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ABSTRACT

MIT is developing micro-electro-mechanical systems
(MEM S)-based gasturbine engines, turbogenerators, and rocket
engines. Fabricated in large numbersin parallel using semicon-
ductor manufacturing techniques, these engines-on-a-chip are
based on micro-high speed rotating machinery with power den-
sities approaching those of their more familiar, full-sized breth-
ren. The micro-gasturbineis a2 cm diameter by 3 mm thick Si
or SiC heat engine designed to produce about 10 W of electric
power or 0.1 N of thrust while consuming about 15 grams/hr of
H,. Later versions may produce up to 100 W using hydrocar-
bon fuels. This paper gives an overview of the project and dis-
cusses the challenges faced in the design and manufacture of
high speed microrotating machinery. Fluid, structural, bearing,
and rotor dynamics design issues are reviewed.

INTRODUCTION

High speed rotating machinery comes in many sizes. In
recent years much emphasis has been placed on the large end of
the business — 10 m diameter hydroelectric turbines, 300 ton
ground-based gas turbine generators, 3 m diameter aircraft en-
gines. These machines are engineered to produce hundreds of
megawatts of power. Thefocus of this paper isthe opposite end
of the rotating machine size scale, devices afew millimetersin
diameter and weighing agram or two. These machinesare about
onethousandth the linear scale of their largest brethren and thus,
since power level scales with fluid mass flow rate and flow rate
scaleswith intake area, they should produce about one millionth
the power level, afew tens of watts.

The interest in rotating machinery of this size range is fu-
eled by both atechnology push and auser pull. The technology
push isthe devel opment of micromachining capability based on

semiconductor manufacturing techniques. Thisenablesthefab-
rication of complex small parts and assemblies — devices with
dimensionsin the 1-10,000 micron size range with micron and
even submicron precision. Such parts are produced using pho-
tolithography defined features and many can be made simulta-
neously, holding out the promise of low production cost. Such
assemblies are known as micro-electrical-mechanical systems
(MEMS) and have been the subject of thousands of publications
over the last decade. Early work in MEMSS focused on sensors
and many devices based on this technology are in large scale
production (such as pressure sensors and airbag accel erometers
for automobiles). More recently, work has been done on actua-
tors of various sorts. Fluid handling is receiving attention as
well, for example MEM S valves are commercially available.

Theuser pull is predominately one of electric power. There
is proliferation of small, portable el ectronics— computers, digi-
tal assistants, cell phones, GPS receivers, etc. — which require
compact energy supplies. The demand is for energy supplies
whose energy and power density exceed that of the best batter-
ies available today. Also, the continuing advance in microelec-
tronics permitsthe shrinking of electronic subsystems of mobile
devices such as robots and air vehicles. These small, and in
somecasesvery small, systemsrequireincreasing compact power
and propulsion.

For compact power production, hydrocarbon fuels burned
in air have 20-30 times the energy density of the best current
lithium chemistry-based batteries. Thermal cyclesand high speed
rotating machinery offer high power density compared to other
power production schemes and MEM S technology is advancing
rapidly. Recognizing these trends, a group a MIT began re-
search in the mid 1990's on a MEM S-based “micro-gas turbine
generator” capable of producing tens of watts of electrical power



from a cubic centimeter-sized package (Epstein and Senturia,
1997; Epstein et al., 1997). Sincethat time, related efforts have
been started on a micromotor-driven air compressor and a bi-
propellant, liquid rocket motor which utilize much of the same
technology as the gas turbine. The attractiveness of these de-
vices is predicated to a large part on their high power density.
The power density is a function of the design of the rotating
machinery. This paper reports on this work in progress, with
emphasis on the rotating machinery devel opment.

SYSTEM DESIGN CONSIDERATIONS

At length scales of afew millimeters, thermodynamic con-
siderations are no different than for much larger devices. Thus,
high power density for asimple Brayton cyclerequireshigh com-
bustor exit temperatures (1400-1800K) and pressureratios above
2 and preferably above 4. This can be seen in the thermodynam-
ics cycle calculation illustrated in Figure 1 which shows that
several tens of watts can be expected from a machine with a 1
mm?2 intake area. The power density of rotating machinery, both
fluid and electric, scale with the square of the peripheral speed,
asdoesthe stressin therotor. Thus, high power density implies
highly stressed rotating structures. Peripheral speeds of 300-
600 m/s are needed to achieve pressure ratiosin the 2:1-5:1 per
stage range, assuming centrifugal turbomachinery. Thisimplies
rotor centrifugal stresseson the order of hundreds of megaPascals.
These peripheral speedsin rotors afew millimetersin diameter
require rotational rates on the order of 1-3 million rpm. Thus,
low friction bearings are needed. Also, high speed rotating ma-
chinery generally requires high precision manufacturing to main-
tain tight clearance and good balance. For millimeter-sized ma-
chines to have the same fractional precision as meter-sized de-
vices, the geometric precision requirements are on the order of a
micron.

A Brayton cycle is not the only choice for power produc-
tion from a MEM S-based thermodynamic cycle. Rankine,
Stirling, and Otto cycles can al be considered candidates. The
advantages and disadvantages of each differ. The principal ad-
vantages of the Brayton cycle are simplicity (only one moving
part, arotor, is needed), highest power density (due to the high
throughflow Mach number and thus high massflow per unit area),
and the availability of compressed air for cooling and other uses.
The primary disadvantage is that a minimum component effi-
ciency (on the order of 40-50%) must be met for the cycleto be
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Figure1: Simple cycle gas turbine perfor mance with H, fuel.

Table 1: Microvs. Macro Material Properties

Ni-based | Titanium Macro Micro
Super Alloys (Micro) Silicon
Alloys Ceramics
Centrifugal Stress 330 420 420 1000
[Vo; /p] (mvs) (670)
Thermal Stress  |2.7x 103 |1.2x 103 | 20x 103 | 09x 103
[aE/og] (1.1x 1079
Stiffness ~26 ~25 ~95 ~70
[E/p] (MPa/Kgm™3)
Max Temp (°C) | ~1000 ~300 ~1500 ~600
limiting factor (creep) | (strength) | (oxidation) (creep)

self-sustaining; only then can net power be produced. Asthisis
a first-of-its-kind effort that challenges the capabilities of sev-
eral disciplines, especially microfabrication, simplicity isavery
desirable virtue. The Brayton cycle seems most attractive in
this regard.

M echanics Scaling

Thermodynamic considerations do not change as machines
become smaller, but mechanics considerations do. Structural
mechanics, fluid mechanics, and electromechanicsall changein
amanner important to machine performance and design aslength
scaleis decreased by a factor of order 1000.

For structural mechanics, it isthe change in material prop-
ertieswith length scalethat ismost important. A relatively small
set of materials are accessible to current microfabrication tech-
nology. The most commonly used by far is Silicon (Si), while
Silicon Carbide (SiC) and Gallium Arsinide (GaAs) are used to
date mainly in niche applications. For many of the metricsim-
portant to high speed rotating machinery, Si and SiC are supe-
rior to most commonly used metals such as steel, titanium, and
nickel- based superalloys (Spearing and Chen, 1997). Thiscan
be seen in Table 1 which compares materialsin terms of proper-
ties important for centrifugal stress, thermal stress, vibrations,
and hot strength (Figure 2) (Mehra, 2000). Materials such as Si
and SiC are not used in conventional-sized rotating machinery
because they are brittle. Their usable strength is dominated by
flaws introduced in manufacturing and flaw population gener-
aly scaleswith part volume. However, these materialsare avail-
able in the form required for semiconductor manufacture (thin
wafers) with an essentially perfect, single crystal structure. As
such, they have high usable strength, val ues after micromachining
above 4 GPa have been reported (Chen et al., 1998), several
times higher than that of rotating machinery metallicalloys. This
higher strength can be used either to realize higher rotation speeds
(and thus higher power densities) at constant geometry, or to
simplify the geometry (and thus the manufacturing) at constant
peripheral speed. To date, we have adopted the later approach
for expediency. An additional materials consideration is that
thermal shock increaseswith length scale. Thus, materialswhich
have very high temperature capabilities but are not considered
high temperature structural ceramics (such as alumina or sap-
phire) due to their susceptibility to thermal shock, are viable at
the millimeter and below length scales. Since these have not
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Figure 2: Material propertiesrelevant to rotating machinery.

been considered as MEMS materias in the past, there is cur-
rently little suitable manufacturing technol ogy availablefor these
materials (Spearing and Chen, 1997).

Fluid M echanics Scaling

Fluid mechanics are a so scal e dependent (Jacobson, 1998).
One aspect is that viscous forces are more important at small
scale. Pressure ratios of 2:1-4:1 per stage imply turbomachin-
ery tip Mach numbers that are in the high subsonic or super-
sonic range. Airfoil chords on the order of a millimeter imply
that a device with room temperature inflow, such as acompres-
sor, will operate at Reynolds numbers in the tens of thousands.
With higher gas temperatures, turbines of similar size will oper-
ate at Reynolds number of a few thousand. These are small
values compared to the 10°-106 range of large scale turboma-
chinery and viscous losses will be concomitantly larger. But
viscous losses make up only about athird of the total fluid loss
in ahigh speed turbomachine (3-D, tip leakage, and shock wave
losses account for the rest) so that the decrease in machine effi-
ciency with sizeisnot so dramatic.

The increased viscous forces also mean that fluid drag in
small gaps and on rotating disks will be relatively higher. Un-
less gas flow passages are smaller than one micron, the fluid
behavior can be represented as continuum flow so that Knudsen
number considerations are not important

Heat transfer isanother aspect of fluid mechanicsin which
micro devices operate in a different design space than large
scale machines. The fluid temperatures and vel ocities are the
same but the viscous forces are larger so that the heat transfer
coefficientsare higher, by afactor of about 3. Not only isthere
more heat transfer to or from the structure but thermal conduc-
tivity within the structureishigher dueto the short length scale.
Thus, temperature gradients within the structure are reduced.
This is helpful in reducing thermal stress but makes thermal
isolation challenging.

Fabrication Consider ations

Compared to manufacturing technologies familiar at large
scale, current microfabrication technology is quite constrained
inthe geometriesthat can be produced. The primary fabrication
tool is etching of photolithographically-defined planar geom-
etries. The resultant shapes are mainly prismatic or “extruded”
(Ayonetal., 1998). Conceptualy, 3-D shapes can be constructed
of multiple precision-aligned 2-D layers. Tothisend, Si wafers

can be stacked and diffusion-bonded with bond strength ap-
proaching that of the native material (Mirza and Ayon, 1999).
But layering isexpensive with current technology and 10is con-
sidered a large number of precision-aligned layers for a micro
device (waferscan currently be aigned to about 1 micron). Thus
3-D rotating machine geometries are difficult to realize so that
planar geometries are preferred. While 3-D shapesare difficult,
in-plane 2-D geometric complexity is essentially free in manu-
facture since photolithography and etching process an entire
wafer at one time (wafers range from 100 to 300 mm in diam-
eter and may contain dozens or hundreds of devices). Theseare
much different manufacturing constraints than common to the
large-scale world so it is not surprising the optimal machine de-
sign may also be different.

Two-dimensionality isnot acrippling constraint on the de-
sign of high speed rotating machinery. Figure3isanimageof a
4 mm rotor diameter, radial inflow turbine designed to produce
60 watts of mechanical power at atip speed of 500 m/s (Lin et
al., 1999). The airfoil height is 200 microns. The cylindrical
structure in the center is a thrust pad for an axial air bearing.
The circumferential gap between the rotor and stator bladesisa
15micronwideair journal bearing required to support theradial
loads. The trailing edge of the rotor blades are 25 microns thick
(uniform to within 0.5 microns) and the blade roots have 10 mi-
cron radius fillets for stress relief. This S structure was pro-
duced by deep reactive ion etching (DRIE). While the airfoils
appear planar in the figure, they are actually dightly tapered
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Figure 3: 4 mm rotor diameter radial inflow turbine.
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Figure 4: Baseline design microengine cross-section.

from hub to tip. Current technology can yield a taper unifor-
mity of about 30-50:1 with either a positive or negative slope.
The constraints on airfoil heights are the etch rate (about 3 mi-
crons per minute) and centrifugal bending stress at the blade
root. Turbomachines of similar geometry have been produced
with blade heights of over 400 microns.

The effort described herein has been focussed on
micromachinery which are produced with semiconductor fabri-
cation technology (MEMS). Other manufacturing techniques
may be feasible aswell, especially asthe device size growsinto
the centimeter range. The MEMS approach was chosen here
becauseitisintrinsically high precision and parallel production,
offering the promise of very low cost in large quantity produc-
tion. Initial estimates suggest that the cost per unit power might
ultimately approach that of large gas turbine engines.

GASTURBINE ENGINE

Considerations such as those discussed above led in 1996
to the preliminary or “baseline” gasturbine engine designillus-
trated in Figure 4. The 1 cm diameter engine is a single-spool
arrangement with acentrifugal compressor and radial inflow tur-
bine, separated by ahollow shaft for thermal isolation, and sup-
ported on air bearings. At atip speed of 500 m/s, the adiabatic
pressureratio is about 4:1. The compressor is shrouded and an
electrostatic starter generator is mounted on thetip shroud. The
combustor premixes hydrogen fuel and air upstream of flame
holders and burns lean (equivalence ratio 0.3-0.4) so that the
combustor exit temperature is 1600 K, within the temperature
capabilities of an uncooled SiC turbine. The design philosophy
wasto use ahigh turbineinlet temperature to achieve acceptable
work per unit air flow, recognizing that component efficiencies
would be relatively low and parasitic losses high. With a4 mm
rotor diameter, the unit was sized to pump 0.15 gram/sec of air
and produce 10-20 watts of power at 2.4 million rpm. The en-
gine is constructed from 8 wafers, diffusion-bonded together.
Theturbinewafer was assumed to be SiIC. Thisdesign served as
abaselinefor the research in component technol ogies described
in later sections.

One primary goal of the project isto show that a MEMS-
based gasturbineisindeed possible, by demonstrating benchtop
operation of such adevice. Thisimpliesthat, for afirst demon-
stration, it would be expedient to trade engine performance for
simplicity, especially fabrication simplicity. By 1998, the reg-
uisite technologies were judged sufficiently advanced to begin
building such an engine with the exception of fabrication tech-
nology for SiC. Since Si rapidly loses strength above 950 K, this
becomes an upper limit to the turbine rotor temperature. But
950 K istoo low a combustor exit temperature to close the en-
ginecycle(i.e. produce net power) with the component efficien-
ciesavailable, so turbine cooling isrequired. The simplest way
to cool the turbine in amillimeter-sized machineisto eliminate
the shaft, and thus conduct the turbine heat to the compressor,
rejecting the heat to the compressor fluid. This has the great
advantage of simplicity and the great disadvantage of lowering
the pressure ratio of the now non-adiabatic compressor from 4:1
to 2:1 with a concomitant decrease in cycle power output and
efficiency. This expedient arrangement is referred to as the H,
demo engine. It is a gas generator/turbojet designed with the
objective of demonstrating the concept of aMEMS gas turbine.
It does not contain electrical machinery.

The H, demo engine design is shown in Figure 5. The
compressor and turbine rotor diameters are 8 mm and 6 mm
respectively (since the turbine does not extract power to drive a
generator, its size and thus its cooling load could be reduced).
The compressor discharge air wraps around the outside of the
combustor to cool the combustor walls, capturing the waste heat
and so increasing the combustor efficiency and reducing the ex-
ternal package temperature. The rotor is supported on ajournal
bearing on the periphery of the turbine and by thrust bearingson
the rotor centerline. The peripheral speed of the compressor is
500 m/s so that the rotation rate is 1.2 M rpm. External air is
used to start the machine. With 400 micron tall airfoils, the unit
is sized to pump 0.36 grams/sec of air, producing 11 grams of
thrust or 17 watts of shaft power. First tests of this engine are
scheduled for 2000.

COMPONENT TECHNOLOGIES

Given the overview of the system design requirements out-
lined above, the following sections discuss technical consider-
ation of the component technologies. For each component, the
overriding design objectiveisto devise ageometry which yields
the performance required by the cycle while being consistent
with near-term realizable microfabrication technology.

A problem common to al of the component technologies
is that of instrumentation and testing. At device sizes of mi-
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crons to hundreds of microns, instrumentation cannot be pur-
chased and then installed, rather it must be fabricated into the
device from the start. Whiletechnically possible, this approach
can easily double the complexity of the microfabrication, and
these devices are already on the edge of the state-of-the-art. To
expedite the devel opment process therefore, whenever possible
devel opment was done in superscale rigs, rigs large enough for
conventional instrumentation.

Bearings

Asin all high speed rotating machinery, the rotor must be
supported for al radial and axial loads seen in service. In nor-
mal operation this load is simply the weight of the rotor times
the accelerationsimposed (9 g'sfor aircraft engines). If asmall
deviceisdropped on ahard floor from two meters, several thou-
sand g'sareimpulsively applied. An additional requirement for
portable equipment is that the support be independent of device
orientation. The bearings and any associated equipment must
also be compatible with the micro device's environment, high
temperature in the case of the gas turbine engine. Previous
MEMS rotating machines have been mainly micromotors turn-
ing at significantly lower speeds than of interest here and so
could make do with dry friction bearings operating for limited
periods. The higher speeds needed and longer lives desired for
micro-heat engines require low friction bearings. Both electro-
magnetic and air bearings have been considered for this applica-
tion.

Electromagnetic bearings can be implemented with either
magnetic or electric fields providing therotor support force. Mag-
netic bearings have two disadvantagesfor thisapplication. First,
magnetic material s are not compatible with most microfabrication
technologies, limiting device fabrication options. Second, Cu-
rie point considerations limit the temperatures at which mag-
netic designs can operate. Since these temperature are below
those encountered in the micro-gas turbine, cooling would be
required. For these reasons, effort was first concentrated on de-
signs employing electric fields. These designs examined did
not appear promising in that the forces produced were marginal
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Figure 6: Gas bearing geometry and nomenclature. The
gap, c, isgreatly exaggerated in thisfigure.

compared to the bearing | oads expected (Miranda, 1997). Also,
since el ectromagnetic bearings are unstable, feedback stabiliza-
tion is needed, adding to system complexity.

Air bearings support their load on thin layers of pressur-
ized air. If theair pressureis supplied from an external source,
the bearing is known as hydrostatic. If the air pressureis de-
rived from the motion of the rotor, then the design is hydrody-
namic. Hybrid implementations combining aspects of both ap-
proaches are also possible. Since the micromachinesin question
include air compressors, both designs are applicable. Either ap-
proach can readily support the loads of machines in this size
range and can be used on high temperature devices. All else
being the same, the rel ative | oad-bearing capability of an air bear-
ing improves as size decreases since the surface area-to-volume
ratio (and thus the inertial load) scalesinversely with size. Ro-
tor and bearing dynamics scaling is more complex, however.

The simplest journal bearing isacylindrical rotor within a
close-fitting circular journal (Figure 6). This geometry was
adopted first as the easiest to microfabricate. Other, more com-
plex variations might include wave bearings and foil bearings.
The relevant physical parameters determining the bearing be-
havior are the length-to-diameter ratio (L/D); the gap between
the rotor and journal ratioed to the rotor radius (c/R); and
nondimensional forms of the peripheral Mach number of the
rotor (a measure of compressibility), the Reynolds number, and
the mass of the rotor. For a bearing supported on a hydrody-
namic film, the load bearing capability scales inversely with
(c/R)S which tends to dominate the design considerations. Load
bearing also scales with L/D (Piekos et al., 1997).

The design space available for the microrotating machin-
ery isconstrained by manufacturing capability. \We have chosen
to fabricate the rotor and journa structure at the same time to
facilitate low cost, volume manufacturing. The most important
constraint is the etching of vertical side walls. By pushing the
limitations of published etching technology, we have been able
to achieve taper ratios of about 30:1-50:1 on narrow etched ver-
tical channels for channel depths of 300-500 microns as shown
inFigure 7 (Lin et al., 1999). This capability defines the bear-
ing length while the taper ratio delimits the bearing gap, c. To
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Figure 7: Narrow trenches can be etched to serve as
journal bearings.
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minimize gap/radius, the bearing should be on the largest diam-
eter available, the periphery of the rotor. The penalty for the
high diameter isrelatively high areaand surface speed (thus bear-
ing drag) and low L/D (therefore reduced stability). Intheradial
turbine shown in Figure 3, the journal bearing is 300 microns
long with an L/D of 0.075, ¢/R of 0.01, and peripheral Mach
number of 1. This relatively short, wide-gapped, high speed
bearing iswell outside the range of analytical and experimental
results reported in the gas bearing literature.

Stability is an important consideration for all high speed
rotating machines. When centered, hydrodynamic bearings are
unstable, especially at low rotational speed. Commonly, such
bearingsare stabilized by the application of aunidirectional force
which pushes the rotor toward the journal wall, as measured by
the eccentricity, the minimum approach distance of the rotor to
the wall as afraction of the average gap (0 = centered, 1 = wall
strike). At conventiona scale, therotor weight isoften the source
of thisside force. At micro scale, (1) the rotor weight is negli-
gible, and (2) insensitivity to orientation isdesirable, so we have
adopted a scheme which uses differential gas pressure to force
the rotor eccentric. Extensive numerical modeling of these
microbearing flows have shown that the rotor will be stable at
eccentricities above 0.8-0.9 (Piekos and Breuer, 1998). For the
geometry of the turbine in Figure 3, the rotor must thus operate
between 1-2 micronsfrom thejournal wall (Piekoset al., 1997).
Thisimplies that deviations from circularity of the journa and
rotor must be small compared to 1 micron.

To test these ideas, two geometrically similar turbine-bear-
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Figure 8b: Five-layer microturbinebearingrig with
4 mm diarotor.

ing test rigs have been built and tested using the same bearing
geometry, one a micro scale with a4 mm diameter rotor and the
other amacro scale unit 26 times larger. The macro version was
extensively instrumented for pressure and rotor motion measure-
ments (Orr, 1999). The microturbine bearing test rig, shown in
Figure 8, consists of five stacked layers, each fabricated from a
single Si wafer (Lin et al., 1999). The center wafer is the radial
inflow turbine of Figure 3, with a4,200 micron diameter, 300 mi-
cron thick rotor. The turbine rotor is a paralel-sided disk with
blades cantilevered from one side. While such asimple design is
viable in silicon above 500 nV/s, the centrifugal stresses are too
high for metals without tapering of the disk (so the macro version
islimited to 400 m/s). The wafers on either side contain the thrust
bearings and plumbing for the side pressurization needed to oper-
ate therotor eccentrically. The outside wafers contain the intake,
exhaust, and vent holes. Inthistest device the thrust bearings are
hydrogtatic, pressurized by externa air, and the journal bearing
can operatein either hydrodynamic or hydrostatic mode. Figure9
isdatataken from an optical speed sensor during hydrostatic bear-
ing operation.

Turbomachinery Fluid M echanics
In many waysthe fluid mechanics of microturbomachinery
are similar to that of large scale machines, for example, high
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Figure 9: Speed data from microturbineat 1.2 M rpm.



Normalized Total Pressure Loss
w o

o

(63}

IN

N

I

| Turbine
| Design Point

----- Compressor
Turbine

\ Compressor
\ Design Point
I

Seo

3 4 5 6
Log Reynolds Number

Figure 10: 2-D calculation of compressor and turbine
losses vs. Reynolds number (size).

tip speeds are needed to achieve high pressure ratios per stage.
Micromachinesare different in two significant ways: small Rey-
nolds numbers (increased viscous forces in the fluid) and 2-D,
prismatic geometry limitations. The low Reynolds numbers,
108-105, are simply areflection of the small size and place the
designs in the laminar or transitional range. These values are
low enough, however, that it isdifficult to diffuse the flow, both
in the rotor and the stator, without separation. This implies
that most of the stage work must come from the centrifugal
pressure change. 1t also precludesthe use of vaneless diffusers
(if high efficiency isrequired) since the flow rapidly separates
off parallel endwalls. Figure 10 illustrates the variations of ef-
ficiency with size for aradial flow compressor and turbine as
estimated with a 2-D CFD code (Jacobson, 1998).

Thedesign challengesintroduced by thelow Reynoldsnum-
bers are exacerbated by geometric restrictions imposed by cur-
rent microfabrication technology. In particular, constant pas-
sage height isaproblemin these high speed designs. High work
on the fluid means large density changes. In conventiona cen-
trifugal turbomachinery, fluid density change is accommodated
by contracting (in compressors) or expanding (in turbines) the
height of theflow path. However, current microfabri cation tech-
nology is not amenable to tapering passage heights; even a step
change is amagjor effort. One approach isto control the diffu-
sion in blade and vane passages by tailoring the airfoil thickness
rather than the passage height. This approach can result in very
thick blades as can be seen in the 4:1 pressure ratio compressor
showninFigure 11. Compared to conventional blading thetrail-
ing edges are relatively thick. The design choiceis either thick
trailing edges (which add loss to the rotor) or high rotor exit
angles (which result inincreased diffuser loss and reduced oper-
ating range). Severa approaches are being pursued in parallel
here. Notethat, although the geometry is 2-D, the fluid flow is
not. The relatively short blade spans, thick airfoil tips, and low
Reynolds numbers result in large hub-to-tip flow variations, es-
pecialy at the impeller exit. Thisimposes a spanwise variation
on stator inlet angle (15-20 degrees for the geometries exam-
ined) which cannot be accommodated by twisting the airfoils
(whichisnot permitted by microfabrication) (Mehraet al., 1998).

Another fluid design challengeisturning the flow to angles

orthogonal to the lithographi cally-defined etch plane, such asat
the impeller eye or the outer periphery of the compressor dif-
fuser. At conventional scale these geometries would be care-
fully contoured and perhapsturning vaneswould be added. Such
geometry isextremely difficult to produce with microfabrication
which most naturally produces sharp right angles that are del-
eterious to the fluid flow. For example, at the 2 mm diameter
inlet to acompressor impeller, 3-D CFD simulations show that a
right angle turn cost 5% in compressor efficiency and 15% in
mass flow compared to asmooth turn (Mehraet al., 1998). En-
gineering approachesto this problem include lowering the Mach
number at the turns (by increasing the flow area), smoothing the
turns with steps or angles (which adds significant fabrication
complexity), and adding externally-produced contoured parts
when the turns are at the inlet or outlet to the chip.

While extensive 2-D and 3-D numerical simulations have
been used to helpin thedesign and analysis of the micromachines,
asin al high speed turbomachinery development, test data is
needed. As an aid to detailed flow measurements, a 75 times
linear scale model of a 400 m/s tip speed, nominally 2:1 pres-
sure ratio, 4 mm diameter compressor was built and operated at
reduced inlet pressure to match the design Reynolds number of
about 20,000 (Shirley, 1998). A comparison of CFD simulation
todataisshownin Figure 12. The simulation correctly predicts
the pressure ratio but not the mass flow rate.

Based upon our work to date, it should be possible to
mi crof abricate single-stage compressors with adiabatic pressure
ratios above 4:1 at 500 m/stip speed with total-to-static efficien-
cies of 50-60%. Achievable turbine efficiencies may be 5 to
10% higher.

Combustion

The primary design requirements for combustors include
temperature rise, efficiency, low pressure drop, structural integ-
rity, ignition, and stability. These requirements are no different
for amicrocombustor but theimplementation required to achieve
them can be. Combustion requires the mixing of fuel and air
followed by chemical reaction. The time required to complete
these processes is generally referred to as the combustion resi-
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Figure 11: Microcompressor with 8 mm diarotor.
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Figure 12: Data and ssimulationson a 400 m/stip speed
compressor at Re [120,000.

dencetime and effectively setsthe minimum volume of the com-
bustor for a given mass flow. The mixing time can scale with
device size but the chemical reaction times do not (typically
mixing accountsfor morethan 90% of combustor residencetime).
Thus, the combustor volumeisagreater fraction of amicroengine
than alarge engine, by afactor of about 40 for the devices de-
signed to date. Another difference between largeand micro scale
machines is the increased surface area-to-volume ratio at small
sizes. Thisimpliesincreased heat loss from microcombustors
but offers more areafor catalysts.

The design details are dependent on the fuel chosen. One
design approach taken has been to separate the fuel-air mixing
from the chemical reaction. Thisisaccomplished by premixing
the fuel with the compressor discharge air upstream of the com-
bustor flame holders. This permitsareduction of the combustor
residencetime by afactor of about 10 from the usual 5-10 msec.
The disadvantage to this approach is a susceptibility to flash-
back from the combustor into the premix zone, which must be
avoided. To expedite the demonstration of a micro-gas turbine
engine, hydrogen was chosen as the initial fuel because of its
wide flammability limits and fast reaction time (thisis the same
approach taken by von Ohain when developing the first jet en-
ginein Germany inthe 1930s). Specifically, hydrogenwill burn
at equivalence ratios as low as 0.3 which yields adiabatic com-
bustion temperatures below 1500 K. Hydrocarbon fuels must
be operated closer to stoichiometric and therefore at higher tem-
peratures, above 2000 K. The reduced heat load from the low
temperature combustion, combined with the high thermal con-
ductivity of silicon, means that silicon (which melts at 1600 K)
is aviable structural material for a H, combustor (Waitz et al .,
1998; Mehra et al., 1999a).

Silicon combustors have been built which duplicate the ge-
ometry of the enginesin Figures 4 and 5, with the rotating parts
replaced with stationary swirl vanes (Mehra and Waitz, 1998).
The combustor volumes are 66 and 190 mm3, respectively (Fig-
ures 13 and 14). Thedesignstake advantage of microfabrication’s
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Figure 13: Microcombustor which comprisesthe static
structure of the demo engine of Figure5.

ability to produce similar geometric features simultaneoudly. For
example, the larger combustor has 90 fuel injection ports, each
120 microns in diameter, to promote uniform fuel-air mixing.
The smaller combustor operating at apower level of 200 wattsis
shownin Figure 14 along with aCFD simulation of theflowfield.
These tests demonstrated that conductively-cooled silicon tur-
binevanes can survive at 1800 K gastemperaturesfor 5 hrswith
little degradation (Figure 15). Measurements have shown that
these microcombustors can achieve efficienciesin the mid 90%
range (Mehraet al., 1999b). Data at various equivalence ratios
(¢ are shown in Figure 16. (The gaps in the lines are due to
thermocouples failing at high temperature.) Ignition has not
proven a problem; a simple hot wire ignitor has proven suffi-
cient, even at room pressure (Mehra, 2000).

Hydrocarbons are more difficult to burn. Initial tests show
that the existing combustors can burn ethylene and propane, but
at reduced efficiencies since the residence times are too short

10 (nllsec)

Figure 14: 200 watt microcombustor.
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Figure 15: Silicon turbine vanes as built and after 5 hours
in 1800 K combustor outflow.

for complete combustion. Other approaches being pursued here
include a stoichiometric zone-dilution scheme similar to con-
ventional gas turbine combustors and catalytic combustion.

Electrical Machinery

Microelectrical machinery is required for power genera-
tion and as a prime mover for a starter or various pumps and
compressors. There is an extensive literature on microelectric
motors, which will not be reviewed here, but little work on gen-
erators. The requirements for the devices of interest here differ
from previous work in that the power densities needed are at
least two orders of magnitude above those reported in the litera-
tureto date. Also, thethermal environment isgenerally harsher.
Integrating the electric machine within the device (gas turbine,
compressor, etc.) offers the advantage of mechanical simplicity
inthat no additional bearings or structures are required over that
needed for the fluid machine. Also, thereisasupply of cooling
fluid available.

As in the case of electric bearings, both electrostatic and
magnetic machine designs can be considered and, to first order,
both approaches can yield about equivalent power densities.
Since the magnetic machines are material property-limited at
high temperature and because of the challenges of
microfabricating magnetic materials, electrostatic (commonly
referred to aselectric) designs werefirst examined. Power den-
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Figure 16: Microcombustor performance with hydrogen
fuel asa function of equivalenceratio (¢).

sity scales with electric field strength (torque), frequency, and
rotational speed. The micromachinery of interest here operates
at peripheral velocities 1-2 orders of magnitude higher than pre-
viously reported micromotors, and so yields concomitantly more
power. Electric machines may be configured in many ways.
Here an induction design was chosen (Bart and Lang, 1989).
The operation of an electric induction machine can be un-
derstood with reference to Figure 17 (Nagle and Lang, 1999).
The machine consists of two components, a rotor and a stator.
The rotor is comprised of a 5-20 um thick good insulator cov-
ered with a few microns of a poor conductor (200 MQ sheet
resistivity). Thestator consistsof aset of conductiveradial elec-
trodes supported by agood insulator. A moving electric field is
imposed on the stator electrodes with the aid of externa elec-
tronics. The stator field then imposes a charge distribution on
the rotor. Depending on the relative phase between the motion
of rotor charges (set by the rotor mechanical speed) and that of
the stator field, the machine can operate as a motor, generator,
or brake. Torque increases with electric field strength and fre-
guency. The maximum electric field strength that an air gap can
maintain without breakdown is afunction of the gap dimension.
Inair, itisamaximum at afew microns so that micromachines
can potentially realize higher power density than large machines
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Figure 17b: Electric-induction conceptual layout of motor
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Figure 18: High power density electric stator structure.

of the same design. Frequency is constrained by external elec-
tronics design and by fabrication constraints on the stator elec-
trode geometry. Weare exploring the design space centered about
100-300 volts and 1-3 MHz. Thisis consistent with amachine
power of about 10 watts with a4 mm diameter and a 3 um air
gap. A six-phase, 131-pole (786 electrodes) stator for such a
machine is shown in Figure 18 (Ghodssi et al., 1999).

OTHER APPLICATIONS

Whilethe focus of this paper has been microfabricated mi-
cro-gasturbine engines, other MEM S deviceswhich usethe same
fundamental high speed rotating machinery technology and de-
sign approach are also under development. One such machine
is a micro-air turbine generator. Thisis basically the turbine-
bearing rig of Figures 3 and 8 with agenerator on the side of the
disk opposite the turbine blades. It was designed as a test bed
for component development but could serve as an electric gen-
erator running from a supply of compressed gas (with inlet tem-
peratures up to about 900 K). Ancther variant isamotor-driven
air compressor/blower (Figure 19). In this case, the turbine
blading is replaced by compressor blading and the electric ma-
chine on the opposite side of the rotor runs as a motor. It is
designed to pressurize small fuel cellsand aspirate scientificin-
struments. It could also serve as the compressor in arefrigera
tion cycle for the cooling of electronics, sensors, or people.

A microbipropellant liquid rocket motor is also under de-
velopment. Thisisa regeneratively-cooled silicon structure de-

Figure 19: Micromotor-compressor test rig.

Figure 20: Microfabricated, 15 Nt thrust, bipropellant,
cooled rocket engine.

signed to produce 15 N of thrust at 125 atm chamber pressure
(Figure 20). Preliminary tests of the cooled thrust chamber are
promising. A complete engine system would include integrated
turbopumps and controls.

CLOSING REMARKS

It now appears that microfabricated high speed rotating
machinery is feasible. Such micromachines are the enabling
technology for micro-heat engines such as gas turbines, Rank-
ine cycles, and rocket engines. These deviceswill find a host of
applications in energy conversion and power production, cool-
ers and heat pumps, and propulsion for both micro and macro
vehicles. Furthermore, the components — pumps, compressors,
turbines, motors, generators — are themselves useful for a host
of fluid handling, transducer, and energy system applications.

Onelesson learned to date isthat conventional engineering
wisdom does not necessarily apply to micromachines. Differ-
ent physical regimes demand different design solutions. Differ-
ent manufacturing constraints lead to different configurations.
Not necessarily inferior, just different. The first devices made
are crude and have low performance compared to their more
familiar large-sized brethren, just as gas turbines did when they
were first introduced. It seems likely, however, that the eco-
nomic potential of high power density micromachinery will spur
the investment in research and development needed to greatly
evolve the performance of the devices.
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