperature.

It may be possible to have a third fluid sandwiched and flowing in the diffusion
channel that is incorporated as a buffer which fluorescamine and amino acids move into
from the acetone and water as the outermost fluids in the channel. That way, fluorescamine
has a buffer between it and water molecules, and the binding reaction between
fluorescamine and amino acids can happen in a neutral location.

The results compared with the experimental work of isopropanol and water show a

discrepancy between predicted and actual diffusion. The affinity and solubility
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characteristics between isopropanol and water should be investigated further to fully
understand the mechanisms between two reactive streams of fluid. This would provide an
informed decision for the selection of carrier fluids for both the sample and the reacting
streams.

One topic not investigated in this work that may be useful in the future is how far
heating and cooling carry through the material substrate from the SCWE portion of the chip
to the diffusion channel. ANSYS may be capable of incorporating heat transfer in a solid
material that surrounds the moving liquid, but that is not investigated in this body of work.
Ice plug timing and thermal cycling are not covered either but these effects, along with a
model to specifically address heat transfer from the walls and throughout the moving fluid
would add to the understanding of the entirety of transport phenomena in microchannel

design.
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Appendix A: Modeling

In order to add the bulk fluid flow, ANSYS Fluent used water and acetone in a single
channel to calculate the velocity and pressure differences within the flow. Figure 38 shows
the simulation of water entering bottom left, acetone entering top left, and the velocity

vectors of the flow from the inlets to the outlets on the right side of the channel.

1: Velocity Vectors Colored B v

Welocity Wectors Colored By Velocity Magnitude {mis) Mar13, 2015
ANSYS Fluent 15.0 (2d, dp, pbns, spe, lam)

Figure 38. ANSYS Fluent simulation of two inlets, two outlets, and two fluids.

Adaptive meshing may be a possibility for the dual fluid approach while calculating the flow
characteristics such as shear and velocities. An important reminder is that all of these
calculated values are vector quantities, which means they cannot simply be added together
like scalars. Each direction has a corresponding value, and only the z-direction was
investigated for gravity effects. In reality, Mars has one-third the gravitational force as
Earth, and it is possible the orientation of the wafers on a spacecraft may need to change. If
the orientation changes, the gravitational force will need to be calculated for its effects on an

additional direction.
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The model uses finite differences whereas the CFD work uses Navier-Stokes
equations for the momentum to solve the same conditions. The comparison between these
two solutions should provide a relatively close match if the spatial and temporal steps are
kept small and errors are not allowed to propagate. Boundary conditions are simulated with
a solution that acts like a wall, or a zero flux boundary. These conditions are more difficult
to solve for in MATLAB since the solution is set up to be a central difference solution in
space.

Modeling what happens within the SCWE chamber helps determine what is
happening with the heating and cooling on the chip, and it will help to predict the
temperature at which the fluid entering the H-filter will be. This will affect the diffusion and
chemical reaction times. The chamber is heated through a piezoelectric disc, which is seeded
into the glass and is concentric with the chamber. The cooler is placed along the inlet and
outlet channels to create an ice plug. The thickness of glass seems to be the largest
influencer of whether the ice plugs hold. Experimental results suggest that the thickness and
not the surface area in contact with the glass is the largest influence on the cooling power of

the system and whether or not ice plugs will form and hold.
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Figure 39. Albumin and creatinine diffusion profiles as presented by Schattka et al. [19].
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