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Abstract

Multiphase flows in microchannels are encountered in a variety of microfluidic
applications. Two-phase microchannel heat sinks leverage the latent heat of
vaporization to offer an efficient method of dissipating large heat fluxes in a compact
device. In microscale methanol-based fuel cells, the chemical reactions produce a two-
phase flow of methanol solution and carbon dioxide gas. Differences in the underlying
physics between microscale and macroscale systems, however, provide a new set of
challenges for multiphase microscale devices. In thermal management devices, large
pressure fluctuations caused by the rapid expansion of vapor are prevalent in the flow
channels. In fuel cells, the gaseous carbon dioxide blocks reaction sites. In both of
these cases, dry-out is a problem that limits device performance.

We propose a design for a microscale breather that uses surface chemistry and
microstructures to separate gas from a liquid flow to improve two-phase microchannel
performance. To better understand the physics and governing parameters of the
proposed breather, we have designed and fabricated test devices that allow cross-
sectional visualization of the breathing events. We have conducted various experiments
to examine the effects of device channel hydraulic diameters ranging from 72 um to
340 um and liquid inlet flow rates ranging from 0.5 cm/s to 4 cm/s on the maximum gas
removal rate. We demonstrated a maximum breather removal rate of 48.1 ul/min
through breather ports with a hydraulic diameter of 4.6 um connected to a
microchannel with a hydraulic diameter of 72 um, and a liquid inlet flow velocity of
0.5 cm/s. A model was developed that accurately predicts the exponential dependence
of the maximum gas removal rate on a non-dimensional ratio of the pressure across the
breather ports compared to the pressure drop in the main channel caused by the
venting bubble. These results serve as design guidelines to aid in the development of
more efficient and sophisticated breathing devices.

The successful implementation of a microchannel with an efficient breather will
allow for new technologies with higher heat removal capacities or chemical reaction
rates that can be effectively used by industry.

Thesis Supervisor: Evelyn N. Wang
Title: Assistant Professor of Mechanical Engineering
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Background

Micro-Electro-Mechanical Systems

Richard Feynman, in his 1959 talk titled There’s Plenty of Room at the Bottom,
predicted that the technologies of the future would push deeper and deeper into the
invisible frontier of the very small [1]. Feynman’s talk proved prophetic; since the
speech, the Micro-Electro-Mechanical Systems (MEMS) industry has experienced
significant growth as the potential of microscale systems has been revealed. Arrays of
millions of MEMS-based micromirrors, on a chip the size of a dime and each
independently addressable and drivable, reflect light to produce the images projected
on TV screens or classroom walls [2]. MEMS accelerometers provide the possibility of
intuitive motion controls for mobile devices or gaming platforms [3]. MEMS open the
doors to sophisticated, low cost devices with myriad applications, all in a single
integrated device with a very small footprint. Indeed, there is plenty of room, and

plenty of possibility, at the bottom.

Microfluidics

One subclass of MEMS is microfluidics. Microfluidic devices use fluids in
microscale channels to perform a number of tasks. Due to a very high surface area to
volume ratio, forces and surface effects ignored or trivialized in macroscale models
become dominant in the microscale world, while body forces important in macroscale
models lose significance. The Weber number, a non-dimensional ratio examining the
importance of fluid inertia compared to surface tension, is often small. The Reynolds
number, a ratio between inertial forces and viscous forces, is usually small and is always
within the laminar flow regime. Surface tension and viscous forces are of high
importance, while inertial forces play a less dominant role. Gravitational forces can be
neglected entirely, as they are usually of little consequence. These effects can be
exploited to produce new devices with useful characteristics, such as biological

microfluidic devices that offer efficient and reliable screening for targeting molecules or



pathogens, all in a disposable handheld platform [4]. It is this fundamental change in

the governing physics that makes microfluidics an intriguing and complex field.

Two-Phase Flow

Two-phase flows are a specific subclass of flows used in microfluidic channels
where both the gas and liquid phases are present. In some applications, two-phase
flows can be leveraged to increase efficiencies and improve performance, such as in
thermal management devices. In other applications, two-phase flows are the
byproduct, such as in the two-phase flow produced from the chemical reactions in a

micro fuel cell.

Thermal Management

The desire for ever increasing processing capacity within the size confines of
modern microprocessors has made thermal management a key barrier to the continued
development and progress of new processer chips. Original Pentium CPUs required a
power dissipation of 30 W/cm? and achieved this through forced air cooling [5].
Modern chips running in today’s desktops and servers still rely on forced air cooling in
conjunction with integrated heat pipes to remove nearly 300 W/cm?, and the
International Roadmap for Semiconductors is anticipating chips that require nearly
500 W/cm2 of power removal in two years [5; 6]. Indeed, the current line of
microprocessors from Intel attempts to lower the power density by using multiple
processor cores [7]. In addition, the thermal management demands of specialty
projects such as space travel applications or military electronics are even more severe,
demanding power densities of over 1000 W/cm? [8]. Cooling technologies such as pool
boiling, which has a critical heat flux of 100 W/cm?, and jet impingement will not be able
to scale up with this challenge. To help realize the desired performance of future
commercial and military electronics, new and innovative technologies for heat
dissipation need to be developed.

Microfluidics provides a potential solution. Forced flow boiling in microchannels

allows for extremely high heat removal rates by utilizing the latent heat of vaporization
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of a liquid. The result is that a significantly lower mass flow rate is needed to cool a chip
when compared to forced liquid-phase flow, and a more constant temperature can be
maintained across the entirety of the chip [9]. Microfluidics offer significant advantages
over macroscale solutions because the high surface area to volume ratios in these
devices allows for more efficient heat removal rates at low vapor qualities, which is
contrary to results seen in the macroscale case [10-12]. Thermal resistances of less than
0.1 K/W can be achieved using two-phase flows within microchannels and their small

footprint makes their use ideal [13].

Micro Fuel Cells

Micro fuel cells are an application of microfluidics where two-phase flows are a
byproduct of the device’s function. In the micro direct methanol fuel cell, a methanol

solution is used as a fuel source to power a micro fuel cell, as shown in Figure 1.

air— water

cathode +
Proton exchange
anode membrane )
Methanol
and water ’

Figure 1: A micro direct methanol fuel cell.

Through the fuel interaction with the anode of the fuel cell device, hydrogen atoms are

split off from the methanol and water molecules in solution via the chemical reaction
CH3OH + H,0 — 6e + 6H" + CO,. (1)

The six protons, which diffuse across the fuel cell membrane, and six electrons, which
pass around a circuit to reach the cathode of the fuel cell, react with air on the cathode
to produce water. The carbon dioxide formed at the anode remains in the methanol
fuel stream as a gas [14]. In macroscale methanol-based fuel cells, this carbon dioxide

can be removed from the fuel stream and managed. When the fuel cell is scaled down



and a microchannel is used on the anode side to deliver methanol fuel, however,

removal of this carbon dioxide produces a new set of problems.

Challenges

Two-phase flow in microchannels presents additional challenges and hurdles
when compared to the macroscale. In microfluidic two-phase flows, the buoyancy and
lift forces are insignificant, while surface tension forces can dominate inertial effects.
This change in the underlying physics causes differences in observed flow regimes
between microscale and macroscale devices.

For example, the regimes associated with boiling in macroscale pipes have been
extensively studied and are relatively well understood. As the vapor fraction within the
pipe increases, the system moves from bubbly flow to slug flow to an annular or
stratified flow, as shown in Figure 2 [15]. Surface tension forces are insignificant
compared to inertial forces, and buoyancy and lift forces can be used by the designer to
stabilize these multiphase flow systems [16].

e o S D A S

Entrained Bubbly Flow Slug Flow Annular Flow

Figure 2: Flow regimes in a macroscale pipe. As the liquid flows from left to right boiling occurs,
it moves from bubbly flow to slug flow to annular flow.

= & Gb Gub anm——

Slug Flow Annular Flow Dry-out

Figure 3: Flow regimes in a microscale pipe. As the liquid flows from left to right and boils, it
moves quickly from slug flow to annular flow to dry-out.

In microfluidic boiling, the buoyancy and lift forces are insignificant, while
surface tension forces can dominate inertial effects. As a result, the flows within these
microchannels reach the slug flow regime very quickly, and annular flow and dry-out
occur rapidly, as shown in Figure 3 [17]. The bubble expansion is also rapid. This growth
causes flow reversals to develop in the channel, and large pressure fluctuations and flow

instabilities are prevalent [16-23]. Special constrictors can be integrated into the



channel entrance to help control the backflow and reduce the pressure fluctuations, but
they increase the overall system pressure drop [24; 25]. Maintaining flow down the
channel requires a very large pressure head, and a very high pumping power compared
to a liquid-phase case [24; 25].

Similarly, carbon dioxide bubbles formed in the anode microchannel of a micro
fuel cell grow to fill the entire channel [14]. The density of the liquid in the channel is
orders of magnitude larger than the density of the gas formed. As a result, the gas
bubble grows very quickly compared to the volume of liquid consumed. Due to the
small diameters of the microchannels, these slugs fill the channels and propagate in
both channel directions as they expand, causing a large pressure drop along the
channel.

Another challenge that directly impedes the desired operation of two-phase flow
microdevices is the loss of liquid to surface contact area. In thermal management
devices, the loss of liquid to wall contact means that liquid dry-out has occurred at these
portions of the channel. When dry-out occurs, the thermal resistance between the wall
and the fluid carrying away the heat increases drastically, and as a result the heat
removal capability of the device in these areas drops by orders of magnitude. Over the
entire device, the drop in heat removal can be significant, and hot spots can develop on
the chip that can damage certain components [17]. In micro fuel cells, the methanol
solution must be in contact with the proton exchange membrane for the chemical
reaction that generates electricity to occur. As carbon dioxide gas displaces methanol in
the microchannel, there is less surface area for the methanol to interact with, and the

overall power that the fuel cell can deliver decreases [26].

The Microfluidic Breather

One promising method to resolve these challenges is to prevent dry-out and
large pressure drops by removing gas from channels as it forms, while keeping the

liguid-phase confined to the channel.
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Gas can be separated from the liquid flow using a structure consisting of
thousands of ports integrated into the walls of a microchannel. Figure 4 and Figure 5

show schematics of how these structures would allow gas to vent from a channel.

s

Heated Surface Proton Exchange Membrane

Figure 4: Schematic of a microchannel with an Figure 5: Schematic of a microchannel in a

integrated breather and a liquid undergoing methanol micro fuel cell with an integrated
boiling. The breather structure allows vapor  breather. The breather structure allows carbon
produced on the heated surface to escape dioxide produced on the membrane to escape

before slugs and dry-out conditions occur. before slugs and dry-out conditions occur.

The ports work on the principle of surface tension. When liquid in a channel

reaches a breather port on the wall, as shown in Figure 6, the pressure difference across

P

the port is directly related to the liquid surface
tension by the Laplace-Young equation [14]

4oy cos(¢)
=— 0

where P; is the pressure inside the channel, P,

o)

P,—P, (2)

is the pressure outside the channel, D is the

port hydraulic diameter, and oy is the surface Figure 6: Liquid interface at a hydrophobic
breathing port. Surface tension forces
trap the liquid in the channel when the
¢, is less than 90 degrees, the surface is contact angle, ¢, is less than 90°.

tension of the liquid. When the contact angle,

hydrophobic and the liquid will remain within
the main channel if the pressure difference P; — P,, is below a critical value, AP, The

value of AP,,,xdepends upon the hydrophobicity of the breather port surface

4 g, cos ;

where ¢ nmin is the minimum contact angle that can be achieved. This value is related to

the dynamic advancing contact angle of the surface, 8, by

¢min =180—-06 (4)
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Therefore, a finite pressure drop can be maintained over the hydrophobic capillary
breather port that will allow any gas that reaches the port to escape while containing all
liquid within the channel. Only when this pressure drop overcomes the maximum
pressure drop, AP, Will liquid leakage through the breather port occur.

A microbreather has been successfully demonstrated by Meng et al., where
hydrophobic meshes, made of porous polypropylene with a pore size of 0.2 um, were
integrated into a microchannel device to vent carbon dioxide from a stream of methanol
solution [14]. The results showed that large gas slugs in a microchannel, upon reaching
the hydrophobic mesh, were successfully expelled from the microchannel after several
seconds while the methanol solution remained within the channel. Similarly,
experiments using a microreservoir with 200 um diameter hydrophobic pits
demonstrated that large gas bubbles formed in a flow could be trapped on the
hydrophobic pits and vented through breather ports [27]. These studies, however,
involved the use of a breather that was integrated downstream of an air injection site,
and did not study the feasibility of using a breather structure to vent bubbles near their
formation site. With this setup, slugs and dry-out conditions can still form in the

microchannel before the flow reaches the breather structure.

Breather Complexities

The previous work on microscale gas breathers demonstrated excellent breather
efficiency, with nearly 100% of the gas in a flow being vented and nearly 100% of the
liquid being retained [14]. However, these devices were able to realize these impressive
results by allowing large bubbles and slugs to form in the devices themselves, drastically
lowering the wetted surface area to total surface area ratio. To maximize the usefulness
of a breathing device for two-phase microchannels, the ratio of wetted channel area to
total channel area would be ideally near one. Any non-wetted area in the channel
detracts from the efficiency of the device, whether it is lost heat removal area in a
thermal management system or lost chemical reaction area in a fuel cell system.

Increasing this ratio while maintaining the excellent performance of the
breathing structure, however, is not a trivial task. Small bubbles, with diameters less

12



than the diameter of the channel itself, act as deformable particles and tend to move in
the flow towards the center of the channel through a phenomenon similar to the
Fahraeus-Lindquist effect [16]. If the bubble is entrained in the channel center, it will

never interact with breathing structures on the channel walls.

Designs for a Microfluidic Breather

A design must be realized that can successfully remove bubbles that have
diameters on the order of the width of the main microfluidic channel. To achieve the
most efficient design, it is important to understand fundamentally how the bubble and
the breather structure interact. In previous studies, devices were fabricated such that
the imaging plane was parallel to the plane of the breather structure, as shown in Figure
7 [14; 27]. As a result, the changing sizes of bubbles, imaged through a transparent

breather structure, can clearly be observed as the bubbles vent. The interaction

| —

breather
HI:'III Il!nxl" parts Hlﬁmmxmmxm
s

breather
ports

Figure 7: Experimental setup where the plane  Figure 8: Experimental setup where the plane

containing the vapor breather is parallel to the containing the vapor breather is perpendicular

-

imaging plane (flow is into the page). The to the imaging plane (flow is into the page).
breathing structure can cover an entire wall of ~ The breather ports are situated in the corner
the main channel. of the channel due to limitations in the

fabrication process.

e

-

Figure 9: Image produced by the experimental Figure 10: Image produced by the
setup shown in Figure 7 (flow is left to right). experimental setup shown in Figure 8 (flow is
This image is taken through the breather left to right). This image is taken through a

structure, and the interaction between the glass cover, and the interaction between
bubbles and the breather cannot be seen. bubbles and the breather structure can clearly
be seen.
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between the bubble and the breather structure cannot be observed, however, because
it occurs in a plane perpendicular to the imaging plane, as shown in Figure 9.

A setup can be realized that allows the breather structure to be in a plane
perpendicular to the image plane by fabricating the breather port channels directly into
a silicon wafer on the side of a larger microchannel and sealing the channels with a
Pyrex wafer, as shown in Figure 8. With this design, imaging of the interaction between
the bubble and the breathing structure as the bubble is vented from the channel can be
achieved, as shown in Figure 10. This design, however, has the disadvantage that the
breather ports are constrained to a corner of the main channel, as shown in Figure 8.
This limitation arises because the fabrication process requires that channels be etched
into silicon from the top of a wafer down. It is not possible to etch or remove material
to create channels in any other direction. However, we designed and fabricated test
devices based on the horizontal design shown in Figure 8 to gain a better understanding
of the interaction between the bubble and the breather. To help identify the
mechanisms that control the breathing behavior for any microbreather device, we chose
to focus on thermal management devices as a representative case. Two different

methods for performing vapor removal on these devices were considered.

The Downstream Breather

In the downstream breather design, a

7

hydrophobic pad connected to the breather
-
W

Flow -+ I‘—Lb—'
k')

ports is placed in the main channel

downstream of the bubble nucleation sites, as _“Nucleation ~Hydrophobic A
o . Site Breather
shown in Figure 11. Flow conditions are Figure 11: The downstream breather. W
controlled such that the bubble diameters at represents the width of the main channel,
and L, is the distance from the nucleation
departure are equal to the width of the main site to the breather structure.

channel, W. These bubbles move downstream

in the flow until they reach the hydrophobic pad, at which point the bubble attaches to
the wall and is breathed out of the channel through the breathing ports. A channel
could be set up with multiple nucleation sites, followed by breather structures, in series.
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The Bubble-Pass Breather

In the bubble-pass breather design, the HHHFydrnphublc e
/_’ 2 j Breath
hydrophobic breather structure is placed directly daeialal

Flow -
across the channel from the bubble nucleation sites, Y
as shown in Figure 12. The bubble will grow on the //N“‘;I_‘:amm 2z
e

nucleation site until its width is equal to the size of
9 Figure 12: The bubble-pass breather.

the channel, W. At this point, the bubble will come W represents the width of the main
into contact with the hydrophobic breather channel.

structure and will be passed onto the wall across from the nucleation site. The bubble
can then be vented from the channel through the breather ports. In this design, the
hydrophobic breather structure can be fabricated down the length of the main channel,

with nucleation sites fabricated on the opposite side of the channel.

Final Design

To test these two breather designs, gather data on breather performance, and
determine the variables that govern the breathing process, multiple devices with
different channel configurations were produced. Figure 13 shows an overall diagram of

the devices.

- 10pum Depth:— »
Breather _’[‘ 30um 3Hm Breather

A, B

,-LMain Channel

L, Main Channel -
Air Injecﬁon%" / / %Air Injection

Port 5 *ZO}J.ITI Port

Figure 13: Layout of device, showing relevant dimensions. The depth was 300 um for the
downstream breather design and 130 um for the bubble-pass breather.

To simulate bubble growth on a nucleation site under boiling conditions, air was
injected into the channels from a small air injection port. The width of this port was

chosen to be 20 um so that the opening into the main channel would be small
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compared to the main channel hydraulic diameter. The depth of the air injection port
was chosen to be the same depth as the breather ports in order to simplify device
fabrication.

In downstream breather devices, the main channel was designed to be
rectangular. The width (W in Figure 13) and depth were chosen such that a 1 cm/s flow
of deionized (DI) water would have a Reynolds number between one and five, while the
ratio between the channel width and depth would be near one. The channel depth was
chosen to be 300 um based on this criteria, while the channel width was systematically
altered. The distance from the air injection site to the breather ports (L in Figure 13)
was also altered between devices. Its value was based on multiples of the channel
width. One device was made for each possible combination of the following
parameters: the width, W, was set at 100 um, 200 pm, 300 pum, and 400 um, while the
distance to the breather, L,, was set at 400 um, 600 pum, 800 um, 1000 um, 1200 pum,
and 1400 pum.

For the bubble-pass breather design, the main channel was also designed to be
rectangular. The design criteria for the channel were changed, however, from the
criteria used for the downstream breather to allow bubbles to more easily cross the
channel. The width (W in Figure 13) and depth were chosen such that a 1 cm/s flow of
DI water would have a Reynolds number near one, while the ratio between the channel
width and depth would be near one. The channel depth was chosen to be 130 um.
Devices were made for each of the following channel widths: 50 um, 100 um, 150 um,
and 200 um. The number of breather ports was also altered, with two, four, or six
breather ports fabricated into the device. The first breather port on all devices was
always at the point in the channel directly across from the air injection site (L, taken as
zero in Figure 13), and all other ports were placed downstream. Enough devices were
produced so that two were made for each combination of channel width and number of
breathing ports.

For all the devices, the width and depth of the breather port was minimized in

order to maximize the pressure drop the breather port withstands before leaking. The
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width was chosen to be 10 um due to limitations in feature size that resulted from using
a transparency mask with contact lithography. The depth was chosen to be 3 um, the
smallest value that could be reliably produced using deep reactive-ion etching (DRIE).
The pressure drop that the breather port withstands before leaking, AP,,q, Was

calculated using the Laplace-Young equation for a rectangular opening
1 1
APmax =P —-P = 2 Oy COS(180 - 9) (Wb + H—b> (5)

where W, is the width of the breather
port opening (10 um), H, is the height of
the breather port opening (3 um), oris the
surface tension of the air-water interface
(72.8 dynes/cm), P, is the pressure

outside the channel, P; is the pressure

inside the channel at the breather, which

Figure 14: Contact angle of water on a flat
is approximated as atmospheric pressure,  silicon surface coated with a silane SAM. The
measured contact angle is 116.30°.

and @ is the contact angle for water on a
silane covered surface. 6 was estimated by coating a flat silicon wafer in the silane-
based self assembling monolayer (SAM) used to create the hydrophobic surface and
then measuring the static contact angle on a goniometer. The measurement yielded a
contact angle of 116.30°, as shown in Figure 14. Performing the calculation for AP,
using this contact angle yielded a result of 27.95 kPa.

The spacing between the breather channels was chosen to be 20 um to ensure a

solid separation between each breather port.
Testing the Breather

Fabrication Process

The devices were fabricated on six-inch (100) silicon wafers at the Microsystems

Technology Laboratories at the Massachusetts Institute of Technology. Each device
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used the same inlet and outlet flow design, as shown in Figure 15, and measured 2 cm
by 1 cm in size. Each device consisted of four inlet and outlet ports, in each corner of
the device. The ports interfaced with holes drilled in the Pyrex cover wafers that were
positioned directly on top of the devices. The top left inlet port, as shown in Figure 15,
was the air inlet. The bottom right port was the breather outlet. The bottom left port
was the liquid inlet, and the top right port was where the liquid exits the device. Figure
16 and Figure 17 show magnified views of the center of the device (the portion of the

device contained in the black square window in Figure 15). In this portion, the shallow

Water
Outlet

Breather
Outlet

Figure 15: Device layout. The red portion represents the deep etch features, while the green
portions represent the shallow etch features. The device measures 1 cm tall be 2 cm wide.

] ]
LTI T
B ([ S

Figure 16: Mask layout for downstream Figure 17: Mask layout for bubble-pass
breather (Magnification of window shown in breather (Magnification of window shown in
Figure 15). Key dimensions are shown in Figure 15). Key dimensions are shown in
Figure 13. Figure 13.
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feature locations and the width of the main deep channel were altered depending upon
the device, as described above. Sixty-four devices were fabricated on each silicon
wafer, and separate wafers were used for the downstream breather design and the
bubble-pass design to allow different recipes to be used for each design. Fabrication
was performed in the following sequence (a detailed description of the fabrication
process can be found in Appendix A):

1. The silicon wafers were coated in photoresist.

Figure 18: A photoresist coated
silicon wafer.

2. The coated wafers were then exposed and developed to reveal the image of the
shallow etch features.

Figure 19: A silicon wafer with the
shallow features exposed and
developed.

3. The masked wafers were etched to a depth of 3 um.

7

Figure 20: A silicon wafer after the
shallow etch step.

4. The photoresist was stripped from the device.

7

Figure 21: A silicon wafer after the
shallow etch and photoresist removal.
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5. The silicon wafers were again coated in photoresist.

277

Figure 22: A silicon wafer after the
shallow etch steps, coated in
photoresist.

6. The coated wafers were exposed and developed to reveal the image of the deep

etch features.

Figure 23: A silicon wafer with the
deep etch features exposed and
developed.

7. The masked wafers were etched to a depth of 300 um for the downstream
breather design, and 130 um for the bubble-
pass breather design.

7.7

Figure 24: A silicon wafer after the
deep etch step.

8. A 6-inch Pyrex wafer was coated with
photoresist on both sides.

Figure 25: SEM of a cross-section of
the main channel in a bubble-pass
breather device, a deep feature.

Figure 26: A Pyrex wafer coated in
photoresist.

9. Alaser drill was used to etch through-holes in the Pryex.

Figure 27: A Pyrex wafer with holes
drilled by a laser.
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10. The excess photoresist was removed from both the silicon wafer and the Pyrex.

I T R N N B

7

Figure 28: An etched silicon wafer
and drilled Pyrex wafer ready for
bonding.

11. The Pyrex and silicon were joined using an anodic bonding process.

?A T B B I R T T T

Figure 29: A completed wafer, after
the silicon and Pyrex wafers are
bonded together.

12. The combined wafer was diced into individual devices.

Figure 30: Image of a device after dicing and separation
from the wafer.

The last step in the fabrication process involved depositing a hydrophobic
surface inside the main channel around the breather ports while keeping other parts of
the main channel, including the air injection port, hydrophilic. This process was
problematic because the sealed channels could not be easily masked to control the
hydrophobic deposition. Attempts to deposit a hydrophobic layer before the channels

were sealed using either Teflon or a silane-based hydrophobic SAM failed because the
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majority of the coating was destroyed by the high temperatures and voltages present
during the anodic bonding process. These coatings also were less than ideal because
the Pyrex cover was not coated with the channel, leaving just three sides of the breather
ports hydrophobic.

Multiple methods for performing the deposition in the closed channels were also
tried. The silane-based SAM (Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane,
United Chemical Corporation) was vapor deposited in the channels and then high
intensity ultraviolet light at 200 nm was used for 48 hours with a mask to try to remove
the monolayer from portions of the channel. The ultraviolet light, however, was unable
to degrade the silane layer sufficiently, and the entire device was left hydrophobic.
Another method that was tried involved injecting the silane-based SAM in its liquid form
using a syringe. The flow of the silane could be controlled so that only appropriate
sections of the channel interacted with the liquid silane. This method also failed,
however, because some silane evaporated in the channels and then deposited on the
channel walls where the liquid silane did not touch.

The final method chosen for the hydrophobic deposition involved injecting
photoresist into the closed channels to form a mask. Figure 31 shows a downstream
breather device with the photoresist mask in place, and Figure 32 shows a bubble-pass
device with the photoresist mask in place. Injecting the photoresist mask involved
careful use of a 100 pul syringe filled with photoresist, and was difficult to successfully

complete on many devices. The masked devices then underwent a silane-based SAM

Photoresist Photoresist

Figure 31: Image of a downstream breather device just before silane vapor deposition. The
injected photoresist used as a mask is visible in the main channel on both sides of the image.
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Photoresist

Figure 32: Image of a bubble-pass breather device just before silane vapor deposition. The
injected photoresist used as a mask is visible coating the main channel except around the
breather ports.

vapor deposition process, where only exposed silicon and Pryex surfaces were coated in
the silane and became hydrophobic. After the deposition, the main channel of the
device was flushed with acetone and water to remove the photoresist mask from the
device. Early testing showed that this flushing process poisoned or degraded the
hydrophobic coating, but the layer was not destroyed completely and the coated
sections of the devices still showed mild hydrophobicity after the fabrication process
was complete. Figure 33 shows an image of a bubble-pass breather device after

fabrication was completed.

Figure 33: Image of a completed bubble-pass breather device after the hydrophobic deposition.
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Experimental Setup

The experimental setup used is depicted in Figure 34. The setup consisted of a

custom test fixture, depicted in detail in Figure 35, used to interface the devices with

1/8 inch outer diameter tubing. The test fixture was designed to fit securely in the

circular opening on the stage of the inverted white light microscope (Eclipse TE2000-U,

Nikon), which was used with a 20X Plan Fluor objective (NA of 0.45) for optical

visualization. The inner portion of the test fixture had four holes, each with O-rings, that

interfaced directly with the holes on the top of each device, and a clamp that held the

device securely in place, providing a seal against the O-rings. The four ports in the test

fixture terminated in a standard female 1/4 inch NPT port with a spot-face for an O-ring.

Part SS-400-1-4 (The Swagelok Company) was used to interface the 1/4 inch NPT port

with 1/8 inch tubing.

Harvard PHD2000
syringe pump

i

Vision Research
Phantom v7.1

= R Omega  g5.552-vH
paree., FMA1802 compressed
i needle . k
[ A1 flow meter valve air tan
Millipore f — —
Sterivex : i
Cole-Parmer Olflf Hm i
68900-64 reer
pressure 1
transcii;l_.c___elr Liquid Inlet| _ . | AirInlet e
. Breather outlet| (7) | Liquid outlet Cole-Parmer
Cole-Parmer Custom o 68900-66
68900-62 Manifold on Ee e pressure
pressure Nikon Eclipse Cole-Parmer transducer
transducer TE2000-U 68900-64 Harvard 55-2226
inverted pressure syringe pump
microscope transducer
25ml gastight
syringe waste

flask

Laptop with National Instruments DAQCard 6036E

interface and SCB-68 breakout board

Figure 34: Layout of the experimental setup.
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A syringe pump (PHD-2000, Harvard

5.33cm
Apparatus) was used to provide set inlet liquid | _—"" | %
flow rates. A high pressure 200 ml syringe A

was used inside the pump and filled with DI _

water, and the outlet from this syringe passed
through a 0.22 um particle filter (Sterivex

0.22, Millipore) and was then connected to a

pressure transducer (68900-64, Cole-Parmer).

The tube was then interfaced with the liquid

inlet port on the test fixture.

The liquid outlet port from the test

v
fixture was connected to another pressure Figure 35: The device test fixture. The
transducer (68900-64, Cole-Parmer), and device is clamped between the test fixture
and a clamping plate and interfaces with
then routed to a flask to collect the waste. four holes in the test fixture that terminate

on the sides of the test fixture in female %

The outlet was open to the atmosphere. i
inch NPT ports.

The air inlet port from the test
fixture had two connections to it, depending on whether the inlet air flow was set by a
constant pressure or a constant flow rate. For the constant pressure side, a gas cylinder
with a pressure regulator was connected to a needle valve (S5-SS2-VH, Swagelok), a flow
meter (FMA1802, Omega), and finally a pressure transducer (68900-66, Cole-Parmer).
The constant flow rate path connected to a 100 ul gas-tight syringe in a syringe pump
(55-2226, Harvard Apparatus). Only one of these air sources could be interfaced with
the air inlet port on the test fixture at a time.

The breather outlet port was connected to a vacuum transducer (68900-62,
Cole-Parmer) and then to a 25 ml syringe, which was used to apply vacuum.

All the flow meters and pressure transducers were connected to a breakout
board (SCB-68, National Instruments) for use with a data acquisition card (DAQCard
6036E, National Instruments). LabView software from National Instruments running on

a Windows XP laptop was used to interface with the sensors, record measurements, and
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had the option to trigger the camera. Appendix B contains the code of the LabView
interface used.

Imaging was performed at 50,000 frames per second using a high speed camera
(Phantom v7.1, Vision Research), attached with a C-mount bracket to the microscope. A
separate desktop computer running Vision Research control software was used to
record and capture the high speed imagery.

For the experiments, the water injection syringe pump was started and allowed
to run for ten minutes at the set inlet flow rate to reach a steady flow condition. For
experiments using the air tank for air injection, the tank was then opened and the
pressure increased to a set point. For experiments using the air inlet syringe pump to
control air injection flow, the pump was started and set at designated air injection rate.
For both cases, ten minutes were allowed to pass to ensure steady state flow was
reached in the channel. Next, a designated vacuum level was applied to the breather
outlet port, and ten minutes were allowed to pass to ensure steady state flow. After
this stage, the data from the flow meter and pressure transducers was monitored by the
LabView software. When a period of thirty seconds passed during which none of the
data streams deviated more than five percent, the camera would be triggered and data
taken and recorded. Flow conditions on either the air injection side or the water
injection side were then changed, ten minutes were allowed to pass to reach steady

state flow, and the data collection process was repeated.

Uncertainties

The uncertainties in the data collection result from multiple sources. The
PHD2000 pump used for the liquid inlet flow control has an accuracy of +1% of the
chosen flow rate. The Cole-Parmer 68900-62 pressure transducer used in the breather
outlet port has an accuracy of £1.034 kPa, the 68900-64 pressure transducer used in
both the liquid inlet and outlet ports has an accuracy of +2.068 kPa, and the 68900-66
pressure transducer used on the air inlet port has an accuracy of +6.894 kPa. The
Omega flow meter has an accuracy of £0.15 sccm. The Harvard 55-2226 pump used for
the air inlet flow has an accuracy of £0.0035% of the chosen flow rate. The
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compressibility of the gas being pumped, however, means that the setting on the
Harvard pump only accurately reflects the flow of air through the inlet port into the
main channel at steady state. For these experiments, every effort was made to ensure
that the device was in steady state operation before data was taken, however there
may be additional uncertainties associated with the air inlet flow data that are difficult

to quantify.

Calibrating Flow Regimes

In order to perform experiments for

the breather structures, the flow regimes

within which the devices could successfully
operate were identified. As a bubble grows k
into the channel from the air inlet port, the

Figure 36: Diagram of a growing bubble.
flow in the main channel exerts a drag force ~ The strength of the drag force, F;, relative

to the surface tension force, Fs, govern
on the bubble (Fp in Figure 36). A force from bubble departure size.
the surface tension of the bubble (Fsin
Figure 36) counteracts the drag force. As the bubble grows, the drag force increases,
and when the drag force overcomes the surface tension force, the bubble detaches
from the surface and enters the flow. This process is highly dependent on the liquid
flow rate in the main channel, and should not be significantly impacted by the air inlet
flow rate for low air flow rates.

The optimum flow regimes for the breather structures occur when the bubble
detaches from the air inlet port at a diameter equal to the width of the main channel.
Small bubbles will become entrained in the liquid flow and will not be able to interact
with the breather structures. Large bubbles will cause channel blockages and dry-out
conditions that would serve to lower efficiencies of a final device relying on this
breathing process.

To test these flow regimes, multiple downstream breather devices, each with a

different main channel width and the same channel depth of 300 um, were examined
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under varying liquid inlet flow conditions. Using high speed imaging, bubble departure

sizes were recorded and plotted as a function of the Weber number of the inlet liquid

_pviW
o

We (6)

where p is the liquid density, v is the liquid velocity in the channel, W is the channel
width, and o is the surface tension of the air-liquid interface. Figure 37 shows the
results of this study, and Figure 38 shows a time-lapse image of a departing bubble.
The data shows that at higher Weber numbers, the departure bubble size is
highly dependent on the liquid flow rate, and the data for multiple sized channels
collapses onto each other. For lower Weber numbers, the data for different channel
sizes diverges as the bubble departure size becomes on the order of the channel width
itself. This is to be expected, as when the bubble is near the size of the channel, the
flow velocity near the bubble is much higher than away from the bubble, and other

effects, like the pressure drop in the channel across the bubble, become important.
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Figure 37: Bubble departure size of nucleating bubble as a function of the inlet liquid Weber
number.

28



100 pm  Flow,
0 ps

Air inlet 23.5 us 47 ps 70.5 us 94 us
117.5 ps 141 ps 164.5 pus 188 ps 211.5 ps

Figure 38: Time-lapse images of bubbles departing from the air injection port (video file
‘bubble_departure.avi’ in reference [28]).

The results suggest that at an inlet Weber number of 0.005 and below, the
bubble departure size is on the order of the channel width. Given this result, the

experiments were run with the inlet flow Weber number below 0.005.

Results

Early testing of the device revealed that the hydrophobic silane monolayer in the
main channels degraded during the acetone cleaning process. As a result, the silane
coated surfaces in the channels were less hydrophobic than desired. Tests of the
devices under flow conditions in the lab resulted in a leakage pressure around 9 kPa, a
value over three times lower than expected. The effective contact angle of the silane
monolayer in the channel was calculated using Equation 5 as 98.20° using this measured

APmax.

The Downstream Breather

Attempts to get the downstream breather devices to function properly were
unsuccessful. The use of multiple inlet liquid flow rates ranging from 0.1 pul/min to
20 pl/min was attempted along with multiple air inlet flow rates ranging from 0.1 pl/min
to 10 pl/min, but no venting was observed through the breathing structure. Although
no water leakage was observed through the breather ports, the bubbles that reached
the hydrophobic pad (as shown in Figure 11) in the main channel at the breather
structure moved with the liquid flow, and the liquid momentum behind the bubbles

forced the bubbles to detach and cross the hydrophobic pad before they could adhere
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to the wall and breathe. Nearly all of the injected air was ejected as slugs down the
length of the main channel and did not vent through the breathing structure.

A downstream breather device was then fabricated such that the entire main
channel, including the air injection site, was coated with the hydrophobic silane SAM.
This setup validated that air in the channel could be selectively removed through the

breather ports, as shown in the time-lapse in Figure 39.

0.1s o 0.2s

03s 0.4s o 0.5s

0.6 o 0.7s o 0.85

Figure 39: Time-lapse of hydrophobic downstream breather venting a wall slug (video file
‘downstream.avi’ in reference [28]).

For this setup, the inlet liquid flow rate was kept very low, at 0.5 pl/min, and the
air inlet flow rate was set at a modest 1 pl/min. The breathing behavior was captured
by stopping the inlet liquid flow rate and injecting air. The air inlet pump was then
turned off and the inlet liquid flow pump turned on. The breathing behavior was then
briefly observed.

Although the completely hydrophobic downstream breather device produced a
good demonstration of the breather venting an air mass from the channel, this setup
would not be useful for a final design and is therefore not useful as a test device. The
hydrophobic coating on the channel walls trapped a thin layer of air against the walls.

The effect is analogous to an annular flow regime in a tube, except that the fluid in the
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channel center is liquid and the fluid hugging the channel wall is a gas, as shown in

Figure 40. For the applications targeted in this paper, Y YrrY.

including cooling and fuel cell applications, a liquid- —

-~

solid interface is required to improve cooling or fuel
d P & Figure 40: Hydrophobic walls

cell performance. The loss of this interface in the in a channel produce an
annular flow, with gas
completely hydrophobic devices makes it unsuitable hugging the walls and liquid

for these needs. For this reason, no further data was trapped in the center.

collected for this configuration.

The Bubble-Pass Breather

Breathing was observed in the bubble-pass breather configuration for devices
with 50 um wide channels and four or six breather ports after an artificial vacuum,
below the observed leakage barrier of 9 kPa, was applied to the breathing ports.
Devices with only two breather ports did not reach a breathing condition because the
two breather ports were placed too far upstream. No stable breathing was observed in
devices with 100 um or larger channel widths because the bubble was ejected down the
channel before it could attach to the breather and vent. In the devices with a 50 um
width main channel, the system would enter a steady state situation where an air
bubble, approximately 120 um long and 50 um wide, would attach itself to the breather
structure. Bubbles would form at the air injection point and then merge with the slug in
the main channel when the bubble grew large enough. As the injected bubbles merged
with the slug, a portion of the bubble itself would then vent through the breather ports.
Figure 41 shows a time-lapse that is representative of this behavior.

The images in Figure 41 indicate that all the air injected into the channel can be
removed through the air breather in the stable state because the slug does not grow in
size. This stable state, where 100% of the injected air was removed via the breather
ports, is hereto referred to as a successful operation of the breather. Any stable state
that allowed air to exit the channel through the liquid outlet port was defined as a non-

successful breather operation.
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Figure 41: Time-lapse of a bubble-pass breather device venting a vapor bubble. The third breather port from the right in the channel, blocked by
water in the first image, allows some air to escape before closing again in the last image. A bubble from the air injection port can be seen
merging with the slug in the 800 ps image. This breather behavior was stable, and this process repeated continuously. (Video file
‘bubblepass.avi’ in reference [28]).



The images in Figure 41, however, also show that water entered the breather
ports. When breathing behavior was observed, water was always seen to enter the
breather ports. Figure 42 shows another time-lapse of a case where a slug reached a

new breather port. Prior to the slug reaching a new breather port, the breather port

water
enters
breather

0s ' 0.1s 0.2s

0.3s 04s 0.5s

Figure 42: Time-lapse of water entering bubble-pass breather port after breather
activation (video file ‘bubblepass_activation.avi’ in reference [28]).

was free of liquid. However, when the slug reached the new breather port and
breathing occurred, liquid entered the breather channel. We speculate that localized
pressure fluctuations or surface tension forces acting around the opening to the
breather port may lead to the leakage behavior observed, however further investigation
is necessary to examine the cause.

The current experimental setup did not allow the liquid leakage rate through the
breather ports to be directly measured. However, an upper bound on the leakage rate
was calculated by examining the total amount of water that entered the breather outlet
channel after a set period of time. Figure 43 shows an image of the end of the breather
ports in contact with the breather outlet channel. The outlet channel was originally

empty of water, and the image was taken after five minutes of steady state successful
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Figure 43: Breather outlet channel after five minute of breather operation. The
water visible is used to calculate a conservative liquid leakage rate through the
breather.

breather operation, with an inlet liquid flow rate of 2 pl/min, an inlet air flow rate of

40 pl/min, and a pressure drop across the breather ports of 6.89 kPa. These flow
conditions (as will be seen in subsequent data in Figure 44) resulted in the maximum air
flow rate through the breather of any combination of flow parameters. These flow
settings should also produce the maximum leakage rate through the breather. Based on
the depth of the manifold, and assuming that the image in Figure 43 is representative of
the amount of water and air in the breather outlet channel at all depths, we can obtain
the total volume of water in the channel. Given the experimental duration of five
minutes, we obtain that the leakage rate was 2.29 x 10™ pl/min. The leakage rate was
0.011% of the inlet liquid flow rate, which suggests that the amount of water leaking
through the breather ports is insignificant.

We determined the maximum air removal rate by the breather under successful
operating conditions for a device with a 50 um width and six breather ports. The results
of this experiment are shown in Figure 44. In this experiment, the vacuum applied to
the breather outlet was gradually increased. With no vacuum applied, no successful
breathing occurred in the device. The vacuum was then increased in an effort to
increase the maximum air removal rate and data was taken at values of 0.85 kPa,

4.37 kPa, 6.05 kPa, and 7.45 kPa. At vacuum levels above 9 kPa, pressure forces
dominated the surface tension forces and leakage was observed through the breather

ports independent of the breathing behavior.

34



u
o

:
£ a0
S
o [ |
£ — 30 .
U =
x g *
=~ 20 Y B
< 2 [ |
E 10 3 $
£
§ 0 ' T T T 1
= 0 2 4 6 8
Pressure Change Across Breather [kPa]
@ Water: 0.513 cm/s B Water: 1.538 cm/s
Water: 2.051 cm/s ® Water: 3.846 cm/s

Figure 44: Maximum air removal rate through the breather as a function of liquid inlet flow rate
and vacuum applied to the breather outlet port.

For each vacuum setting, the liquid inlet flow rate was varied to test the effect of
the liquid inlet flow rate on breather function. When the liquid inlet flow was turned
off, the channel dried out because the injected air formed a slug that moved upstream.
Data was taken for flow velocities of 0.513 cm/s, 1.538 cm/s, 2.051 cm/s, and
3.846 cm/s when successful breathing was observed. For liquid inlet flow velocities
above 4 cm/s, successful breathing was not observed, because the bubbles were too
small at the time of departure.

For each combination of vacuum and liquid inlet flow, the air inlet flow rate was
set at 1 pl/min. Ten minutes were allotted to allow the device to reach steady state
breather operation. If successful breathing was not observed after the ten minute
interval, then the experimental conditions were considered to be outside the set of
values for successful breather operation. For conditions where steady successful
breathing operation was achieved in the 10 minute period, the air inlet flow rate was
increased in 0.1 pl/min intervals every 10 minutes. The maximum air inlet, and

therefore the maximum breather air removal rate, was determined to be the highest air
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inlet flow rate that was able to achieve a successful breathing state and maintain the
stable state for a 10 minute period.
The pressure change across the breather, APy cather » Which is plotted in Figure

44, was calculated using
APypreather = Pi — By )

where P, is defined as the measured absolute pressure in the breather exhaust port,
and P; is the pressure inside the main channel at the breather port. P; was determined

by finding the pressure drop down the length of the main channel

2
Pi=Pam + 1 -0 ®)
where P, is atmospheric pressure, L is the distance from the breather to point in the
main channel where it opens up into the liquid exit port (750 um), D, is the hydraulic
diameter of the main channel (defined as four times the cross sectional area divided by
the perimeter, 72.22 um for the 50 um wide channel), v is the liquid flow velocity in the

main channel, p is the liquid density, and f is the friction factor

64

ReDh

f (9)

where Rep, is the Reynolds number of the liquid flow in the main channel using the
hydraulic diameter Dy, as the characteristic length.

The data shown in Figure 44 follows a clear exponential trend, and the shape of
the exponential is governed by the inlet flow rate chosen. It is desirable to graph this
data along a non-dimensional x-axis, such that all the data collapses onto a single
exponential function, to allow a single fit for the data to be generated. This fit captures
the effects of both liquid inlet flow rate and breather port vacuum level on the
maximum air removal rate through the breather, and can be used to design new devices
that maximize efficiency. To do this, the pressure forces acting on the air within the
bubble attached to the breather in the main channel were considered. When a new
bubble from the air injection port merges with this trapped breather bubble, the new

volume of air will disturb the equilibrium in the trapped bubble. The drag force, which

36



can be approximated by the pressure drop across the length of the bubble in the main
channel, pushes on the bubble to detach from the breather and move down the length
of the channel to the liquid outlet port, as shown in Figure 45. The pressure difference
between the air in the bubble and the air in the breather outlet port acts to draw this
new volume of air out of the bubble in the channel and through the breather port to

restore the force balance, as shown in Figure 46.

Pressure drop across
breather low

Pressure drop across

bubble high

Figure 45: When the pressure drop across the breather is small compared with the pressure
drop across the bubble, the bubble will be ejected down the channel before excess air can be
vented. Arrows represent relative magnitudes of pressure drops.

Pressure drop across
breather high

Pressure drop across

bubble low

Figure 46: When the pressure drop across the breather is large compared with the pressure
drop across the bubble, excess air entering the bubble will be vented, and the bubble will return
to its equilibrium state. Arrows represent relative magnitudes of pressure drops.

The occurrence of the two different scenarios shown in Figure 45 and Figure 46
is dependent on the relative magnitudes of the pressure drop along the bubble length
compared to the pressure drop along the breather ports. When the pressure drop along
the breather is large compared with the pressure drop along the bubble length, the

added volume of air will vent through the breather port, the force balance will be
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restored, and the successful steady state breather operation will continue (Figure 46).
When the pressure drop along the breather port is small compared with the pressure
drop along the bubble length, the instability caused by the added volume of air will
detach the bubble from the breather port and the bubble will be ejected out the liquid
outlet port; successful breather operation therefore ceases (Figure 45).

This ratio, defined as Ry, can be used as the dimensionless independent variable
with which the maximum air removal rate through the breather can be estimated. The
value of R, can be calculated from the known geometry and known flow conditions of

the system by

R e APbreather 10
p E o (10)
APy ypble

where APy eather is the pressure drop across the breather and is defined in Equation 7.
APyupple Can be determined by

'2 !
Lyupbie pv ~ _ L 64uv 2

APpupble = f (11)

where fis the friction factor defined in Equation 9, Lyusse represents the length of the
bubble in the channel (along the flow direction), and u is the dynamic viscosity of the
water. The values D" and v’ are local hydraulic diameter and velocity values. They are

related to the global liquid velocity, v, and to the overall channel hydraulic diameter, D,

by
, 44" 4AWH  2H+2WH
=g =mmvw - mswa> 1
, H wo M
v =5v (13) |
where W is the channel width, H is the channel
height, and H’ is the effective local channel height, Figure 47}2:055 section of channel
as shown in Figure 47. H’is defined as the channel (flow direction is into the page)
showing a bubble attached to a

height H minus the penetration depth of the breather in the channel and the

breathing bubble. Note that the liquid-air interface local effective channel height, H"
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in the channel has a prescribed slip boundary condition, and therefore does not
contribute to the wetted perimeter value, ', in the derivation of the local hydraulic
diameter, Dy".

By combining Equations 10, 11, 12, and 13, R, can be simplified to

o 2D, }r3(m1+2w»2< 1 ) (14)
p = Pibreather ca o \H ) \2H +W /) Ly

The value of Lyuppre is @ constant that depends on the length of the hydrophobic pad in
the main channel, which was verified from the high speed images. When the average of
Lyubbie OVEr a minute or longer is taken, it is shown to indeed be constant. For the device
used in these experiments, the value of Lyyppe Was 120 um. The value of H could not be
measured in these experiments because the image plane containing the information is
perpendicular to the plane imaged with the experimental setup. As a result, R, cannot
be directly calculated.

However, H” depends on a known quantity, the liquid inlet velocity v, because
the penetration depth of a breather bubble is dependent on the liquid flow velocity.
The velocity v can be non-dimensionalized using the liquid inlet Reynolds number Rep,

far from the breather port, where Rep, is defined as

p v Dy

ReDh = (15)

where p and u are the liquid water density and dynamic viscosity, respectively.

Therefore, we can rewrite R, in a new form

2D,> H'\? /2H + 2w\ 2
RP = | APyreather — (= ('—) (16)
64 uv Lbubble H 2H + W

where each term in parenthesis is dimensionless. The first term can be directly
calculated from know quantities, including the device geometry and set experimental

conditions. The second and third terms are unknown, and each is dependent on Rep,.
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The dependency of these two unknown dimensionless terms on Rep,can be

found by considering the boundary conditions

HI
as Rep, — 0, 7 0 (17a)
andas Rep, — oo, =~ 1 (17b)
which yields the relationship
H 1 (18)
H (Rep, +1)°

where p is an unknown positive exponent.

An expression for H’ derived from Equation 18 can now be inserted into the

2
2 o \
_ 2Dy _ 1 2H+2W
RP - (APbreather 64 1LV Lyuppie ) (1 (ReDh+1)p> | | (19)

Tl

This equation is still not sufficient to fully solve for R,. When expanded, R,

expression for R, from Equation 16 to yield

1— 1

(Rep, +1)

becomes a long and complex polynomial with terms to various powers combining the
unknown positive value p. An estimate of p however can be found by fitting the data to
an exponential function using the expression for R, as the independent variable and the

maximum breather removal rate, V,; max, as the dependant variable

— Ae(BRy) (20)

Vair ,max

where A and B are constants found through the least squares regression of the

linearized exponential fit equation

In(Vyir max ) = In(4) + BR, (21)
Inserting Equation 19 into Equation 20 yields:
( / \2\
| 3
(AP 2D)2 ) [ 2H+2W [
breather 47y, ReDh"'l | 2H|1 . | (22)
— |+
Vair max = 4 ek \ ReDhJr1 / )
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To determine p, the square of the correlation coefficient, r?, can be calculated for the
least squares fit to the linearized equation. The value of p is then varied until the fit
quality is maximized, which occurs when ris close to 1.

Performing this operation on the data shown in Figure 44 produces the following
fit, correlation coefficient, and p value, which is shown graphically in Figure 48:

Vair max = 0.7613 e®09%¢ R» 2 = 0.8990, p = 1.17

To further refine the fit, any outlying data points that are not characteristic of
the behavior should be ignored in the least squares fit. These outliers can add
significant error to the fit coefficients and reduce the correlation coefficient. To find

outliers, the data in Figure 48 was plotted with a logarithmic y-axis, as shown in

Figure 49.
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Figure 48: Maximum air removal rate compared with the dimensionless pressure ratio R,. All
data is used to produce the shown fit.
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Figure 49: Maximum air removal rate compared with the pressure ratio R,, plotted with a
logarithmic y-axis.

Figure 49 shows that the data point at an R, value near fifty and a maximum
removal rate of 0.3 is an outlier. This point is over four times smaller than another data
point taken at the identical flow settings, which matched more closely to the observed
trend line. The remaining data, excluding this single outlier, show a clear exponential
trend, which appears linear on the logarithmic y-axis. Performing the same fit while
ignoring this outlying data point yielded the following fit, correlation coefficient, and p
value, which is shown graphically in Figure 50:

Vair max = 1.3126 €%0976 Rp | 42 = 0.9664, p = 1.23

Figure 51 shows the fit and data graphed together with a logarithmic y-axis. The

outlier point near an R, of fifty is shown on the graph, but it is not used in determining

the fit coefficients. Ignoring this point has produced a better fit to the data.
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Discussion

The bubble-pass breather design demonstrated stable successful breather
operation where 100% of the injected air was removed through the breather ports for
channels with a width of 50 um and either 4 or 6 breather ports. Data on inlet and
outlet flow conditions was obtained for a particular device with 6 breather ports.

The data presented in Figure 50 shows that as the ratio R, grows, the amount of
air that can be removed through the breather port grows exponentially. R, depends on

a number of parameters in the range where data was obtained:

As v increases, R, decreases
As the aspect ratio H/W increases, R, increases

AS APpreather increases, R, increases

The maximum air removal rate from the channel, Vair,max, is attained when R, is
maximized. R, however, has a finite limit. As the liquid inlet velocity, v, decreases, R,
increases. However, there is a finite velocity below which a bubble attached to the
breather will overcome the pressure imposed by the moving liquid. The bubble will
grow in the channel in the upstream direction, causing a dry-out condition.

W can be decreased or H can be increased to increase the aspect ratio H/W,
which will increase R, as well. Indeed, the testing in these experiments showed that the
channels with larger widths, and therefore smaller aspect ratios, did not reach a steady
breathing state. For the channels with a 50 um width, the channel depth was 130 um,
an aspect ratio of 2.6 to 1. The next largest aspect ratio was found in devices with a
width of 100 um, and an aspect ratio of 1.3:1. The results suggest that for a bubble to
be able to attach to the breather structure and vent successfully, water flowing in the
main channel must have sufficient room to flow around the bubble without causing a
large pressure drop across the bubble itself, i.e., the ratio of H’ to H must remain close
to one. For lower aspect ratio channels, the ratio of H” to H becomes small, and
therefore R,also becomes smaller. Eventually, R, falls below the critical value where

stable breathing can occur. Increasing this aspect ratio, however, is only possible to a
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point. When a finite aspect ratio is reached, there will be large amounts of surface far
from any manufactured nucleation sites, and as a result bubbles will begin to form along
the walls at portions of the channel where they were not designed to form. The aspect
ratio must be kept small enough so that all bubble growth is confined to pre-determined
and manufactured nucleation sites.

Increases in APpreather are limited to the maximum pressure that the breathing
ports can withstand without leaking, APpx. APmex Was calculated with Equation 6 to be
27.95 kPa for a perfect silane SAM coating, and was found experimentally to be 9 kPa
for the device used in this experiment, which had a degraded silane surface.

Therefore, in the fit derived and shown in Figure 50, R, has different finite
maxima for different inlet liquid flow rates. Figure 52 shows a plot of the maximum R,
compared with the liquid inlet Reynolds number, where there is roughly a linear

correlation between the values.
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Figure 52: The maximum R, where stable breathing occurs as a function of the liquid inlet
Reynolds number.

With only four data points taken on the same device, it is unclear whether this linear fit
accurately describes the maximum R, value for flows in devices with different aspect
ratios. However, the results indicate that the maximum R, for each aspect ratio can be

found by minimizing the liquid inlet flow rate and maximizing the breather pressure
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drop. As discussed previously, the liquid inlet flow rate has a finite minimum that is
reached when the bubble in the channel attached to the breather port overcomes the
pressure forces in the liquid and grows in the upstream direction. The liquid inlet
velocity v should therefore be brought as close to this lower limit as possible in order to
maximize the possible air removal rates. This should be balanced against the needs of
the device, as cooling devices will need faster liquid inlet velocities to provide adequate
cooling.

At the desired liquid inlet velocity, the breather pressure drop should then be
maximized. The maximum occurs at the pressure just below which leakage occurs. Due
to the poor quality hydrophobic coating on the devices used in this study, as well as the
relatively large sizes of the breather port openings, there is a clear direction for progress
in increasing the maximum R, by increasing the maximum breather port pressure drop.
Scaling down the size of the breather ports by either using a chrome mask with contact
lithography to create features on the order of 1 um in size or by using projection
lithography to create smaller features would serve to drastically increase the maximum
pressure, since the pressure is inversely proportional to the port size. Finding a different
hydrophobic coating that is resistant to degradation by the acetone wash would also
serve to triple the maximum pressure that the breather ports could support. It may also
be possible to integrate structures to produce super-hydrophobicity in these channels.
This would raise the contact angle, 8, and therefore it would also raise the maximum
breather pressure drop. For example, for the breather geometry used in this work, an
increase in the contact angle to 135° would raise the maximum breather pressure drop
to 44.6 kPa, and a contact angle of 150° would result in a maximum breather pressure
drop of 54.6 kPa.

Maximizing R, by decreasing breather port feature size or by increasing the
hydrophobic coating quality also serves to solve another observed problem with these
devices: leakage. By scaling the breather ports down, the surface tension forces would
work to keep any water out of the breather, and any water that did enter the breather

structure would be more easily rejected and removed. An increase in hydrophobicity of
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the surface would serve the same purpose. However, the leakage rate estimates found
in the Results section suggested that the overall leakage rate is very small compared
with the inlet flow rate.

The value for p found in this study was derived from a fit of the data to an
expected exponential curve. It should be noted that the removal of a single outlier
point changed the calculated value of p by 0.06, or 5%. This means that the calculated p
value is only an estimate and may differ from the true value. Only more data,
particularly data taken on different devices, will help refine the fit and determine the

actual value of p.

Directions for the future

In this study, we obtained valuable information about the maximum breathing
rates by designing and fabricating breather devices with the breather plane parallel to
the imaging plane. Producing more of these devices with better hydrophobic coatings
and smaller breather port sizes will allow more data to be obtained to elucidate further
the limits of breathing function while verifying the trends and data fits produced in this
study. In addition, the important parameters that maximize breather air removal rates
can be further identified.

One possible parameter that may play an important role in breather function is
the location of the breather ports relative to each other and the nucleation site. In this
work, the breather ports were always spaced equally apart from each other, and the
first breather on bubble-pass devices was always placed directly across the channel
from the air injection site. In these devices, the third, fourth, and fifth breather ports
were the ports that most often showed breathing behavior. Future studies should vary
the spacing and location of breather ports to identify the optimum location and port
density for maximum gas removal.

The sensors and pumps used in this experiment were macroscale devices
integrated into the inlet and outlets of the setup. This allowed for global measurements

of inlet and outlet conditions. However, local flow rates and pressure values at discrete
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locations within the channel, especially near the breather structure, would be
instrumental in gaining further insight into the operation of these devices. In particular,
pressure sensors integrated along the channel near the breather, as well as flow meters
integrated into the main channel, the breather ports, and the air inlet port, would
substantially help in obtaining more information to understand the interactions in the
channel near the breather. Future devices should include these integrated sensors,
fabricated with established MEMS processes. Including these sensors will add
considerable complexity to the device, so the locations and numbers of the integrated
sensors must be carefully considered.

The devices used in our experiments did not couple heat transfer or chemical
processes with the fluid processes. For two-phase cooling applications, heaters should
be integrated into the chip along the channel and nucleation sites fabricated instead of
relying upon an air injection port to provide the gas for the study. For fuel cell devices, a
proton exchange membrane should be integrated to produce carbon dioxide gas.

The lessons learned from this data are important in guiding the geometry and
flow conditions of future devices. This data obtained can be used to produce improved
devices with the more ideal configuration of the breather plane perpendicular to the
imaging plane. The vertical breather configuration is more ideal because the limits on
the maximum R, at which successful breathing occurs, and therefore the maximum air
removal rate through the breather, is also dependant on breather port location within

the channel itself. In the devices used in

Air
this study, the air injection port and the Breather Lo
Ports Injection
breather ports were located at the very Port

corners of the main flow channel, as shown

in Figure 53. This was a limitation in the

7

imposed because of the desire to image the  Figure 53: Cross section of main channel for
devices used in this study. Flow direction is
into the page.

fabrication methods we used, and was

breather and its operation from the side to

gain insight into its function. In a final
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breather device, the breather ports will be etched in vertically, Breather

and therefore the small breather ports will not be constrained to Ports

< AUdUUU

the channel corner, as shown in Figure 54. This will allow

increased breather surface area in the channel, which should

s

increase the maximum air removal rate by allowing more bubbles

Nucleation
to interact with the breather structure. Similarly, fabricated Sites
bubble nucleation sites could be placed anywhere on the opposite Figure 54: Cross

section of a vertically
fabricated channel.

the bubbles used the side walls as a wick to move across the Flow is into the page.

channel wall, not just in a corner. It appears from this study that

channel to the breather ports, since bubbles needed a surface to adhere to as they
moved across the channel. As a result, nucleation sites near the channel walls may be
ideal to help encourage bubbles to grow across the channel. Nucleation sites near the
channel center may only produce bubbles that detach from the walls and eject down
the channel. In addition, this future design also may allow the breather ports to be
coated in the silane monolayer before being assembled with the channel itself, avoiding
the acetone cleaning step that degraded the layer in this work.

The operation of vertically oriented devices should be studied, and the lessons
learned in this work used to help understand and explain their behavior while helping to

better optimize their operation.

Conclusion

Multiphase flow in microfluidic devices promises to deliver breakthroughs in a
number of applications, including cooling and fuel cell applications. Microbreather
structures can be integrated into microchannels to remove the gaseous component
from the mixture and help the devices reach their full potential. This will effectively
control dry-out and allow improved device performance.

The devices studied in this work use surface chemistry and microstructures to
produce a microbreather that separates the liquid and gaseous phases in a

microchannel. By designing, fabricating, and visualizing the breather process from the

49



side, we have gained a new understanding of the mechanisms that control breather
operation, and developed a model that offers guidelines towards future improvements
of breather devices. New breathers can be fabricated and integrated into cooling and
micro fuel cell devices to produce more efficient devices with higher heat removal rates

or chemical reaction rates that are useful to industry.
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Appendix A

The detailed steps used in fabricating the devices for this study are presented below:

1. Shallow features were defined using photolithography:

a.
b.

f.

Silicon wafers were placed in an HMDS oven to prime the wafers

AZ P4620 positive photoresist was spin coated on the silicon wafer to a
thickness of 7 um

The coated wafers were softbaked for one hour at 90° C

. An EV620 mask aligner system was used to put a transparency mask of

the shallow features in hard contact with a coated wafer, and the wafer
was exposed continuously for 12 seconds

The exposed wafer was developed in AZ 400K developer until all exposed
photoresist was removed

The developed wafer was hardbaked for 30 minutes at 90° C

2. The masked wafer was placed in an AMES5000 etching machine, which first
removed native oxides before performing the following etch recipe for 500
seconds (3 um depth etch):

60 ccs of Cl,

20 ccs of HBr

250 Watts RF coil power

100 mTorr chamber pressure

60 Gauss magnetic field strength

3. The etched wafer was placed in a 400 W asher at 220° C for 3 minutes to strip
the photoresist mask

4. Deep features were defined using photolithography:

a.

b.

Silicon wafers were placed in an HMDS oven to prime the wafers

AZ P4620 positive photoresist was spin coated on the silicon wafer to a
thickness of 10 um

The coated wafers were softbaked for one hour at 90° C

An EV620 mask aligner system was used to align a transparency mask of
the deep features and place it in hard contact with a coated wafer, and
the wafer was exposed continuously for 15 seconds

The exposed wafer was developed in AZ 400K developer until all exposed
photoresist was removed

The developed wafer was hardbaked for 30 minutes at 90° C
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The masked wafer was placed in an STS etching machine which performed the
following etch recipe for 180 minutes (300 um depth etch) for the downstream
breather devices and 75 minutes (130 um depth etch) for the bubble-pass
breather devices:

e Continuous Bosch etch cycle using 14 second of etch time and 12.5
seconds of passivation time

e 140 sccm of SFg gas during the etch cycle, and 95 sccm of C4Fg during the
passivation cycle

e 140 W of coil generator power during the etch cycle, 0 W during
passivation

e 600 W of platen generator power throughout the entire process

e 31 mTorr chamber pressure through the entire process

13. 6-inch Pyrex 7740 wafers were drilled with the holes for the inlets and outlets by

14.

15.

16.

17.

the following process:

a. The Pyrex wafers were coated with AZ P4620 photoresist to a thickness
of 10 um

b. The other side of the Pyrex wafers was also coated with AZ P4620
photoresist to a thickness of 10 um

c. The coated wafers were softbaked at 90° C for 1 hour

d. 1 mm diameter holes were drilled through the coated Pyrex wafers using
a Resonetics computer controlled laser

The drilled Pyrex and etched silicon wafers were stripped of their photoresist
masks by immersing them in a piranha (1:3 solution of H,0, and H,SQ0,) bath for
10 minutes

The silicon wafers went through an addition RCA cleaning cycle which consists of
the following:

a. 10 minute bath in a 1:1:5 solution of NH4OH, H,0,, and H,0 at 80° C
b. 1 minute bath in a 1:50 solution of HF and H,0 at 25° C
c. 15 minute bath in a 1:1:6 solution of HCI, H,0,, and H,0 at 80° C

The cleaned silicon and Pyrex wafers were placed in a DI water rinse machine
and dried by spinning the wafers and blowing Nitrogen gas over their surfaces

Each Pyrex wafer was bonded with a silicon wafer in a EV450 bonder using an
anodic bonding process:

a. The silicon and Pyrex are aligned so the inlet and outlet holes on the
pyrex wafer align with the inlet and outlet pads etched in the silicon
wafer
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b. The chamber is pumped to a pressure of 20 mTorr, filled with Nitrogen
gas, and then pumped back to a pressure of 20 mTorr

c. Aforce of 400 N is applied to the push the Pyrex and silicon wafer
together

d. The chamber is heated to a temperature of 350° C

e. 800 Volts of potential are placed between the Pyrex and the silicon to
encourage sodium ion migration between the two materials

f. The voltage is kept on for 20 minutes, and then the entire system is shut
off and allowed to cool

g. Once cool, the machine is vented to atmospheric pressure and the
bonded wafers removed

18. The devices were cut apart using a DAD-2H/6T dicing saw (Figure 30 shows a
picture of a device at this stage in fabrication)

19. AZ P4620 photoresist was injected into the device to provide a mask for the
hydrophobic vapor deposition process according to the following procedure:

a. For downstream breather devices:

Vi.

Vii.

viii.

Mount the device to be coated within the acrylic test fixture

Attach a 100 pl syringe filled with AZ P4620 to the water outlet
port

While viewing the device under a microscope, inject the AZ P4620
until it reaches the point in the channel just before coating the
breather structures

Pull back on the syringe plunger to pull excess photoresist out of
the channel

Detach the 100 pul syringe and attach an empty 25 ml syringe

Pull back on the plunger on the 25 ml syringe to pull the
remaining excess photoresist out of the channel (a thin coating
will remain in the channel)

Detach the 25 ml syringe from the liquid outlet port and attach
the photoresist filled 100 ul syringe to the liquid inlet port on the
test fixture

While viewing the device under a microscope, inject the AZ P4620
until it reached the point in the channel just before coating the
breather structure (Figure 31 shows what the device will look like
under the microscope at this point)

Let the device sit in the test fixture for 4 hours to allow the
photoresist in the channel to cure
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b. For bubble-pass breather devices:

Vi.

Vii.

viii.

Mount the device to be coated within the acrylic test fixture
(described in the Experimental Setup section)

Attach a 100 pl syringe filled with AZ P4620 to the water outlet
port

Attach a 200 kPa pressure source to the breather outlet port

While viewing the device under a microscope, inject the AZ P4620
until it reaches the point in the channel just before coating the
breather structures

Allow the photoresist to continue creeping in the channel until it
passes the breather structure (leaving a bubble of uncoated space
around the breather)

Pull back on the syringe plunger to pull excess photoresist out of
the channel

Detach the 100 pl syringe and attach an empty 25 ml syringe

Pull back on the plunger on the 25 ml syringe to pull the
remaining excess photoresist out of the channel (a thin coating
will remain in the channel)

Let the device sit in the test fixture for 4 hours to allow the
photoresist in the channel to cure (Figure 32 shows what the
device will look like under the microscope at this point)

20. The coated devices, along with a petri dish filled with 5 ml of Tridecafluoro-
1,1,2,2-tetrahydrooctyl-1-trichlorosilane from United Chemical Corporation,
were placed in a vacuum desiccator at 5 kPa for 2 hours to deposit a silane-based
hydrophobic self assembled monolayer (SAM) on exposed Pyrex and silicon
surfaces

21. After the vapor deposition process, the devices have the photoresist mask inside
the channels removed through the following process:

a.

Mount the device to be coated within the acrylic test fixture (described in
the Experimental Setup section)

Attach a 25 ml syringe filled with DI water to the liquid inlet, and attach a
proper waste disposal container to the liquid outlet port

Pump 5 ml of DI water through the channel

Remove the water syringe, and attach a 25 ml syringe filled with acetone
to the liquid inlet port

Pump 1 ml of acetone through the channel
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Remove the acetone syringe, and reattach the 25 ml water syringe to the
inlet port

Pump another 5 ml of DI water through the channel

Check with the microscope to be sure all photoresist in the channel is
removed (Figure 33 shows the device after photoresist is removed) and
repeat this procedure until all photoresist is removed

57



8§

Appendix B

The LabView program used for data capture is shown below:
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Figure 55: Schematic Layout of the LabView program used to capture data. The data flows from left to right in the schematic.
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Figure 56: Interface diagram for the LabView program used to capture data. Data was recorded when the ‘Take Data’ button was pressed.
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