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FABRICATION AND CHARACTERIZATION OF A MICRO CAPILLARY

EVAPORATOR FOR MEMS BASED POWER GENERATION

Abstract
Daniel A. Carpenter, M.S.
Washington State University
December 2004
Chair: Robert Richards

A Microelectromechanical System (MEMS) based muapillary evaporator for
power generation was fabricated and characteriZéeé. main goal of this work is to
determine the efficiency of an evaporator, whefigiefcy is defined to be the amount of
energy used to evaporate fluid over the amounhefgy put into the evaporator. An
energy balance on the evaporator is used to deterthis efficiency and track where
input energy goes.

The evaporator is fabricated on 10mm by 18mmailidie with aS5mm square,
2um thick membranes at the center. Two concentnicukar platinum Resistance
Temperature Detectors (RTDs) surround a platinwsistance heater located in the
center of the membrane. A 10mm diameter capildoking structure is fabricated over
the RTDs and heater on the membrane using an dpased resist, SU8. The SU8 wick
pattern, which went through several iterations sists of structures with bn wide
channels, with 10m wide lines and J@m thick sidewalls.

A series of evaporation experiments are reporidte efficiency of the wicks and
the energy balance for the experiments is docurderBeth steady state and transient
evaporation tests are detailed. During a five-n@meriod of steady state evaporation

the energy into the evaporator is 14.47J. Eneagyexd away by evaporation is 3.36J.



Energy conducted across the membrane is 15.7Jcarhesponding electrical power into
the evaporator is 48mW with, 11mW carried away \gperation, and 52mW conducted
across the membrane. Energy dissipated in theoeatp heater minus the energy
conducted across the membrane and energy carrieddppration balance within 27%.
RTD1 measured a temperature of@@nd RTD2 3€C, giving aAT of 10°C. The
efficiency is 23%.

A transient evaporation test run at 1Hz and 50% dytle results in energy
carried away by evaporation of 2.51J with energy the evaporator of 16J over 5
minutes and 13.9J conducted out across the membEamergy in minus energy out thus
balances within 2%. The electrical power in is ¥8mwith 8mW of power carried away
by evaporation, and 46mW of power conducted oudsscthe membrane. The efficiency
of energy of the evaporation in transient operaisot5.66%. RTD1 measured a

temperature of £ and RTD2 of 22ZC, giving aAT of 20°C.
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CHAPTER 1 INTRODUCTION

11 Motivation

Microelectromechanical systems (MEMS) are provimgrtusefulness in
technology today. Both in terms of research amdroercial applications, the MEMS
field has been predicted to parallel the rapid ghoef the computer industry.Having
shared many of the same fabrication roots, theaiities between these two
technologies are not difficult to see. MEMS haadeen hold of such niche applications
as accelerometers for automobile airbags, absphetesure sensors for engines, inkjet
printer heads, and read/write magnetic heads fiat thaves® Although these specific
markets have proven to be very lucrative, MEMS dewican also help with many other
widespread challenges.
1.2 Background

Thermal management is an increasingly difficultisagring problem. Industry
widely uses thermal control; examples range froenrtéidiator in an automobile engine to
cooling microchips. Heat dissipation in micropresers is becoming the challenge of the
computer industry. Chip power dissipation levets @urrently at 10-50 W/chand
levels of 100 W/crhare predicted for the futufé.Previously, as heat loads of chips
approached the failure temperatures of the subsfiahed metallic heat sinks mounted
directly on the processor provided adequate cogdlififpe heat load increased as the
number of transistors in each chip increased ta theedemands of faster processing.
Unfortunately, current fan heat sink combinatioasrwt keep up with the projected heat
load® This problem will severely limit the further déepment of the computer chip if

not properly addressed.



Along with the fans and heat sinks, much reseactow going into spray
cooling” This thermal solution involves a small pump thattays a continuous jet of
liquid droplets directly onto the processor. Tleatdissipation of such units can be 1200
W/cn?. Some of the drawbacks of theses systems arresinej complexity, and power
draw that they add to the overall system.

Many researchers, however, are taking a differppt@ach. Instead of bulky
pumping devices, micro grooves and heat pipesétyabn capillary pressure and
evaporation are being fabricated directly intacsiti substrates. These offer relatively
high heat transfer rates 700 W/grsimplicity in design, and low co$?.

Evaporation of thin films provides an effective rhanism for cooling and heat
transfer because of the phase change of the'fluiezaporation of thin liquid films
carries large amounts of energy. The effectivenétsent heat transfer provides the
motivation behind both micro grooves and micro hepes used to cool computer chips.
Phase change can also be used effectively in ntigl®sictuators and engines. One such
example is the Pmicro heat engine under development at Washin§tate University.
This engine is based in a cavity bounded on thetmpbottom by silicon membranes.
The top membrane is covered with a piezoelectriterie (PZT) and gives off a charge
when mechanically deformed. The bottom membrateasan evaporator. The cavity
between the two membranes contains the workindg filH5060DL, a fluorinated
refrigerant made by 3M. When heat is added tetlaorator on the bottom membrane,
the refrigerant vaporizes. The vapor expands ag#ie upper membrane, stretching it
and doing work. This stretching of the membranesea the PZT to strain and produce a

voltage potential. The heat transfer into the devs a crucial part of the process. If the



heat input is not used efficiently to vaporize warking fluid, the efficiency of the
device suffers. As a result, using the heat imgfiitiently during evaporation is
important to the success of the engine. Charaetion of the heat addition process is
also essential towards increasing the efficienapefdevice. For these reasons, much
effort has gone into understanding where energg daeng the heat addition and
evaporation process, and how to control thesefheats.

A primary requirement of evaporation heat trangfehat the fluid be kept in
close contact with the heat source. Through aapilbressure, a micro groove can
“pump” fluid from a reservoir to a heat sourcelaes fluid is evaporated. This ensures a
continuous amount of fluid being delivered to tleathsource and therefore continuous
cooling by evaporation. The capillaries also colnine thickness of the film of fluid as it
is pulled down the channel. Often these groovestihed into the silicon substrate
itself, usually in a “v” formation to give the aeuangles necessary for capillary pressure
differences. These grooves can be oriented imiatyaf patterns but basically serve the
same purpose of moving fluid into contact with atreource in need of cooling.

A slightly more complicated micro cooling devitiee micro heat pipe (MHP)
employs the use of micro grooves but adds a reti@chanism for the evaporated gas.
With this in mind, the heat pipe uses the same mgéidea of the groove but has a sealed
top and cycles the evaporated fluid from the evafoorack to a condenser, where it can
reject its heat upon condensation and then beneduo the evaporator via the groove
structure. Macro scale heat pipes employ a wickingcture to move the fluid but on the
micro scale, the geometry of the grooves themsgiu@sde the wicking powert There

has been extensive research into each of theseedetheir behavior, and their



applications, some of which will be examined in tbibowing. They are beneficial
because of their improvement of the heat trangfecgss overall but also because they
allow the evaporation process to be controlledsindied. This leads to a greater overall
understanding and ultimately a better device.

The micro groove solution to cool electronics hasdme popular in the last
decadé Research in micro grooves has focused on a myfidifferent topics many of
them concentrating on heat tran$tdroth transientl{? and steady staté maximum heat
transport capacity’***’and flow boiling*®*° The individual components of the fluid
flow inside the channel have been studied includirgmeniscu8* and thin film?

Many different approaches to applying these grotee®oling have also been

d91123249nd almost all research explores different wayfloicate the

investigate
device. These different aspects all lead to atgreaderstanding of the MHP and its
ability to control heat.

Research into the dynamics of the main componkeatyicro groove, is one of
the first steps toward a complete characterizaisfdhe MHP. Once the mechanisms that
affect groove design are understood, investigaifdhe MHP overall is possible. The
two primary goals of micro groove research areditige maximum heat transfer and
predict the groove design that will give the begiilary performance. These two are
closely related. Petersehal. explains the relationship between capillary perfance
and heat transfer by focusing on the meniscus fawiteen the fluid comes into contact
with the groove walf? The region connecting the evaporating thin filgioa and

adsorbed layer, the thinnest region, is where thA@nity of heat transfer occurs. This is

caused by how thin the film gets. When heat iseddd the groove, the meniscus



recedes axially along the groove length, thinnmgftlm. The capillary pumping, or
wicking action, of these grooves is a result offttme receding into the groové.
Changing the number, length, and shape of the graol vary these properties.

On the micro scale heat pipes are long (Imicrd@0tmim¥> narrow tubes in
direct contact with a heat source. The end oMKR in contact with the heat source is
referred to as the evaporator and the heat refeetid is called the condenser. The fluid
is boiled and evaporated off the evaporator, takiegt from the hot spot and rejecting it
at the condenser. The cooler temperatures heng #ile gas to condense back to a
liquid. As mentioned earlier, capillary pressufeo facilitated through a wick on the
macro scale, continually “pumps” fluid from the damser to the evaporator. On the
micro scale, the heat pipe relies on the geometoatise capillary forces to pump the
fluid.?®

Usually heat pipe geometry is dictated by easeaamadability of fabrication
equipment but different groove shapes have beemiega for overall
performancé>*2?%2'These grooves were triangular, trapezoidal, an@neclar and had
dimensions on both the meso and micro scales. iftiportant to point out the
differences in measuring performance of micro gesoand heat pipes. Usually either
heat flux or thermal conductivity is used to measurprovements in thermal
management. Thermal conductivity has unit®Wgink and improvements are usually
compared to the thermal conductivity of siliconigiiconductivity materials such as

polycrystalline diamond have a thermal conductigitybout 1200//mK 2% Heat flux,
on the other hand, is measured as power over atkes asually expressed in units of

W/cm? 28



R Hopkinset al?’ examined performance of varying groove geometwiés
respect to max heat flow rate and heat flux faarsge of operating temperatures,
orientations, and heating configurations. The ppgats examined were relatively large;
the rectangular grooves were 0.20mm by 0.42mmty$mwo of these grooves were
machined in a side-by-side orientation. The maat kead was found by measuring
temperatures at different heat loads, 60 <®5until dry out of the evaporator was
observed. The maximum heat flux on the evapora#dirwas found to be 90 W/chin
horizontal orientation and 150 W/é1im the vertical orientatiofy,

Orientation of MHPs also affects their overall peniance and use. To maximize
real estate in the very small environment of theraghip, designers have arrayed the
micro grooves in different patterns to help maxeniooling and decrease hot spots. One
of the larger micro heat pipe arrays was fabricate&onnappan and uses 6.35mm by
12.7mm standard refrigeration copper tubing. Hpigroach is unique because of the
larger size and the addition of a wick made of @vppesh screen cloth. These miniature
heat pipes with added wick gave a 115 W/tmat flux. They were tested at 9D
operating temperature and horizontal orientatiachane very comparable to the
performance of the wicks by Hopkifs.

Le Berreet al*> experimented with the effects of differing georiestr working
fluids, and adding an extra artery below the hga groove for fluid transport. Two
heat pipe arrays were fabricated in silicon, orntk ®B0 micron wide, 170 micron deep
channels and the other with 500 micron wide, 34€&rom deep channels. Both were
triangular and were formed using anisotropic etglahsilicon. The second array

design (500 micron wide) had v grooves etchedsaparate wafer that was bonded



underneath the wafer containing the heat pipegsdlseparate grooves were used to
return the fluid to the evaporator. This desigeréases the cross sectional area for fluid
transport and limits the interfacial friction be®veliquid and vapof: For heat pipes
cooling temperatures below 126, methanol and ethanol were used as the working
fluids because of their thermophysical charactegstThese are the most common
working fluids along with water, FC 72, and acetéh€he results for the standard
triangle groove (no liquid arteries) with a hegiuhof 0.5 to 4 watts showed little
improvement in terms of thermal conductivity. Tdreay of heat pipes with the
triangular arteries below however, had a 300% im@neent in thermal conductivity
when compared to silicon.

Petersoret al fabricated micro grooves as small agidbdiameter to study their
effectiveness at cooling a heated wafdre used two different fabrication methods and
wafer geometries. First, the above mentioned 4%aniwide by 80 micron deep
rectangular grooves were fabricated using a silioing saw. The second array of
triangular 120 micron wide by 80 micron deep graowas fabricated in a silicon wafer
using a KOH etch. Using methanol as the workingiflvith an input power of 4 watts,
Peterson found that the max chip temperature wscesl by 14.2C and 24.9C for the
triangular and rectangular grooves, respectivélye effective thermal conductivity was
increased by 31% and 81%sThis is noteworthy because of his exploration and
comparison of different channel shapes as welhastale he used, less than 100
microns for channel width.

Design of both the evaporator and condenseradfsots the overall

performance of the MHP. The condenser is usuallpted to a heat sink to maintain a



constant temperature while the evaporator is inamrwith the heat source. The
geometry of the two ends of the heat pipe has fmerd to affect the overall thermal
resistance. Hopkins defines thermal resistant¢keasverall end cap to end cap
temperature drop divided by the total applied Hesd?’ At low temperatures the
thermal resistance is high since the fluid is nelatively thick film. The resistance
decreases as temperature is increased but inisfiected by the size of the evaporator
and condenser. The larger the surface area theethihe film and hence better
evaporation.

Along with the environmental and performance caists, fabrication
constraints pose many of the design limits on mierat pipes. Many heat pipes are
formed in triangular configurations using orientatdependent etching such as K&’
This gives the sharp angle needed to wick the tmd is easily manufactured using
current micro fabrication techniques. It is highfntrollable and offers very fine
resolution features, often as high as 1 microne diner common groove shape is axial
rectangles. These are usually fabricated usingfiree silicon dicing saw$® This is a
viable option if wet etching is not easily usedfagectangular channels are desired over
triangular ones but leaves slightly rounded coraesresidue in the channel from the
machining process. In order to complete the MH&rawt just leave open grooves, a
cover must be sealed over the micro channels. hemdtilicon wafer is a simple solution
and can be hermetically sealed onto the top ofvdfer with the MHP$? If the flow
inside the channels is to be visualized; silicol mot work because it is opaque.
Instead, Pyrex glass can be bonded to the wafieg usiraviolet light and optical

adhesive? This yields a sealed yet visible grooved MHP. sTikioften a key process for



the characterization since it gives insight inte frerformance and operation of the
evaporator.

Pulling this into perspective, Bensetral fabricated MHPs into a multi chip
module (MCM) made of silicon. A pattern of wicksthe shape of long armed crosses is
plasma etched into a silicon wafer and then botdegiass. The result is a 5 factor
improvement in heat spreading capability over addead silicon MCM. This is
comparable to the performance of a polycrystaliizenond substrate yet remains at the
low cost of silicor?.

1.3  Research Objectives

The research objectives of this project are ficstabricate a micro groove
wicking structure to control fluid contact with theat source in the evaporator, and
second to characterize the efficiency of the evaipor Part one, fabrication of the
wicking structure, is accomplished using an epoagda resist that can be patterned
through standard photolithography processes. Tibksvare patterned on top of a silicon
membrane with a platinum resistance heater andRWds. Part two, characterization of
the evaporator efficiency is accomplished througlewaporation experiment and energy
balance. A very accurate digital scale is useda@asure evaporation mass flow rates.
Two concentric annular RTDs are used to measurdumive heat transfer along the
membrane evaporator. A long distance microscopelagital camera is used to

visualize the flow inside the channels.



CHAPTER 2 FABRICATION
21 Membrane Fabrication
Integral to operation of the’nicro heat engine is the membrane design. Inrorde
to combine multiple engines together, both the(tmmerator) and bottom (heater) are
constructed on thin silicon membranes. Olson oeglithe detailed fabrication
procedures for membran&s The process involves etching the membranes isttican
wafer. First, one side of the wafer is doped \bithon to act as an etch stop. The
thickness of the boron layer determines the thiskreé the membrane. Next, a low
temperature oxide (LTO) layer is grown on the wailied then patterned to give the
desired arrangement of membranes. An anisotragh@sat, ethylene diamine
pyrocatecol (EDP), is then used to etch all ofgiieon not covered by the etch mask
down to the boron layer. EDP is very anisotropid aorks well because of its affinity
for the (001) plane of silicon. As a result itlege down much faster in the 001 plane
than other directions and results in a pyramidapsei pit. Since the etch does not go
vertically down, special care must be taken intsigleing the oxide etch mask. Upon
etching, the wafer is patterned with square mendsamd is ready to move to the next
fabrication process, re-oxidation.
2.2 Re-oxidation
After membranes are fabricated, a new oxide laygrawn over the entire wafer.
This is the same wet oxide process used for the hiiids run for a shorter time to
achieve a 100 nanometer thick oxi&his extra oxide is added to give electrical

insulation between the electrodes and boron lay#ireosilicon. Without this layer,
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electrical shorts are more likely to occur, makingny devices such as RTDs and heaters
unusable.
2.3 Photolithography

Photolithography is used to pattern the platinunbRPlatinum is not easily
etched at WSU and requires photolithography bedpratering to allow the unwanted
platinum to be lifted off the wafer. Photolithoghgptakes advantage of the properties of
certain polymers called photoresist. These polgm&hen exposed to ultraviolet light,
change their material properties by increased diokmg. In the case of a negative
lithography process, the part of the material ih&xposed to UV light undergoes heavy
cross linking and when later immersed in a develgpéution, is not washed away like
the unexposed resist. A black and clear photonsaglaced between the light source and

substrate to give the photoresist coating the edégattern after development.
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5mm Dual Ring Heater/RTD
Daniel Carpenter 8-12-04

Figure 2-1: Positive Photolithography mask for 5mm

The wafer is then exposed to UV light through thesky changing the material
properties of the portion of the resist that isauered. There are a few things to note
about the heater mask shown in Figure 2-1. lommmosed of the standard pattern of 16
individual die arrayed around a circle and hashinee small squares and large rectangle
to align with the oxide mask. This ensures thatRiD and heater are centered perfectly
on the membrane. The four plus signs in the founers of the pattern are used to align
the wick mask with the heater mask, ensuring taticks, like the heaters, are at the
exact center of the membranes.

Any fabrication process using photolithography iieggithe use of a photomask.
Figure 2-2 shows the oxide mask for a 5mm membwaafer. This mask is used to

pattern the oxide layer prior to EDP etching.
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5mm Oxide Daniel Carpenter
. 8-11-04

Figure 2-2: Photolithography mask for 5mm IGW Oxide
The 16 squares arrayed around the wafer will bedbmenembranes. Each

membrane has a 10mm by 18mm rectangle aroundingedeby thin lines. These lines
are for dicing of the wafer later and will allowetivafer to be broken into 16 individual
pieces, in this case, 16 heater die will come ftbhimwafer. The center of the wafer is
left empty because a vacuum chuck is used to heldvafer during spin coating and any
membranes there would break. The long rectangte@night side and the three small
squares on the top, bottom, and left side are asedignment marks for further patterns.
24  Platinum Deposition

Previously, the Phas used gold as the material for the resistaeatet® Gold
is sputtered onto the bare wafer and then pattamed ring design using

photolithography. Olsen and Olsen describe théepug process in detail including
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instructions and proper time to thickness ratiosfath gold and platinurf?.*
Magnetron sputtering uses ion bombardment to remmaterial from a target and deposit
it on the substrate.

For the case of RTDs, platinum is considered thedard in reliable temperature
measurements. Because of this, the two RTDs on the membrarientiake the energy
balance possible are fabricated from platinumortier to simplify the process and not
sputter and mask multiple times, the heater whenbowed with the dual RTDs is also
made from platinum.

25  Platinum Lift Off

The patterned photoresist on the wafer actssasmficial layer and allows the
removal of the unwanted platinum. After the siicaxide has been covered with resist
and patterned into the heater/RTD design, platiruthen sputtered over the entire
wafer. Titanium is used as an adhesion layer batvtiee silicon oxide and the platinum.
Next, the platinum covered wafer is immersed in@oe until the unwanted platinum is
“lifted off” and only the desired heater/RTD patteemains. This is possible because
the platinum is sputtered over a partially reststered wafer. The outcome is depicted
in Figure 2-3 and results in a stair step like @fnd leaves parts of the resist exposed.
The exposed resist is then dissolved by the acetakieg away the platinum that was on

top of it. Detailed fabrication steps for platintiftoff were developed by Ch#.
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Figure 2-3: Platinum Liftoff Process

26  SU8Wick Fabrication
SU8 is an epoxy based resist that was first deeeldyy IBM in 1989 specifically

for high aspect ratio MEMS applicatiofis The key to SU8 success is its very low
absorption in the UV spectrum. This allows verngkitoatings to be processed in one
exposure with sharp features and aspect ratiogyhsab 20: 3341t reacts with

ultraviolet light and can be patterned through d¢eid photolithographic techniques.
Unlike AZ5214 resist, however, 2010 SU8 uses a tiagarocess. With this, the SU8
that is exposed to UV light is what remains anduhexposed is dissolved away. SU8 is
used to fabricate a micro grooved wicking structumgop of the membrane and platinum
RTDs. The wicks require 1@n thick sidewalls to give a sufficient rate of ewegtion>?
These channels are also required to have strasghiical walls both to give the acute

angles needed for wicking, and to give clean chiagrthat would not impede liquid flow.
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Since these wicks are fabricated on top of a platinesistance heater, they also need to
tolerate the high temperatures encountered duhiadpéat addition process in the engine.
Although there are several thick photoresists thatbe spun to 10 microns, high aspect
ratio structures are difficult to obtain. The thghotoresist is also unable to withstand
the high temperatures during heat addition. Seveedled during evaporation tests. In
contrast, SU8 excelled at giving vertical sidewa#igelatively easy to fabricate, and
demonstrates adequate heat tolerances. Thesdsasloeag with the plethora of

available information on its processing and chamstics>®3"%3°4inakes SU8 a good
choice for fabricating the micro wicking structureRrocedures for SU8 fabrication are in

Appendix A and an SEM picture of a finished wiclsi®own in Figure 2-4.
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Figure 2-4: SEM Picture of Finished SU8 Wicks, Courtesy J. ldrtinez

2.7  SU8Fabrication
Exposure and spin times for the SU8 were determamagirically. MicroChem

publishes guidelines, these guidelines vary wigbliaption parameters such as exposure
equipment, substrate, spin coating, and heatirggdelermine exposure times for this
application, an exposure matrix was constructedguaisingle sided silicon wafer, the
chrome plated wick mask, and an aluminum foil “pretframe” mask. The “picture
frame” mask was a sheet of aluminum foil with a Bisguare, the size of a wick pattern,
cut away to allow light to penetrate. This masls\een placed between the ultraviolet

light source and the chrome and glass mask. Tgbessided wafer was then coated with
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SU8 and instead of one exposure for the whole w#feraluminum foil mask was used
to test several different exposure times on theesaafer by exposing, moving the mask
to another spot, and exposing again until the whaiter had been used. Fabrication was
then finished using the standard processing ancethéts were checked under a
microscope. A large spread of exposure times weed, from as short as 5 seconds, to
as long as 1.5 minutes. The goal was very stegp.dspect ratio sidewalls. An
exposure time that was too long gave pyramidalfeatwith sloping walls instead of
vertical. A too short exposure time gave “t toppedtures that had significant
undercutting below the surface of the SU8. Thacpss was repeated with several
iterations, each time narrowing the exposure tidegn until 18 seconds was found to
be the ideal time for a gold and silicon oxide $tdis. When the heater and RTD design
were later changed to platinum, the exposure maftaix again employed because the
reflectivity change from platinum to gold was enbug affect the SU8 development.

The platinum and silicon oxide substrate was founldave a 24 second exposure time.
This method must be used any time there is a chiangjéher substrate or pattern, since
each of these can make the previous exposure ftinrsable.

An optimum spin speed was also determined emliricdhe same test wafers
that were used for exposure were also used toaestus film thicknesses and spin
speeds. After processing, profilometry was usandasure the height of the pattern.
2000 rpm was found to give a sidewall height ofaleetn 8 and 10 microns and was used
as the standard spin speed for SU8 wick fabrication

During the continual testing for proper exposumeet surface cracking became a

recurring problem. The cracks were thin and seeimeghpear at random throughout the
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SU8. An increase in both post exposure bake (RiE®)s of one minute seemed to
alleviate the problem. MicroChem'’s processes utsions called for a 1 minute PEB at
65 °C followed by 2 minutes at 9%. The extra minute was added to each of these
steps. Also, a cooling step was introduced betvpesh exposure and development to
avoid cracking caused by rapid temperature decngase immersion in developer.

Adhesion was occasionally a problem throughoutgssing. The 5 micron
features of the first generation mask often woutgkvaway in the IPA rinse and canned
air steps after development. If alignment wasablam and the wicks didn’'t have very
much length after the gold heater, the ends woith@eel back or be pushed to the
side. Variations in any of the other fabricationgesses seemed to adversely affect
adhesion as well. If the exposure time was tootsitahe bake times/temperatures
insufficient, the fine wick features would lift offie wafer during development.
Problems with the oxide layer or platinum were dlsmught to contribute to poor
adhesion.
2.8 Wick Design 1% Generation

As mentioned in the literature review, there amyaiad of different factors that
affect the overall wick performance. The primamdtion of the wicks during
evaporation is to keep fluid in contact with thethsource. Several variations on a
simple radial design of straight channels are d®red here. The dimensions of these
structures are limited by fabrication constraint§ie most important constraint is that
photolithography in our clean room is limited tgagpximately 5 micron features. A 10
micron wide channel has been found to be usablenithéh limits of fabrication.

Because wicking is best in a wick channel of onerte ratio, the desired thickness of the
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channel is also 10 microns. A line thicknesd®im gives a wider contact area and
improves adhesion. Once the channel width andwidéh are selected, the remainder of
the design is determined by the number of linesdha be combined around the
membrane without interfering with each other. Sitite B engine is run with several
different membrane sizes, first generation wick krdesigns are based on several

different radial wick designs, all centered radiah a membrane. These are listed in

Table 2-1.
Membrane Size 2mm 3mm 4mm 5mm
Number of wicks 122 400 350 450
Line length 300um 20Qum 20Qum 20Qum
Line width 15um 5um 15um 15um
Gap 10um 1Qum 1Qum 1Qum

Table 2-1: Wick Dimension # Generation Mask

Each pattern stretches only to the edge of the memeland is trimmed to a square to
match the membrane edges. For the 2mm pattermiths lines are trimmed at the
inside point where they intersected each other,mgek “v” shape. Unfortunately, this
v-shape causes a stress concentration at the tgirggthe wick lines to pull towards

each other.
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Figure 2-5: V Pattern, 1st Generation Wick Mask

Other patterns look much the same but eliminatgtbblematic “v” by having sufficient
space that the lines do not intersected. FigusesBews a depiction of one photomask
pattern used for SU8 wick fabrication. Since Sb& negative process, the part that is
exposed will remain after development. This mebhesdesired wick pattern would be
transparent on the mask, depicted by the blacksanegigure 2-5, and the rest would be
opaque chrome, depicted by the white area.
29  Wick Design 2™ Generation

It is essential for the wicks to reach to the edigine 10mm die to allow the fluid
to wick from the fluid reservoir. With that in mdnthe first two constraints for the
second generation of wicks are (1) channels thab gloe edge of the die and (2)
channels that do not interfere with each othetorfy wedge of SU8 fits these design

criteria and alleviates the need for the troubleséwii intersection in the previous
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design. The wedge is very wide at the outside atgitapers to a narrow width at the

inside of the pattern. A series of wedges areyadan a circular pattern spaced at 10

micron gaps apart from each other as shown in Eigts.

7

\

The SU8 is fabricated into the tapering “wedge$i& Tonstant width gaps between them

Figure 2-6: Wedge Pattern, 2nd Generation Wick Mask

form the empty wick channels used to move the fluid

Ideally, the wick design would have as many chanaslpossible to allow for the
greatest amount of fluid evaporation. Figure Zéves that the limitation to the number
of channels for this design is the inside circkendeter. The wicks eventually run into
each other and constrain the total amount of ptesstiannels. A design that increases
the area of the channels consists of a constarkriéss SU8 wall separating tapering
channel gaps. Such a design increases the amioiluiddo wick between lines.

However, this design accomplishes this goal attst of the 1 to 1 aspect ratio provided
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by the constant 10 micron gap. To offset this waskect ratio problem, patterns of
additional lines can be added between channelséoagiditional capillary pumping

surface and to keep the aspect ratio close tdll tdhis design is depicted in Figure 2-7.

Figure 2-7: Radial Wick in Wick Pattern, 3rd Generation Wick Mask

The constant width black lines in this picture e SU8 wicks and the tapering white
space between is the gap for the fluid to flow. eWkhe gap becomes significantly large
because of the taper, more lines are added taithg alhe wick lines cannot be
extended further into the center circle or they wih into each other and seal off the
channels. For this reason, an array of plus sigtislong side arms was attached to the
end of the wick lines in an attempt to give sommpung power all the way to the very

center of the pattern.
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2.10 Wick Design 3" Generation
A third generation wick mask was made to furtherease the amount of fluid

available for evaporation. The channels convergirttpe center of the wick restricted
the number of possible channels in both previowk\patterns. An annular pattern can
overcome this problem. Concentric channels catetieed to the center of the
membrane, giving a very high amount of surface trdze filled with fluid. This wick

pattern is composed of annular channels thatr@ithfa radial artery fed by two separate

fill holes on opposite sides of the membrane asctisgpin Figure 2-8.

774 //

Figure 2-8: Annular Pattern, 3rd Generation Wick Mask
This design gives the largest amount of fluid tagwate. However, because of the great

length of the channels, the wick requires a largeunt of time to fill. To overcome the
limitation of filling speed, a combination of thadial and annular wicks is defined on the
same mask in an attempt to get the best of bdttatés and total amount of membrane

coverage. Itis composed of radial lines arrayedrd the center of the membrane with
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annular circles overlaid to form a straight linepalar combination as shown in Figure 2-

9.
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Figure 2-9: Combination Pattern, 3rd Generation Wick Mask

The third generation mask is composed of 5 radiek watterns, 5 annular wick patterns,
and 6 combination wick patterns. All of these nsals&ve features that are well below
the printing limits at WSU. As a result, the desigvere drawn in AutoCAD and the
masks patterned in chrome on a soda lime or gealgtrate by Photo Sciences Co. The

result is a clear mask with a negative patterrhodme having the exact feature of the

AutoCAD drawing.
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CHAPTER 3 EXPERIMENT
3.1 Evaporator Energy Balance

The goal of these experiments is to measure tih@efCy of a wicking
evaporator. Efficiency is defined as desired ougwer required input: The efficiency
is therefore the energy carried away by latent beatvaporation over thermal energy
added to the system. To give a complete pictutbetvaporative heat transfer process,
an energy balance on the evaporator is determined.

Two experiments, (1) a conductive heat flux andaf2evaporation experiment
are used to characterize the energy flows. Duhege experiments, there are three areas
where the energy must be tracked to give a compladerstanding of the evaporator.
First, the energy going into the system as eleateoergy dissipated in the resistance
heater must be measured. Second, the energydkialst across the membrane as
conductive heat flux must be measured. Third,emrgy that is carried away by
evaporating the working fluid must be measuredesEtthree energy terms are summed
together to give a complete picture of where enegags and how efficiently it is used.
3.2 Energy Dissipated in the Electrical Resistance Heater

Both current and voltage drop in the heater mushbasured to track the
electrical energy dissipated in the heater. A pawsistor with a 10-ohm resistance and
10-watt power rating is placed in series with tbheer supply and resistance heater. By
measuring the voltage across this resistor withuliimmeter, the current through the
heater can be calculated using Ohm's DAw IR. A second multimeter measures the

voltage drop across the heater. From these twoegpief information, voltage, current,
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and P =VI , the electrical power dissipated as heat in tladenecan be accurately

calculated. Figure 3-1 depicts a schematic otekecircuit.

+ —
O O—
DC Power
Supply
—1
Silicon Die
Resistor

Of|0O

Multimeters

Figure 3-1: Power In Test Circuit

3.3  Energy Conducted Across Membrane
The heat flux conducted across the membrane isndieted using Fourier's Law

along with two temperatures taken at differentirbgitwo annular RTDs. These two
temperatures are subtracted to get the réddiacross the membrane.

o} :M (3_1)
" on(r, /1)

The constants used in this equation are k, thenlezonductivity of silicon (k= 153
W/mK) L, the thickness of the membrane (L @2), and { and g, the respective radii of

the temperature measurements from the centerl(7 mm = 2.35 mm).
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Two RTDs are required for the overall energy batatacdetermine the radial
temperature profile of the membrane. The RTDs omeatemperature by changing in
resistance as temperature changes. The resissameasured and compared to a
calibration curve, correlating the RTD resistarcéemperature.

The RTD design consists of a serpentine of platiioes connected to a

platinum electrode.

=) —=n

Figure 3-2: 5mm Heater/Dual RTD

Figure 3-2 shows the standard 5mm platinum heatar/TD. The center circle is the
platinum resistance heater, connected to the twerialectrodes on the left. The
resistance of the heater is relatively high, appnaxely 500Q, ensuring that the heat is
dissipated on the membrane and not in the resistagater leads. The heater and both
inner and outer RTDs are made of 50 micron widesliwith 50 micron wide gaps in
between. These dimensions are printable at WS& siandard transparency but push
the printing abilities to their current limits.

A Wheatstone bridge and calibration curve are ts@dnvert the RTD
resistance, or corresponding voltage, to temperatlihe Wheatstone bridge consists of

four resistors, a constant voltage input, and gagel gage, in this case a multimeter.
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Two of the resistances are known, one is variabid,one is to be measured. The circuit
is balanced first using the variable resistor. irhétimeter measuring across the circuit
will read zero when the circuit is balanced. K tiesistance of any of the four elements
changes, there will be a voltage across the mulemeT his causes the multimeter to
become an indicator of the balance of the circwhen using the Wheatstone bridge in
an experiment, a dc current is applied and theab&iresistor is modified until the
multimeter reads zero.
3.4 RTD Testing Box

To house the Wheatstone bridge circuits for pratacnd ease of transportation,
a simple plastic box was constructed. The boa&ngd enough to house two bridge
circuits, one for each RTD, and all the componeetded to operate them. Each circuit
has inputs for the voltage signal from the RTD poitg to an outside measuring device,
two potentiometers for zeroing the circuit, an algsic power source, and a set of four
nine volt batteries to power the amplification chipecause the signal from the RTDs
was so small, often times smaller than the levela$e in the system, the amplification
chip was used to magnify the signal to a leveliias easier to read. Any time RTD
measurements were taken; the testing box was hdokacken the RTD and measuring
device such as a multimeter or LabVIEW. This idelst RTD calibrations as well as
testing.
3.5 RITD Calibration

The voltage change of the RTD as temperature clsamgst be calibrated. A hot
water bath, thermometer, and RTD testing box aee @isr the RTD calibrations. First, a

wick heater RTD die is placed in a carrier and &bddhat all the wires are properly
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contacted with electrodes. The carrier is thenéms®d in a bath of de-ionized water and
the four RTD wires are connected to the RTD boke ®utputs are connected to
multimeters along with a multimeter that is dirgatbnnected to the heater probes. This
is also set to voltage and measures the voltagegehacross the heater during the
calibration. The bath of water with carrier isqed on a hotplate with a thermometer
immersed in the liquid. A Corning hot plate is disgth a magnetic stir bar. The carrier
is placed on an acrylic ring inside the DI bathhattie stir bar in the center of the ring.
This allows for even stirring of the fluid but doest disturb the carrier. The heat and stir
bar are both set to 6 and the voltage of the RTridsheater are recorded as the

temperature increases.

5 | e RTD1
m RTD2
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Figure 3-3: RTD Calibration Curve 966l
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Figure 3-3 shows a typical RTD calibration curvétwthe increase in voltage from the
bridge circuit corresponding to temperature inceeabhe equation of these two lines is
used to relate temperature and voltage.

The RTD design met very specific criteria. Theglgnof the platinum traces
determines the overall resistance of the RTD. gistance that is too low or too high will
be out of range of the Wheatstone bridge. Both &{dong with the heater) were
designed to have a resistances of approximatehhalfi«ilo-ohm. A second important
aspect of the design is the RTD placement on thebrene. The RTDs must be far
enough apart to register a difference in tempeeatiihe evaporator is designed so that
the liquid vapor interface for an evaporation tasturs between the heater and the first
RTD. This ensures that the measured temperatuliesoivbe affected by one RTD
being wet and the other dry. Ideally, to satisfgse conditions, a very large membrane
would be used to allow large spacing between tla¢elnend first RTD. This was not
possible however, since die size was limited toh0my 16mm. Furthermore, the
evaporation experiment requires the use of angaiutside the membrane. As a result,
there must be enough room for the o-ring on theedghe die to seal working fluid to
completely encircle the membrane. These expersredtto a membrane size of five or
six millimeters. Both of these membrane sizes wserl. The RTD was also designed
in a circular shape to give accurate temperatur@smements by maintaining radial
symmetry along the membrane.

3.6 Energy Carried by Evaporation
Finally, the amount of fluid evaporated must beed®ined to give a complete

energy balance. Measuring the evaporation ratelenaccounting for energy carried
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away by evaporation of the working fluid. The gmalo equate the sum of the energy
across the membrane and the energy into evapotatitie energy put into the system.
Like the previous experiments, the evaporation erpent tracks heat flux using the two
RTDs and energy in using the test circuit. A twdfapproach is used to track the energy
carried away by evaporation of the fluid. Firgseaervoir of fluid is created using two o-
rings and an acrylic carrier.

Second, the evaporation rate is tracked usingla.sdde reservoir supplies the
evaporator with a continuous amount of fluid. Bla@are carrier made of a top and
bottom acrylic piece hold both the heater die duid to evaporate. The carrier has four
screw holes to secure the two pieces together anmkp bonded into the carrier with
epoxy. This allows for electrical contact to theater and RTDs as well as preventing
fluid from evaporating out around the probe holkslso has a fill hole for fluid and a
hole over the membrane to allow for evaporationsefof two o-rings is used to control
the amount of fluid that evaporates and ensuretligaivicks are continuously delivering
fluid. The first o-ring completely encircles thetiee heater die. It sits in between the
two carrier halves and is held in place by the casgion of the carrier screws. The
function of this o-ring is to enclose the fluidthe carrier and keep it from leaking out.
The second o-ring sits between the top carrienveadfdr die and encircles the heater and
RTDs but does not interfere with the electrodess important to note that the heater and
RTDs are covered in wick channels and the o-rirlgsition top of these channels. This
will effectively leave small gaps under the o-remgd will allow the capillary pumping

force of the wicks to pull fluid into contact withe heaters. This allows for a constant,
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steady amount of fluid to continually be pulledrfra reservoir into contact with the
heater. The experimental setup is depicted inrEi§4.

Carrier O-Ring ‘
Silicon PF5060DL |

Su8 B

Figure 3-4: Evaporation Experiment Schematic

The combination annular/radial wick pattern is usethe evaporation
experiments, depicted in Figure 2-9.

The evaporation rate is tracked using a very seasstale. The assembled
carrier is placed on the scale at the beginning®experiment. The total weight of the
evaporator, carrier, and reservoir of working flisdecorded. Next, electric power is put
into the system. Weight readings are taken peradigi¢5 minute intervals) over the
experiment to monitor the continual decrease ofl ftrough evaporation. At the end of
the experiment, the rate of change of the weiglh®efcarrier, evaporator, and reservoir
of working fluid is taken to be the evaporatioreraf fluid.

An Acculab VI-1mg digital scale with milligram aa@cy is used to determine
evaporation rate over the duration of the experimés the fluid evaporates, the carrier

becomes lighter and registers less weight on take sévionitoring the weight change
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gives overall mass of refrigerant evaporated. Kingwhe latent heat of vaporization,
allows the calculation of energy carried by evaporeof fluid. If the energy required to
evaporate the known amount is close to the ené@ywent into the system, the
efficiency of the heater is relatively high and ebnall energy is used directly towards
evaporation. If there is a large discrepancy betwenergy in and energy to evaporate,
the energy is going elsewhere. This situatioess than ideal. It indicates less
evaporation and a poor overall evaporator effiggenc

Both steady state and transient tests are condukteigady state test has the
power on the entire duration of the experiment.DR/bltages, as well as the voltage
across the heater and resistor, along with the sealding, are recorded every five
minutes. In contrast, a transient test yieldsagsds that change very rapidly. LabVIEW
provides a signal output for the TTL circuit, whitten controls the signal to the
resistance heater on the evaporator. LabVIEWr&sords all the necessary voltages
every five minutes.
3.7 Visualization

A temperature gradient forms across the membrane she resistance heater

heats the center of the membrane while workinglflbicks in from the outside edge.
Controlling the amount of heat dissipated in th@stance heater can vary this
temperature gradient. A liquid-vapor interfacestifiorms somewhere between the
resistance heater and the outer circumferencesokitk. The most desirable location of
the liquid-vapor interface is between the heaterfast RTD. This location ensures that

the wicks are able to deliver fluid to the membrand that both RTDs are covered with
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fluid. A visualization of the experimental setuprithg operation gives the location of the
liquid-vapor interface.

A TSI Particle Image Velocimetry (PIV) camera wamked to a Questar QM1-
10126-MKIlll long distance microscope to facilitatisualization of the liquid vapor
interface. It allowed viewing of the evaporatoitasn either transiently or steady state
to visually determine the location of the liquidoea interface. The lighting was the most
difficult aspect of the visualization. The bestuks came from lighting the membrane

from above and imaging from below.

Figure 3-5: Visualization Setup

The visualization setup shown in Figure 3-5 cossi$tthree main parts, each an
assembly of other components. These are the caoasreer jig, and light source. The

camera is mounted on a sled along with the opticatoscope, shown on the right of
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Figure 3-5. The camera has a Nikon F (bayonet)ntnand is connected to the
microscope through a series of Questar extensloestand “insertion rings.” Inside
these tubes are Barlow lenses (1.5x or 2x) useedtva magnification. The location of
the lenses is variable, from right inside the baicthe microscope, to directly in front of
the camera, depending on the desired image. Nwlgpses can also be used for higher
magnification although the image quality may suff€éhe lenses are mounted by
screwing the inside of the insertion ring onto llaek of the Barlow lens. The lens is
then compressed in between two extension tube pmcene piece and either the camera
or the long distance microscope. The carriergigisembled on another sled and placed
approximately 23.5 inches from the camera and rac@pe, seen on the left side of
Figure 3-5. There is a 90 degree angled mirrdrithanounted on an x-y stage that is
then mounted onto the sled. This mirror is usesk®the membrane from the beneath.
Behind the mirror is a jig that is mounted on thene sled and houses the carrier. The
carrier lays flat and is attached to an x-y-z stagkis allows for adjustments in the x-y
direction to aid in alignment with the mirror bus@in the vertical z direction to change
the focal length. This helps to fine tune the &ng of the image.

The membrane is lit from above with an adjustaltderfoptic light. This light is
placed directly over the open hole in the carried beld in place by a clamp mounted on
a separate post. The light by itself does not theeontrast to illuminate the wicks.
Yellow tissue paper was placed in between the bagut the carrier to act as a filter. Use
of the tissue paper filter immensely improved ollénaage quality and gave good

images of the wick and liquid/vapor interface.
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3.8 Experimental Uncertainty
The uncertainty of the results revolves aroundlinee elements of the energy

balance. The measurements for the power in, tuess membrane, and evaporation are
all subject to their respective inaccuracies. €haertainties include the equipment
used to sample the data, the data analysis, addvher components of the experiment.
Measuring the power dissipated in the resistanaéeheequired multimeters and a power
resistor. The voltage across both the heater egigtor were measured with Fluke 189
true RMS multimeters. These multimeters have aredainty of .025%. The

uncertainty was determined using root of the suisgofares (RSS).

o ( RY?
o [Z(W &J ] (3-2)

RSS gives the confidence level of the result (Remms of the uncertainties of the

components ¥, ). Since the power into the heater is a functibthe currenP =VI and

the current is a function of the voltage and resisél =V/R this equation was used to

calculate the uncertainty of the current and themngy calculations. Both of these were
based on voltage measurements by the Fluke muéirsehese were used to sample the
voltage across the heater, resistor, and resistziribe resistor. Because of the very high
accuracy of these multimeters, the current and plosver calculations have uncertainties
lower than 1% of the measured value and were nutidered as a significant contributor
to error.

Measuring the flux across the membrane is the ofetkte three components that
went into the energy balance. Equation (3-1) weesluo calculate the flux and is based

on the thickness of the membrane, temperature merasuats at two points on the
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membrane, radius of these points, and thermal aivity of silicon. The thickness of
the membrane includes the silicon membrane itselfell as the layer of silicon oxide
grown after the membrane has been etched. The @&l microns was determined to
have an uncertainty of 10% of the overall thickn@ss 0.2 microns. The uncertainty of
the RTD measurements was calculated using theatdudeviation of the residuals (S)
and students t distribution (t) at a 95% confidein¢erval, shown in equation 3-3.

=X+t (3-3)

S
a/Zﬁ
The other values in equation 3-3 are the numbdat points (n), the sample mean
andy, the population mean. The result of this caléolatvas a+ 37 °C confidence
interval. When subtracting these two temperattoeget aAT, the uncertainties of the
individual temperature measurements are addeds yidélids aAT uncertainty of
approximately+ .75°C. The measurement of the two RTD radiuses comes f
knowing their location on the photomask. The RTasks were printed at Washington
State University. The printing technology is liedtand various print attempts have
shown that the mask dimensions such as thicknesdiloé are accurate down top20.
Features smaller than 2@ run together. This error is less than 1% ofRA® distance
from the center of the membrane and was thereforeansidered as a contributor to
overall uncertainty. Finally, the overall uncentgiof the heat flux is a function of all the
contributing factors and is 10% of the resultaritiga

The last component to the energy balance is thpagaion. The Acculab scale

was used to measure the mass change of the case®eral measurements were taken of
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a 100 gram calibration weight to determine the igien error of the scale. The precision

index S was calculated using equation 3-4.

n y2

The precision limit was then calculated usinga8d equation 3-5:

I:)xi = th

(3-4)

(3-5)

where t is the Student’s t distribution and is ction of the confidence level and

degrees of freedom. In this case the confidenad igas 95% and the degree of freedom

was 62, the number of data points minus one. ¥iblded a confidence interval of

+4.24 mg. A typical evaporation experiment lostragpnately 150 milligrams to

evaporation leaving the uncertainty to be 2.8%.
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CHAPTER 4 PROCEDURES
4.1 Experimental Procedures

Both the evaporation and heat conduction experisn@tibw the same basic
experimental procedures. The first step afteri¢alion, wafer dicing, and RTD
calibration is to assemble the evaporator in itsi@a The evaporator die is placed on a
semiconductor tape pad and aligned so that its meamehks above the hole in the bottom
carrier and below the hole in the top. Speciat caust be taken to ensure all the probes
are in contact with the proper electrodes.

Once aligned, the outer o-ring is placed on thglacaround the die pad and die
and the inner o-ring is placed on the die, jussioletthe membrane. The o-ring must not
touch the membrane or it will break the membranemihe carrier is clamped. At the
same time, the o-ring must be centered on the pattern so that the fluid will be able to
wick underneath. Finally, the two carrier halves damped together until a flat line can
be seen around both o-rings. This indicates tiektis enough pressure to give a tight
seal. If the carrier is not clamped tight enoubk, working fluid will leak out during the

experiment. If the carrier is clamped too tight tlie may break from the pressure.
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Figure 4-1: Assembled Carrier

Figure 4-1 shows a fully assembled carrier with dieings, and connection wires. At
this point, the heater die is ready for any expernitncalibration, or visualization.
4.2 Seady Sate and Transient Heat Conduction Experiments

A heat conduction experiment is used to verifyghergy balance on the
evaporator without any evaporation. This test giae indication of the value of the dual
RTD method to measure heat conduction across thana@e. The goal is to measure
both the energy dissipated by the heater and thgronducted across the membrane.
These two energy terms should be equal. In tfaggtstate heat conduction experiment,
the silicon die with membrane, heater, and RTO#ased in its acrylic carrier. The
system is left dry. No working fluid is added ketcarrier reservoir. The conductive

flux and the power into the heater are then medsusang the test circuit, power supply,
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and multimeters hooked to the RTDs. First, the grow turned on for ten minutes to
allow the system to reach steady state. Multinsedee read every two minutes.

The transient heat conduction experiment is muehthe steady state heat
conduction experiment. However, in this experimém voltage across the heater is
pulsed instead of continuously on. This procedyves a pulsed heat input to the heater
and is closer to the actual operation of the heatar® engine than a constant heat
source. The pulsed signal is made possible byihgak TTL circuit in series with the

heater and power supply.

\Vj 5020 Load Resistor .. V
+ : :
W VW—yW—o +
Z_ZIOHF Heater
3904
L1111l

- j tt Lf
TTL
Figure 4-2: Schematic of TTL Circuit, Courtesy S. Whaler?®

A diagram of the TTL circuit is shown in Figure 4-An outside signal is used to
control pulse parameters such as frequency andoyotg. A function generator virtual
instrument from LabVIEW is used to control the gutmrameters. The function
generator is hooked to the TTL (+) and GND. A mnffrequencies and duty cycles are
used to test the heat conduction response of thebnage. With any of the pulsed

signals the multimeter cannot be used for voltagasurement because its time response
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is too slow. Since the multimeters are not sugficifor the transient test, a software
package called LabVIEW was used to both measutaged as well as control the TTL.
Two separate virtual instruments were used to istits@ four measured voltages (2
RTDs, resistor, heater) to a spreadsheet for #atalysis as well as output the signal for
the TTL. Sampling at 2500 samples per second geavadequate time to capture the
short heat pulses by the heater and subsequeohnsesfrom the RTDs. The power into
the heater and the conductive flux across the manebcan then both be integrated to
obtain energy.
4.3 Seady state and Transient Evaporation Experiments

To begin an evaporation experiment, the carriptased on the scale and the
probes are hooked to the RTD box. The RTD boxugged into the wall with 1.5 V
700mA power adapters. The box is then zeroedla®TD output values are recorded
along with the scale reading. The carrier is tteanoved from the scale, filled with
PF5060DL, and sealed with scotch tape over thédik. Next the carrier is placed back
on the scale and the new RTD/scale values arededorThe timer is set for 5 minutes
and data is taken every 5 minutes until the caisidry or a sufficient trend has been
established. A transient test uses LabVIEW to boththe TTL and take the RTD,
heater, and resistor voltages. LabVIEW procedaresiocumented in Appendix B. The
output for the TTL is run for the duration of theperiment. The inputs are taken every 5
minutes for just a few pulses. These data aredtiora temporary memory buffer that is
exported to Excel every 5 minutes and then writteer with new data. A steady state
test can use multimeters to sample all the requicitdges instead of LabVIEW and does

not require the use of the TTL. A conductive ferperiment is essentially the same for
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both transient and steady state. However, theuivg flux experiment does not
require the use of a scale since no fluid is bewvaporated.
4.4 Visualization Procedures

To visualize liquid in a wick, a PIV camera is cected to a pulse synchronizer.
First, an appropriate focal length is found. A gienway to find the appropriate length is
to print text at 1 or 2 point font and then taptithe carrier face. The paper is easily
backlit and the focal distance can then be adjussath the screw on the bottom of the
long distance microscope until the text comes w@v. The micrometer on the z-axis
stage then provides fine adjustment until the imettgEns the best focus. Insight
software is used to process the images.

For a steady state test, the power supply is hotikdte heater. The voltage is
varied while the Insight software is set to theeHmaage capture setting for the exposure
mode and the continuous image capture settindieocapture mode. Once the liquid
vapor interface is to be imaged, the image set@mgshanged to single and hitting the
Begin Capture icon captures an image. This imagleen used to identify the liquid

vapor interface position as a function of voltage i
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CHAPTER 5 RESULTS/ANALYSIS

5.1 Seady Sate Heat Conduction

The first of four experiments was the steady dtat® conduction experiment.
This test was used to verify that the dual RTDsaavalid measure of heat conduction
rates. A successful energy balance will equatetieegy dissipated by the resistance
heater to the energy conducted across the membfidreecombination radial annular
wick patter shown in Figure 5-6 was used in allhaf following experiments. The
resistance of the heater was &11 This experiment was run with no fluid on the
membrane. Three different values of power wersiplided into the heater: 35mWw,
63mW, and 96mW. The results are plotted in Figisle The x-axis shows power
dissipated in the heater. The y-axis shows therthlepower conducted along the
membrane and as measured by the two RTDs. Thelswiin Figure 5-1 below
represents the case where all power dissipatdteiheater is conducted radially out from

the membrane.
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Figure 5-1: Steady State Heat Flux 5,7,9 Volts

At the lower power, heat conducted out is slighilyher than heat in. Around
60mW, heat in equals heat out along the membrah@00mW heat in is slightly higher
than heat conducted out. The power measurememtseceultiplied by the time interval
to compare energy. For the case of 60mW in, tleeggninto the heater was 7.57J and
the energy across the membrane was 7.5J over mnimge time interval. This gives a
1% discrepancy between the two values (at 60mWMe t€mperatures measured by

RTD1 and RTD 2 were 4€ and 38C, respectively.

5.2 Transient Heat Conduction
The next experiment is the transient heat conda&igeriment. Much like the

steady state conduction experiment, the transiesit tonduction experiment has no fluid

on the membrane. The power put into the heateallenced against the power that goes
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across the membrane by conduction. For the traheiperiments, however, the power

dissipated in the membrane heater is pulsed.
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Figure 5-2: Transient Heat Flux 7 Volts

Figure 5-2 shows the pulsed power input to the eratpr and the corresponding
heat conduction pulse across the membrane. TheMasgoulsed at a frequency of 1Hz
and duty cycle of 10%. The area under the twoesiwas calculated over a one second
time interval using Excel. In this way the enenglp the heater was compared to the
energy conducted across the membrane. The enmgjgated in the heater for one
second was .0075J. The energy conducted acrossetmdrane was .0073J. This gives
a 3.47% discrepancy between the energy in andniéige conducted out. The

temperatures measured by RTD1 and RTD2 wet€ 38d 28C, respectively.
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5.3 Steady Sate Evaporation
The focus of the steady state evaporation expetimas the accounting and

balancing of the energy in, the energy conductedssdhe membrane, and the energy
carried away from the membrane by evaporationwiis the other experiments, the
combination radial annular wick shown in Figure @+&s used for the evaporation tests.

Figure 5-3 shows the mass decrease as a functiomef

816 .
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80.8 | '
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Time (min)

Figure 5-3: Steady State Evaporation 6 Volts

The rate of decrease of mass of working fluid Vd§'2 grams per minute. The
experiment was run at a power in of 48mW. RTD1Ri®2 measured temperatures of
40°C and 30C respectively. The energy into the membrane av&minute period was
14.47J. The energy conducted across the membrand W2 Joules. The energy carried
away by evaporation was 6.25 Joules. The enengglumied across the membrane and
energy carried away by evaporation sum to an am@3¥5J) greater than was put in by

the heater (14.47J). This discrepancy requireithéurattention.
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First, it was found that the working fluid evap@@tfrom the evaporator even
with no power to the heater. This background exatpm of PF5060DL must be taken
into account. With a vapor pressure of 232 mmHe@0DL evaporates relatively
rapidly when left to the open atmosphere. For camspn, water has a vapor pressure of
only 23.76 mmHg at 2%C and evaporates much more slowly. As reportedalibe
experiment does not account for this backgroungh@nzion. Only the overall mass
change is measured. Since, this approach is tie¢lgraccurate, the background
evaporation must be accounted for.

To account for background evaporation, an evapmrdést was run with no
power to the heater. The scale was measuredeatrfimute intervals as before. With no
heat put into the system, the rate the workinglfewraporated could be measured to

allow for a correction.
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Figure 5-4: Zero Power Evaporation
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Figure 5-4 shows the steady state, unheated euapofeom the carrier. The
evaporation rate was .0077 grams per minute. i$h@385 grams for a 5-minute period.
Subtracting the background evaporation from thal ®taporation in the steady state
evaporation experiment described above gives arstad] energy of 3.36J going to
evaporation instead of 6.25J. Table 5-1 givesnansary of evaporation mass rates and

corrections used for both the steady state andigahevaporation experiments.

Steady State Evaporation Transient Evaporation
Evaporation Rate 0.0159 g/min 0.0131 g/min
Total' Evaporatlon -5 0.079 g 0.067 g
minute interval
Zero Power Evaporation
(Correction Factor) 0.03859 0.03859
Corrected Evaporation 0.0405 g 0.0285 g

Table 5-1: Evaporation Summary

The second aspect of this experiment to examitteeipower conducted across the
membrane measured by the RTDs. Figure 5-1 shat$idat conduction along the
membrane is over predicted by approximately 9%yivaer input near 40mwW. If 9% of
the energy conducted across the membrane is stdatriiom the measured value of the
steady state evaporation experiment, the energgathe membrane goes down to 15.7J.
That leaves the energy into the system still @1,4he energy conducted across the
membrane at 15.7J and the energy carried awaydjpoeation at 3.36J. The sum of
energy conducted across the membrane and enemggdcaway by evaporation is 19J

and has a discrepancy of 27% with the energy mgcsystem. The efficiency of steady

state evaporation is 23%.
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5.4 Transient Evaporation
The transient evaporation experiments were conduntthe same manner as the

steady state experiments. The only change wasulised heat input. The TTL was
pulsed at a frequency of 1Hz and 50% duty cycleis Test most resembles what goes on
inside the Pengine. Figure 5-5 shows the power in and coarding heat pulse across

the membrane as a function of time.
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Figure 5-5: Transient Evaporation 10 Volts

The areas under the curves were integrated tdgedrtergy dissipated into the heater
and the energy conducted across the membranescallegave the mass rate of
evaporation and the energy carried away by evaporaRTD1 and RTD2 measured
temperatures of 242 and 22C respectively. The energy into the heater waB3l6. The
energy conducted across the membrane was 13.8i&Jenkergy carried away by

evaporation (adjusted to account for backgroungenation) was 2.51J. In this
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adjustment, .0385 grams of background evaporatessubtracted over a five-minute
period from the total mass change recorded bydakes

The sum of energy carried away by evaporation aedgy conducted across the
membrane is seen to balance within 2.11% of theggriato the system. The efficiency

of the transient evaporation, the energy to evdpdhaid over the energy into the heater,

is 15.66%. Table 5-2 provides a summary of the égperimental results.

Steady State T . Steady State Transient
ransient Flux . .
Flux Evaporation Evaporation
1457 16 J
Energy In 7.6J 0.0075J 48 mW 53 4 mW
Energy 15.7J 13.9J
Membrane 7.5 0.0073J 52 mW 46.2 mW
Energy 3.41J 2517J
Evaporation NA NA 11 mW 8.36 mW
% Discrepancy 1% 3% 27% 2%
% Efficiency NA NA 23% 15%
Membrane
Temperature 46°C 33C 40C 42C
(RTD1)
Membrane
Temperature 35°C 26C 30C 22C
(RTD2)
AT 11°C 7C 10°C 20C

Table 5-2: Energy Balance Summary
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5.5 Visualization Results

' p

Figure 5-6: PIV Visualization 6.7 Volts 966l

Figure 5-6 shows a typical liquid/vapor interfaoe the wick pattern used in the
evaporation experiments. The dark rings in thédnotight corner of the picture are the
platinum heater. The corresponding rings in theeupeft are the first RTD. The gray
ellipses arranged radially around the heater a&&th8 wicks depicted in Figure 2-9.
The circular dark/light disparity arcing around ttieture in line with the RTD is the
liquid/vapor interface. The channels on the rigie of the interface are dry because of
heat from the nearby platinum heater. The chartoelse left are wet. This visualization
successfully shows that during a steady state eatipo test, 75mW input to the heater

will not push the liquid/vapor interface beyond thiet RTD.
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5.6 Background Evaporation Corrections
In an effort to eliminate the need for a backgroamdporation correction, several

alternatives were explored. First, the entire expent was run in a refrigerator to
decrease the rapid evaporation from PF5060DLs gty vapor pressure. The low
temperatures significantly affected the operatibthe scale, however. The effect of the
low temperatures on the scale made accurate measat® of mass impossible. Second,
an effort was made to ensure the carrier was propealed. The probes were covered
with epoxy. The carrier halves were sealed wiletaHowever even with these efforts,
the fluid still evaporated fairly rapidly withouhg power input to the heater. Other
fluids such as IPA and DI water could have beemnl lisg they were unable to wick with
such small capillary dimensions.

Finally, a fluid with similar characteristics to B#F60DL but a much lower vapor
pressure was sought. The use of a lower-vapospresvorking fluid was expected to
give a lower evaporation rate and to eliminaterntbéed for a correction factor. FC77, a
refrigerant very similar to PF5060DL yet with a lemwapor pressure was found. The
vapor pressure of FC77 is 42 mmHg at@instead of the 232 mmHg vapor pressure for
PF5060DL% A zero power evaporation experiment was condusi#tlFC77 to

compare the background evaporation of the fluith&d of PF5060DL.
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Figure 5-7: Zero Power FC77 Evaporation
Figure 5-7 shows the background evaporation exgarifor FC77. The change in mass
for FC77 without outside heating is shown plottgdiast time in minutes. The
evaporation rate is 0.0004 grams per minute. fdiesis almost twenty times less than
the 0.0077 grams per minute background rate of BBHB0. This decrease in
background evaporation eliminates the need foctimeection factor. Using FC77
instead of PF5060DL allows all energy into evagorato be compared directly to
energy put into the system by the heater.
A steady state evaporation test, performed likepitevious tests except for the

substitution of FC77, demonstrates this result.
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Figure 5-8: Steady State FC77 Evaporation 7 Volts

Figure 5-8 shows the steady state 64mW FC77 evapoiast. The evaporation
rate is 0.0016 grams per minute and is 4 timestgréaan the unpowered background
evaporation shown in figure 6-1. The energy cotetliacross the membrane is 19.68J.
and the energy to evaporation is 0.69J. The enatgyhe system is 19.13J. The sum of
the energy conducted across the membrane and ¢hgyerarried away by evaporation is
20.38J. The energy in balances the energy outm®%b. This test shows the success of

the energy balance without corrections for backgdoevaporation.
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CHAPTER 6 CONCLUSIONS
6.1 Conclusions

The most important aspect of these experimentgevdstermine the efficiency
of a micro capillary evaporator. The micro capyll@avaporator in transient operation had
an efficiency of 16%. The steady state evaporaitiniency was found was fount to be
23%.

For transient operation the 16% efficiency meaas éimly 16% of the input
energy is being used for evaporation and the ran@iB4% of input energy was lost
across the membrane. The evaporator’'s currenfusput heat leaves significant room
for improvement. The obvious improvement is tousglthe energy flux across the
membrane to increase the energy to evaporate fMeimbrane materials with lower
thermal conductivities would decrease the condadtiwat flux across the membrane and
increase the energy to evaporate fluid.

Ideally the transient evaporation tests would Hae®en run at a frequency and
duty cycle very near the’®ngine’s operating point. Thé engine typically runs at
around 10 Hz and 5-10% duty cycle. However, thegranput at these settings was so
small that it became difficult to get accurate datiathese settings, the inherent noise and
uncertainty of the system was comparable to thesared power. In many cases the
measured evaporation rate was less than the domdot the background, making the
result questionable. For these reasons, the empetiwas run at the higher duty cycle to

increase the power in and bring the heat conduetnmhevaporation to reasonable values.
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A correction factor proved to be necessary to nthkesnergy balance work. A
number of possibilities were explored to avoid iempenting a background evaporation

correction. The use of a lower vapor pressure imgrkuid FC77 proved successful.
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APPENDIX A SU8 FABRICATION STEPS
Clean wafer with five step process. Acetone, IPAwater, Acetone, IPA +
canned air
Place on hotplate at 20C for 5 minutes to remove any organics
Spin coat the wafer with 2010 SU8 at 2000 rpm fds8conds for a 1,0m
thickness
Soft bake the wafer at 6& for 1 minute and immediately following 9& for 2
minutes
Expose wafer using predetermined time for substratedesired pattern
Post exposure bake for 2 minutes af65and 3 minutes at &
Let wafer cool for 5 minutes after baking
Develop wafer using a full immersion in 2010 SU8/Bleper for 3 minutes with
strong agitation
Rinse with IPA + canned air

Cure on hotplate at 20@ for 5 minutes
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APPENDIX B LABVIEW PROCEDURES

LabVIEW is a programming language that uses graplcons to create
programs (called virtual instruments or VIs) insted written code. It was used in all
the transient experiments to sample the data atdpgeds, send it to a spreadsheet for
processing, and output a signal to control the €iftuit. LabVIEW software is
connected with real world instrumentation throughGl 6052e board installed in a PC.
The board is then hooked to a SCB-68 controllerthax has sixteen analog input
channels and two analog output channels. Eacmeh@nconfigured in Measurement
and Automation Explorer to accept or output certaltage ranges and then the box is
wired to the proper instrumentation. Two virtuadtruments were used during these
tests. The first was an adaptation of LabVIEW’'araple VI Simultaneous AIAO Buffer
E-series. This VI simultaneously takes in and semd analog data through memory
buffers and is tailored to work with an e-seriegide. For transient tests, the VI was
modified to only output a signal and was used tutr@d the TTL circuit. Because this VI
did not stream the data to a spreadsheet and oalydold a small amount in the
memory buffer before being overwritten, it was wefl suited to measure the voltages

across the heater and RTDs. The front panel fefthis depicted in Figure B-1.
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Figure B-1: LabVIEW Front Panel — Analog Out For TTL

Although this VI is relatively simple, there ardéeav key parameters to notice.
The most important is the analog out parametetisarupper left corner. The output
channel must be set to the properly configured lliat is wired in the controller box
to the device. In this case, DAC 0 Out is the ffsthe two analog out channels that is
wired to the TTL circuit board. This channel was\pously configured in Measurement
and Automation Explorer to match the correct pisigraments in the controller box. The
rest of the analog output parameters control tipeagi The signal type is set to square
wave for a pulsed signal and the duty cycle ids@thatever percentage of the pulse is
desired to be off. If a 10% duty cycle were dekitbe duty cycle in LabVIEW would be
set to 90. The update rate is the number of updgaerated per second and the output

buffer size is the number of updates the buffel hald. Frequency of the signal is
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update rate over output buffer size. The numb@uides will regulate how many pulses
the VI outputs before it stops. A zero settingastinuous output.

For sampling the voltages across the heater, tWdSR#&Nd power resistor, a
LabVIEW example VI Continuous Acquisition to Sprebdet File was used. This VI
can sample multiple channels, store them in a teanpenemory buffer, and stream them

to a spreadsheet. This vi is depicted in Figuiz B-

oo Forinstuctions selectFile == WEProperties = = Documentaion  serofirightfor
: ;jm e gl chocy £ hard agie sghftl‘né.——> :
- 10.0-
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) 10+ | A ] e
buffer size 00- e %100
(2500 scaris) 0030010000 ooain] o o |
TiRbSE GRacats ~ smanbacklog  number of scans writtenito fle
to write at 5 i o i |
I a time (50) “Top
E
Press the STOP button to stop writing data to file,

Figure B-2: LabVIEW Front Panel — Analog Input

The important parameters for this VI are the chénttebe sampled and the scan
settings, both on the left hand side of the Vl.e Hata is displayed in the waveform
chart in the center. The channel array can beiguargid for however many channels
need to be sampled. Channel O is set to Analogu@H#® (shown) 1 is set to Analog
Channel 1 and so on. The scan rate used forahsiént testing was 2500
samples/sec (default is 250). This gave enougdlugsn to see the signal but was

not too much data to overload the buffer when nugr gust a few seconds. The
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buffer size must be at least equal to the scarorat@ta may be overwritten when the

buffer fills.
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