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This dissertation presents the development of aatfabricated turbopump
capable of delivering fuel with the flow rates apessures required for portable
power generation. The device is composed of alsgioove viscous pump that is
driven by a radial in-flow air turbine and suppdrtasing a novel encapsulated
microball bearing.

First, the encapsulated microball bearing and nttho investigate the wear
and friction behaviors were developed. Two prima@geway designs, point-contact
and planar-contact designs, were developed withkelyedesign factor being wearing
of the raceway. A modification to the planar-camntdesign was made for the final
turbopump that reduced both wear and debris geaprat

Second, two air turbine platforms were developenhgushe encapsulated
microball bearings to characterize both the beaaingd the turbine drive mechanism.
A tangential air turbine platform was first devedopand characterized using the

point-contact bearing mechanism. Rotational spe8&d@s000 rpm were demonstrated



and long-term operation (>24 hours) using this fptat, but with large driving
pressures (tens of psi) and large raceway weas @émicrons). Furthermore, the
circumferential asymmetry of the turbine design ked difficulty in measuring
pressure distribution and sealing for pump appboet

Results from the tangential air turbine platforrd te an axisymmetric radial
in-flow air turbine platform using a planar-contd&aring design. Rotational speeds
greater than 85,000 rpm with turbine pressure @iffeals in the range of 1 psi were
demonstrated using this platform. The wear ofrfieway was observed to be on the
order of single microns (a 10x improvement). Taeial in-flow air turbine platform
allowed an empirical model to be developed relatihg friction torque to the
rotational speed and load for the planar-contaatibg. This enabled calculation of
the power balance for pumping and a method to cheniae future bearing designs
and materials.

Lastly, a microfabricated turbopump was demondrdiased on a spiral-
groove viscous pump and the radial in-flow turbptatform using the planar-contact
bearing. Pumping operation was demonstrated withiffarential pressure up to
+0.3 psi and flow rates ranging from 35 mL/hour7@ mL/hour, within the range

relevant to portable power generation.
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1 Introduction

1.1 PowerMEMS Fuel Delivery

Since the mid 1990s, Power Micro Electro Mechangstems (PowerMEMS)
components and systems have received increasedti@itefor portable power
applications. Complete PowerMEMS systems and coems are continually being
developed for mobile (100s W to 1s kW) and portafzi#00 W) power generation
applications. Systems currently being investigated portable power include: gas
turbine generators (Brayton thermodynamic cycle) 2], steam engine generators
(Rankine thermodynamic cycle) [3], mini/micro rotarengine generators (Otto
thermodynamic cycle) [4],[5] and fuel cells [6, @] name a few. These systems are
envisioned to take advantage of the high densigrggnstored in hydrocarbons (40-50
MJ/kg) by converting the stored chemical energst fio mechanical and then to electrical
energy by turbogenerators or directly to electrieakergy from chemical energy by
thermal electrics or fuel cells.

Even with relatively low generator efficiencies, liguid hydrocarbon fueled
system, such as a diesel fueled generator, hapdieatial to achieve greater than 10
times the energy density of current primary bagteriwhich makes these devices very
attractive [8]. As demonstrated in Figure 1.1, mhoompares the various power sources
available for portable power, liquid hydrocarborieiothe most promise [8]. A diesel
turbogenerator with efficiency between 5-10% haes gibtential to provide significantly
more energy density than current primary batteritkscan also compete with fuel cell

technology without requiring efficiencies greatearn 30%.
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Figure 1.1. Plot showing energy densities of ligdi portable power sources
including diesel engines, Direct Methanol Fuel Cedl (DMFC), Proton Exchange
Membrane Fuel Cells (PEMFC), and primary batteries(Epstein, 2005).

In addition to complete systems, PowerMEMS liquidlfcomponents have been
investigated for their use in meso-scale applicatioequiring <1kW. Some key
PowerMEMS components for power generation appboati are microfabricated
electrospray devices for fuel injection [9, 10],gnatic and electrostatic generators for
electrical conversion [11, 12], combustors for fueformation [13, 14] and thermal

electrics for thermal energy recuperation [15].



Important to any liquid fueled power source is thanner in which the liquid is
delivered to the system. Control mechanisms fanveational liquid fuel burning
systems adjust the flow rate to deliver the reqégtower and to maintain peak
performance. Fuel delivery components capablaioi £ontrol for compact liquid fuel
systems have not received much attention. The nhajof research has been on the
engine or generators rather than the ancillary @repts that enable increased
performance. Therefore, compact liquid fuel purtig can be directly integrated with
microfabricated generators or assembled into mesle-spackages are critical for
portable power applications.

Silicon microfabrication and MEMS technology lerfteinselves to developing
compact components with high precision while mamtg or even increasing
performances. All devices mentioned in this intrcitbn were developed on a silicon
platform due to its good mechanical and electripedperties and well established
fabrication methods. Building a fuel pump in theem@ manner will not only allow
compact designs, but will also allow direct intégma with those power generation

systems.

1.2 Summary of Contributions

The first silicon turbopump with a microball beayisupport mechanism has been
developed for fuel delivery PowerMEMS application8efore demonstration of the
pump, robust rotary microball bearing and drive haggsms had to be developed and

demonstrated. The following are key contributicmghis dissertation:



1. Design, fabrication and demonstration of a spiral gpove turbopump supported
by a microball bearing. Integration of encapsulated ball bearings, atugbine, and
spiral-groove geometry was demonstrated in an egpdn for fluidic pumping.
Flow rates in the range of 10 mL/hour to 80 mL/hwith differential pump pressures
of 0 to 1.2 psi respectively were achieved. Thbe/ftates and pressure capabilities of
the developed turbopump demonstrate its potensialfar fuel delivery in portable

power applications.

2. Encapsulated microball bearing The most influential contribution made is the
development of the encapsulated microball beawnghfe support of rotary actuation
mechanisms. An encapsulation process during thec&ion enables real world
applications of the microball bearing technologyiah are currently being utilized
within the MEMS Sensors and Actuators LaboratoryS@) at the University of
Maryland. Three microball bearing configurationsrevinvestigated along with two
different turbine drive mechanisms.

a) The first encapsulated microball bearings were destiated by rotating a square
die about a released disc [16, 17]. This devitanad initial investigation of a
point-contact bearing design.

b) A tangential air-turbine drive mechanism was depetb to further investigate
high speeds and wear within the point-contact bgadesign. This device
enabled high speed demonstration (speeds reachgmhde5,000 rpm) and
characterization of the point-contact raceway wg#&l]. The tangential air-

turbine and point-contact bearing designs weresasseand found not to be



optimal designs for a micro turbopump applicatidmeve tight gap tolerances are
required.

c) A radial in-flow air turbine actuator was developed further investigate the
tribology characteristics of the encapsulated nlualobearing [19]. This device
permitted the extraction of an empirical formula foictional torque versus
normal force on a silicon race with and withoutigdlbrication. In addition to
tribology information, this device was used to cuherize a planar-contact
bearing design. The highest microball bearing dp€e85,000 rpm) was
demonstrated using the combination of the radidlow air turbine and planar-
contact bearing design. Reliability of this configtion was confirmed with more
than 2,000,000 revolutions without turbine perfonce degradation. These
experiments concluded that the radial in-flow afah@r-contact bearings are well
suited for the turbopump application as well aseothigh-speed, high reliability

rotary applications.

3. Novel device alignment technique To facilitate die level bonding, a novel
alignment technique using the microballs and aligntrpits was developed. This
method can be utilized in many applications andaslimited to the fabrication of
the microball bearing design or the silicon turbmpu Alignments less than 2 pum

can be routinely achieved without the need for gpieged equipment.



1.3 Literature Review

Microfabricated pumping devices using MEMS techgglthave been developed
over the past two decades for use in a broad rahgepplications. Of interest are
pumping technologies capable of producing pressarethe order of 1 psi and flow
rates on the order of 10’'s mL/hour for less tha® YW powers with less than 10%
efficiency [8, 9]. In addition to these interestss preferable that a micropump designed
for power generation is capable of pumping a varétfuels without any dependence on
electrical, magnetic, or chemical properties of thel. These requirements eliminate
most non-mechanical pumps such as magnetic, elegthmdynamic, or electro osmotic
pumping. In contrast, some research on mechapiabs demonstrates the possibility
to operate in the regions of interest while meetingse requirements. A review of
MEMS mechanical pumps focusing on potential pumpgéahnologies for liquid fueled
power devices follows in section 1.3.1 and 1.3.2.

Since a turbopump is envisioned, it is criticaketglore the bearing mechanisms
developed for rotary MEMS applications in additiorthe pumping technologies. Some
constraints, which will be made apparent in thecussion of the design of the
turbopump, have been determined for the bearingheamesm. First, the required
operational speed of the bearing was determindoeton the 1-50 krpm range for the
required flowrate, pressure rise and size beingshgated. Second, the complexity of
the bearing mechanism should also be consideredtaueliability and robustness.
Bearing mechanisms previously implemented on a ME\W&orm will be reviewed in

section 1.3.3, which focuses on the current statddEMS microball bearings.



1.3.1 MEMS Mechanical Liquid Pumping Technologies

Liquid pumping technologies developed on a MEMSfptan offer a wide range
of operation and mechanisms. Flow rates from bebwil/min to greater than
10mL/min, with pressure increases well into therpsige, have been achieved [20, 21].
The pump geometry and configurations are therebtawid by the driving mechanisms
and the material selections that meet the criferi@ach application.

MEMS mechanical pumps can be classified into twdegaries, positive
displacement and dynamic (or continuous). Disples® pumps exert pressure forces on
the fluid through moving structures, thereby addimgmentum to the fluid which can be
converted into pressure by flow resistances.

Of the assorted displacement pumps reported imralitee, reciprocating
diaphragm pumps are the most common due to thetyali utilize surface
micromachining [21]. Figure 1.2 is a demonstratafna diaphragm pump operating
scheme [21]. The pump consists of a reservoir witteformable membrane as well as
an inlet and an outlet both controlled by valveAt the start of a pump cycle, the
membrane is un-deformed, both the inlet and ouletes are closed and the reservoir is
filled with liquid. To pump the liquid, the outletalve is opened and the membrane
deformed. Then, to draw in more liquid, the outkalve is closed, the inlet valve
opened, and the membrane returned to the un-defostaée. These steps are repeated
with a prescribed frequency and force enablingdfluimping.

Together, the frequency and force limit the pressapabilities for pumping with
low power consumption and without requiring recafion. However, and more

importantly, the inlet and outlet sealing valves an added complexity and reliability
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Figure 1.2. lllustrations demonstrating the operaton of a reciprocating
displacement pump. (a) Shows the top view and cre@section while (b) shows
the discharge and suction strokes (Santiago et a004).
concern. Moreover, timing circuitry is necessang aequired to be integrated with the
pump monolithically for compact designs.
For the required flow rate and pressure, eventfue of pump would require a
large volume. The diaphragm pumps rely on the cesgiility of the fluid and the

compression ratio (stroke volume/dead space) [24t.very small scales, due to the

difficulty in the conformity of the deformed diaggms, the compression ratio decreases,
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making it difficult to achieve high pressures. Tdead volume causes these pumps to be
susceptible to bubble formation, which increasesdbmpressibility, thereby decreasing
the maximum pressure available.

Dynamic pumps, the most common pumping mechanidimeatnacro-scale, have
been developed over centuries and do not requikevar rectification. These pumps
are characterized by a continuous addition of gneéogthe working fluid. Dynamic
pumps are usually broken up into two types: 1)dptmps and 2) electromagnetic field
driven pumps. A major drawback to electromagndtizen pumps is dependency on
fluid type. For instance, the operation of an wtedydrodynamic pump requires a
dielectric fluid and the performance of electro osi;pumps rely heavily on the pH of
the fluid [21]. The pumping action of a turbopunfwever, does not depend on the
type of fluid being pumped. Only the viscositydmnsity of the fluid and geometry play
roles in determining performance. Unlike other noiiabricated pumps, the driving
mechanism is purely mechanical for a turbopumpjséindt advantage for integration
into heat engines. Additionally, it is possibleexploit the energetic exhaust from heat
engines to drive a turbopump, allowing the utilizatof wasted energy instead of an

external power supply.

1.3.2 Microfabricated Turbopumps

MEMS turbopumps have been studied previously by gwoups both emanating
from the gas lubricated bearing and micro gas merbéngine work performed at
Massachusetts Institute of Technology (MIT). Twiiedent pumping mechanisms were

investigated; one group focused on centrifugal-typmps [22-24] and the other focused



on viscous-type pumps [25]. Both technologies weased on a hydrostatic air bearing
support mechanism, which has a complex fabricatpyocess, requires external
components, and has not yet been reliably demaedtra A review of bearing
mechanisms will be discussed in section 1.3.3.

A MEMS centrifugal type pump (Figure 1.3) was poasly studied for micro
propulsion [22-24] at MIT. The requirements foopulsion are such that high pressures
(greater than 2 psi) and flow rates (2.5 g/s, agprately 200 ml/hour for JP-8 diesel
fuel) are needed for large thrusts. The MIT turbopurequired high-speed operation
(greater than 300,000 rpm) to obtain the high presand flow rates. This created the
need for a high-speed bearing mechanism. Curregty lubricated bearings, or air
bearings, are being investigated for high rotatiepeeds [26]. In that worDeuxwas
able to achieve approximately 10 psi at 110,000 rpmh a liquid flowrate of 723

mL/hour using water.

Turbine Rotor OD 6mm

4
v

QOut n Bearing  Exhaust A?t{ Bearing In
Plenum Plena Pressurization Plenum
Plenum

Figure 1.3. Schematic of a centrifugal turbopump gpported by air bearings and
driven by a single radial in-flow air turbine. The centrifugal geometry is at the
center of the air turbine and pumps radially outward (Diez, 2003.
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The viscous pump developed hge [25] was designed to deliver fuel to an
external combustor for steam engine applicatiogufd 1.4). Lee argues that at these
scales viscous forces are comparable to pumpingg$otherefore, it is more beneficial to
utilize the viscous forces for pumping rather thammping against them. A pump
efficiency of 7.2% was demonstrated using a smgrabve viscous turbopump, which
they claimed is greater than any other MEMS pumpatestrated. Additionally, viscous
pumps typically demonstrate a linear relationshghween pressure rise and flowrate
[27]. Lee demonstrated a nearly linear pump curve with ba@ssures ranging up to
30 psi at 120,000 rpm for a water flowrate of 36/hdur, more than sufficient for
portable power applications. Like the centrifugaimp, this viscous pump was

demonstrated using an air bearing support mechanism

Stator Rotor Thrust Journal Journal

Blades Blades S¢als Center hole Pump . . bearing
bearing bearing plenum

et | 1| 1L

Figure 1.4. Schematic of a spiral-groove viscous ribopump supported by air
bearings and driven using a multi-stage radial inibw air turbine (Lee, 2006).
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Although the two pump technologies just describexveh demonstrated the
capability to pump water within the desired pressamd flowrate ranges, there are some
drawbacks and concerns in real world applicatiomBe primary concern lies in the air
bearing support mechanism, which has yet to demaiesbperation without external
pressure sources and requires complex multi-watetidation. The bearing mechanism
is a significant limiting factor for any applicaticand will be discussed in the following

section.

1.3.3 Bearing Mechanisms Review

MEMS bearing mechanisms were developed as earl@8 for applications in
surface micromachined motors and gears [28]. A&ppbn of microfabricated bearings
for silicon turbomachinery has been in the develepistage since the mid 1990s. In the
case of silicon turbomachinery, the bearing medmanis complex in both fabrication
and operation, directly affecting the device rdligh component performance, and
overall manufacturability [14]. In all cases, thearing design and characteristics limit
the capabilities of the component or system, narttedymaximum speed of rotation and
minimum driving power.

Both contact and non-contact bearings have beeorpocated within MEMS
devices. Non-contact bearings, such as electiogiafirings or air/gas bearings, allow
for the lowest frictional losses. However, thewdacomplex manufacturing steps,
exhibit poor stability, and require many ancillagntrol components [[26]].

A prime example of a non-contact MEMS bearing i® thas lubricated,

hydrostatic air bearing mentioned in the previoestisn [26]. A bearing rig was
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designed to test the performance of the air beansigg a radial in-flow air turbine
(Figure 1.5) [29]. A schematic is also provided dlucidate more on the bearing
operation (Figure 1.6) [29]. The turbine rotoreiscased within a silicon housing that
provides pressurized gas. Above and below thescgairtion of the rotor is a hydrostatic
bearing that maintains its stiffness using extéynantrolled pressurized gas (60-85 psi)
allowing for large thrust loads. At the peripheo§ the rotor a journal bearing is
provided. An externally controlled pressure plenostow the rotor allows a pressurized
flow between the bottom of the rotor and the togerehthe pressure must be that of the
turbine driving flow coming out of the diffuser v@s The stability of the rotor relies on
the stiffness of the journal bearing since the guagation at this point is coupled to the

turbine driving flow and desired to be kept at aimium.
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Figure 1.5. Optical photograph (top) and schemati¢bottom) of a microturbine-
driven hydrostatic bearing rig (Fréchette et al., 205).
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Figure 1.6. Schematic diagrams demonstrating the @pation of the hydrostatic
gas bearing (Fréchette et al., 2005).

Rotational speeds up to 1.4 Mrpm have been denatedtrhowever, there are
many issues still being investigated [29]. Oneass the requirement of many external
air pressure controls for the journal and thrustrings. Currently, to allow for the
required bearing stiffness, pressures up to 8amsbeing used and are only obtainable
by external sources. Additionally, the hydrostatic bearing requires complex multi-
wafer fabrication with extreme tolerances that tithie number of devices per wafer to
obtain sufficient device yields.

Other non-contact, minimal friction bearings haveem developed using
electrostatics, magnetic and electromagnetic meshasn[30-34]. These bearings were
developed for surface micromachined motors andatmtsi and were demonstrated with
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speeds typically less than 1500 rpm and levitatem&igh as 306m. Their utilization
in larger volume applications that require a bulicnemachined implementation has not
been investigated.

Contact bearings, such as center-pin bearings slithng bushings, operate
passively and are more stable, yet have signifiganbre friction due to sliding of the
surfaces in contact [28, 35-37]. Although speegs ta 15,000 rpm have been
demonstrated, the rubbing surfaces cause wearturfeacstiction, and contamination-
based failure modes making this type of bearing-ideal for high-speed or long-term
operation.

Alternatively, rotary ball bearings are attractihee to three characteristics [38]:
1) manufacturing the bearing is simplified compatedther methods [39]; 2) rolling
contact yields less friction than sliding contagiet( greater friction than air/gas
lubricated); and 3) the balls provide passive rigability.

Microball bearings were first used in micromotorghim our group, the MEMS
Sensors and Actuators Laboratory (MSAL); however bhalls within the bearings were
not fully enclosed in the silicon structure [4]. p@lication of a variable capacitive
micromotor (Figure 1.7) has a completely free slideld in place by a linear microball
bearing channel (race) and the electrostatic foeteveen the stator and slider [40, 41].
In this dissertation there will be no electrosteticce to account for the thrust loads;
instead, enclosing the balls inside a silicon rec@ecessary to account for all loads
(radial and both thrust loads). This adds a preship ignored complexity to the
fabrication of devices supported by microball begsi Therefore, an encapsulated

design for microball bearings will be pursued.
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Figure 1.7. (a) Schematic showing the linear varide capacitance micromotor

and (b) an optical picture showing the stator and lectrical poles (Modafe et al.,
2006).

Investigations to determine the frictional behawbmicroball bearings began in
1993 when initial measurements of friction wererastied by simple tilt experiments
[42]. Over the past several years, a more comaitek comprehensive testing platform
was developed using the relative motion betweeridersand a stator (Figure 1.8)
[43-45]. In this setup, the raceway geometry chedt into a silicon slider and stator.
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Figure 1.8. (a) Schematic depicting the assembly the slider, microballs, and
stator; (b) schematic depicting the operation of tk linear tribology experiments;
and (c) optical photograph of the linear tribologytesting platform (Hanrahan,
2007).
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The stator is adhered to a linearly actuated stdgeroballs are placed into the stator
race and the slider is placed on top. A high-spesdera tracks the relative motions,
between the actuated stator and the slider, tkeataused by the frictional forces between
the microballs and the silicon races. Values s$linan 0.01 have been measured for the
coefficient of friction between a stainless steetroball and a v-groove silicon race.
These values were measured for low speeds rangirtg 0.1 m/s, much less than the

envisioned speeds required in a micro turbopumguierdelivery.

1.4 Thesis Objective and Structure

The objective of this dissertation is two-fold: demonstrate the first liquid fuel
delivery micro turbopump with a high speed, highatglity bearing mechanism and to
establish encapsulated microball bearings as aactitte support mechanism for high-
speed rotary applications. These objectives wikbde the delivery of liquid fuel to
systems with prescribed pressures and flow ratespfotable and mobile power
generation applications.

A micro turbopump was pursued for three reasonsthi@ pumping action is purely
mechanical; (2) the design can be batch microfatet allowing for a compact design;
and (3) the turbopump is scalable to meet most flate and pressure requirements.
Figure 1.9is a conceptual drawing of the developed microdptimp pointing out the
key elements; the pumping structure, the turbineedmechanism, and the microball
bearing support mechanism.

To meet the objectives outlined above this disiertdocuses on the pump structure

and the microball bearing supporting both the tehilriving mechanism and the pump
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Figure 1.9. Schematic illustrating the micro-turbgoump design concept.

structures. Both centrifugal-type and viscousetppmping mechanisms were designed
and fabricated with the end goal of evaluating \Wwitigpe will be best suited for the flow
rates and pressure ranges required for portablepganeration. Encapsulated microball
bearing mechanisms were developed to support timp @nd turbine structures and have
proven to be an attractive support mechanism fghispeed rotary applications. A
summary and timeline of the technologies developedprovided in Table 1.1.
References are given for those that have beenghddlito date.

Chapter 1 reviewed the motivation for liquid fueleower sources and the need for
liquid fuel control by use of silicon microfabrica. Key research in MEMS
micropumps and bearings was presented along wétcamtributions and objectives of
the research performed for this dissertation.

Chapter 2 will focus on the design, fabricationd aesting of two encapsulated
microball bearing designs. Key elements charagtayiball bearings will be presented
leading to the design methodology for the two esulgied microball bearings. The

fabrication and incorporation of the encapsulatedroball bearing in three different
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devices will also be presented. This will leacatmore comprehensive tribology testing
platform for microball bearings. Included in thabfication process presented is the

novel alignment technique and metal adhesion bgnased throughout this dissertation.

Technology Critical Knowledge Fabrication Reference
Developed
- 1% encapsulated microball iwzatfer Ilevelsk
1. Point-Contact bearing demonstrated 2502 ca ma;ts 416, 17]
Bearing - 18,000 rpm demonstrated rocess Steps=s.
1 bonding layer
» Tangential Air | 1* integrated motor ' éwafer Ilevelsk
- 1ang , . > 37,000 rpm demonstrated| * > OPtic& Masks
Turbine w/Point- : .1 bonding layer | [18]
Contact Bearing | >24hr operation demonstrate_d 25 Process Stepsg
. Exhibited high wear PP
- 3 wafer levels
3. Centrifugal pum|- 1 turbopump fabricated - 9 optical masks
implementation w/|- Determined axisymmetric |- 2 bonding layer
technology 1 & 2 | design requirement - 45 Process Steps
- 3 wafer levels
4. Planar-Contact |- Low-wear demonstrated - 10 optical masks
Bearing with Radid- Spin-down testing - 2 bonding layer | [19, 46]
In-Flow Turbine |- > 85,000 rpm demonstrated| - 45 Process Steps
_ t - 5 wafer levels
5. Viscous pump |- 1% turbopump demo . 15 optical masks
implemented with | w/microball bearing . 3 bonding layer [47]
technology 4 - 10-80 mL/hour and 0-1.2 psj . 80 Process Steps

Table 1.1. Timeline of technology development

20



Chapter 3 presents the design and fabricationeofrtitrofabricated turbopump. This
chapter will begin with the design and implememtatof a centrifugal-based pump using
a tangential air turbine. The results of this iempéntation led to the development of the
viscous-type pump using a radial in-flow air tuinThe fundamental design equations
for a spiral groove viscous pump will be investeghand pumping curves developed for
operation within the scope of portable power agpions. Critical parameters with
respect to microfabrication will be specified aheit effects on the pump performance
will be examined. Finally, the issue of sealinghivi the turbopump itself will be
addressed along with the fabrication process.

Chapter 4 presents the turbopump experimentalntestet-up developed in this
dissertation. The results from the micro turbopudemonstration and a discussion on its
operation and performance will follow.

Chapter 5 will conclude this dissertation with ansoary of contributions and key
results. A discussion about the future of bothagheapsulated microball bearing and the

microfabricated turbopump will be included.
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2 Microball Bearings for Silicon Turbomachinery

A high-speed bearing mechanism and turbine streatomst first be developed
and demonstrated in order to realize the microdpuinp.  Micro gas turbines enable
compact designs and are integrated on the rotdaitmng the pump structure in a shaft-
less implementation all supported by the microbekrings. Therefore, it is critical in
the design and fabrication of the turbopump to ldisla an encapsulated microball
bearing as an attractive support mechanism for-spged rotary applications.

In this chapter, the encapsulated microball beadegign along with the key
fabrication processes developed to realize sucleaairy is introduced. Two silicon
microball bearing race designs were investigatébe first, a point-contact design, was
integrated into a tangential air turbine platfolmcharacterize the performance and wear
of the bearings as well as demonstrate high-spaatian. The results of this device led
to the improved design, a planar-contact desidawaig for reduced wear; required for
the application of the turbopump.

A radial in-flow air turbine, using lower drivingrgssures than the tangential air
turbine and with added measurement capabilities developed to characterize the
planar-contact bearing design. Furthermore, aahidoine tribology device was created
with the planar-contact bearing and radial in-flavicroturbine to characterize friction
and wear phenomenon. The results detailed incepter serve as the foundation for
development of the turbopump introduced in Chapter

The design, fabrication, and testing of the firatlial in-flow air turbine was

performed by Dr. Matthew McCarthy (2.4.2 and 2.4&)ost-doctoral associate at that

22



time within the MEMS Sensors and Actuators Labasa{®ISAL). Dr. McCarthy led
the experiments by characterizing the device wiltk first planar-contact bearing
raceway (planar-contact V.1) and developing theigogb relationship between friction
torque and speed with the normal force exertedhenrdtor (Sections 2.4.6 and 2.4.7).
This work has been included in this dissertati@gause it is critical in determining the
final radial in-flow air turbine design and the ®m® power balance of the turbopump

developed in Chapter 3.

2.1  Encapsulated Microball Bearings

Studies performed blyin et al.[43] andTan et al.[45] demonstrated that silicon
races and precision balls can provide low-frictlmearings (friction coefficients below
0.01 for velocities in the mm/sec range) betweamkdss steel microballs and a silicon
v-groove race design. In their studies, microbatlere placed in a v-groove trench
etched into a silicon stator. A silicon sliderthvan identical trench, was placed on top
of the balls. Modafe et alandGhalichechian et aldemonstrated similar configurations
in the application of micromotors (described in Gtea 1) [40, 41, 48]. In both cases the
slider is forced to contact the microballs onlydravity when the motor is off. When the
motor is turned on the electrostatic force pulls sfider and maintains contact between
the slider and the microballs.

A key difference between the previous applicatiamsl the turbopump is the
necessity for the microball bearing to support ad all directions. Without an
electrostatic force or other external force, thebdopump must contain a bearing

mechanism that accommodates all radial and thoagtsl Hence, a rotary ball bearing
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mechanism wherein the microballs are encased witiensilicon framework will be
presented.

The microballs must be encased within the rotor andounding device to
achieve full support of a rotor. Two possible égafations are envisioned; a microball
housing above and below the rotor creating a cestraft (Figure 2.1) or microball
housing at the periphery of the rotor without afsffagure 2.2).

The first configuration with the central shaft eses the microball bearings at the

center of the supported rotor. This design all@avkwer friction moment arm and

Cross-section view

Released
rotor/Active are

Bearing structure

Top down view

Figure 2.1. Schematic showing the cross-section artdp down views of the
centrally located encapsulated bearing configuratio.
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Cross-section view

_ Bearing structure
Released rotor and active area

Top down view

Figure 2.2. Schematic showing the cross-section catop down view of the
periphery encapsulated microball bearing configuraion.

lower ball velocities than the configuration thacases the microballs at the periphery.
The central design is also conducive to axial-tigmomachinery where access to the
periphery of the rotor is more crucial. Howevdre tcentral design requires a more
complex fabrication scheme incorporating two hogsimits, one above and one below
the rotor. This design is more susceptible to i®kince the instabilities at the tip of the
rotor have larger moment arms than the bearing aresi.
The second configuration places the bearing meshait the periphery of the

rotor, which is the best for stability. Furtherrapionly one housing unit is required

making this configuration more conducive to radml mixed flow turbomachinery
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applications where access to the entire rotor sarfa more beneficial. Although the
microballs rotate at higher velocities and largemment arm, which make the frictional
properties of this design worse than the centrsigte the normal load can be distributed
over a much greater number of balls. The distidoubf the normal load means a smaller
contact area and deformation for each microball ldeds to smaller compressive stress
between the ball and raceway and, therefore, lowetsntial wear. Following sections
will describe how these factors relate to the vaeat friction properties.

There are tradeoffs in choosing the periphery designfiguration over the
central design. First, the larger radius of theighery design allows for increased
stability but also increases the ball velocity.c&@wl, even though the greater number of
balls allows for lower compressive stress betwdenltall and the raceway, there will
also be more ball-to-ball collisions and rubbinihe periphery configuration was chosen
for this work due to a larger active area and higstability necessary for a radial

turbopump design.

2.1.1 Microball bearing material and geometry

Two critical elements make up the microball bearstgicture; the precision
microball and the bearing raceway. Silicon micbofeation techniques and stainless
steel precision balls, which provide a compact glesiare utilized to integrate the
microball bearing structure within the turbopuniphis work utilizes 440C stainless steel
microballs, commercially available from Thomsondsmn Ball Company, LLC. Table
2.1 provides the material properties pertinent he bearings and the geometrical

properties of the microballs.
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It should be noted that the ball and raceway malte@are not limited to 440C
stainless steel and silicon respectively. Worknteestigate different lubricating films
deposited on the silicon race, such as siliconidarbnd ultrananocrystalline diamond,
and to investigate different ball materials usihg platforms developed in this chapter is
ongoing [49].

The geometry of the silicon raceway strongly aSethe friction and wear
behavior; therefore, it is critical to investigatee race design. The bearing analysis
methods provided in section 2.2 offer insights ithte relationship between geometry and
the friction and wear behavior. First, a reviewtlod raceway geometries possible using
microfabrication techniques is necessary.

Figure 2.3 provides a summary of the type of geomavailable using silicon

bulk micromachining. The rounded race (Figure p&@al angular contact race (Figure

Material Property

Property Value

Material 440C stainless steel Silicon
Modulus of elasticity (GPa) 199 110
Tensile strength (GPa) 1.89 7.00
Knoop hardness (kg/nfin 660 1100
Diameter (m) 284.5 -
Tolerance ifm) 0.25 -
Surface roughness, Ra (nm) 25.4 -
Ball Grade 10 -

Table 2.1. Material properties of microballs and dicon [50]
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2.3b) are better optimized for load and performanapabilities but are not readily
microfabricated. A rounded race could be fabridaising wet isotropic etching or dry
isotropic reactive ion etching (RIE); however, sletch rates are required to maintain
good dimensional control and, as experienced wihinlab, the shape of the etch profile
exhibits poor repeatability. An angular contacergan be obtained by either a modified
deep reactive ion etch (DRIE) process or the uwatilon of gray-scale technology [51].

The square-groove race (Figure 2.3c) was chosethi®dissertation, because it can be

readily fabricated using well controlled DRIE steps

@ (b) ()

Figure 2.3. lllustrations of possible microfabricaed raceway geometries: (a)
a rounded race, (b) an angular contact race and (@ square-groove race.

2.1.2 Fabrication sequence

The periphery configuration of the encapsulatedrotiall bearing is fabricated in
two silicon layers with the end result of a singéeased rotor. It is possible in the
fabrication process to define patterns on bothssiofethe rotor. The two layer rotor
construction is summarized in Figure 2.4 withow datail of the raceway or fabrication
processes, which are covered in later sectionse bHEaring is fabricated by patterning

half of the annular square-groove raceway into $eparate substrate layers. Microballs
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Step 1: Pattern race

Step 2: Microball
placement and align

Step 3: Bond

Step 4: Release

Figure 2.4. Fabrication flow for the periphery miaoball bearing.

are then placed into one of the race substratdse s€cond layer is aligned to the first
layer and the stack bonded together.

As seen in the silicon race process flow, therd@uekey steps to the fabrication
process: 1) the raceway definition and pattern2igalignment of the two layers; 3)
bonding the two layers together; and 4) releasing totor. Two silicon race
configurations will be covered in detail in secsoR.3.1 and 2.4.1A novel alignment

technique, developed to align the wafers or dieettogy, will be described in the



following section along with the bonding methodseastigated. The release of the rotor
will occur during other fabrication steps coveradections 2.4 and 2.6.

Two square-groove designs are used at the peyipberthe rotor and are
described in later sections of this chapter. Batieway designs use the 285 diameter
440C stainless steel microballs and are based emigrofabricated silicon square-
groove. The first is a square-groove point-contdesign (denoted as ‘point-contact
bearing’ from here on) that allows controlled camntangles between the load on the
microball and the raceway, at the cost of high casgive stresses. The second design, a
square-groove planar-contact bearing (denotedlasdp-contact bearing’ from here on),
exhibits a reduced compressive stress on the raceld@aving for reduced wear of the

race and microball.

2.1.3 Alignment and Bonding

The encapsulated microball bearing requires thés tal be bonded within the
microfabricated annular square-grooves. Many peeng bonding techniques are
available to bond the two layers together formimg totor. However, in developing the
turbopump and focusing on the bearing developmnestuseful to apply an impermanent
bonding method. That is, a bond with enough stretq hold the rotor together during
operation that can be readily taken apart afterwlardinspection of the race and
microballs. It is critical, nevertheless, to dersiate permanent bonding methods such
as anodic bonding and silicon fusion bonding whabritating the turbopump for

applications requiring high reliability and mechaalirobustness.
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Accurate alignment between the two raceway layenth whe microballs in
between is critical to the performance of the beasstructure. Large misalignments
result in uneven wear and wobbling of the rotort tauld affect the operation of the
pump or turbine being supported. Conventional balighing tools specifically made to
do such alignment can conceivably be used for wafesl alignment; however they have
not been successful. Agitation of the microballsm the aligning procedure caused the
balls to be displaced from the raceway and predenoading.

A new alignment technique requiring no special $oshs developed and can be
utilized for both wafer and die level alignmentqu@re alignment pits are patterned on
the bonding surface of each layer using photolithpgy and DRIE with an etch depth,
and width,w, just greater than the microball diameter. Theywa microball can be
placed in a minimum of two patterned pits on ondewar die and the other wafer/die

fitted on top (Figure 2.5).

dpan + ddpal

@) (b)

Figure 2.5. Schematic of (a) top view and (b) cressection A-A’ view of the
alignment pits and microball for wafer level and de level alignment.
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In order for perfect alignment, the widtlvg andw, must equal the diametel;s,
of the microball and the etch deptlhs and h, must equal the microball radius.
Photolithography tolerances for alignment and ngsmh as well as control of the etch
depth and profile require the widths and etch depthbe larger, denoted by an increase
of dv anddh respectively. Additionally, the diameters of thé&raballs are not all the
same and have a tolerana#l,,.. The misalignmentm, which occurs due to these

fabrication tolerances can be found by geometheto

M=w+ 3 dyyy - dZy - @T0)° +7d, Equation 2.1.

The misalignment is fairly insensitive to the etdkepth control where etch
variations on the order ofdm are typically seen in DRIE (Figure 2.6). FronblEa2.1,
the tolerance in the diameter of the microbéll,,, is 0.25mm. Therefore, looking at
Equation 2.1, it is more critical to match the widtf the pit as close as possible to the
microball diameter. Typical contact photolithogngmlignment and resolution make this
tolerance on the order of dm (projection lithography would be better than @1h).
Additional change of the width may arise by sligimdercutting of the masking layer
during DRIE, but this would typically be less themm.

State-of-the-art bond aligners can obtain bondnatignts better than dm, but
are not readily obtained in most laboratories. @omional bond aligners, such as the
Karl Suss BA-6, in combination with the bonding cksl available for the Karl Suss SB6

bonder are limited to alignments in the range oinh The total misalignment between
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Figure 2.6. Plot of maximum misalignment as a resuof etch depth inaccuracies
upto25 m.

two layers using the microball technique just désct can be estimated to be close to 2
mm using conventional contact lithography and cldee 1 mm using projection
lithography. Furthermore, this alignment technigises conventional microfabrication
tools available in most silicon fabrication facé.

Three bonding mechanisms have been demonstratad tie stainless steel
microballs. The prime concern during the bondinacpss is the change of the microball
surface and the possibility of adhering to othenfamies due to the high temperatures.
Anodic bonding was first investigated between anblRyrex wafer and a silicon wafer
patterned with an annular trench etched with alwatd height of 29@m (Figure 2.7a).

A successful bond, in which the ball is free to mawithin the raceway, is shown in

Figure 2.7b.
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A 4-inch silicon wafer was first patterned using am photoresist layer and the
pattern was etched into the silicon wafer by DRbEatdepth of 290im. The silicon
wafer and the 4-inch Pyrex wafer were cleaned tlaSulfuric to Hydrogen Peroxide
solution (Piranha) to ensure cleanliness of orgamaterials. Then, 28&m diameter
stainless steel microballs were placed into theskmrirench. The Pyrex and silicon were

manually aligned on a bonding chuck that allows theo wafers to remain

Microball

Pyrex top surface

Silicon top surface

Microball

(b)

Figure 2.7. Schematic (a) showing the anodic bondethonstration piece and (b)
anodic bonding demonstration with stainless steel iwroball.

34



separated with a spacer while clamps ensure dtabilithe alignment. The stack was
placed into a Karl Suss SB6 bonder and anodicalhdbd.

Another widely used bonding method is fusion bogdibhetween silicon
substrates. This method again results in a pembdoand between the layers, but can be
directly applied to the bonding of the silicon leyyemaking up the rotor. As with the
anodic bond demonstration, a trench was fabrici@dthe silicon, but this time on two
silicon substrates. A point-contact bearing, whidh be detailed in Section 2.3.1, was
implemented. Both wafers were first soaked in @ARL (0.75:1:5, NHOH : H0O.:
H,0) bath for 10 minutes at 80 C to remove organit¢emal and concentrated HF for 2
minutes at room temperature to strip the silicooxidie layer required for the point-
contact bearing fabrication. It should be noteat #h1:1:5 ratio is the conventional RCA
1 clean; however, for silicon fusion bonding a 0175 is used to reduce the possibility of
pitting on the silicon surface.

Once cleaned, the wafers were again aligned orbtimeling chuck using the
spacers to maintain separation. Contact was nmedeélx10* mTorr nitrogen atmosphere
inside the Karl Suss SB6 bonder to minimize thpdiiag of any gas. Once contacted, a
low strength bond was achieved at low temperatumnesur case 450C for 1 hour under
vacuum. Annealing at 600C was performed for 3 fiaunder nitrogen flow to drive out
the hydrogen and create a covalent bond at thefaote Figure 2.8 shows a
demonstration of encapsulated microballs withinliaon race using the silicon fusion
bonding method.

While the above techniques are suitable for apipdina requiring a permanent

bond between the two rotor layers, an imperman@mding scheme is desired to
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Microballs

g

Microballs

Figure 2.8. Infrared images showing stainless stieballs encapsulated within a
silicon trench using silicon fusion bonding.

facilitate raceway investigation after the micrdbadarings are operated. A &S
eutectic bonding method was adopted from microedaat packaging for this purpose.
The bond strength is sufficient for the purposetid turbopump demonstration and
bearing investigation, having a reported tensilergth of 275 MPa and a yield strength
of 220 MPa [52].

The eutectic temperature of &Bny is 280 C and is the most common AuSn
alloy used for bonding [52]. As seen in the phdsgram (Figure 2.9), moving away
from the ideal composition causes the eutectic exatpre to rise sharply. Electron beam
evaporation is used to deposit the AuSn layer ugingsSny pellets. This ensures
correct composition at the start of the depositlunyever, the Au and Sn may evaporate
at different rates causing the composition to ckamgger time. This must be accounted

for during the bonding procedure by adjustmentthéotemperature. In addition, it was
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found that a composition very close to g%, can be obtained using fresh pellets for
each deposition run.

Metal layers consisting of 50-nm Cr, 50-nm Aumir AugeSno, and a fourth
layer of 50-nm Au were deposited on each substhateigh a shadow masking process.
The gold layers protect the AuSn from oxidizing atthere to the Chromium adhesion
layer which in turn adheres readily to silicon awts as a silicon diffusion barrier. Also,

to counteract oxidized layers, the stack was bomded5% H and 95% N atmosphere

at 1 kTorr.
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Figure 2.9. Phase diagram for Au-Sn alloys (Chuanet al., 2004).
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The bonding procedure began by cleaning the swgfaaecessively in acetone,
methanol, and isopropanol baths. In some cases)dare cleanliness an Plasma was
used, although sufficient bonding was completecheut this surface treatment. The
bonding surfaces were contacted in air using theroball alignment technique described
in the previous section. The Karl Suss SB6 bomder used to apply a force of 250 N at
a temperature of 285 C and a pressure of 1 kTefNH Later bonding recipes used
temperatures up to 330 C due to the uncertaintthefAuSn composition deposited by
the E-beam evaporator and poor temperature unifgram the surface of the bonding

chuck.

2.2 Bearing Contact Mechanics

The compressive stress exerted by the microbathemaceway and the resulting
deformations are important factors to understarth biwe friction and wear behavior of
the system. The following bearing contact analysas performed for both bearing race
designs presented in Sections 2.3.1 and 2.4.1s dllawed comparison of two designs
and provided insight into their behaviors duringi@tion.

The analysis is based on Hertzian contact mechanmsich typically
overestimates the contact area (and therefore esiileates the compressive stress)
between the ball and the raceway due to a load [38js allows the calculation of the
compressive stress and deformation caused by a éwadhe ball bearing and,
furthermore, provides an understanding of the waad friction behavior during

operation.
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The maximum stressmax Occurs at the central point of the contact areh@an

be estimated as [53]:

S max ZE Equation 2.2.
2pak

The stress,, at other points within an elliptical contact arga

- % Equation 2.3

whereQ denotes the load exerted normal to the race bhpdahdQ = Qragial + Qtnrus), and
a andb are the semi-major and semi-minor radii of thgogdlal contact area.

As seen from Equation 2.2 and Equation 2.3 knowhiegcontact area is critical to
determine the compressive stress exerted on tlegvegcby the normal load. There is an
entire field of study dedicated to the predictidncontact mechanics that accounts for
surface roughness of various length scales, adihdsices, and atomic interactions, to
name just a few. Although Hertzian contact meategrossly overestimates the contact
area of two spherical surfaces in compression witle another it does not require
numerical computation [53]. Figure 2.10 showsdhemetries of microball and raceway
relevant to the contact area described. In thsg,che semi-major and semi-minor axis

radii are:
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Equation 2.4
2Sr  E, E,

2 2 %
b=p R (1‘ n )+ (1‘ i ) Equation 2.5
2Sr  E E,
2, J5
o= 2°€ Equation 2.6
p
%
b = 28 Equation 2.7,
kp

chrust

(@) (b)

Figure 2.10. Geometrical reference for ball bearigs. (a) depicts the top down
view and (b) depicts the cross section A-A'.
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where the subscript denotes the ball and the subsciiptdenotes the raceway; is
Poisson’s ratio (0.285 for stainless steel and Gd2silicon), E is the Modulus of
elasticity (200 GPa for stainless steel and 165 @Pailicon), is a/b, and eis the

complete elliptic integral of the second kind. Thevature sum, ;, between the inner

raceway and the microball is defined by:

2 1 1
Sri = + +
Mhail Mace dm/ 2- Wiace

Equation 2.8.

The curvature sum, o, between the outer raceway and the microballfin el by:

o 22,1 1

= - Equation 2.9
° Ifball Ifralce dm/2 + Wralce/2

whererypg is the radius of the microbalace jandrace o @re the radius of curvature of the
inner and outer raceway in the thrust directidp,js the bearing pitch, ang,c. is the
width of the race. In addition to the contact atb® deformation of the race due to a

load exerted by the microball can be calculatedgigormulations from Hertzian contact

mechanics as follows:

R ) n2) Psr

Equation 2.10

2Sr  E, E, 2
b
=28 L Equation 2.11
P 2k°G
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where A is the complete elliptic integral of the first Kin

The calculation of the contact area is made diffi@ince Equation 2.6, Equation
2-7, and Equation 2-11 depend on the ratioafif (k) and the computation of the
complete elliptic integral of the first and secdddd. Harris [53] computea, b, d, as
a function F(r), representing the curvature difference, by evaigathe elliptical

integrals. The difference function is calculatedalows:

Equation 2.12,

F(f) - (/(21+1)6’: 2A - }{xball ) %yball ¥ }{xrace_ %yrace
Sr

«?- e

whererypal, fyball, 'xrace @Ndryrace are respectively the radius of the microball aader
longitudinal and transverse directions with respgrctthe bearing motion. Harris
calculateda’, b’, andd for possible values df(r) and provided a look-up table [53]. It
becomes very difficult to choose the appropriattues because there is not a good
curve-fit to allow accurate calculation for a widenge ofF(r). Houpert developed
another solution allowing an empirical formula te bsed for different ranges kf the
ratio of the radiiR, and R, as well as a dimensionless load param&e¢ which are

found by [54]:

1 1 1

= + Equation 2.13

Ry Ryballl Ryrace

42



11,1
R RxbaII erace

X

I
+

Equation 2.14

x
I
;UL;U

Equation 2.15

Wee =—— Equation 2.16.

Equation 2.13 — 2.16 along with the coefficieGtelandCte2found in
Table 2.2 can be used to determine the contact(Area ab), the deformationd, and
the maximum compressive stress on the racewayy using the following empirical

relationships [54]:

a
R = Ctel k" >WF],/§ Equation 2.17
X
b
R Ctel k™ ANpE Equation 2.18
X
a
R Ctel Xk ™2 A Equation 2.19
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S

Eax = Ctel 2 (V33 Equation 2.20.

Equations 2.17 — 2.20 will be used to characteheedesign of the two bearings.
The key differences will be in the radius of cutwratand how it may change due to wear.
Due to the inaccuracies in Hertzian mechanics tharibg analysis can only use the

behavioral trends to give insight into operatiotiffierences between the two designs.

k<l 1<k<8.74 8.74k<122.44 | 122.44k<13576

Ctel Cte2 Ctel Cte2 Ctel Cte Ctel Cte2
a/Rx 1.1521| 0.52564 1.1552| 0.4676 1.3088 0.4091 1.55P8 0.3737

b/Rx 1.2742| -0.0704 1.1502| -0.1876 1.1687| -0.1974 1.1063| -0.186¢
d/Rx 1.4329| -0.086| 1.3201 -0.19461.4586| -0.2414 1.7138| -0.2743
Pmax/E | 0.3252| -0.4553 0.3593| -0.2799 0.3122| -0.2117 0.2779| -0.1871

o

Table 2.2. Curve-fit values [54].

2.3 Tangential Flow Microturbine using the Point-contad Bearing

The first rotary actuator designed, fabricated tesled for the micro-turbopump
was a tangential flow microturbine using a pointtaat microball bearing design. The
primary goal of this device was to be the first dastration of an encapsulated microball
bearing and to investigate the performance and eaavior of the raceway design.

The designs of the point-contact bearing and tamgeflow microturbine are
detailed in this section along with the amount afj £xhibited, which is important in

designing precise gaps for the turbopump. A cardaelysis based on Section 2s2
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performed for the point-contact bearing design. di8cussion of the fabrication, the

testing, and the performance and wear behavigprareded at the end of the section.

2.3.1 Point-contact Bearing Design

The first design of a silicon-square groove racewayloyed a point-contact
scheme to encase the microball (Figure R.1h this designw, can be varied wit to
change the contact angle, between the microball and the bearing race. The#ach
angle allows compressive stress minimization on rdeeway depending on the load
vector (i.e. a thrust load or radial load).

For devices employing the point-contact bearinghis researcla was designed
to be 45 so both thrust and radial loads woulagbenly distributed. The dimensions of

the point-contact bearing mechanism are listed abld 2.3. Taking into account the

1
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Figure 2.11. Schematic showing the pointentact microball bearing design. Th
rotational axis of the rotor is shown by the A-A’ dashed line.
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fabrication tolerances involved, the width of tteeeway,w;, is 290 m to ensure the

balls fit into the race. The width of the nestadea,w,, is ¢4, /42 + dw,, so that the balls

ball

contact at thea = 45° corners or 20%n with the tolerancegiw,, added in. The total
height of the race between the contact pointss the same as the width,. Both ¢h
and dv, include the necessary tolerance due to misalighnaed poor etch depth

uniformity.

Parameter Dimension
oa 285nmm
Ip 4 mm
h=g,/v2+dnh 205nmm
W1 300mMm
W = d, /v/2+ 0w 205mm

Table 2.3. Dimensions of the point-contact ball lzging mechanism.

2.3.2 Tangential Flow Microturbine Design

The design of the tangential flow microturbine wn in Figure 2.12. Rotor
blades for the turbine are fabricated on one sidbeeorotor (Figure 2.12a). Measurement
geometry is fabricated on the opposite side (FigQui@b) to track the rotational speed of
the rotor.

The device operates by momentum transfer betwleerfluid and the turbine
blades. The fluid enters from one side of the d&wand exits by traversing the rotor.

This causes a radial load on the rotor becausenilkee and exit of the device are
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asymmetric. When the devise is packaged, thrastihg occurs from pressure build up

due to flow resistances underneath the turbine.roto

Speed measurement

N

geom etr PNy

Microball
bearing

Figure 2.12. Schematic drawing of a tangential aiturbine design for microball
bearing characterization: (a) tangential air turbine design on one side, (b)
measurement geometry on the other side, and (c) @®-sectional view.

The measurement geometry was included on the lblafi the rotor for an
optical displacement sensor (ODS) to measure tkeedspluring operation. The ODS
requires features larger than 1 on a side. The first generation of devicesluke
turbine blades themselves for speed measurementgvier, due to a very small duty

cycle in the signal (blade widths/circumferencewis difficult to pick out the first
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harmonic representing the true speed. The simplagtto convert the ODS signal to
rpm data is using a Fast Fourier Transform (FFg@@hm. Therefore, on later versions,
geometry with a larger duty cycle was designedhenbiackside of the turbine rotor.

A more detailed cross-section of the device is shawFigure 2.13. The point-
contact bearing geometry and dimensions were destin Figure 2.11 and Table 2.3.
The dimensions of the turbine bladéguine, and measurement geometiyeasure Were

kept equal at 206m. The radius of the turbinge,r, was designed to be 4 mm.

I'rotor |

tgap Rotation Axis

Figure 2.13. Schematic cross-section of the tange air turbine.

2.3.3 Rotor sag

The feature critical to the application of turbogasrand other rotary applications
using the microball bearing support is the gap teckdy the sag of the rotor. In the

turbopump, the sag of the rotor determines therate® above the pump impeller. Too
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large a clearance may lead to poor pump performaihoe small a clearance may lead to
the rotor crashing into the surface after wearihthe raceway.

The sag comes from the fabrication tolerances Her widthw, and heighth.
Figure 2.14 is a schematic depicting the gap cdedte to the changes ofi»and ¢h to

the designed geometws, andh. By geometry, the gap is calculated to be:
Equation 2.21.

gap= (h + d") - Opan4/1-

Due to wear, the race geometry is also expectathange during the operation.

Wear will depend on speed, friction, and the corsgike stress exerted on the race by

a+da
h +dh

Wy + dws

Figure 2.14. Schematic of the point-contact beargm showing the dimensions
including fabrication tolerances.
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the microball. As mentioned in the previous setticharacteristics for determination of
wear behavior are the compressive stress and tbertdion of the race calculated from

the contact area and load.

2.3.4 Bearing Contact Analysis

The compressive stress from Equation 2.2 and Emuati3 depends highly on the
contact area between the microball and the racewaythe point-contact design, the
initial contact area is very small due to the alitsharp corners. According to
Equation 2.2, this means that the maximum compressiress is extremely high. The
point, however, will wear down in the first few atibns because of the extremely high
stress and will have a small concave radius ofature (Figure 2.15). As the race wears,
the radius of curvature,,ce, Will change accordingly and, therefore, so ddesdontact

area.

: ‘. lrace

Figure 2.15. Schematic of the point-contact bearghdescribing the geometry for
contact area calculation.
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Figure 2.16 and Figure 2.17 show the change itacbmarea, compressive stress
and deflection with a change lipceand a normal load of 500mN using Equations 2.17 —
2.20. Assuming there is no change in asperitiesfgse roughness), meaning the
raceway wears to a condition of minimum stress cthrapressive stress will decrease as
the race wears. The plots provided give an insigbtthe trends necessary to understand
the bearings and optimize the designs.

The compressive stress on the race according tiziblercontact mechanics,
which underestimates the compressive stress, ihenrange of the silicon fracture
strength, approximately 7xiPa (Figure 2.16). It is therefore expected thatrtice will
wear until a minimum stress state is reached. Uhisately will limit the minimum sag

capability of the bearing and eliminate it from Bgpgtions requiring small, precise gaps.

2.0 Raceway Wear 730
_—
o~ — - 25
E 15 _
© 20 §©
< e
5 10 Siicon theoretical | 10 3
£ 7 Tensile Strength | 1
S 05+ oI W
"5
0.0 \ ! \ 0
0 10 20 30

Radius of Curvaturer(n)
Figure 2.16. Initial contact area and correspondig maximum compressive stress

on the raceway plotted for increasing raceway curviare due to wear and ball
load of 500mN.
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Figure 2.17. The raceway deformation plotted forncreasing raceway curvature
due to wear with a ball load of 500mN.

2.3.5 Fabrication

The key steps of the fabrication sequence for dhgential air turbine supported
by the point-contact microball bearing are illustdhin Figure 2.18. The starting wafer is
a 4” double-sided polished (DSP) silicon wafer waththickness of 42@m (+/- 25mm
wafer-to-wafer and +/- 3rm across each wafer). The first step is to grofv.Jamm
thermal silicon dioxide layer for the nested DRIBgess (Figure 2.18a). The next step
is to define the 296m wide race and alignment pits (described in Secld) using
patterned photoresist as a masking layer to etekititon dioxide by RIE (Figure 2.18b).
Depending on the layer being processed, this stegpeated on the backside using front-

to-back alignment to pattern the tangential turbih@des or the speed measurement

geometry (Figure 2.18c).
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| Photoresist Metal adhesion layer

| silicon [ silicon Dioxide

Figure 2.18. Fabrication sequence for the point-ctiact microball bearing
support for the tangential air turbine.



Once the silicon dioxide is patterned on both sidethe wafer, photoresist is
patterned on the topside to form the 2% wide annular trench that the microballs will
make contact to (Figure 2.18d). This feature ¢hed by DRIE to a depth necessary for
the rotor to release during the step that defihesturbine blades or speed measurement
geometry (Figure 2.18e). After the narrow trersletched, the photoresist is stripped in
a positive photoresist stripper and cleaned usiranRa to ensure the silicon race area is
clear of masking debris. The 29®n wide annular trench and the alignment pits are
etched by DRIE to a depth of 102v or ¥2h (Figure 2.18f). A silicon shadow mask
(made by DRIE through etching) is then alignedhi® bond side using a microscope and
alignment marks and attached to the wafer usinggpesist and Kapton tape (Figure
2.18g). Electron-beam deposition is used nexefmodit the metal adhesion layer, which
consists of 50nm Cr/50nm AufimAugeSno/50nm Au (Figure 2.18h). Afterwards, the
wafer is soaked in acetone to release the shadosk mad rinsed in methanol and
isopropanol baths. Each wafer containing the t@band the speed measurement
geometry is diced with a dicing saw. Figure 2.h6vgs a completed die at this stage of
the fabrication sequence.

Die level bond alignment was performed using tlohed alignment pits with an
alignment tolerance of Bm (Figure 2.18i). As described previously, theschee bonded
using a Karl Suss SB6 bonder in a 5%933%-N, atmosphere (Figure 2.18)). After
bonding, each die is attached to a carrier wafgrguSool grease from Al Technologies
and etched until released on both sides of thérdgrire 2.18k). To ensure the release of

the rotor, an over-etch ofrfim — 10mm was typically performed for each die.
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Alignment Pits Metal Layers

Silicon Race

Figure 2.19. Optical photograph of a finished rotolayer before bonding.

Figure 2.20 shows a photograph of a completecuddirte device. Inspection of
other devices showed some flaws in the fabricati@me potential severe defect occurs
in the race due to an over-etch effecting the rageduring the DRIE release step.
Figure 2.21 is an SEM image taken of a rotor (testéor) in which divots created by the
over-etch are pointed out. These divots are spdmedame distance as the diameter of
the microballs and seem to occur in the positioesvben each ball. Due to wafer
thickness variations some die could have up tontOdifference in the divots. In later

devices care is taken to minimize the over-etchired.
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Turbine Turbine Inlég
Outlet

Figure 2.20. Optical photograph showing a releasangential air turbine with
the inlet and outlet.

Divot from
release etch

Figure 2.21. SEM image of a released rotor showirte divots caused by an over
etch during the release.
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Some initial devices had metal particles wedgedvben the balls inside of the
raceway. This invariably caused jamming of thergireventing any use of the device.
Squeeze-out of the metal adhesion layer, which rsclbecause of the high temperature
and force during the bond, was determined as thsecaf the metal particles. Bond
parameters can be optimized to reduce the squegztfect, but complete elimination of
squeeze out is difficult due to a detrimental dffec the bond quality. Trenches were,
therefore, designed on each side of the racewagttas traps for the metal (Figure 2.22).

Using the trenches led to raceways completely déaqueeze-out metal particles.

Trench to keep
metal from
reaching raceway

[ silicon Dioxide Metal adhesion layer

. Silicon

Figure 2.22. Schematic demonstrating the metal ov#ow trench.

2.3.6 Testing

Figure 2.23 illustrates the flow diagram for tegtthe tangential air turbine. The
turbine spins due to the momentum of the gds coming from a house line which is
controlled using a pressure controller (Alicat @tifec, PC SeriesElectronic Pressure
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Controller). A Philtec D6 optical displacement sen (ODS) is placed within 1 mm
above the speed measurement geometry. The OD&thawdle of fibers that send out a
light signal and a bundle of fibers that feed retibel light back to an optical receiver. A
voltage is read proportional to the distance thktltravels; therefore, the speed geometry
produces a train of square pulses with a duty cgcterding to the radial height profile.
The signal is fed into a 0-200kHz amplifier and nthmto a DAQ card (National

Instruments 6024E DAQ card.).

Device
P 200kHz
o DAQi‘GPIB ) Amplifier
N2 {V
CPU

Figure 2.23. Flow used for testing the tangentialir turbine.

A LabView program (Figure 2.24) was developed tovast the voltage signal
into the units of rpm using either an FFT algoritbma peak detect algorithm depending
on the quality and shape of the signal. An exaroplgata captured by the ODS sensor
of an operating rotor is provided in Figure 2.2/ some cases, the ODS is tilted and
sharp peaks are seen in the signal because theadighly reflected by the sidewalls of

the etched features. In this case, a peak delgamtithm is required to extract the rpm.
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In other cases, a square wave is produced whe®B is placed perpendicular to the
geometry. If the duty cycle is between 20% and 8@% FFT algorithm is used to
convert the signal to rpm. If the duty cycle iddve 20% or above 80%, it became
difficult to distinguish the first harmonic requdr¢o obtain the correct frequency of the

signal and therefore the proper rpm data. In¢hse, the peak detect algorithm is again

selected.
Path
p =|
INPUTS _ = 1OP RPM Peak Detect Pressure Setting
Part |07 Power Spectrum :J'O .
Lomi - Fitered (Power Spectrurm) [N _
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Figure 2.24. Screenshot of the LabView program fnat panel used to control the N
line pressure, collect ODS data, and compute thewelutions per minute.
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Figure 2.25. Example of captured data from the optal displacement sensor
showing rotation.

A fixture formed using a Stratasys FDM Titan raicbtotyping tool enables
testing without the need to integrate fluid conimetd onto the silicon device (Figure
2.26). The turbine side faces down in a pocket ngpva 1251m (minimum layer
thickness for tool) clearance below the turbineoropermitting rotation without
interference. Inlet and outlet nitrogen ports lugtagainst the inlet and outlet channels
etched into the device during the final DRIE stém O-ring is placed between the top of
the device and a lid is clamped down using scres¥sts are fabricated into the lid

allowing the ODS sensor to be placed at the ap@atpheight.
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Figure 2.26. (a) Schematic and (b) optical picturef the tangential air turbine
test fixture.
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2.3.7 Results and discussion

To demonstrate the tangential air turbine two ssparexperiments were
performed: 1) the nitrogen line pressure was ramfrem 10 psi to 60 psi and
2) operation with a constant 10 psi line pressunethe first set of experiments speeds in
excess of 37,000 rpom were demonstrated for multfj@eices with a maximum line
pressure of 60 psi. One set of data where thewpsrecorded in 5 psi increments as the

nitrogen line pressure was varied is shown in EduR7.

40,000
35,000 L

30,000 -
25,000
20,000
15,000~
10,000~
5,000
0 ‘ ‘ ‘ ‘ ‘ ‘

0 10 20 30 40 50 60
Pressure (psi)

RPM

Figure 2.27. Plot showing rotational rate versus Nline pressure.

It seems as though the increase of the rate ofutwo with pressure was starting
to slow down somewhere around 55 and 60 psi (Figw2é). This could be due to a
balance of the frictional torque due to the loadseal by the pressurized Nitrogen and the

amount of torque available on the rotor. Incraaggressure causes normal load and ball
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velocity to increase as well. This in turn causles frictional torque to increase.

Unfortunately, 60 psi was the maximum line presavailable. It is expected that the
rate of revolution would start to decrease withudahter increase of line pressure due to
the domination of the frictional torque.

Long-term operation was conducted using a conditaatpressure of 10 psi for
over 24 hours (Figure 2.28). In Region A, the tioteal rate steadily increases before
settling around 20,000 rpm in Region B. After 2uis of operation the nitrogen line
pressure was ramped down. The device was redtartdtiple times before being de-

bonded and inspected.

\ 4
A
v

1
1
25,000 !
: Shut-off

20,000

15,000

RPM

10,000
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0 - T T T T l
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Figure 2.28. Graph of a turbine run at a constanfLO psi N> line pressure for over
24 hours.
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Wear within the microball bearing was investigatsdde-bonding the devices
and inspecting the race and balls using SEM. Tagrmbonding method used allowed
the devices to be de-bonded on a hotplate setG@ARith a razor inserted into the bond
interface. The outside of the die is ‘popped’ &paith the razor, leaving the rotor
completely intact and bonded together.

Figure 2.29 shows the rotor after the 24-hour lopgration. Wear is only
observed on the bottom side of the race, the sidetoch the air turbine is located. The
outer race diagonal to the worn race in Figure 28 exhibits the same wear profile
(Figure 2.30). The other two races do not see agrwThe reason for this is the driving
pressure causes the rotor to push upwards andatbireedtion tolerances prevent the

microball from contacting both sides of the race\figure 2.31).

Ball shape

F Eay i ] ‘:.( ’ e
L Wear and debr
¥ k434

3.8 kV x28 8

Figure 2.29. Edge view of the silicon race on theotor after more than 25 hours
of operation at an average speed of 20,000rp
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Figure 2.30 SEM showing the outer race after more than 25 hos of operation al
an average speedf 20,000 rpm. The microballs exhibited minimal danage anc
were lightly adhered to the race surface

Test fixture

i O-ring

Figure 2.31. Schematic drawing showing how the rotas shifted up due to the N
pressure.
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The microball from the >24 hour operation was a&stacted (Figure 2.30). The
microballs were lightly adhered to the bearing acefdue to the large contact area and
adhesion forces. Light tapping easily removed tfiemm the race. Little wear can seen
on the microballs, even after the long operationeti This suggests that the silicon
raceway is the dominant contribution to debris aedring.

After the long operation the raceway appears torwew the shape of the
microball. From Figure 2.29, the re-shaping of theeway appears to be caused by a
combination of the wear at the corner and the ddfrildup. The new radius of curvature
of the raceway can be estimated from wear tradkgare 2.29 to be just larger than the
radius of the microballs. The contact area camdleulated by the estimated radius of
curvature and normal force on the rotor from thespure build up beneath the rotor. An
estimated 4.3 N of force acting on the rotor wasmeged using the 10 psi driving
pressure of the nitrogen and the area underneattotbr encased by the fixture. Figure
2.32 plots the contact area and the maximum corsipeestress for a range of raceway
curvatures.

A closer look at Equation 2.13 and Equation 2.20skhat, wherR, equals the
microball radius, a minimum compressive stresedgtateached. This state is shown in
Figure 2.32 at the point where the raceway cureaéiguals the radius of the microball.
The calculation is ideal and does not include adneforces or surface roughness, but
alludes to a state in which minimal wear may occlinese trends are consistent with the
behavior seen in region B (Figure 2.28) where theyald be no wearing of the race, and

therefore, no change in the operation of the bgarin
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Figure 2.32. Contact area and maximum compressivaress plotted for a range
of estimated raceway curvatures and an estimated Hdoad of 4.3N.

After the experiments were performed it was redlittet the testing setup did not
allow for a comprehensive characterization of thetibnal torque versus load on the
microball bearings. A different testing schemeuidized in the following section to
allow for a more comprehensive testing platform.

The wear exhibited in these experiments causegga lzhange in the sag of the
rotor. This in turn means the control of any gap\ee the rotor, which is important for
turbomachinery applications, is difficult. Thd from the calculation of the gap in
Equation 2.21 is increased by the wear from theidabon tolerances. The wear, from
Figure 2.30, is estimated to be in the range o) much greater than the built-in
tolerances of 4m. The minimum gap achievable just from the sathefrotor is then

increased from #m to 17mm using the values from Table 2.3.
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In terms of applications using the point-contacarbey design some limitations
can now be addressed. As just described, the Ifirstation is the minimum gap
associated with this design. The second limitaisotmne need for a “burn-in” to wear the
bearing until the more stable region, regior(Fgure 2.28), is reached. This bearing
design is really only suitable for applicationsttia not require a small gap and can

handle small changes in the gap over time.

2.4 Radial In-flow Microturbine using the Planar-Contact Bearing

The tangential flow microturbine was non-symmetia required large driving
pressures to operate. The non-symmetric desigateselarge pressure variations
circumferentially around the rotor. These variasianake it difficult for sealing between
liquid and gas sections for micro-pumps as welldatermination of bearing contact
mechanics due to a circumferential variation ofnmairload on the rotor.

The point-contact bearing exhibited large wear ehdnge in rotor sag. These
characteristics make it difficult to design a mjguenp or other rotary devices where the
rotor sag will play a role in determination of al@aces and gaps as will be seen in
Chapter 3 when the design of the micro-pumps aseried.

In this section, a new raceway design is descrihatl reduces the wear of the
raceway and allows the rotor sag to be design&dtton the micron level. Additionally,

a radial in-flow microturbine design is describédttis axisymmetric and can operate at
driving pressures lower than those required fortéimgential flow microturbine.

Spin-down testing was made possible by packaging tadial in-flow

microturbine with a thrust balance plenum allowguntrol over the normal load on the
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rotor. Spin-down testing allowed for the developief an empirical relationship
between the normal load on the rotor and the @mctiorque caused by the microball
bearings. The ability to measure the frictionaljte from the microball bearing will
enable future motoring schemes (i.e. MEMS microars)t to be optimized for the

proper torque requirement.

2.4.1 Planar-Contact Bearing Design

A variation to the point-contact scheme was devisedopes of minimizing the
wear to the raceway and obtaining small, well-caféd gaps. To reduce wear, the
compressive stress on the race must be minimiZBus can be done by making the
contact anglea, perpendicular to the load. To facilitate ttise bearing race design
was developed for application when the normal leagredominantly in the thrust
direction (Figure 2.33 This is the case when using a radial in-flow taibine as
described more in the next section.

From Figure 2.33h andw; must be large enough to ensure proper encapsulation
of the microball,w, must be made large enough to provide sufficieetarence for
rotation, andvs must be made large enough to extend past the @atittact area between
the microball and silicon race. Unlike the poiontact design, this design does not have
flexibility in choosing a contact angle. Additidlya this design is limited to operation in
only one load direction; i.e. the direction from #® A along the rotational axis (Figure
2.33). If the bearing were to operate in the ofipasrientation, the ball would revert
back to riding on a corner with a higher wear ragglditionally, the sag in the opposite

direction is much larger than the intended directioe to the off-center journal design.
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Figure 2.33. Schematic of the planar-contact desigemploying an offcenter
journal.

The dimensions for applications that employed dieisign are shown in Table 2.4.
The choice ofvz was to ensure the race extended well past thecesgpeontacting area
given predicted fabrication tolerances. On theepttand, the remaining length-(w, +
ws), must be sufficient enough to still capture tbeor when the load is flipped in the

opposite direction during fabrication and assembly.

Bearing Race Parametef Designed Dimension
oan 285mMm
h + dh 290mMm
Wy + owy 290mM
W, + dws 30mm
Ws 190mm

Table 2.4. Parameters for the planar-contact beang.
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2.4.2 Radial In-flow Microturbine Design

The performance and wear of planar-contact bearargsinvestigated in this
section using a radial in-flow air turbine desigrfed an approximate speed of 100,000
rpm [19]. To allow for uniform flow, the microtunbé design was implemented in place
of the tangential air turbine thereby making it gibke to perform measurements for
loading and turbine performan¢Eigure 2.34). The packaging scheme (Figure 2.35),
was designed to accommodate a pressure tap amlit flports on the backside of the
microturbine rotor, acting as a controlled thrusiaince plenum [19]. In this manner, the
load on the rotor can be decoupled from the driyorgssure of the air turbine to allow
for spin down measurements with a controlled lodthe rate at which the rotor slows
down is determined by the amount of frictional teeccaused by the microball bearing
design and materials.

The planar-contact bearings are orientated sudhhbaotor is lifted by the thrust
balance plenum on the backside (Figure 2.34b)e tdhside of the device consists of 24
turbine inlet orifices and measurement spokesenctnter of the rotor for the ODS. The
underside of the device is sealed by O-rings apteasure cavity formed by the testing
rig. By pressurizing the backside of the device ithtor is lifted into proper ball bearing
contact and spun with pressurized nitrogen pasdimgpugh the radial-inflow

microturbine.
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Figure 2.34. lllustrations showing: (a) cross-seittnal view of the radial in-flow

turbine supported by the encapsulated microball beang; (b) radial in-flow air
turbine desigr; and (c) planai-contact bearing orientation

Optical Probe

Turbine Flow Fn Turbine Flow

, \

Package Thrust Balance Plenum O-Rings
Manifold Flow

Figure 2.35. lllustration of the packaging schem#or the microturbine tribology
device.
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The thrust balance plenum allows a prescribed thiaed during spin-down
testing. The development of this device enablgsinvestigation of raceway wear for
the planar-contact bearing design; (2) investigatibfrictional behavior as a function of
normal loads and wear using spin-down testingcl@yacterization of the radial in-flow
turbine as an axisymmetric motoring scheme fortthlbopump application; and (4) a
platform to study various material systems forneroball and raceway. The first three
capabilities of the device are explored in thistisec The last is left for future work
using this device when optimized solutions are iregufor high-speed operation, low

friction behavior when integrating a micromotorgddmgh reliability for a fielded system.

2.4.3 Rotor sag

As in the other bearing design, fabrication tolesplays an important role in
determining the sag of the rotor, which furtheredetines the gap in the turbopump
application. In the designed direction, the gagatermined only by the race etch depth,
which can be controlled to be less tham@. The ability to control the gap and the
expected low wear of the raceway enable a highgregeof gap control for the micro-
turbopump than is capable with the point-contacring design. However, the sag
when the bearing operates in the opposite ori@mtasi more complicated.

Figure 2.36 has been included to clarify geometng arientation and to
investigate the rotor sag due to the built in fedtion tolerances. For orientation, & is
a normal load in the direction of the designed ingaand a F is a normal load in the

opposite direction.
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The sag of the rotor is found by first calculatthg shift in the y-direction on one

side of the bearing, which @ from Figure 2.36 as follows:

&g =l + D0 - [rbzall - (rball +Dw, - Wz)z]yz for- F

Equation 2.22.
d’+F = m f0r+ F

The gap is then created by the shift due to baghrther race and the outer race, or
gap=2ay Equation 2.23.

Using Equation 2.22, h; can be tailored to achieve the correct gap for
applications in which the orientation is in theidasd direction (F). Conversely, if the
application requires the bearing direction be reeér(F), then h;, w;, andw, can be
tailored to achieve the desired gap. Furthermarthe+F direction wear is expected to
be low and the gap is expected to change lineaitty wear. In the F direction, on the
other hand, the wear is expected to be high andapes expected to change like in the

point-contact bearing design.
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(b)

Figure 2.36. Schematic of the planacontact bearing for a normal load in the (a
designed direction, (b) non-designed directm and (c) a schematic showing tt
geometry required to calculate the sag of the rotor

2.4.4 Bearing Contact Analysis

The same bearing analysis can be performed fgoldrear-contact bearing design
as for the worn point-contact raceway. In thisescd®wever, the number of microballs is
increased to approximately 108 balls to fill thentn radius raceway completely. The

raceway curvature in th&-direction, depends on the fabricated fillet radimsned by
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the DRIE etch (Figure 2.37). The etch fillet rexlzan be measured by taking an SEM

image of the raceway cross-section and estimatiagadius of curvature.

Microball

(@) (b)

Figure 2.37. Schematics showing the planar bearindesign radius of curvature
in (a) the top down view of the raceway and (b) prde view.

Figure 2.38 shows the calculated contact area amtesponding maximum
compressive stress plotted for a ball loading oOrBR and a range of raceway
curvatures. The figure indicates that for filletdii above the microball radius, the
compressive stress will be below the theoreticasite strength of silicon. This means
much lower wear can be expected than what was iexped in the point-contact design.
Furthermore, the etch fillet radius for the 28 wide raceway is expected to be well
above 400w, in which any wear will result in unnoticeablengaressive stress change

and therefore unnoticeable change in the beariegatipn.
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Figure 2.38. Plot showing the contact area and mawum compressive stress
( max) trends for a 500mN load and increasing raceway cuature of a planar-
contact bearing.

Lower wear suggests that planar-contact bearingsntaintain a much smaller
gap than point-contact bearings. The sag is depgrmh the amount of wear in the y-
direction and the etch depth precision using DRAMB|ch is typically less than Bm
(Equation 2.23). The gap above the rotor that easupported in applications such as
the turbopump (Section 3.3) is dictated by the isathe rotor and the bonding layers
between the rotor wafer and the capping wafer. ngyshe AuSn eutectic bonding

described previously, gaps on the order afdlcould be possible.
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2.4.5 Fabrication

The fabrication of the microturbine tribology dewiis performed in two separate
sections before assembly (Figure 2.39). Firstttv@layer rotor is fabricated, sharing
similar fabrication steps as the tangential aibitug device but using different optical
mask designs and lithography alignment proceduie alignment marks for the
photolithography steps are etched into the silaifer prior to the thermal oxidation so
that alignment will not be effected by any priobfi@ation steps. As before, the planar-
contact bearing structure and alignment pits dpedated using photoresist and a nested
silicon dioxide pattern (Figure 2.39a and b). Tio&tom of the raceway, etched in step
(b), has an estimated radius of curvature, Ry,tgreaan 2 mm that is associated with
the DRIE process used. The raceway curvature iswithin the region in which the
compressive stress remains stable for changesvatowe (Figure 2.38).

The microballs are placed in the annular race #igdraent pits and the layers are
aligned (Figure 2.39c) and bonded (Figure 2.39d}tten wafer level using the AuSn
adhesion process. After the layers are bondedhegthe wafers are diced and the radial
air-turbine geometry is patterned and etched onsite and the through wafer journals
are patterned and etched on the other side retptsrrotor (Figure 2.39e¢).

A silicon capping layer is created with a shallaeess to provide clearance for
the spinning rotor (Figure 2.39f) and a throughascused to define inlet and outlet ports
(Figure 2.39g). Finally, the released rotor angpoag layer are bonded using a
temporary photoresist layer (Figure 2.39h andAf a result, the capping layer can be
de-bonded between tests to examine the turbindeang structures without having an

effect on the rotor bond. Figure 2.40 shows imagescompleted microturbine device.
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Rotor

(a) Pattern oxide layers and etch beati

journals

(b) Etch the bearing race

(c) Deposit Au/Sn bonding layer throug

shadow mask and place microballs

(d) Align and bond on wafer level

Cap Wafer

(f) Etch cavity

(g) Etch through holes for turbine
inlets and outle

Device Assembly

(h) Apply photoresist manually and
align

()) Bond layers together on hotplate

(e) Release rotor

] Silicon M Steel Microballs

[1Gold/ Tin B Photoresist

Figure 2.39. Fabrication sequence for the microturbine tribobgy device
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23 mm
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(a) (b)

10 mm

(@)

(©)
Figure 2.40. Photos of a completed microturbine déce showing (a) the

turbine side and (b) the thrust bearing side of thedevice with the cross-
section A-A’ in (c).

2.4.6 Characterization

This section describes the experimental platform both the radial in-flow
microturbine drive mechanism and the planar-contaotaring mechanism
characterization. It is critical to understand therformance and behavior of these
mechanisms before incorporation into a turbopungigie This requires measurements

of the rotor speed, the turbine driving flow ratedapressure, and the thrust bearing
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pressure. To perform a study on the frictionafjter and its relationship to speed and
normal force it is critical to monitor both the ama@y position and normal load (via the
thrust bearing pressure) versus time during adpvn period.

The gas control and measurement setup and the spegslirement setup with a
computer interface are shown in Figure 2.41. Aype of the packaged device is shown
in Figure 2.42. The device can operate with ohaut pressure provided by the thrust
balance plenum. In both cases, turbine inlet pressauses the pressure in the plenum to
elevate and increase the force acting to pushatioe against the designed planar-contact

bearing (normal force).

Voltage
Amplifier
4

Figure 2.41. Schematic of the experimental apparas used for testing the
microturbine tribology device.

81



ODS

Gas //

Device —

Gas tubing

Figure 2.42. Optical photograph of a packaged miaturbine showing various
pneumatic connections and the optical displacemesgnsor.

Performance curves of the microturbine are showiignre 2.43. As seen from
the speed versus pressure plot there is a sppo#fssure (greater than 0.1 psi) required to
overcome the static friction force of the microdadlaring for this particular device when
starting from rest. Additionally, decreasing thévithg pressure below 0.1 psi while the
rotor is spinning causes an undesired behaviohat the speed drops significantly.
Within the speeds of interest for the turbopumpliappon (as will be seen in chapter 3,
the range of interest is 5,000 to 10,000 rpm), rifieroturbine is stable for close to
1,000,000 revolutions.

The characterization curves (Figure 2.43), howewegre not produced by
continuous operation of the microturbine. The iebperformance degradation after a
certain period of time is believed to be a resiltdebris build-up during operation.

Successive tests, in which the microturbine waangd in an ultrasonic bath between
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Increasing
Pressure

Decreasing
l Pressure

Figure 2.43. Turbine performance curves showing th rotational speed, rotor
normal force (without applied thrust pressure) andturbine flowrate plotted for
turbine operation pressures
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runs, showed the microturbine returning to the mmaxn performance after cleaning,
until once again, build up of debris occurred (FFgg@.44). Each test exhibits longer and
longer continuous running operation of the micrbtoe with an increasing number of

revolutions. This suggests reduction of the bearateway wear.

Figure 2.44. Speed plotted against time for the igroturbine after successive
cleaning procedures showing the microturbine havingonger stable operation
with increased revolutions.

The raceway wear of the devices can be inspentedsimilar manner to the
tangential air turbine. The capping wafer of anutigrbine device, operated for more
than 1,000,000 revolutions at an average speed000&pm, was detached in acetone
and the rotor de-bonded on a hotplate. An SEM anaigthe rotor shows the raceway
before and after testing (Figure 2.45). A x 25mm wear track is visible, suggesting

minimal wear occurs at the base of the racewaye ddge of the raceway, close to the
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journal etch, exhibits some roughness due to mmasking at the corner during the

nested etch (Figure 2.39b).

200mm

(@)

| Unworn Race | Worn Race |

(b) (©)

Figure 2.45. SEM images of (a) the microturbine ror and (b) an image of the
unworn race and (c) an image of the worn race.

The wear track observed for the planar-contaetibg is greatly reduced from
the observed wear track in the point-contact bgadesign (Figure 2.29). This is due

partly to the decrease in the required pressurespito the turbine and therefore lower
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normal load on each ball. Itis also due to tlenat-contact design with a 90 contacting
angle and large race curvature.

Not all devices that employed the planar-contactring operated at the same
performance as the device described above that weesl to characterize the
microturbine operation. In some cases the operatidhe microturbine would decrease
after the first minute of operation and never net@ven with the ultrasonic cleaning step.
The sudden decrease in the turbine operation, @00 rpm at a turbine flow rate of
8 slm to less than 5,000 rpm at the same flow, astggan increase in the bearing friction.

After inspection of the device, the possibility thfe rotor rubbing the outer
housing became evident (Figure 2.46). Figure ZA@ws an image of the rubbed surface
of the rotor close to the area of the journal nggahent that is demonstrated in Figure
2.46b. The misalignment between the journal armkway photolithography step is
typically estimated to be 2m. The bond alignment tolerance between the tworro
layers is 5 m set by the alignment pit width. The front-to-backsalignment is
measured to be 5.5m on the thrust balance plenum side between the jowmal
patterns (Figure 2.48). Together, these alignnegrdrs can cause the 30n wide
journal to be reduced to 17.5n. In addition to these fabrication tolerancegniicant
raceway wearing, close to 10n deep and 50m wide, was observed at the bonding
interface (Figure 2.49). When the 10 wear on both the rotor bond interface and the
outer raceway bond interface combine with the tation tolerances it is possible for the

surfaces of the rotor and the housing to rub iratlea of the journal.
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(b)

()

Figure 2.46. Cartoon drawing describing the rotorshift and eventual rubbing on
the stator. (a) shows ideal case, (b) shows aresismisalignment and wear, (c)
shows contact points when rotor rubs due to whirl.

Figure 2.47. SEM image showing evidence of the mtrubbing.
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Figure 2.48. SEM showing the misalignment betweethe topside journal
definition and backside journal definition.

(a) (b)
Figure 2.49. SEM image showing the wear exhibiteét the bond interface

between the two raceways; the radial bearing surfac (a) shows the profile view
of the rotor raceway and (b) shows the top-down vie of the bond interface wear.
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To minimize the wear created at the bond interfand to eliminate rubbing
between the rotor and the housing, the bondingfade can be moved away from the
expected wear track, which was measured to ben2%vide (Figure 2.45c). When the
microballs ride on the flat surface, away from thend interface, the wear can be
expected to be less than2 (Figure 2.45c). In addition to a reduction inanethe
debris caused by the fracturing of the siliconhat bond interface will also be reduced.
This is a benefit because the debris is believettedse performance over time and
necessitates the periodic ultrasonic cleaning.s Tdtor will be taken into consideration
in the design of the micro-turbopump raceway armdf#iorication steps required to move

the bond interface will be described in the follogiChapter.

2.4.7 Spin-down Friction Testing

Spin-down testing was performed for a range of rabidoads on the rotor to find
an empirical relationship between the frictionabtee created by the bearing system and
the speed. This allows the design for microturbiaed micromotors to be optimized for
compactness and efficiency while providing the nexl torque for the range of
operational loads expected.

Spin-down testing was enabled by the packagingmseh@-igure 2.35), which
allowed a thrust balance plenum on the backsidéefotor to control the normal load.
Increasing the pressure within the plenum causestlaer increase to the pressure and
the normal force acting on the rotor. When théihe inlet pressure is turned off the

pressure underneath the rotor will equilibraten plenum pressure supplied.
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Testing begins by setting the thrust balance pleptessure to obtain the desired
normal load on the rotor. The turbine pressutles increased until the desired speed is
reached, approximately 10,000 rpm for the devigomed in this section. Once this
desired speed is reached, the raw ODS data, tin,tlaust bearing pressure data
collection is started (largest amount of data gmedrom the DAQ card) and the turbine
driving pressure is abruptly shut off.

Figure 2.50 shows the operation and the data ¢etleduring the spin-down
procedure. Region 1 depicts the operation wheeethinust force (calculated by the
measured thrust bearing pressure) includes botlsdgh@ressure in the balance plenum
and the turbine driving pressure. Region 2 shdwsoperation after the turbine driving
pressure is turned off and the speed decreasetbdne bearing friction. The spin-down
data is analyzed only when the backside equilibrate the pressure of the balance
plenum set by the thrust flow (region 3 of Figur8@. This ensures that the deceleration
measured is due only to the prescribed normal load.

The angular positiong, versus time is shown in Figure 2.51 for normailde of

6, 14, 25, and 50 mN. An exponential was fit viita following form:

g = AlL- expl- Bt) Equation 2.24,

which is used to accommodate for a linear relatignbetween the frictional torque, in
the bearing (proportional to the angular accelemtiy) and the bearing speed,

(angular velocityg):
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[ _ b
—=d XFN Equation2.25,

w

where and are empirical constants. Figure 2.52 sholvsas a function ofy for
spin-down tests performed periodically through diegice operation and cleaning cycles.

As the amount of debris caused by wear decreastd ttve number of cycles, the

Figure 2.50. Spin-down data showing the angular ition and the thrust force
over time. Region 1 exhibits the constant operatio of the turbine. At the
beginning of region two, the turbine driving flow was turned off (can see the spike
from flipping the valve) and region 3 is when the ltrust load equilibrates to the

load prescribed by the thrust bearing.
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empirical constants were found to settle to 9 X 1@ , and 0.444 for , over the 6
periodic testing cycles. This information can ulitely be used in designing other

motoring mechanisms that use the planar-contacirtgedesign.
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5 g=Al-e"?)
= 400} Raw position data fit — 6mN
S .
2 400 to an'exponentlal 14mN
2 function
a
C_‘E 200 - _—25mN
>
(@)
C
< 1001 =-Bg
Friction Torqueu Rotational Speed
0
0 0.5 1 15 2 2.5
Time (s)

Figure 2.51. Spin-down data for thrust loads of 614, 25, and 50 mN.

Figure 2.52. Plot of / versus the normal load on the rotor.
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2.5 Summary

The encapsulated microball bearing was introducetdhis chapter along with
critical fabrication methods. Included in the figation methods was a novel alignment
technique using tailored alignment pits and theratalls themselves. The methods
developed for the microball bearings can serve pwtorm for many applications and
are not limited solely to the micro turbopump andnoturbine devices detailed in this
dissertation.

Two microball bearing configurations were designetjbricated, and
characterized: 1) the point-contact bearing anth@)planar-contact bearing. The point-
contact bearing was devised with the intent to rmrnthe contact angle between the
microball and the raceway for applications in whisbth thrust and radial loads are
present. The characterization of this bearing gitesising the tangential air-turbine
resulted in high raceway wearing and was foundedauseful only in applications not
requiring small rotor sag.

The planar-contact bearing was then designed taceethe wear on the raceway
allowing for small rotor sag and to allow the migadi to ride on a relatively flat surface
rather than a sharp corner. This allowed an omfemagnitude reduction in the
compressive stress (from approximately 25 GPa®2a) between the microball and the
raceway and, therefore, reduced the wear tracikhdemh approximately 10mto 1 m.
The planar-contact bearing can be used in apmiesitrequiring small gaps with 4n
feasible using thin bonding layers.

A radial in-flow microturbine was developed as amsgmmetric rotary actuator.

This design allowed uniform pressure distributiarcumnferentially around the raceway
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by enabling better calculation of the normal loadreed on the microball bearing. The
operation of the microturbine was characterizet@bwith the wear exhibited within the
raceway. The combination of the microturbine antirast balance plenum created by
the packaging scheme facilitated spin-down testiadnich led to an empirical
relationship between bearing frictional torque apded for a range of normal loads.

Studies are underway to further investigate thatiém and wear behavior for the
planar-contact bearings using both a linear, loveedp tribology setup and the
microturbine tribology device. These studies Woltus on the addition of hard coatings
on the silicon raceway such as such SiC and Ultaergstalline diamond. Preliminary
results show promise for these materials to promdzoball bearings with lower friction
and wear for high-speed/high-load applications.

In addition to hard coatings on the silicon racevaiernative microball materials
such as ceramics may provide for better operahan the stainless steel/silicon system.
Both raceway and microball materials can be ingastd using the microturbine

tribology.
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3 Microfabricated Turbopump Designs

The primary objective of this dissertation is tonuestrate a compact liquid
pump capable of supplying fuel to portable powenegators. To meet this objective,
rotary pumping mechanisms were investigated foeehkey reasons: 1) the pumping
action is purely mechanical; 2) the designs canréalized using batch silicon
microfabrication; and 3) the mechanisms are scalabimeet a broad range of flow rate
and pressure requirements. The rotary operatiarenfrifugal and viscous-type pumps
allows an air turbine drive mechanism. These puarpsthen considered turbopumps.
The air turbine can provide a large amount of tergad is simpler to integrate with the
microball bearing mechanism when compared to otdeve mechanisms, like
micromotors, not yet fully developed.

The design concept of the microball bearing sumgbrturbopump is again
depicted in Figure 3.1. Two of the key componertdhe turbopump, the microball
bearing and the air turbine, were developed in @rgh The last key component is the
pumping structure, which is presented in this chapt

Two rotary pump configurations were investigated fbe final turbopump
demonstration: centrifugal and viscous. Both e of pumping have advantages and
disadvantages. The working principles of viscoumps allow for design with smaller
dimensions since, due to a larger surface arealiome ratio, viscous forces begin to

dominate at the micro-scale. Additionally, analgtisolutions are available to enable
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Figure 3.1. Schematic illustrating the micro turbopump concet.

their design [55]. On the other hand, the viscpump performance relies on precise
dimensional control of a gap to take advantagdisfdcaling.

Since a microball bearing is utilized as the rotadl support mechanism it is
important to consider the effect of raceway weat @@ ability to maintain a critical gap.
Centrifugal-type turbopumps do not require the sayap control precision as viscous
pumps, which may make them a better match to makadbearing support. The
centrifugal-type pump, however, does not allow dsrcompact a design as the viscous
pump. Turbomachinery pump mechanisms such asetfiteifcagal pump also require the
use of CFD and empirical models for their efficielgsigns to study the low Reynolds
flow (e.g. flow separation).

This chapter first presents the design and impleatem of a centrifugal
turbopump on the platform of the point-contact begrand tangential air turbine.
Second, the characterization of this device willpbesented along with a discussion for
improvements. In addition, the design and impletagon of a spiral-groove turbopump

on the planar-contact bearing and radial in-flovbitoe platform will be discussed. The
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experimental set up, results, and discussion of sfhieal-groove turbopump will be

presented in Chapter 4.

3.1  Micro Turbopump Requirements

The goal of the turbopump is to pump heavy fuegcHpcally JP-8 diesel fuel for
heat engines or fuel cells (or fuel reformers).isTdpplication sets the criteria for the fuel
flow rate and pressure while the driving mechanfamturbine or integrated motor) sets
the torque available. Future implementations effghmp will replace the turbine with an
integrated MEMS micromotor, which are limited byethorque created. The pump
structures will, therefore, be designed to minimibe torque required. For most
micromotors, the amount of active area is direlitiged to the available torque from the
motor and can be increased for larger torque rements.

Portable power generation applications producing@ W of electrical power
with an efficiency of 10% require the fuel flow eatto be in the range of 10-100
mL/hour (assuming JP-8 diesel fuel with a densit.86 kg/L and an energy density of
12.03 kWhr/kg). In compact combustion systems, fuelasged through an injector or
fuel atomizer before being mixed with air and costed. Hence, the pressure required
will be set by the fuel injector. Effective fudbanization for fuel cells and heat engines,
at the scales of interest, are not yet fully depetb Yale University, however, has
developed an electrospray technology as part ofogram focusing on the fuel/air
control for Power MEMS [10]. The pump was desigmaéith specifications that can meet

the requirements of the fuel atomizer at Yale Ursitg [9, 10]. The pressure
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requirement from the fuel atomizer is a minimumQ75 psi using the multiplexed

electrospray design [10].

3.2 Centrifugal Turbopump

The first approach to develop a micro-turbopump Wagnimic macro-scopic
centrifugal designs that are most common at thatesc The design, fabrication, and
testing of a centrifugal turbopump that incorposatde point-contact bearing and
tangential air turbine are described in this secfleigure 3.2). The key parameters of

the centrifugal turbopump are displayed in Table 3.

Ball Bearing Pump Impeller
Fluid Out Fluid In Turbine Air
A :

v
Turbine Air Turbine
Mechanical Impeller
Fixture

Figure 3.2. Schematic of the centrifugal turbopump

The complete microfabricated turbopump consist3 lafyers, two of which make
up the rotor. The point-contact bearing and thegéatial air turbine are applied to

support and drive the centrifugal impeller respagi. An impeller is added to the rotor
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face opposite to the turbine and a plumbing wadeattached above the impeller for
fluidic ports. The turbine side of the deviceplaced in a mechanical fixture containing

the turbine inlet and outlet ports.

Centrifugal Impeller

Outer radiuspr 4 mm
Inner radius ,r 2 mm
Blade height 200m
Blade angle 60
No. of blades 4
Volute exit width 50m

Tangential Air Turbine

Outer radius 4 mm

Blade height 100m

No. of blades 8
Point-contact Bearing

Race width, w 290 m

Journal width, w 150 m

Table 3.1. Centrifugal turbopump parameters

The centrifugal pump is a radial-type pump. Irstfashion, the rotor pulls fluid
axially inward from the center and pushes it rdgiattward (Figure 3.2). The pumping
mechanism is the transfer of momentum from thetirggampeller blades to the fluid. In
this work, the rotation is accomplished by the terqcreated from the tangential air
turbine, or other motor for applications withoutanturbine.

The fluid enters the centrifugal impeller from fllembing layer above, is pushed
radially outward by the impeller blades, and figaibllected into the volute and exit of

the device (Figure 3)3 The centrifugal impeller and the volute are gesd according to
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the flow rate and pressure requirements of thedtmhizer. When optimizing for these
parameters, compactness, required torque andawmdhtspeed are compromised. These

designs are presented in the following sections.

Figure 3.3. Schematic drawing of the pump rotor leel showing the rotating
component inside the dotted line.

3.2.1 Impeller design

The impeller blade shape and features dictate thattilow rate and the pressure
capability of the pump. The flow vectors showrFigure 3.4 were used in conjunction
with Euler’s turbomachine equations to investigéie rate, pressure rise, and torque for

a rotor in the millimeter scale that meets the megpents of the fuel atomizer.

100



The first order volumetric flow rateQ)) through the impeller, derived from the

Euler Turbine Equation based on compressible, anvilow, can be found by [56]:

Q = 2pr2b,N cot b, Equation 3.1,

where subscript 1 denotes the leading edge ohtipeller blade (pump entrance)s the
radius,b is the height of the flow passage or rotor bladess the speed of rotation in
rad/sec, and is the flow angle between the mean velocity ve¢t$r and the relative
velocity vector W) (Figure 3.4). The pressure rise across the pumpeller (from the

leading edge to the trailing edge) is given by [56]

2002 .2
<fN (r; - 1)

DP=P,- R Equation 3.2,

where is the density of the fluid and the subscript 2ates the trailing edge of the
impeller blade (pump exit). The torque requireddayiven flow rate and pressure rise is

then [56]:

T

S

_ 2
hart = FQNIy »

QIEJIP Equation 3.3.
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Figure 3.4. Velocity vectors for the pump impellerwhere subscript 1 denotes
inlet flow, subscript 2 denotes outlet flow, U is e mean velocity vector
(rotational vector), and W is the relative velocityvector.

Together, these equations form the first ordergesguations for the centrifugal
pump. Figure 3.5 shows plots of the flow rate spuee, and torque versus the rotational
speed for an inner radiug, of 200 m, a blade heighty;, of 100 m, a flow angle of 67°
and a fluid density equal to 0.80 gfrior JP-8 diesel fuel. These parameters were
developed for flow rates of tens of mL/hour.

From the plot of pressure versus rotational sgéeglure 3.5b) it is shown that
the pressure can be tailored, without affecting wbkimetric flow rate, by varying the
outer radius. A flow rate of 10 mL/hour requiresotation rate of approximately 10,000
rom (Figure 3.5a). This fulfills the requiremerits the Yale University fuel injector,
which also requires the pressure rise to be abok& [@si. An outer radius of 4mm will
be sufficient to meet this requirement (Figure 3.5B larger radius can be chosen to
achieve high pressure rises; however, the torqgeined to spin the impeller increases

and is limited by the motor capability (Figure 3.5¢or this research, the torque will be
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supplied by compressed air, but for a stand alamapousing an integrated MEMS
motor, the torque needs to be in the range of 1M 0for the envisioned micromotor

design of [50].

Design point
(@)
Design giéj Design speed
(b) (c)

Figure 3.5. Graphs showing the relationship betweeimpeller rotational speed
and: (a) volumetric flow rate, (b) the pressure rig across the impeller, and (c) the
required torque for the desired flow rate and presare rise. In these graphs, the
inner radius is set to 100m, the height of the leading edge flow passage i8QL m,
the flow angle is 67°, and JP-8 diesel fuel is agaad.
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3.2.2 Volute design

Some discussion of different volute design methar@gspresented bghan et al.
[57]. The goal in the design of the volute is teduce the pressure variation
circumferentially to minimize any imbalance in treial and axial forces on the rotor
due to the pumping action. Figure 3.6 shows altayn view of the impeller and volute.
From this, the outer radius of the volute is fousthg the constant mean velocity method

by [57]:

Qxg

r,=———+r Equation 3.4,
‘360, xC,, ° .

where is the angular position from the tongle,is the volute passage height equal to
the impeller passage height, r3 is the distance to the tongue from the rotor aente
including the gap between the trailing edge andttdmgue of the volute. The mean

velocity, Cp, is found by:

C, =ks 2@ Equation 3.5

whereks is an empirical factor found in a plot versus siiespeed in the work bZhan

et al.[57]. The equation for specific speed is [56]:

4

- pp ¥
N =N,/Q — Equation 3.6.
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Figure 3.6. Schematic for the design of the centugal pump volute.

For the impeller design of 10 mL/hour, a 0.75 psEsgure rise, and a speed of
10,000 rpm (N = 1047 rad/sec), the specific spedtien 0.014 making a mean velocity
of 60 m/s. This makes the width of the ideal velakit (equal ta,4- r3) on the order of
0.5mm with a height of 100m fixed to the impeller blade height by fabricatioithis
dimension is not feasible using conventional migboication techniques due to an aspect
ratio of two hundred. The passage height couldeoeiced by four times, making the
dimensions tolerable for fabricationnf@® at 2%mm height), but the flow rate would
change. To keep the same flow rate you either hadouble the size of the impeller
inner radius and, therefore, the impeller outerumthat increases the required torque or
you have to increase the rotational speed by faAs.seen in Chapter 2, speeds in the
range of 10,000 rpm are desired and therefore asang the design speed is not optimal.
Furthermore, the diameter of the rotor should beimmzed to keep a low operational

torque.
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The design in this work neglect effects of the pues variation to maintain a
compact device and speeds in the range of 10,000 rgalues of 50ym for the gap
between the trailing edge and the volute tongue Bhdm for the volute exit were
chosen. The forces on the rotor are expectedue aaninimal effect since there is not a
problem with the stiffness of microball bearing®esigns where the notion of stiffness

exists and can be a challenge (e.g. air bearingsg)dahave to account for those forces.

3.2.3 Fabrication

The fabrication of the centrifugal turbopump is nob different from the
tangential air-turbine fabrication. The pump inipelnd volute are patterned in place of
the speed measurement geometry on the side opplositarbine blades. No change to
the fabrication process flow occurs for the twoordayers. The only real changes are
alignment pits on the pump side to align and bomtuanbing layer on the top using the
same metal adhesion layer that bonds the rotordagegether.

The fabrication process flow for the centrifugatbiopump with point-contact
bearings is shown in Figure 3.7. The process ihgpdp to Figure 3.7a is identical to that
shown in Figure 2.19 in which the raceways werdepaéd and etched and the rotor
layers bonded together using the AuSn eutectic ingndnethod. The centrifugal
impeller and volute were patterned into the silicboxide on the topside of the stack
(Figure 3.7a) and the turbine blades, inlet, antdebwere patterned into the silicon
dioxide on the bottom side of the rotor stack. Plenp impeller side is etched using
DRIE until the raceway is reached, which is eqodit or 200mm (Figure 3.7b). Figure
3.8 shows a fabricated impeller after the initi@lease step (Figure 3.7b). A
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Figure 3.7. Fabrication sequence for the centrifug turbopump.

plumbing layer, fabricated using multiple photatignaphy and DRIE steps is then
aligned (using microballs and alignment pits) amhded on top of the impeller layer
using the same metal adhesion layer process aseb@mure 3.7c). Next, the turbine
side is etched using DRIE with the patterned gsilidioxide used as the masking layer.
This etch completely releases the rotor and thécdas finished.

The plumbing layer has three key features: 1) thinoetches for the pump inlet
and outlet (diameters of 1.5 mm); 2) impeller caeitched 80ym deep placed above the
impeller to ensure no rubbing between the two sedaand 3) shoulders etched at the
inlet and outlet ports such that tubing can benaltjover the through holes and attached

with epoxy. The impeller cavity creates a gap &bthe centrifugal impeller that acts as
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a leakage path to reduce the performance andeaftigiof the pump. The gap can be
minimized in later versions once the wear and tkquired tolerance are better
understood.

Non-uniform release of the rotor is critical. Tlkentrifugal impeller/volute
experienced a non-symmetric breakthrough to theiqusly etched race journal during
the release step (Figure 3.9). Since the volutdsa large area not close to the sidewall
it releases before the areas close to the sidelallare affected by the etch fillet radius.
This causes divots in the bearing raceway in teasacloser to the volute exit where the
rotor releases early on. To minimize the releas®umity, an axisymmetric design of

the rotor layers is needed.

Metal adhesion layer

Released /\

impeller

/ Volute

«—— Microballs
Trench for metal _—>
squeeze-out

Figure 3.8 Optical image showing a completed centugal impeller and volute.
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Figure 3.9. SEM images of a partially released rot demonstrating the non-
uniform etching during the release process. The @ (a) extending across the
volute exit is released before (b) other areas due the effect of the DRIE fillet
radius.

3.2.4 Testing

An experimental apparatus was constructed for thatridugal turbopump
consisting of two pressure transducers to monidmiid pressure, an optical displacement
sensor (ODS) to monitor rotor speed, a pressurgaltar for the turbine driving flow, an
aluminum fixture to interface tubing with the dezj@and a computer for control and data
logging via LabView. The aluminum fixture (FiguBelQ) was designed and fabricated
so that the device fits into a cavity. One majdifedence from the experiments
performed in Chapter 2 is the requirement for th#SQo be placed underneath the air
turbine rotor since the impeller side must be skdle liquid. The ODS aligns
underneath the turbine rotor via a slot fabricatgtthin the aluminum fixture. The ODS

is mounted on an x-y-z stage so that it can betipasd properly to detect the turbine
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blades. Tubing is attached to the fixture via @ilfNconnection on one end and to the

house nitrogen line on the other end.

Device cavity / Turbine air in

ODS Turbine air out

Figure 3.10. Optical image of the aluminum testindixture with the Nitrogen
line hooked up and the ODS in place within the fixire.

The centrifugal turbopump was first tested withaany liquid to characterize the
turbine operation with the pump capping layer. ofal of five devices were used to test
the turbine operation for the centrifugal pump (fFey 3.11). All devices had similar
behavior in the driving pressure versus speed. tahgential air turbine rotor with the
pumping structures and plumbing layer did not ofgels expected; for instance the
speed did not react noticeably to increasing pressand the rotor exhibited large speed

fluctuations.
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Figure 3.11. Plot demonstrating centrifugal and tdbine operation.

Two factors were determined to cause the poor pednce of the air turbine: 1)
speed bumps arising from the non-uniform etchingetease the rotor and 2) coupling of
the turbine driving pressure and the normal loagttex] on the rotor by pressure buildup.
The first factor is related to divots on the racgwaused by the non-uniform release of
the rotor, as discussed in the fabrication of thetrifugal turbopump. This effect is
directly related to the non-axisymmetric desigrnheaf volute and the tangential air turbine
and can only be overcome by re-designing the dewidee axisymmetric. The second
factor is an effect not accounted for in the desijthe centrifugal turbopump and limits
the torque available for pumping at higher rotadispeeds. A re-design of the plumbing
layer allowing the pressure on the pump side ofdbeice to be alleviated at higher
turbine driving pressures is necessary.

Static devices were used to test the ability td beaween the air driving the

turbine and the liquid on the pump side. Inspectbthe centrifugal impeller and volute
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shows that the critical gap between liquid and wdsbe near the volute exitF(gure
3.12). In the case of the 50 um volute exit widlte, largest gap is approximately 80 um
from the journal etch that released the rotor. Gitical pressure difference between the
fluid and the gas for sealing to occur can be apprated by setting the differential
pressure force, P, between the two fluids equal to the surface tanforce between the

nitrogen and wateiF(gure 3.13 in the following equation:

25 C0q

DP=P,- P, = Equation 3.7

whereP, and Pg are the two fluids of interest shown in Figure33.1 is the surface
tension between water and Nitrogen (0.072 N/m [38]} the critical gap and is the

contact angle assumed to be 45 for silicon. Thewvad pressure difference for sealing

I |

I |

- |
I |

I Volute Exit I

I & o0um I

Impeller Die I |
I |

I . Bearing Gap |

I 80um I

I |

Figure 3.12. lllustration of the centrifugal volute and the critical sealing gap.
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Figure 3.13. lllustration of the force balance beteen two fluids.

to occur between the liquid and gas is estimateoettess than 0.3 psi from the plot of

Equation 3.7 in Figure 3.14 for a minimum spacirigh® um. This requires accurate

control of both the driving pressure of the turbamel the operating pressure of the pump.
Since both the tangential air turbine and centafuglute are non-axisymmetric designs
there can be a large pressure variation circumtiatgnaround the rotor making it

difficult to seal between the liquid and drivingsga

150 -
125 -
100 -

80 m at volute exit

~0.25psi

0 T T !
0 1 2 3

Allowed Pressure Difference (psi)

Figure 3.14. Plot showing the relationship betweeithe critical gap and the
allowed pressure difference between two fluids fasealing.
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Experiments were performed using a pressurized hégseontrol the liquid
pressure and a pressure manifold to control thiegeh pressure entering the turbine side
of the device. The rotor in the devices used tbttes sealing capability was not able to
spin due either to large over etching during theemroelease or particle contamination
jamming the rotor. Attempts were made to get tigiai flow from the pump inlet to the
pump outlet while nitrogen was flowing into the ldime entrance. In all attempts the
pressure difference between the nitrogen and therwauld not be maintained and water
was observed leaking from the turbine or from tbadinterface in the bearing raceway.
Large pressure variations circumferentially arotimel impeller volute and the tangential
air turbine rotor are likely to prevent the reqdingressure difference between nitrogen
and water from being maintained. In order to achigroper sealing, a more

axisymmetric design is required.

3.2.5 Summary

A centrifugal turbopump was designed and fabricatiéizing the point-contact
bearing and the tangential air turbine. Althoudte ttangential air turbine was
demonstrated successfully, design flaws becamerapipaith the addition of the pump
capping layer and the centrifugal impeller and t®lstructure. Two key flaws arising
from the non-axisymmetric design were discoveredndufabrication and testing. First,
the release etch step of the rotor was non-unifevim¢h caused divots on the raceway
and prevented reliable operation of the rotor dyturbine operational testing. Second,
the circumferential pressure variation from the mpegmmetry caused an unrealistic

control required for sealing given the geometried design. It is critical, therefore, to
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develop a micro-turbopump with an axisymmetric gegb allow for uniform rotor etch-

release and uniform pressures within the device.

3.3 Spiral-Groove Viscous Turbopump

From the previous section, a non-axisymmetric desigthe pump impeller and
air turbine led to problems in both sealing andritation. An axisymmetric design is
now presented and analyzed in this section wittinggsnd results presented in Chapter
4. Instead of a tangential air turbine, the ragtglow air turbine from Chapter 2 will be
integrated with an axisymmetric pump design andamgr-contact bearing due to the
observed higher performance. A viscous pump wasearh due to its potentially more
compact design when compared to a centrifugal pantpthe beneficial use of viscous
forces at the scales of interest. The viscous pregpires precise gap control between
the rotor and pump structures, therefore the planatact bearing design is chosen since
it demonstrated lower wear than the point-contasigh.

A viscous pump has three distinct advantages osetritugal pumps: 1) viscous
forces are the primary pumping mechanism; 2) aitalyequations have been developed
and demonstrated to predict the behavior very |28l 59]; and 3) viscous pumps can be
designed with smaller diameters than centrifugahpsi while meeting the same flow

specifications, allowing for smaller required toequ
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3.3.1 Design Overview

The spiral-groove turbopump is designed using therotirbine tribology
platform. Pump plumbing layers composed of twoessfind a spiral-groove pattern are
added to the topside of the previous microturbinieokbogy device to make up the
turbopump (Figure 3.15).

The turbopump consists of a radial in-flow air tudgi a microball bearing, a
static spiral-groove disc, and a sealing surfatke first three layers, with the exception
of through holes for inlets and outlets, are takem the tribology device (Figure 3.15).
The fourth layer contains the static spiral-grootreicture, the pump inlet and outlet
channels, and channels for thrust balance conirbé fifth layer is a Pyrex capping layer
to seal the pump inlet and outlet channels alloviivegn to be routed to the edge of the

die and eventually out of the backside of the devic

Thrust surface  Spiral-grooves Pump inlet  Sealing surface

Layer 5 /

Layer4 "o N0 LAY L AT T T 'If
Layer 3 :
Layer 2 :
Layer 1 :

v
Alignment balls Thrust Balance Tlijrzlt;itne Pump outlet

Channel

Figure 3.15. Schematic cross-section of the spirgfoove turbopump.
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Pressurized gas enters the air turbine througfc stabhes, flows radially inward,
and exits through the center of the rotor. Therrsteupported by the microball bearings
and the normal load is coarsely controlled by thhadance channels placed above the
bearings and edge of the rotor on the pump siderin® operation, the rotor is forced
downward by the pressure buildup and creates theedegap between the rotating disc
and the spiral-grooves (Figure 3.15). The pump avéiw liquid in from the backside of
the device and pump radially outward via a rotaflagdisc suspended below the spiral-
groove plate.

During the operation of the device, the normal éoon the rotor will vary with
the speed because it is coupled with the drivirgggure of the air turbine.  The pump
side of the rotor is sealed off by the liquid andhhflow resistance paths so that the
pressure will build up on the pump side. This buitdof pressure causes the normal load
on the rotor to be positive from the pump side he turbine side; i.e. the rotor will
always be shifted towards the turbine exit. Themadrload exerted on the rotor is
coupled to the turbine driving and increases vhthgpeed of rotation.

Thrust balance channels on the pump side are intligte the design in an
attempt to reduce the coupling between the turlfio and rotor normal load. In
addition to the ability to decrease the normal éaacting on the rotor, the bleed channels
will allow for a small control on the sealing prass between the nitrogen and liquid
from the pump. As the pump outlet pressure vatles,nitrogen pressure will have to
change to maintain an allowed pressure drop betvieentwo for sufficient sealing
(Figure 3.14). The thrust balance channels wererpacated into the device to help

manage the pressure buildup and therefore the méonca on the rotor (Figure 3.15).
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Both the radial in-flow turbine and planar-contdearings were discussed in
Chapter 2. Some modifications to the prior plac@amtact design were made to further
reduce the friction and wear. These modificatiaswell as the design of the spiral-
groove pump structure will be described in thistisec The spiral-groove turbopump
can be operated both radially outward and radiallyard. In the latter case, the fluid is
being pumped against centrifugal forces and thespire is low at the seal between the
liquid and nitrogen pressure. When operated edgally outward fashion, the pressure is
high at the outer radius of the pump where the sealirs with the nitrogen and will
better match the higher pressure from nitrogenimyithe turbine. The spiral-groove
structures can be placed on either the rotatingcttre or the non-rotating disc. All
configurations were fabricated; however, only tadially outward configuration with the
spiral-grooves patterned on the non-rotating dias demonstrated. Other configurations
and other pumping structures such as those presenfé0] can be implemented on this

platform by changing the rotating or non-rotatingcdoattern.

3.3.2 Spiral-groove design

The design of the spiral-grooves for the turbopusnipased on the work produced
by Muijderman and Hsing55, 61] for spiral-groove thrust bearings and psm The
key geometrical parameters for the spiral-groovecails pump (Figure 3.16) are
discussed in this section using the symbols anititiehs in Table 3.2. Of interest is the
pressure versus the flow rate relationship forauggioperating speeds (the pump curves).

The model used biluijdermanand Hsingis based on the Reynolds equation assuming
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fully developed viscous flow, incompressible fluithiform pressure and density across

the thickness of the fluid, and constant viscosity.

Al

) !

|

e ® Spiral-grooves :

|

IhO i

v hy |
Rotol disc

A

Figure 3.16. Diagram illustrating the groove geontey and gap within the
spiral-groove viscous pump. The rotational axis iglenoted by the A-A’

dashed line.
Symbol Definition Symbol Definition
Dynamic viscosity hp/ho = 0.4 = Fluid Ratio
Rotational speed _ _ :
(rad/second) H hpo/h; = /(1+ ) = Gap Ratio
ai/a; = 1 = groove H , 'T',2(1+ cgtz(a))l(g+ H3)l ‘
width/blade width ! L+ g3 g+ H3)+ H3(cot (@) fJu+ &)
_ 3¢H cot@)(1- H)1- H?)
Spiral angle H> i+ g13)g+ H3)+ He cot(a)L+ o)
. H2cota(l- H)fi- H?)
ro Density g , H, ) (1+g-|3Xg+H3)+H3C0ta(l+g)2
Spiral angle = H)+ 3H2(- H) 1+ H®)
16.6 6 H, ) | lo+H) 1+ 4°Jg+H?)+H® cotal+g)

Table 3.2. Symbols used for the design of the vaes groove turbopump.
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To develop the pump curves for the spiral-grooveeauis pump the following

relationship, neglecting the end effect is used:[55

Ahw 6/m(l+ r :
Dp,, :_2(r22 - I’12 )91(5*'1 H,9)- (—? H.(a,H,g)In(-%) Equation 3.8,
h2 prohh; 1

where mis the mass flow rate and the subscripts 1 ang2sent locations at the inner
radius and outer radius of the spiral-grooves respy. The first term is the pressure
build up due to viscous forces while the seconohtisrthe pressure drop due to the mass
flow through the impeller. The pressure increagesacthe pump can be maximized by
optimizing the value of the dimensionless paramgiier, /,g) Muijdermanprovides the
optimum ratios for the spiral angla, the gap ratio/H, and the groove to blade width
ration, g (Table 3.2).

A boost to the pressure rise across the pump cacd@mplished by increasing
the outer radiug;; and rotational speedy, or decreasing the gam, and the total passage
height,h;. These changes are limited by the correspondirguéorequired to drive the

pump, which is found by [55]:

phu;’ i /4)—92?;';)’@ CHy(@HL g2 - r2)

rhh,

Torque= Equation 3.9

2

where the first term is the torque from viscousgdead the second term is the torque

from a reduction in viscous drag due to the masesv fthrough the pump. From
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Equations 3.7h, should be made as small as possible to creatgea paressure rise, and
r, minimized to keep the torque within a reasonahbiee.

The gap is determined by the amount of sag in tter end the thickness of the
bonding layer between the rotor and the plumbiggria A gap of 16m was chosen as a
result of reasonable fabrication tolerances andlingnlayer thickness. More discussion
on the fabrication tolerances and bonding layecktiess is provided in section 3.3.4.
Using a design point of 0.75 psi and 10 mL/houg pgarameters in Table 3.3 were
developed for a rotational speed below 10,000 rpchrainimizing the outer radius. The
corresponding pump curves are shown in Figure 3Tk& torque required to operate the
turbopump (without bearing friction) is 4.6 uN-meNwvithin in the range of the reported

torque available from the envisioned micromotor][50

Target Gaplfy) 10 um
o 2.25 um
Iy 625 um
a 16.6

Table 3.3. Table showing designed values for thpigl-groove turbopump.

It is critical to assess the effect of the gaphm performance of the pump. Due
to fabrication tolerances and bearing wear, thaaaap in the device will differ from
the designed gap. Figure 3.18 shows the relatipristweeng;(a, ~,g)andd, which is
the gap,h,, divided by the groove depth for the current tydomp design. For small
changes in the gap there is not a significant chaimgg:(a ,g). In the current

turbopump configuration the gap will increase a® tthevice wears. From the

121



Xxoe — 1,000rpm
— 2,000rpm
— 3,000rpm
— 4,000rpm
— 5,000rpm
6,000rpm
— 7,000rpm [
x  8,000rpm
x9,000rpm |
x10,000rpm

0 1 1 1
0 10 20 30 40 50 60 70
Vol. Flowrate for Water (mL/hour)

Figure 3.17. Pump curve for a gap of 10um.
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Figure 3.18. Plot showing the relationship betweethme Flow Ratio,d, and g for a
spiral anglea=16.6 and groove to blade width ratiogF1l.
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microturbine tribology device, the expected weaapproximately Inm after 1 million
revolutions. For the speed of 6,000 rpm the chamglbe pump operation curves versus
gaps ranging from 10 to 28m is shown in Figure 3.19. If the bearing wear2hym,

the maximum pressure with no flow changes frompkilo 0.75psi, a 32% change.

Figure 3.19. Pump curves for gaps ranging from 10m to 22 m.

3.3.3 Power Balance

This section describes the power curves developedhi® turbine-microball
bearing combination and the viscous drag createthdgpiral-groove pump. The power
curves provide, to the first order, an understagdihthe stable operating points of the

turbopump.
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It is important to understand the balance of polativeen the available energy
coming from the turbine and the major power lossikin the turbopump device. The
available power is that generated in the turbinausithat dissipated through bearing
friction. The required power is that necessarypvercome viscous drag in the pump.
The intersection of these power curves, when theepdogs from viscous drag balances
with the power available from the turbine-microdadlaring mechanisms, determines the

device operating speed. The power is calculated fre torque and speed:
Power=¢" w Equation 3.10.
At steady-state, the following statement will hold:

[viscous, w= (tturbine - [bearing), w Equation 311

From the Euler turbomachine equation the torqueyred by the turbine is [56]:

[turbine = Qrair [rtrb,lcql - rtrb,ZCqZ]

Q

) Equation 3.12,
[turbine = Qrair %(tan@l + dq) - tan@z + d%)) - r.trb,zl/’/

where, Q is the volumetric flow rate through the turbing; is the density of air (1
kg/m®), ryp1 andryp» are the radial distance to the turbine rotor imletl outlet (5 mm
and 3.33 mm respectively]; ; and C , are the absolute rotor inlet and outlet angular

flow velocities respectively,; and , are the absolute vane outlet and blade outleteangl
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respectively (60.35 and -37.55¢, 1 andd , are the deviation of the flow from the vane
outlet and blade outlet angles respectivilig the blade height determined by the etch to
release the turbine rotor, ands the speed of rotation in radian/sec.

Lee has shown a strong dependence between the devidtithe flow,d 1 and
d ,, and Reynolds number (Re) in micro-turbomachinéry,100<Re<1,000, where Re
is defined using the chord length and inlet coodgi [25]. These deviations have a
complex relationship with turbine flow parametensl @hange with operating conditions.
Computational fluid dynamics (CFD) is necessaryatourately model flow deviations
from ideal. Using CFDl.ee has shown that for a rotor blade cascade withlidity and
chamber comparable to the microturbine in this wahe exit flow angle varies
nonlinearly up to +/- 10% of the designed bladel@angver the range of Re considered
[25].

The power loss due to the frictional torque of tlenpr-contact microball bearing
can be estimated from the spin-down testing perfornm Chapter 2. Using the
information for normal load versus speed in Figi&3along with the empirical formula
developed for the friction torque/speed ratio asfuaction of normal force in

Equation 2.25, the frictional torque from the micblbearing can be estimated as:

=9 10°F*“w’ 2P qge Equation 3.13,

t bearing 6 O

whereFy is estimated from a linear fit between the rotadiospeed and normal force in
the plot shown in Figure 2.43. In this caBg,has unit of mN and the rotational speed

has the unit of rpom making N the unit f@garing
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The viscous losses due to the spiral-groove pumptlaadealing region at the
larger radii (Figure 3.20) dominate the losses fndstous forces. The regions at the
pump inlet (from the center to raditg and outlet (fronr; to rz) can be neglected since
the minimum gap in those regions is two orders afjnitude larger than the gap between
the rotor and the spiral-groove and sealing regions

The torque from the viscous forces in the spirabgeoregion is found from the
torque due to friction (Equation 3.9). The visctargjue due to the left most quantity in
Equation 3.9 is close to two orders of magnitudextgrethan the reduction to the torque
caused by the mass flow. The reduction in torque uthe mass flow (right most

guantity in Equation 3.9) can, therefore, be negkbadue to the very low flow rates
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l |
Spiral-grooves i
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Sealing region h, j
Rotor disc
I's
|
|
A’

Figure 3.20. lllustration of the spiral-groove regon, the gap,h,, within the
viscous pump, and the sealing region. The rotati@h axis is denoted by the
A-A’ dashed line

126



envisioned for the turbopump. The power loss tduthie viscous drag in the region of

the spiral-grooves, assuming no air bubbles, can be calculated from:

A e W5 _
[spiral— grooves — pvgt+2(l_ /4)92(a1 H ’g) Equation 3.14.
2

If the seal between the air and the liquid is assino occur at the edge of the

sealing region (i.e. a) then the viscous drag in that region is due gdtehir:

t.,=F

seal — ' viscous

“r :hair’f‘—w rdr
2t Equation 3.15,

t seal — hair fTVZV (r44 - r34)

where 4 is the dynamic viscosity of air (1.82 x 1®as), r4 is the maximum radial
extent of the sealing area ands at the beginning of the sealing region (Figuks). If
the air/liquid interface moves radially outwardarthe sealing region the viscous drag
will increase drastically, since the dynamic vistosf water (waer = 8.9 x 10f Pasec)
is approximately 50 times greater than air. Itherefore, critical to ensure liquid does
not enter the sealing surface by maintaining aelasgaling pressure controlled by the
thrust balance pressure.

The power available from the turbine and the powss ldue to viscous drag
assuming no liquid in the sealing region, are phbih Figure 3.21. The available power

from the turbine/microball bearing combination Istfed for ideal flow angle velocities
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Figure 3.21. Power curves showing the ideal and dated turbine power

considering bearing friction and the power dissipatd due to viscous forces on the
pump side for a minimally wetted surface area.

and +10% deviation from ideal flow angle velocitiehe turbine-microball bearing
power curves are produced for a constant turbme fate equal to 3.5 sim and a turbine
blade height of 200 pm. The calculation of the rarioad (to estimateyearing assumed
there was no starting normal load exerted on theway, i.e. the pump inlet and outlet
were at ambient pressure. During the operatich@turbopump, the normal is not only
coupled to the driving pressure of the turbine, dsb to the pump inlet and outlet. The
pressures there will cause the power curve fotuhgne to change. The viscous power
loss curves are plotted for a gap of 10 um andkgioove depth of 25 um.

The operating speed of the turbopump will be thatpehere the power delivered
from the turbine/bearing mechanism crosses the pdoss to viscous drag. The
optimum design point will be when the viscous lassve crosses the power turbine
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power curve at its peak power. The key geometrthefturbine that can be used for
optimization for a desired design point are therdiow angles, ; and ,, the diameter
of the turbine, the blade shape, and the bladehtweig

There is a large potential operating range depgnoln the turbine efficiency and
the amount of bearing friction as can be seen filoenplot of the power curves (Figure
3.21). If the efficiency of the turbine is lower the friction torque from the bearings
increases (possibly due to an increase in normeé&fon the rotor) then the turbine power
curve shifts downward and the operating speediHersame flow rate, will decrease.
Similarly, air bubbles passing through the pumgd weadluse the viscous loss to decrease,
but if the sealing surface becomes wetted thewnigo®us loss will increase, both causing
fluctuations in the operating speed. The powevesidemonstrate that stable operation
of the turbopump is possible and that the turbinevipes sufficient power to allow
pumping within the desired ranges of rotationalespeven with fluctuations in the

operating point.

3.3.4 Design Summary

The spiral-groove turbopump incorporates the mictohe tribology device and
a static spiral-groove suspended over the backdidlee turbine rotor. A radial in-flow
turbine was chosen due to the axisymmetric dedligwiag for uniform release of the
rotor and uniform pressure to circumferentiallylss@und the rotor on the pump side.
Gap control within the spiral-groove turbopump v&m®wn to be critical to the pump

performance. The planar-contact bearing was chasem the point-contact design
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because of significantly reduced wear. The ciitigarameters of the spiral-groove

turbopump are summarized below (Table 3.4).

Spiral-groove
Designed gap 10 um
Groove depth for designed gap 27.5 pm
Outer radiusr}) 2.5 mm
Inner radiusi(y) 625 pm
Spiral Angle 16.6
Radial Air Turbine
Rotor outer radius 5 mm
Blade height 200mMm
Operating flow rates* <20 L/min
Driving pressure* ~1 psi

Planar-contact Bearing

Etch Depth 145 m

Race width 290 pm
Bond line offset 50 pum
Journal offset 70 pum
Journal width 30 um

*Estimated from experiments conducted in Chapter 2.

Table 3.4. Spiral-groove turbopump critical parameer
summary.

3.3.5 Layout and fabrication

The turbopump is composed of a five patterned wafack. The fabrication
process comprises fifteen optical masks and ovghtgi processing steps. The
fabrication is not simple due to the precision DRIEps required to obtain a desired 10
mm gap between the spirals and the rotating discbei@ring sag and bonding layer
thickness. The fabrication of the bottom threeefay(Figure 3.15) follows closely to the

fabrication of the microturbine tribology device wehthe fabrication of the other two

130



layers are new to the process flow. The nextsestdescribe the functions of each layer

and the fabrication process flow designed to reatiz

3.3.5.1 Pump plumbing layer (Layers 4 & 5)

The pump plumbing layer (Layers 4 & 5, Figure 3.tbjnade up of two wafers,
one containing all of the critical pump geometry dhe other acting to seal the fluidic
channels. The bottom of the pump plumbing layeluithes the thrust balance channels,
the spiral-grooves, and the inlet and outlet thiotgles for the pump inlet and outlet

ports (Figure 3.22).

Bearing bleed

channels \

Sealin/q surface

Spiral-grooves

Pump outlet

Figure 3.22. Schematic showing the bottom of theump plumbing layer.
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The spiral grooves are designed using a logaritispii@l equation [55]:

r =r, exp(g *ana) Equation 3.16

wherer; is the inner radius of the spiral (Figure 3.23The thrust balance
channels are positioned at the outer radius ofro@ above the journal through etch
from the rotor release. They are designed to laawvetch depth equal to 145 pm minus
the spiral-groove depth; where 145 um is requingthk alignment pit.

The sealing surface extends from the pump outléhéothrust surface (Figure
3.15). The length of the sealing surface approtetgal mmand the seal clearance is set
by the pump gap. From the previous discussion tabealing between the nitrogen and
the pumped liquid, a 10n seal clearance can sustain over a 1 psi differeetween the
two fluids. The thrust balance channels can bd ts@ide in maintaining the seal with a

changing pump outlet pressure.
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Figure 3.23. Schematic of the logarithmic spiral.
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The thrust surface at the edge of the rotor wagyded to enable some control
over the normal load on the rotor. The thrustaefextends from a 4.8 mm radius to the
edge of the rotor at a radius of 5 mm. As therrsfzeed is increased with the driving
flow, and therefore pressure, the thrust balanca@nméls on the pump side can be
throttled open to alleviate some of the pressurethenthrust surface and reduce the
normal load on the rotor. On the contrary, dustaytup, the thrust balance channels can
be used to supply pressure to the thrust surfabe&hwiorces the rotor onto the proper
bearing raceway surfaces before the rotor is splims will also allow introduction of
liquid (i.e. liquid priming) into the pump area amdaintain a pressure seal without
requiring the rotor to spin.

The top of the pump plumbing layer contains thetlgh holes and the liquid
channels for the pump inlet, outlet, and pressaps (Figure 3.24). The inlet pressure
tap and outlet pressure tap are placed in closgimity to the pump inlet and outlet,
respectively, to minimize any loss due to the clehflow resistance.

The process flow for layers 4 and 5 is shown inuFeég3.25. The nested oxide
process is again used enabling multiple DRIE stetch through the wafer completely.
The oxide layer is first patterned by RIE on boites of a 420vm thick DSP silicon
wafer with 1.1 um of silicon dioxide (Figure 3.25a)The topside pattern includes
through holes and the larger channel patterns. bHo&side is patterned with the spiral-
grooves, the thrust balance channels, the sealirigce, and the through holes. DRIE is
used to pre-etch the through holes after the topaiterned using photoresist (Figure
3.25b). Next, the bottom is patterned with throgtance channels and alignment pits

(~117.5mm) using DRIE while a photoresist layer masks thieats (Figure 3.25c). The
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Inlet pressure tap
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Pump inlet s TSN Pump outlet
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Outlet pressure tap

Figure 3.24. Schematic showing the top of the punumbing layer.

fluid channels on top are then etched using DRI& @rasked by the oxide layer to a
depth of 200 um (Figure 3.25d). On the backsigesthiralshy, are etched to the desired
depth, 27.5 pm (Figure 3.25e¢) for a gag,of 10 um.

To cap the wafer, borosilicate glass (Pyrex) isdicadly bonded to the patterned
silicon wafer. First, the oxide is completely gped using concentrated HF, ensuring a
uniform surface with low surface roughness (Fig8r25f). Both the patterned silicon
and Pyrex wafers are then cleaned of organic naddemn a Piranha solution for 10
minutes and rinsed in a spin/rinse dryer. Thewaders are aligned by the wafer flat and
bonded in a Karl Suss SB6 wafer bonder at 375 ©®N6&nd 1000 V (Figure 3.25Q).
Figure 3.26 and Figure 3.27 show the topside arttbimoside of a completed pump
plumbing layer. The anodic bond is void free ahd topside of the pump plumbing
layer is shown in Figure 3.26. The bottom surfatéhe channels is covered with a thin
layer of residue believed to be polymer build upnirthe DRIE through etch. Better
carrier attachment of the die during the througthetan be performed to alleviate the

residue found at the bottom of the channels. 4 fiom the center of the bonding chuck
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also evident (bottom right corner of Figure 3.27Qwever, it is a residue on the topside

of the Pyrex and will not affect the pump.

a) Pattern/Etch Oxide on each side shaping the tog
channels and the spirals on the bottom

b) Pattern PR on topside and DRIE to pre-etch tjindwles

c) Pattern PR on bottom, DRIE Etch to pattern Njgnmo blee
channels

-

d) Strip PR and DRIE the topside

1 mM r—l

e) DRIE spirals

M1 MM i

f) Strip Oxide

e M r—mi

g) Anodically bond to Pyrex capping wafer

. Silicon . Photoresis
[ Silicon Dioxide Pyrex

Figure 3.25. Fabrication sequence for the pump phabing layer including
the spirals.
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Figure 3.26. Optical image showing the topside d¢he pump plumbing layer and
the residue left behind from the Cool Grease DRIE arrier attachment.

Figure 3.27. Optical image showing (a) the bottorof the pump plumbing layer
and (b) a close up view of the spirals.

3.3.5.2 Rotor and Turbine (Layers 3 & 4)

The fabrication of the rotor layers 2 and 3 fromgu¥e 3.15 is similar to the rotor
layers of the microturbine tribology device, excéptthe addition of through holes and
modifications to the planar-contact bearing designThe planar-contact bearing
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fabrication implemented for the spiral-groove tybmp (planar-contact bearing V.2)

had two modifications from the planar-contact begilemonstrated in the microturbine

tribology device (planar-contact bearing V.1). sEithe bond interface was moved out of
the expected microball wear track to minimize treamnon the radial raceway surface and
second, the journal etch was not performed betweadceway etch to eliminate the etch
artifact near the microball wear track.

The bond interface was moved away from the weatktrexpected by the
microballs. The wear track width was observeded®b pm on the thrust surface using
Figure 2.45. Therefore, the bond interface was mov@ m from the center of the
raceway by etching the raceway 8% on the turbine side and 195 pm on the pump side
(Figure 3.28). The journal design is kept 30 prdevand 70 um from the closest edge to
ensure it is not in the path of the microball. SThiso prevents a large sag in the improper

direction.

290 m

Journal

Bond interfac

> <
30 m

Figure 3.28. Schematic drawing of the planar-conta bearing V.2 implemented
in the spiral-groove turbopump.
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The second modification was implemented to elingrtae etch artifact close to
the journal edge (Figure 3.29a), which arises ftbm nested oxide etch process where
the race edge is pushed down during the second Etckliminate the roughness at the
edge of the journal and create a smooth surface tbeeentire race track, an alternate
fabrication sequence was developed with the usepifotoresist spray coater. Both the
previous nested mask and the new raceway fabncagoguences are shown in Figure

3.30 and the raceway result comparison is shovigare 3.29.

Smooth

» edge

(@) (b)

Figure 3.29. SEM images showing the planar bearang fabricated with (a) the
nested masking technique and (b) the spray cotdoimique

The modified process starts by etching the B80wide annular raceway using
DRIE masked by the silicon dioxide that was patdrby RIE (Figure 3.30b step 1 and
step 2). The etch depth is chosen to ben@5on the turbine side and 18# on the
pump side. The resulting rotor sag is approxinyabmm. For accurate bond
alignment between the two layers, these etchepenfermed in two steps so that the
microball alignment pits are 148n on both the turbine and pump sides. On thenerbi
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side, the alignment pit is pre-etched to % using a photoresist mask and then the
95nm deep raceway etch is performed using the sildioxide mask. On the pump
side, the raceway is pre-etched tomBDusing a photoresist mask. The rest of the
raceway depth is etched to the final X886 using the silicon dioxide masking layer with
the alignment pits opened.

After the raceways are defined on the turbine sidg pump side of the rotor, a
thick photoresist spray process is used to coawier and pattern the journal at the
bottom of the raceways (Figure 3.30b step 3). Trhekness of the photoresist was
measured to be much thinner at the bottom of #rectr than on the wafer surface (Figure
3.31). Furthermore, the two raceway depths haddifferent photoresist thicknesses.
Although the same photoresist spray coating resige applied to both, the 95 um deep
raceway had a photoresist layer approximately 8thiok, while the 195 um deep
raceway had a photoresist layer approximately &6tpick. Each race should have
specific exposure and development times associaitédthe different layer thickness at
the bottom of the raceway. An exposure time os&fonds and a development time of
90 seconds were sufficient to clear away the 8 pioktphotoresist, no matter how
overexposed and developed the 3.6 um thick phasor@® pum wide line became 35 pum
wide). Since the photoresist thickness on theaserfvas 10ym, the patterns on the
wafer surface were exposed for an additional 5 rs#E@sing a second optical mask to

ensure complete development.

139



Nested Mask Process Modified Spray Coat Process

1) Pattern masking layer 1 1) Pattern masking layer 1

2) Spin and pattern masking layer 2| 2) DRIE etch using masking layer 1

3) DRIE etch using masking layer 2 | 3) Pattern spray coated masking layer 2

4) Strip masking layer 2 4) DRIE etch using masking layer 2

5) DRIE etch using masking layer 1 | 5) Strip spray coated mask layer 2

(a) (b)
. Silicon . Silicon Dioxide . Photoresis

Figure 3.30. (a) Original planar bearing fabricaton process using nested
photoresist and silicon dioxide masks and (b) newlgnar bearing fabrication
process eliminating the nested masking technique foa smooth bearing
surface.
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75 m

/

Photoresist

Figure 3.31. Optical photograph of a silicon trenk cross-section demonstrating
the buildup of photoresist at the corners of a trenh. Note the different
photoresist thickness between the wafer surface arltle trench bottom.

A variable thickness at the base of the etchedckras also a concern when
designing the position of the journal (Figure 3.3The sidewall of the etched trench acts
to capture the dispersed photoresist droplets iditiad to the normally incident
photoresist droplets. The added photoresist buitdat the corners of the trench causing
a large thickness variation at the bottom. Thegtesf patterned features at the bottom
of the trench must take the variable thickness atimount.

Once the journal pattern is obtained in the phaisteat the bottom of the
raceway, DRIE is used to etch the turbine sidedeg@h of 125m (Figure 3.30b step 4)
so that the release etch on the opposite sideb@i00mm (turbine blade height). The
pump side journal was etched to a depth ofiB0so that the release on the opposite side
will be 145mm required by the microball alignment pits to alignthe pump plumbing
layer.

After the raceways and journals are patternedtiméorotor layers, the fabrication

sequence proceeds in the same manner as desarilidthpter 2. The metal adhesion
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layers (Cr-Au-AuSn-Au) are deposited through siidabricated shadow masks using
electron-beam evaporation. Next the rotor wafers diced into individual die,
microballs are placed into the raceway and aligrinpés, and then the die are aligned
and bonded together. Once bonded, the turbine isid#ched using DRIE and the
patterned silicon dioxide until the journal is read (approximately 200 um). The die is
then flipped over and etched using DRIE and agattemed silicon dioxide on the pump
surface until the rotor is completely released (appnately 145 um). The turbine side
of a completely released die is shown in Figur€23.3'he release process begins by
etching until approximately 10 um of silicon remairShort, one minute etches with
inspections in between are then performed untiréiease is completed. The short etch
and inspection cycles enable well controlled redeand minimize the effect of over

etching.
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Through-holes

(@)

/ Microballs

Speed
<« measurement
geometry

5 mm

(b)

Figure 3.32. Optical image showing (a) the turbinside of the rotor layer #2
and (b) a close up of a released turbine rotor.
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3.3.5.3Turbine plumbing layer (Layer 1)

The turbine plumbing layer serves to house theierland provide the inlet and
outlet of the turbine and is the interface layetwsen tubulations and the test fixture.
The top of this layer has a cavity etched intoaittkat the turbine cannot rub on the
plumbing layer cavity (Figure 3.33). The depthtlod cavity is determined by the sag of
the rotor and the desired amount of clearance abfowgotating blades. A minimum
clearance above the turbine blades is desired, Vewthe efficiency of the turbine is not
critical to the demonstration of the turbopump heseaa large pressure nitrogen source.
The cavity depth is chosen to be less than 10%heftarbine blade height plus the
amount of sag measured in the rotor. In the chsievices fabricated for this work, the
sag was measured to be between 3 um and 6 um auudiate heights were greater than

200 um. The cavity depth was made to be 25 pum.

Turbine exit

Through holes

Turbine recess

cavity
Turbine inlet

holes

Figure 3.33. Schematic showing the top of the ratdayer.
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Both the top and bottom turbine plumbing layergFe 3.33 and Figure 3.34
respectively) include 1.7 mm diameter through hdl@sthe pump inlet, pump inlet
pressure tap, pump outlet, pump outlet pressurethapst balance channels, and thrust
pressure tap. Other through holes in this layelugte 24 turbine inlets (diameter of 500
mm) allowing the turbine flow to enter at the openwf each diffuser vane and 1 large
turbine outlet at the center with a diameter ofrfé.m

The fabrication process for the turbine plumbingelais shown in Figure 3.35.
The starting wafer is a 4-inch, 44@n thick DSP wafer with a 1.m thermally grown
silicon dioxide on both sides. The first stepsg(ffe 3.35a) are to pattern the silicon
dioxide on the top for the through holes and casitg the through holes on the bottom.
The silicon dioxide is patterned by RIE and a phedgst masking layer. Once the
silicon dioxide is patterned, the next step isatigrn the alignment pits into a photoresist
layer (Figure 3.35b). The alignment pits will beeqetched into the silicon so the total
etch depth will become 14%m once the cavity is etched, which is the propgatiidor

the microballs. Contact profilometry is used torifye the etch depth before the

Through holes Turbine exit

Turbine inlet
holes

Figure 3.34. Schematic showing the top of the ratdayer.
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photoresist is stripped of using PRS-3000 heat&btG. DRIE is then used again on the
top side to define the proper cavity depth of 25 (Figure 3.35c) using the patterned
silicon dioxide as the masking layer. The lashedtep in the turbine plumbing layer
fabrication is to etch from the backside, using ffaterned silicon dioxide as the
masking layer for DRIE (Figure 3.35d), until thedbgh etch holes are completed. At
this point the wafer is diced and ready for theeagsly process. Figure 3.36 shows the

topside in (a) and the bottom side in (b) of a ctatgal turbine plumbing layer die.

a) Pattern and etch silicon dioxide on both sidegurbine
cavity, alignment pits, and through holes

b) Pattern PR and etch using DRIE on top to prb-alignment
pits

c) DRIE topside to define turbine clearance andgtch
through hole

d) DRIE etching to complete the through holes

Figure 3.35. Fabrication flow of the turbine plumhkng layer (Layer #1).
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/ Turbine cavity

(@) Turbine inlet
holes

(b)
Figure 3.36. Optical images showing (a) the top dhe turbine plumbing

layer with the silicon dioxide layer still presentand (b) the bottom of the
turbine plumbina laver.

3.3.5.4Turbopump assembly

The turbopump is assembled in 2 bonding steps (€idu37). The turbine
plumbing layer and rotor layers are completed sdphbr. The assembly process begins

by attaching tubulations with epoxy to the turbplambing layer (Figure 3.38). Next,
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Pump Plumbing (Layer 4)

Rotor (Layers 2 & 3)

Turbine Plumbing (Layer 1)

rt Description
Pump Inlet Pressure Tap

Pump Inlet
Thrust Balance Plenum
Pump Outlet Pressure Tap
Pump Outlet
Thrust Balance pressure Tap

Figure 3.37. Schematic of the assembly and portsrfthe turbopump device.

Tubulations

Turbine outlet

Figure 3.38. Optical image showing tubulations a#tched to the bottom of the
turbine plumbing layer.
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the pump plumbing layer is bonded to the rotor tay&ng photoresist as the temporary
bonding layer. The alignment of the two layerspesformed using the three sets of
alignment pits with microballs placed in them.

The photoresist bonding thickness is critical intedmining the pump gap.
Controlled photoresist thickness ranging from 42m is possible using a Suss
Microtec Altaspray system. The photoresist wasggil onto the die using a shadow
mask fabricated in silicon. The photoresist bogdwmas performed on a hotplate at
110 C for 3 minutes with a weight placed on topheTsprayed-on photoresist thickness
was measured on a separate sample using the saing tamperature and time, but
without compression. In these measurements, tio&gntbss variation was +/- Ovin.
The thickness of the bonded photoresist was ne&ictiy measured, but is believed to
shrink due to squeeze-out from the compressiontemgeratures applied. The assumed
gap in this work was, therefore, an estimatiorhefmaximum gap value.

The last step in the assembly of the turbopumpaogeis to bond the turbine
plumbing layer to the bottom of the stack using anoal application of photoresist
(thickness is not critical). A completed spirabgve turbopump is shown in Figure 3.39.

In an application setting, silicon fusion bondiray @ny bonding method) can be
used for smaller pump gaps. For the work presemtdtiis dissertation, a photoresist
bonding layer was essential to enable disassemblthe turbopump stack without
disrupting the rotor bonding layer. In this calseth plumbing layers could be removed
in Acetone while the rotor layer remains bondedetbgr. This allows for cleaning of the
device via Acetone flushing and ultrasonic as weslisubstitution of the plumbing layers

using only a single rotor device.
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Figure 3.39. Optical photograph of a completed spal-groove turbopump.

3.4 Turbopump Summary

The centrifugal-type turbopump design and implemgon with a tangential air-
turbine and point-contact bearings was presentedhatbeginning of the chapter.
Demonstration of pumping was hindered by to thermyonmetry of the device. The
asymmetry caused sealing to be unrealistic andtettedivots on the raceway created
from the non-uniform etching, which limited rotaoperation. These results led to the
improved axisymmetric design using a radial in-flaw turbine and the elimination of
the asymmetric volute design. The centrifugal-typenp was exchanged for a spiral-
groove pump allowing for a smaller rotor diametdtis reduced the torque required to
operate, an important detail for future micromototegration. The planar-contact
bearing design V.2 was chosen over the point-comtasign due to the significantly less

wear that allows for better gap control in the punijastly, the fabrication process of the
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spiral-groove viscous turbopump was presented. clBanging only the optimal masks,
many configurations of the spiral-groove turbopurap be realized using the fabrication
process presented. Thus, not only can spiral-graascous turbopumps be fabricated
with the process techniques developed, but othecous type and centrifugal

(axisymmetric) designs can be as well.
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4 Micro Turbopump Characterization

This chapter presents the first demonstration ofieroball bearing supported
turbopump. The experimental procedure, apparaius,key characteristics of the final
assembled devices are described first. Charaateniz of the turbine rotor before and
after assembly of the pump plumbing layer is examjrproving that the fabrication and
assembly processes do not prevent rotor operathext, two different liquid start-up
methods are detailed, and finally, the turbopumaratterization for two different pump
gaps is presented.

The design and fabrication of two micro turbopumesigns supported on
microball bearings were introduced in the previchapter. A summary of testing the
centrifugal turbopump concluded that an axisymmetgiral-groove viscous turbopump
design would be more effective for the applicatiofsnterest. Therefore, the viscous
turbopump was designed using a modified planaramtritearing mechanism along with
the radial in-flow air turbine. The planar-contdsaring V.1 was designed to lower
raceway wear due to point-contacts, while the mediplanar-contact bearing V.2 was
designed to further reduce the amount of wear atwlisl created by the bond interface.
When compared to the tangential air turbine, thdiatain-flow air turbine is
axisymmetric and produces larger torque at lowetirdy pressures, which allows for low
normal load operation. The integration of thes@ponents led to a turbopump designed

for flow rates up to 100 mL/hour with operating gsares greater than 1 psi.
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4.1 Experimental Apparatus and Test Setup

This section describes the experimental apparang test setup used to
characterize the microturbine and spiral-groovedpump. The device test jig serves to
interface between the turbopump and measuremeta. siiollowing the description of
the device test jig is a description of the experital setup and the measurement suite
used to characterize the devices. The experimapfsratus is comprised of the test jig,
measurement suite, computer interface and datasatioj, and the gas and liquid flow
controls. The turbopump cross-section diagramhsas in Figure 4.1 with the port

designations corresponding to those described dpyr&i4.2.

Spiral Pump inlet Pump Outlet Thrust balance channel

Sea Groove: (Pinv) (Pour) (PrrrusT)
NI
L \/ - I
1
1
o i
|
|
Turbine Out :
(Toum v

Turbine In

(Tin)

Figure 4.1. Liquid and gas designations for the sgal groove turbopump.
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Pump Plumbing (Layer 4)

Rotor (Layers 2 & 3)

Turbine Plumbing (Layer 1)

ort Description
Pump Inlet Pressure Tap

Pump Inlet

Pump Outlet Pressure Tap
Pump Outlet

A
B
C Thrust Balance Plenum
D
E
F Thrust Balance pressure Tap

Figure 4.2. Schematic of the assembly and portsrfthe turbopump device.

4.1.1 Device Testing Jig

An aluminum jig was developed to interface thecsiti turbopump device with
the measurement suite and liquid/gas ports (FiguBeand Figure 4.4). The turbopump
device, measuring 27 mm on a side, is fit into¢heity with the holes provided for the
protruding tubulations, turbine inlet, and turbmetlet. The turbine outlet also provides
access to the measurement geometry on the turdtioefor the ODS. O-rings are placed
into the jig to separate the turbine inlet air fland the turbine outlet air flow. The
device is compressed onto the o-rings using anialumlid that is screwed to the base

of the jig.
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Screw O-ring Aluminum Lid

Turbine Exit

Turbine Inlet  Aluminum Jig Tubulation/

Figure 4.3. lllustration of the mechanical jig wih the turbopump inside.

Turbine
Outlet
Turbine
Inlet Device
Cavity
!
Through
holes for —
tubulation:

/ODS port

Figure 4.4. Photograph of the turbopump jig.

155



Once the device is secured in the jig, tubes ataclad to the tubulations
protruding on the backside (Figure 4.5). Also,stgoply pressurized nitrogen to the
device, one-quarter inch outer diameter tubingtesched to the jig through holes tapped
for an NPT fitting. The ODS access hole is seethénphotograph. The ODS is attached

to an x-y-z manipulator for accurate positioningothe measurement geometry.

Fluid and
Optical / gas tubing
Displacement
Sensao

Nitrogen line to

w—  drive turbint

Figure 4.5. Photograph showing a completely packag turbopump device.

In some cases, turbine characterization was peddr without the pump
plumbing layer to ensure proper rotor operationotefassembling the device as a
turbopump. However, when the plumbing layer is attached, the pressure does not
build up on the turbine rotor backside and force tbtor into proper contact with the

raceway. To enable the proper axial position & thtor to be in contact with the
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raceway, a gasket is placed on top of the o-riegtang a thrust plenum similar to that
described in chapter 2 (Figure 4.6). In this c#ise turbine inlet pressure will also serve

to pressurize the thrust balance plenum and fétreedtor into contact with the raceway.

Aluminum Lid

Turbine Exit

Turbine Inle Aluminum Jig

Figure 4.6. lllustration of the packaged turbopumpwithout the pump plumbing
layer to characterize the turbine operation.

4.1.2 Measurement Suite

lllustrated below (Figure 4.7) is the experimerdpparatus used to characterize
the microturbine and turbopump. The pressurejdiqand gas handling ports correspond
to those described in Figure 4.1 and Figure 4.Rie key areas are outlined: a) turbine

inlet, b) pump inlet, c) thrust balance, d) pumessure differential, and €) pump outlet.
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Turbine Inlet ~ Pressure DifferentialThrust Balance .

Flow Meter

Pressure
Transduce

Flow Valve
Liquid
Gas

Figure 4.7. Liquid and gas experimental setup diagm for the spiral-groove
turbopump.

The turbine inlet is composed of an 80 psi, housegen source, a manual
control valve, an Omega FMA series flow meter (60-sIm), and an Omega pressure
transducer (0 — 60 psi). The flow rate of the imehis controlled via the manual valve
and logged with the turbine inlet pressure. Thibitie exit is exhausted to ambient.

The thrust balance pressure is controlled via aualacontrol valve in line with
the device and house nitrogen source. An Omegasypre transducer (0 — 15 psi)
monitors the thrust balance pressure at the pewypbiethe rotor. The thrust balance
pressure can be used to maintain the requiredpee$sr sealing. This is necessary to

ensure the microball bearings remain dry during-ajoen of the turbopump device.
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The flow rate through the pump can be controllecthgugdwo methods: (1) a
pressure vessel with an inline rotameter and flalver or (2) a programmable syringe
pump. Method 1 uses a control valve and a diread rotameter in line with the device
and a liquid pressure vessel. The pressure ofdéhsel is maintained via a regulator and
the house nitrogen source. This allows the punigt pressure to be fixed and adds an
additional control of the normal force exerted t¢w trotor ensuring proper contact.
Method 2 uses a programmable syringe pump (Kenén8tic GENIE Plus), which
allows the flow rate to be controlled from belowril/hour to greater than 45 mL/min.

The pump outlet is fed to a beaker and throttledguboth a pressure head built-
up by varying the elevation of the beaker and & flalve. The pressure differential rise
across the pump region is measured using two meedsansducers (0 — 1 psi with a
0.003 psi accuracy) each placed at the pump inbatlet pressure taps.

Not shown in Figure 4.7 is the ODS to detect theesdpof rotation. A D6 ODS
from Philtec, Inc. is connected in line with a 208z voltage amplifier and then fed to a
DAQ card. The voltage signals from the presswapdlucers and the flow meter are fed
to the same DAQ card.

A 6024 DAQ interfaces the signals coming from thresgure transducers and
flow meter to the computer and a LabView prograRigure 4.8 provides a snapshot of
the LabView program interface developed to monitord log data necessary for
characterizing the turbopump. The ODS voltage peced by the measurement geometry
is converted to a rotational speed using the FFjordhm developed in previous
experiments. The voltage signals from the presswmesducers are converted to psi

pressure units and the flow rate voltage signabisverted to slm units and logged, with

159



the speed measurement and time, in a tab delirfileed The pressure transducers are
calibrated to zero using the logged data at ambeemditions so that all pressure

measurements are relative to atmospheric pressure.

Figure 4.8. Screen shot of the LabView program witien for the testing the
spiral-groove turbopump.

4.2 Assembled Device

Multiple rotors were fabricated and assembled intdopumps using both the
planar-contact bearing V.1 and planar-contact bgaki.2 (having the bond interface
moved out of the wear region). Not all devicesraped properly when the turbine was
characterized. In this case of some assembledptaontact bearing V.1 devices, the

fabrication tolerance, combined with wear, causkd totor to rub on the turbine
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plumbing layer after a few seconds of operatiorhisTwas fixed by moving the bond
interface away from the wear track, reducing weat eelieving some of the alignment
tolerance through geometrical changes.

Three rotors were fabricated and assembled usmgldnar-contact bearing V.2
and two of the three rotors were assembled intooppump devices with a turbine blade
height of 200mm and gaps of 7.Am £ 1mm (Device 1) and 15m + 1nm (Device 2).
The third rotor (Device 3) was not assembled intaraopump device and only used to
characterize the turbine and bearing mechanisme sHfient characteristics of all three
devices are provided in Table 4.1. The assumedppgap is an estimation of the
maximum gap as was described in Chapter 3. Thealagap is believed to be less,

because of shrinkage during the bonding procedure.

Rotor Sag | Maximum Photoresistt Pump Gap| Turbine Blade
(mm) Thickness ifm) (mm) Height (vm)
Device 1 3.4 +/-0.5 4 +/-0.5 7.4 +/- 1 200
Device 2 5+/-0.5 10 +/- 0.5 15 +/-1 200
Device 3 5+/-0.5 NA NA 200

Table 4.1. Characteristics of devices tested.

4.3 Turbine Characterization

The turbine rotor is first characterized beforeuidytesting is performed. This
ensures that the fabricated rotors and the assepnbtess do not affect the performance

of the turbine. Two rotor characterizations aregened: 1) before the pump plumbing
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layer is attached and 2) after the pump plumbingras attached via the photoresist
adhesion layer. Characterizing the turbine roteiote the pump assembly means that
any failure is due to the rotor layer fabricatiorFailure after attaching the pump

plumbing layer is attributed to the assembly preces

Characterization is performed by logging the tuebiatational speed of the rotor
and pressure versus the turbine flow rate. Therristspun to 10,000 rpm and back to
rest. If the turbine rotor is observed to operatthout large fluctuations it can be
assembled as a turbopump. For some devices, diimhs were observed in the
rotational speed versus flow rate. In these cabegjevice was cleaned by soaking in an
ultrasonic acetone bath. This helped to removepaniicle build up inside the raceway.
The rotor would then return back to its expectedgomance.

When the turbine was characterized without the piag layer, the device was
packaged with the gasket (Figure 4.6). When tgstiith the plumbing layer attached,
the device was packaged without the gasket (Figu8g In this case the ports on the
pump side, which are the pump inlet and outlet ok&nand their pressure taps, and the
thrust balance channel and pressure tap, were g@dugdPlugging them ensures that
pressure can build-up on the pump side and foreedtor into contact with the bearing
raceway.

Figure 4.9 shows the turbine characterization curfegg Device 1 packaged
without the pump plumbing layer. This device reati0,000 rpm at a turbine flow rate
of 1.8 slm and approximately 0.1 psi, slightly ldkan the turbines characterized in
Chapter 2 and used for spin-down testing. In tlage, the rotor reached 10,000 rpm at a

turbine flow rate of 3 slm and approximately 0.4%. p
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Figure 4.9. Turbine performance curve without liqud using planar-contact
bearing V.2 and packaged without the pump plumbindayer.

The discrepancy may be attributed to the differeincblade height, which was
200mm for the rotor tested here (Turbine V.2) and #@0 for the device tested in
Chapter 2 (Turbine V.1). The smaller blade heigfhTurbine V.1 increases the fluidic
resistance and limits the flow rate through theorofor a given turbine pressure
differential. Turbine V.1 requires a larger prassdifferential to create the same flow
rate as Turbine V.2 that has larger blade heighitke increased turbine pressure also
results in an increased normal load on the roter ttuthe coupling between turbine
pressure and normal load. The rotational speekudfine V.1 is, therefore, slower than
Turbine V.2 even though the flow rate is the same the difference can be attributed to
the normal force on the rotor of Turbine V.1 belagger. Increasing the turbine blade

height will further increase the speed versus ftate ratio.
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Characterization of Device 1 with the pump plumbilager assembled and
packaged is shown in Figure 4.10. The thicknesth®fphotoresist layer attaching the
rotor to the pump plumbing layer wasmh + 0.5mm. This makes the gap between the
rotor disc surface and the pump plumbing layernfd= 1nm when the rotor is in
contact with the planar-contact raceway. The flate required to achieve 10,000 rpm
increased from the previous 1.8 slm to 3 sim. Tlference can be attributed to the
viscous drag from the 7mm gap in the areas of the sealing region and sgicive
region.

The lack of fluctuations in the flow rate versusag curve (Figure 4.10) is
verification that no large particles were trappedhe small pump gap during the pump
plumbing layer assembly process. In some castaliteaphotoresist droplets from the

spray coating process would deposit on the seafingace or groove surface.
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Figure 4.10. Turbine performance curve without liquid using planar-contact
bearing V.2 and packaged with pump plumbing layer.
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These droplets could cause the rotor to stick ¢éoplambing layer, which in turn could
cause the rotor to exhibit large fluctuations amadomness in the characteristic curve or
simply not spin. Devices that exhibited this bebawere soaked in an Acetone
ultrasonic bath, re-assembled, and characterizauh.ag

A high-speed test was performed on a device packag¢hout the pump
plumbing layer to investigate the maximum speedhef turbine/bearing system. The
flow rate through the turbine is limited by thelunme fluidic resistance and the pressure
drop from the turbine inlet upstream of the difiusenes and the turbine outlet at
ambient. The maximum flow rate with the currenpexmental apparatus was recorded
at 13 sIm with an estimated turbine pressure difop psi (assumed Y2 of the pressure
drops through the static diffuser vanes and therdthdrops through turbine blades). At
this flow rate the radial in-flow air turbine anthpar-contact bearing V.2 were able to
achieve rotational speeds greater than 85,000 Fgure 4.11). It is logical to assume
that higher rotational speeds are capable if the fiate of the apparatus can be increased
and the normal load exerted on the rotor decreased.

The speed is expected to increase further with flate, but will eventually be
limited when the normal force on the rotor becotoeslarge. Two solutions to increase
the flow through the turbine are to increase thbine blade height and decrease the
fluidic resistance in the inlet line. The couplingtween the driving turbine flow and the
rotor normal force, however, will eventually linttie speed of the rotor. As the normal
force increases so does the power loss to thengsari It is crucial to decrease the
coupling between the turbine rotor speed and th®rromormal force to enable

applications that require higher tip speeds.
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Figure 4.11. Demonstration of high-speed operatiowith the planar-contact V.2
bearing and the radial in-flow air turbine.

4.4 Pump Characterization

The pump is characterized by the differential pessise (P = Pour - PiN)
across the pump area (Figure 4.1), the liquid flate, and the rotational speed of the
rotor. The flow rate is dictated by the pressurepdbetween the pressure vessel or
syringe pump and the pump outlet and the fluidsistances of the inlet line, pump, and
outlet line. Control of the flow rate is via a nuah flow valve placed in line with the
pump inlet and the pressure vessel or directlyhgy gyringe pump (Figure 4.7). The
rotational rate is controlled by the flow throudtetturbine and dictated by the power
balance of the system.

When the pump is off or not rotating above a aitispeed, the flow is purely

pressure driven and thd® across the pump is negative, i.e. energy fronflthe is lost
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and the pump acts as a variable fluidic resistorhekiVthe pump is rotating above a
critical speed, theP across the pump is positive, i.e. the pump adds energy tithe f

Operation of the turbopump was begun using twoerbffit start-up procedures.
The rotor can be started with or without liquidtire pump area. In the first case, the
rotor is spun using a pre-determined turbine flate rand pressure such that rotation is
maintained when liquid is introduced. After theraatuction of the liquid, the rotational
speed will decrease to a new operating point taknees viscous drag. This procedure
eliminates the large stiction created when theidigs introduced before the rotor is
started. On the other hand, large fluctuations wgltur, potentially causing a drastic
change in the power balance. This could lead totuhgne stalling or the microball
bearings jamming.

In the second case, the thrust balance plenum ssymiezed and the liquid forced
through the pump before the turbine flow is ing@to spin the rotor (Figure 4.12). The
thrust balance plenum pressure is kept larger thempump outlet pressure and within 1
psi (0 psi < Purust— Pout < 1 psi) for a device gap of 15 um or 2 psi foreaide gap of
7.4 um to ensure proper sealing between the ligndlthe nitrogen. Once the liquid
flow rate and pressure settle through the pump regionythmé flow rate is increased to

permit the rotor to spin.
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Figure 4.12. lllustration demonstrating the pump piming procedure. The
thrust balance channel pressure (tan) is elevatedave the liquid (blue) pressure
at the pump outlet to seal.

4.4.1 Start-up Behavior

The start-up behavior was characterized using [Revichaving an estimated
maximum 7.4mm pump gap. The turbopump was first started with ribtor spinning
before introducing the liquid. The flow rate of thebine was set to 4.5 sim. At this
turbine flow rate, the rotor speed stabilized aro@d¢gd00 rpm and, subsequently, the
liquid pressure was increased to allow water to flow intgtimap inlet. This is shown in
Figure 4.13 before timi.

When liquid entered the pump tatthe rotor seized. When the turbine flow was
increased to 5.7 slm, thereby increasing the powailadle from the turbine, the rotor
spun for a few seconds (observed between tigasdt; in Figure 4.13). During the few

seconds of operation the pump inlet pressure bagdacrease, while the pressure at the
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Figure 4.13. Turbopump results when liquid is intoduced while rotor is
spinning.

pump outlet increased. This demonstrates the Igpioave pump is beginning to
increase the differential pressure. It is logidattthe differential pressure rise would
have continued to increase above zero (i®rP Py) if the rotor spun for a longer
period of time.

One potential explanation of the rotor seizing ik to the bearing system
causing too sudden of a change in the power balathen the liquid first comes into
contact with the rotor and proceeds to fill the puanea. A second possibility is that the
net normal force on the rotor switches directioe dor adhesion forces associated with
the water coming into contact with the rotor. Tdésrces are primarily meniscus forces
and viscous forces [62]. The rotor will no longeteron the planar-contact raceway |If
the normal force direction shifts. Instead, the retould ride on the spiral-grooves and
sealing surface. This would drastically increase wiscous drag or sliding friction and

stop the rotor from spinning.
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In the next experiment, the same assembled turbppuas tested with two key
changes. First, in hopes that the rotor axial tmosiwould be resting on the planar-
contact bearing raceway, the liquid was introdubetbre spinning to prime the pump
area and let the liquid pressure within the puntfeseThis eliminates the sudden change
in the power balance and potential shock to theihga Second, the turbine flow rate
was set to 8 sIm (rather than 4.5 slm from the iptesvexperiment) increasing the torque
in order to overcome stiction.

To prime the pump area, the thrust balance presgaseincreased to 0.4 psi and
the liquid introduced with a flow rate approximagtelqual to 45 mL/hour. This is shown
in Figure 4.14 between the timgsandt,. During this period, the liquid pressure at the
pump inlet and outlet increases until a pressuiferdntial is met that is dictated by the
fluidic resistances through the pump. At this tirttee differential pressure is negative
since the flowrate is produced by the total fluidesistance and the pressure drop from
the pressure vessel to ambient.

Once the pump inlet pressure and outlet pressutiedseclose to 0.5 psi at the
pump inlet, the turbine flow was increased to 8,skhereupon the rotor began to spin at
approximately 4,000 rpm (shown between the titpesdt; in Figure 4.14). During this
time, the pump inlet pressure decreased and theppauatlet pressure increased.
However, the differential pressure rise acrosspilmap area was still negative, meaning
the flow was still pressure driven rather than puinpen. After timets, the differential

pressure rise settles to approximately -0.3 psi.
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Figure 4.14. Start up behavior for the turbopump wth a turbine flow rate set to
8 slm and liquid flow rate in the range of 45 mL/har and 60 mL/hour.

4.4.2 Device 1 Characterization
Figure 4.15 is a continuation from Figure 4.14 acohstitutes the first
demonstration of pumping using Device 1. The roteatl speed shows a sudden increase

from 4,500 rpm to 12,000 rpm at tinke Between the timet, andts the differential
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Figure 4.15. Turbopump demonstration with a turbine flow rate of 8sim and
liquid flow rate ranging from 45 mL/hour to 60 mL/hour.

pressure rise across the pump climbed to +0.3npsaning the pump is increasing the
energy of the water as it passes through the turinpp After approximately 20 seconds
the turbopump seizes. The turbopump then operteand off with the differential
pressure climbing to +0.1 psi between tirheandt;, and to +0.05 psi between the times
tg andty.
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The on and off behavior is attributed to power g®ifrom the changing pressure
forces on the pump side of the rotor and adhesiace$ between the rotor and the pump
structures. The pressure forces are directly tie@ to the normal force on the rotor,
and therefore, the power balance of the system. thA@sdevice begins to pump, the
pressure at the pump inlet is observed to decreasSie all other pressures remain
relatively constant (Figure 4.15). This decredbesoverall pressure force exerted on the
rotor. Figure 4.16 shows the calculated normatdoexerted on the rotor due to the
pressure distribution in the liquid and nitrogerridg the operation of the turbopump
while subtracting the pressure force exerted byttineine on the opposite side. The
pressure drop between the pressure ports is assiontedlinear and the normal force is
approximated by half the pressure times the artegral.

The adhesion force (meniscus force) is an attractorce between the pump
plumbing layer and the rotor due to the small gag the liquid. It is considered to be

the dominant adhesion force and can be estimatad tie following equation [62]:

+
F = Answater(cosql COS%) Equation 4.1,

m h,
whereAn is the meniscus areayater is the surface tension for water (73 dynes/cmg, an
¢ and ¢ are the contact angles between the pump plumlaiper land the rotor disc
respectively. The meniscus fordg,, is estimated to be 125 mN (dotted line in Figure
4.16). This assumes a contacting angle of 45silagon, half the spiral-groove region
having a gaph,, of 7.4nm, and the other half of the spiral-groove regiavihg a gap

27.5mm plus 7.4m.
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Figure 4.16. Re-print of the plot shown in Figure4.15, but with the normal force
calculation added in.

While spinning, the pump inlet pressure decreasesraore rapid rate than the
pump outlet pressure causing the normal forcedo décrease slightly, as seen between

the timest, andts, ts andt;, andtg andts. A perturbation such as a bubble passing
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through the pump region decreases the pressureh@mpump side and, therefore,
decreases the normal force keeping the rotor onateway surface. Once the normal
force dips below the meniscus force, the rotor bdlpulled towards the pump plumbing
layer and the gap will decrease. The problem a&cesbated by the increasing viscous
drag as the gap shrinks, increasing the viscous Wogh gap and changing the power
balance of the system (Figure 4.17). The normaefin Figure 4.16 is observed to drop
just before the rotor stalls at the timgst and &.
After the rotor stops spinning, the pressure atititet rises, allowing the normal

force to increase again. After a sufficiently kngormal force is reached, the meniscus
force (much smaller gap than 7h since the rotor is snapped into the pump plumbing

layer) and stiction can be overcome and the rodor snap back down and contact the
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Figure 4.17. Power curves for the turbine power wih +10% flow deviation with
bearing friction taken into account and the power bss due to viscous forces on
the pump side for a maximum and minimum wetted surdce area.
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raceway. At this time the rotor is able to spiml &me device able to pump again. This
cycle is then repeated.

Control of the normal force and maintaining it abdhat required by adhesion
forces may be critical to the continuous operatbturbopumps with a small pump gap.
Elevating the normal force in the direction of ttageway will allow the rotor to remain
in contact with the raceway and will allow operatio be continuous. The control of the
normal force, however, is complex due to the cauplvith the turbine and the pump

operation.

4.4.3 Device 2 Characterization

Continuous pump operation was achieved using DeXic&he 2x increase in the
pump gap of Device 2 allows the adhesion forcedbdoreduced by half the value
observed for Device 1. In addition to reduced adireforces, the pressure force on the
rotor was raised by closing the valve at the pumibed along with raising the valve to a
different height. This allows the pressure at thket to also be increased, while
maintaining similar pressure rise throughout thenpu Together, these changes allowed
continuous operation of the turbopump for all fleates and pressure ranges.

A syringe pump was used in this experiment to abritre flow rate through the
pump device accurately. At each flow rate, thesguee rise through the pump is allowed
to settle (Figure 4.18) and the data is takenHuoed different rotor speeds (Figure 4.19).
If 20% shrinkage of the photoresist is assumednduponding between the rotor and the

pump plumbing layer then the resulting gap isvh® (from the estimated 1fBm original

gap). The analytic pump curves are calculatedguBEiquation 3.8 for the 18m gap
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Figure 4.18. Demonstration of continuous pumping tal0,000 rpm and flow rate
range from 10 to 60 mL/hour.

and are plotted with the experimental data in Fegud9 and show good agreement with
the experimental data.

Another discrepancy in the collected data is inrieasurement of the pressure
rise through the pump. The pump outlet was kepiated during the experiments and
had an average value of 0.55 psi. When the presge through the pump goes above
this value, the pressure at the pump inlet is megatThe linear range for the pressure
transducers used in these experiments is from 8il Pherefore, the data points

collected for pressure rises above 0.55 psi haveaeasing error bar.
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Figure 4.19. Turbopump characterization and compaison to analytical with an
estimated gap of 12im.

4.5 Summary

An experimental platform was developed to char@adethe microturbine, the
microball bearings, and turbopump performance. udbdpump was actualized with a
radial in-flow air turbine, a modified planar-coataace design, and spiral-groove pump
structures. The microturbine was characterizeer afiitial rotor fabrication as well as
after being assembled into a turbopump. This detnaies that the assembly method to
achieve a small pump gap does not prevent turljpeeation. The turbine performance
was observed to improve with the modified planamtaot bearing design and increased

blade height when compared with a previous michoier that was used to study bearing
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friction. Furthermore, high speed operation of thebine and microball bearing was
demonstrated with rotational speeds greater thad085pm.

Two turbopumps having differing pump gaps were stigated. For small gaps,
the adhesion force becomes dominant and requimrgsot®f the pressure forces on the
pump side to achieve continuous operation. Altengtto the design of the turbopump to
enable more control on the pressure forces caredlezed to investigate the operation
with small pump gaps.

Continuous turbopump operation was achieved redutia adhesion force via an
increased pump gap in addition to elevating thessuee forces across the rotor.
Experimental pump curves were developed for ratalicspeeds between 5,000 and
10,000 rpm, which show good agreement with anaiticurves assuming 20%
photoresist shrinkage during bonding. Pressuresdas 0 and 1.2 psi were obtained for
flow rates ranging from 10 to 80 mL/hour, withinethrange for portable power
applications.

The design of the turbopump and the experimentaifqgyim developed allow
many configurations of viscous pump geometriesdautilized on the pump plumbing
layer without a new rotor. This enables compldtaracterization of turbopumps and
assessment and development of optimized geomefTfilbs.first pumping action using a
turbopump supported by microball bearings was destnated, highlighting the potential

of this technology if applied to liquid pumping.
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5 Conclusions and Future Work

5.1 Summary

A microfabricated turbopump was designed, fabrdatnd demonstrated for
applications in liquid fuel-based power generatiofihe turbopump is comprised of a
spiral-groove viscous pump mechanism driven by datain-flow air turbine and
supported using a novel microball bearing mechanisixperimental results were
obtained for a device with a 15 um gap, and a 4n% dmmeter pumping region. A
pressure differential rise up to 1.2 psi was denrated across the pump region with a
rotor speed of 10,000 rpm and liquid flow rate iagdgetween 10 and 80 mL/hour. The
turbine operation, without liquid in the pump regiowvas thoroughly characterized.
Rotational speeds reached greater than 85,000 rpim minimal raceway wear; the
highest speeds ever demonstrated using a MEMS atdmgaring mechanism. The flow
rates and pressure ranges achieved demonstrapedbibility of the MEMS turbopump
to deliver fuel in portable power applications. blea 5.1 summarizes the major
technologies developed during this study.

A rotary pump based on the developed turbopumpigrstion was selected for
three key reasons: 1)the pumping action is pumkgchanical; 2) batch silicon
microfabrication techniques can be used in thegthssiand 3) the pump mechanism can
be scaled to meet a broad range of flow rate aesispre requirements. Furthermore, a
viscous-type rotary pump was selected because thkig principle allows it to be
designed with high compactness since viscous fobeggn to dominate at the micro-

scale.
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T[;eg\t';g:sgg Critical Knowledge Fabrication Reference
- 1*' encapsulated microball Lzlwatf_er Ilevelsk
1. Point-Contact bearing demonstrated optical masks 416, 17]
Bearing - 18,000 rpm demonstrated 25 Process Step3-o,
1 bonding layer
» Tangential Air | 1% integrated motor ' éwaf_er Ilevelsk
Turbi 9 IPoi . > 37,000 rpm demonstrated| > OPtical masks 18
Clcj)rntgci Vé/ea?ilggtg- - >24hr operation demonstrate'd:L bonding layer k [18]
. Exhibited high wear + 25 Process Steps
- 3 wafer levels
3. Centrifugal pum|- 1% turbopump fabricated - 9 optical masks
implemented using- Determined axisymmetric |- 2 bonding layer
technology 1 & 2 | design requirement - 45 Process Steps
- 3 wafer levels
géZIr?:aL-;gntact - Low-wear demonstrated - 10 optical masks
Radial?n-Flo%v - Spin-down testing - 2 bonding layer | [19, 46]
Turbine - > 85,000 rpm demonstrated| - 45 Process Step$
- 5 wafer levels
5. Viscous pump |- 1*'turbopump demo . 15 optical masks
implemented using w/microball bearing . 3 bonding layer [47]
technology 4 - 10-80 mL/hour and 0-1.2 pSf . gg process Steps

Table 5.1. Timeline of technology development

The final turbopump comprised of five wafer levéddbricated using over 80
processing steps and 15 optical masks. The asgainttie five-level die stack consisted
of three different bonding methods all utilizinghavel microball alignment technique.
Successful fabrication required precision depthtrobrusing DRIE with careful etch
depth measurements to define the critical gap redufor the viscous pumping

mechanism. Assembly of the rotors using a AuSeatiat bond enabled investigation of
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the raceway after rotor characterization. This wascal in the initial phase of the
microball raceway development. Two different raagwdesigns were investigated
before the final modified planar-contact raceway whosen for the turbopump.

The novel microball bearing technology developedupport the rotors was a key
to the success of the turbopump and microturbifmltrgy platforms. A fabrication
process that includes silicon micromachining anddnag techniques was conceived to
develop an encapsulated microball bearing and gules¢ly a rotor that is supported for
both axial and radial loads.

The point-contact bearing design was the first ed@monstration of a rotor
completely supported by a microfabricated ball mgartechnology. High speed
(>37,000 rpm) and long term (> lday at 20,000 rpesting using the tangential air
turbine proved the viability of the microball beagimechanism for use in MEMS rotary
applications. However, the point-contact bearirpileited a large amount of wear, on
the order of tens of microns, so an alternativegihesas developed.

The planar-contact bearing raceway was designeebiicce raceway wear. In this
design, the microball was made to contact a flaeway on the thrust bearing surface
rather than a sharp corner. This reduced the cesame stress when compared to the
point-contact design using Hertzian contact medsani The planar-contact design
exhibited minimal wearing on the thrust surfacet, till a large amount of wearing on
the radial load surface occurring at the bond fater. Therefore, a modified planar-
contact design, in which the bond line was movedyadrom the wear track, was

developed for the final turbopump. Using this niiedi design, the microball contacts
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only a flat surface, on both the radial and thaastying surfaces. This led to negligible
raceway wear and debris generation.

A novel alignment technique was devised to aligyefta at the die level for
bonding. This technique was pivotal in the assgmifi all devices during the
development of the turbopump. Microballs were usetdonly in the bearing mechanism
but also for the dual purpose of aligning two layéwgether. This technique enables
alignment accuracies better tham®, which are not possible using conventional bond
alignment tools. In addition, this technique candxtended to other applications by
adding alignment trench patterns to the fabricapimcess.

An air turbine was incorporated as the drive merdmarfor the pump and was
used to develop platforms to study the microbalrivgys. The air turbine is a high
power drive mechanism using the house nitrogen ceour This made for simple
integration to evaluate different bearing geomstaaed demonstrate the viscous pump.
Alternatively, the nitrogen source could be repthby the energetic exhaust of a heat
engine to which the pump is delivering fuel. Tleischange of energy sources may
enable recuperation of the wasted exhaust streangyn

Two air turbine designs were investigated. Duéht axisymmetric design and
the high-speed capability with low driving pressyréhe final turbopump incorporated
the radial in-flow air turbine. This turbine waisst integrated into a tribology testing
platform with a planar-contact bearing design. sTiatform was used to study the wear
and friction of the planar-contact bearing designSpin-down testing enabled
development of empirical models that relate themaroad and speed to the amount of

friction lost to the bearing mechanism. Wear @t ticron level, which was an order of

183



magnitude better than the point-contact bearinggdesvas observed. High-speed, up to
85,000 rpm, was demonstrated using the modifiedgptaontact bearing in which the
bond interface was moved out of the microball wesck.

The next generation micropump is envisioned to afgerusing a rotary
micromotor. This will replace the microturbine fapplications without an exhaust
stream or other source of pressurized gas. Indissertation a working foundation for
the microball bearing technology has been estaddishsing the air turbine drive
mechanism. This information can be directly useddsign a rotary micromotor with the
required rotational speed range and torque.

The design and development of robust methods faapsulated microball
bearings, microturbines, and pumping structurese heniminated in the successful
demonstration of a micro-turbopump. Not only de tomponents developed allow for
liquid pumping, but alternative applications arevisioned. The microball bearing
platform developed and characterized enables MiEWS applications to be effectively
designed and incorporated into numerous rotary iegmns. Lastly, the bearing
mechanism and pumping technology can be thoroughibstigated and optimized using

the platforms described.

5.2 Summary of Accomplishments

The first silicon turbopump with a microball beaisupport mechanism was
demonstrated for fuel delivery applicationBefore demonstration of the pump, robust
rotary microball bearing and drive mechanisms latlé developed and demonstrated.

What follows here is a listing of the key contrilomis of this dissertation:
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Design, fabrication and demonstration of a spiral-gpove turbopump

supported by a microball bearing

Developed the design and fabrication process fepigl-groove turbopump

that integrated the viscous-type pump onto a tudmnmery platform using a

microball bearing support mechanism.

Created a platform that uses interchangeable pumpimd rotor layers

enabling a host of pump, turbine, and bearing dasigithout necessitating

the time-intensive and costly fabrication of alhgmonents.

Developed a comprehensive experimental apparatuschi@racterize a

microfabricated turbopump as well as the turbinel dearing support

mechanisms.

Produced designs and procedures to operate visgpesnd centrifugal-type

turbopumps that address both sealing and normes fmontrol when using the

passive bearing mechanism.

Demonstrated a differential pressure rise up t@ $%i across the pumping

region for a flow rate ranging between 10 and 8Ghuadr.

Encapsulated microball bearing platform  The most influential contribution
made is the development of the encapsulated mitrobaring for the support of rotary
actuation mechanisms. An encapsulation processmgltine fabrication enables real
world applications of the microball bearing techowl, which are currently being utilized

within the MEMS Sensors and Actuators LaboratoryS@M) at the University of
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Maryland. Three microball bearing configurationeres investigated along with two

different turbine drive mechanisms.
Developed a base fabrication sequence for micrdixedring encapsulation
and rotor release that has been successfully ingrited for over 20 wafer
builds and is now the standard in the study of thieroball bearing
mechanism in MSAL.
Designed a fabrication process to include an impaent bonding scheme for
the rotor assembly and to enable investigation @dnand reliability without
destruction of the raceway.
Produced designs, fabrication methods, and perid@aneomprehensive study
of two microball bearing raceways. This enablezldbsign of planar-contact
bearing V.2 reducing the wear created (less tham)2and the debris
generated.
Developed platforms to characterize the performavfcenicroball bearings
and microturbines and to study the wear and fmct@sociated with their
operation. Provided insight into the wear behaaiod explanations based on
Hertzian contact mechanics.
Demonstrated the first encapsulated microball bearicapability by
performing a long-term test (greater than 1 dayrafpmn) and high-speed
operation (greater than 37,000 rpm) using the paintact bearing design.
Demonstrated high-speed (greater than 85,000 rp@ajation of the planar-

contact bearing and radial in-flow turbine.
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Performed spin-down measurements and extractedriealprelationships

between bearing friction and rotor speed and load.

Novel device alignment technique A novel alignment technique using the
microballs and alignment pits was developed tdifate die level bonding. This method
can be utilized in many applications and is nofitkeh to the fabrication of the microball
bearing design or the silicon turbopump. Alignnsetgss than 5 pum can now be

routinely achieved even at the die level withoet tieed for specialized equipment.

5.3 Future Work

The following sections will mention future work atethnological improvements
for future investigations based on the concepteldged and findings detailed in this

dissertation.

5.3.1 Microball Bearings

The microball bearing designs developed within tiwgrk were focused on
enabling a turbopump rather than developing themaftroader range of applications
like, micromotors, microgenerators, high pressuré #iow pumping, and other rotary-
based applications. Future work needs to focuthermore fundamental phenomenon
related to the materials used in the microball ingar A more complete understanding of
the wear mechanisms, lifetime, and material corbpyi will ultimately extend the use

of the current microball bearing in which reliatyiland speed are critical.
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Contact mechanic models that include adhesion $orcairface roughness,
lubricating films, atomic interaction, and so forieed to be developed using the wealth
of knowledge that has been generated for macrosdigi bearings. Models like these
will lead to a better understanding of the obsemvedr phenomenon and friction. These
will be critical to the engineering field duringethmplementation of the devices in real-
world applications where lifetime and performance aitical.

The wear evolution should be studied to understaear-in (i.e. run-in or burn-
in). At the initial phase of start-up the wearlvdtop off as the raceway is worn into a
shape that minimizes the compressive stress arfidcsuarea. Experiments in which
bearings are operated for varied revolutions arekdp should be performed and the
raceways should be inspected. The wear is alseviedl to be a function of the speed
and load. These parameters and their effects @r-mweshould be investigated. The
results of such a wear-in study will enable progesign changes in either the raceway
geometry or the operation to minimize the wear (deblris generated) and maximize the
lifetime of the bearing system.

Lubrication can reduce the amount of wear and as®ethe rotational speed of
the microball bearing. Lubrication using JP-8 dldsiel, the envisioned pumping fluid,
was briefly demonstrated in the point-contact bepdesign [16]. Drops of fuel were
placed into the bearing raceway and the rotor vadated manually to ensure even
coating of the raceway and microballs. A drasterease in the rotational speed when
there is a liquid lubricant in the microball begriwas observed (Figure 5.1). One
observation made during the experiment was thedrapaporation of the JP-8. The

bearing seized after rotating for one minute argpiired replenishing of the lubrication.
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Incorporating liquid flow channels (e.g. leakagenfrthe pump inlet) to supply lubricant

at a rate matching the evaporation rate may bgrefisant challenge.

20,000+ —e— Unlubricated
—e— Lubricated
16,000 ./’/.”0
12,000
=
o
x
8,000
4.000- /
O T T T T T 1
0 5 10 15 20 25 30

Nitrogen Line Pressure (PSI)

Figure 5.1. Rotational speed plotted for increasiap line pressure before and after
JP-8 droplets were introduced into the microball baring race.

Optimized materials and their integration into thbrication of the encapsulated
microball bearing will be a critical step to achigy low wear and high-speed bearing
mechanisms for applications such as power genaramo turbopumpsGhalichechian
[63] implemented a simple sputtered silicon carbedating on the rotary micromotor
raceway demonstrating the first use of solid filobricant in microball bearings.
Investigation of the wear and friction of this dogt as well Ultrananocrystalline
diamond has begun byicCarthy[64] andHanrahan[49] using a linear tribology setup.

However, due to the measurement system implemetied, setup is limited to low
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speeds. Integration of such hard coatings caryeasidone in the fabrication of the
encapsulated microball bearing and radial in-flamtarbine platform developed. This
will enable high speed and load resolution criticalhe assessment and characterization
of the material systems.

In addition to raceway material investigationsfatént microball materials, such
as SiN ceramic microballs, should be investigatedanjunction with the solid films on
the raceway surface. Macroscopic ball bearingsimptoperties, like hardness of the
materials, between the raceway and the ball to miaei bearing lifetime.

Lastly, to increase the rotational rates, macroscball bearings incorporate ball
cages, or retainer rings. During operation oflikarings in a full compliment manner,
the balls slide against one another causing a lahgmaring stress and friction. The
material of the retainer ring, such as Phenoliebagprovides better sliding friction
characteristics than stainless steel to stainlesd. s Methods of integrating the retainer
ring may include purchasing (or manufacturing) te&iner ring and microball sets to
“drop-in” during fabrication or fabricating the e#her ring and raceway together.
Although both methods provide a significant chajlenthe pay off could be great. A
balance between high-speed operation and the loddvaar behavior will have to be
made as well as an optimized material choice betwlee microball and the retainer ring

material.

5.3.2 Standalone Bearing Module
The microfabrication and characterization provided this work for an

encapsulated microball bearing mechanism that stgpofully rotational platform can
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be extended into many applications. The desigersffhe opportunity to include active
and passive elements within the fabrication schemdoth the top and bottom of the
platform (Figure 5.2). The platform can be fabtéchto the point just after bonding the
two silicon raceway layers together. After thig tiwo-wafer stack can be handled just
like a thick silicon wafer and processing can befgmed to embed or surface
micromachine MEMS devices or directly fabricate C$1@evices on the surface. Once

the elements are completed, the final step woulib lbelease the rotor.

Step 1: Encapsulated
wafer stack

Step 2: Embed, surface D
micromachine
active/passive elements

Step 4: Release rotor

Figure 5.2. Generic fabrication flow for alternative application.
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5.3.3 Turbopump Considerations

Experimental observation of the rotor axial positie required to investigate the
effect of the adhesion forces between the rotortaedoump plumbing layer. It is not
possible to observe the shift of the rotor usirgtékst setup described in this dissertation
since the shift is below 10 um and the optical ldispment sensor was placed in the far
regime (>200 um). The device fixture could be ralleto allow a second optical
displacement sensor to be brought into close pribxi(e200 um) to detect the small
axial shift. This would allow tracking of the rot® axial position during the tests to
ensure the rotor is riding on the bearing and nahe pump plumbing layer.

Both the gap uncertainty and pressure rise unogytgnegative pump inlet
pressure) led to discrepancies in the collectecemxental data. Installation of +/-
differential pressure transducers will allow focarate pressure rise measurements to be
performed. Experiments devised to measure the anmaiushrinkage of the photoresist
layer during the bonding step will yield accurastireations of the pump gap. Together,
these enhancements will enable an accurate coropdretween the experimental pump
curves and the pump curves obtained from analyt@alation using Equation 3.8.

The spiral-groove turbopump platform and testingaaptus can be used to study
the effect of gap, load, and speed on the viscass lof the pumping structure.
Knowledge of the viscous losses is required togiean efficient motoring mechanism
regardless of whether the end design will be ahicbine, an external motor connected
via a shaft, or an integrated micromotor. CFD wlaltons should be performed to
investigate the effects of the surface hydrophopidiquid pressure, and sealing on the

viscous loss in the pumping.
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5.3.4 Integrated MEMS micromotor and micropump

The encapsulated microball bearing and viscous patrogtures are envisioned to
be integrated into a micromotor driven system. Trbéry variable capacitance
micromotor previously developed in our group Ghalichechian[50] will replace the
radial in-flow air turbine detailed in this disssion. The microball bearing and spiral-
groove platform demonstrated will be integratedwtitte rotary micromotor (Figure 5.3).

Replacing the microturbine with an electrostatictonavill enable the operation
of the pump to be simplified from a fluidics staodg. In this case, the normal force
exerted on the rotor can be controlled by eledtmgaans and is no longer coupled to
fluidic pumping and fluidic seal. The pump can besigned to be pumped radially
inward (Figure 5.3). In this case the inlet canab@embient pressure. The sealing can
then be performed at ambient pressures withoutiniaguan additional balance plenum.

The alignment method developed in this thesis @anmplemented to allow die
level alignment. Temporary bonding methods camde so that the bearing/rotor and
electrical stator components are interchangeable.

Critical to the design of the micromotor will beettorque requirement. This will
dictate the active area required by the micromatat the overall size of the pump. For
the turbopump, the torque was not an issue sinedlthv through the turbine can be
increased until the flow through the nozzle guidmes is choked. In the case of the
rotary micromotor being designed to drive the purtgygue is limited due to the

compactness of the design and will be heavily dépenhon the gap between the rotor
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Figure 5.3. lllustration of the electrically driven micropump evolution.

electrodes and stator electrodes, the driving geltathe number and spacing of
electrodes, and the area of the device.

Although torque will be a significant challengettee micromotor driven pump,
the issues of sealing and axial position of theratill be greatly simplified. The rotor
normal force can be directly controlled via thedtage (electrostatic force) and the
hydrostatic thrust bearing. This eliminates theptmg between the speed of the rotor
(driving pressure of the turbine) and the normatdoon the rotor. Additionally, the
pump can be designed to pump radially inward. his tase, the periphery can be at
ambient to eliminate the need of a controlled sgqtiressure.

The work performed in this dissertation focused tbha development of the

encapsulated microball bearing and the demonstratib the spiral-groove pump
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mechanism. These components make up 2/3 of tleeslagen in Figure 5.3. Both the
development and characterization of these compereeaated a foundation for which the

micromotor driven pump device can be realized.
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