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Millimeter-Scale, Micro-Electro-
Mechanical Systems Gas Turbine
Engines

The confluence of market demand for greatly improved compact power sources for por-
table electronics with the rapidly expanding capability of micromachining technology has
made feasible the development of gas turbines in the millimeter-size range. With airfoll

Alan H. EPStem spans measured in 100's of microns rather than meters, these “microengines” have about

Gas Turbine Laboratory 1 millionth the air flow of large gas turbines and thus should produce about one millionth
Massachusetts Institute of Technology the power, 16100 W. Based on semiconductor industry-derived processing of materials
Gambridge, MA 01239 such as silicon and silicon carbide to submicron accuracy, such devices are known as
e-mail: Epstein@mit.edu micro-electro-mechanical systems (MEMS). Current millimeter-scale designs use centrifu-

gal turbomachinery with pressure ratios in the range of 2:1 to 4:1 and turbine inlet
temperatures of 1260600 K. The projected performance of these engines are on a par
with gas turbines of the 1940s. The thermodynamics of MEMS gas turbines are the same
as those for large engines but the mechanics differ due to scaling considerations and
manufacturing constraints. The principal challenge is to arrive at a design which meets
the thermodynamic and component functional requirements while staying within the realm
of realizable micromachining technology. This paper reviews the state of the art of
millimeter-size gas turbine engines, including system design and integration, manufactur-
ing, materials, component design, accessories, applications, and economics. It discusses
the underlying technical issues, reviews current design approaches, and discusses future
development and applicationgDOI: 10.1115/1.1739245

Introduction tion cost in large-scale production. Such assemblies are known in
. . the U.S. as micro-electrical-mechanical systeMEMS) and

n olr:r?i:: rf?)?(s:fa:fhg]vee Gg;gggapltuhse ?r;sdtﬁgr;ftgcvzr%az\}gmgg’ef(z%?ve been the subject of thousands of publications over the last
gines, currently exceeding 100,000 Ibs of thrust for aircraft pros 0 decades|3]. In Japan and Europe, devices of this type are

; . ) e nown as “microsystems,” a term which may encompass a wider
pulsion and 4.00 MW for electric power prodgctlon appl'.(:at'onsﬂlariety of fabrication approaches. Early work in MEMS focused
In the 1990s, interest in smaller-size engines increased, in the f;

hundred dth ¢ I aircraft and missi| q W sensors and simple actuators, and many devices based on this
undred pound thrust range for small aircraft and missiles anddfy.,nq10gy are in large-scale production, such as pressure trans-

the 20-250 l.(W size for distributed power productigopularly ucers and airbag accelerometers for automobiles. More recently,
known as “microturbines]. More recently, interest has deve!ope(ﬂuid handling is receiving attention. For example, MEMS valves
in even smaller size machines, 1-10 kW, several of which afes commercially available, and there are many emerging bio-
marketed commercially1,2]. Gas turbines below a few hundredmegical diagnostic applications. Also, chemical engineers are pur-
kilowatts in size generally use centrifugal turbomachingfgen suing MEMS chemical reactoghemical plantson a chip,[4].
derivative of automotive turbocharger technology in the smaller yser pull is predominantly one of electric power. The prolifera-
sizes, but are otherwise very similar to their larger brethren ifon of small, portable electronics—computers, digital assistants,
that they are fabricated in much the same Wegst, forged, ma- cell phones, GPS receivers, etc.—requires compact energy sup-
chined, and assembleétom the same materiaksteel, titanium, pjies. Increasingly, these electronics demand energy supplies
nickel superalloys Recently, manufacturing technologies develyhose energy and power density exceed that of the best batteries
oped by the semiconductor industry have opened a new and vagailable today. Also, the continuing advance in microelectronics
different design space for gas turbine engines—one that enali@$mits the shrinking of electronic subsystems of mobile devices
gas turbines with diameters of millimeters rather than meters, widich as ground robots and air vehicles. These small, and in some
airfoil dimensions in microns rather than millimeters. These shirtases very small, mobile systems require increasingly compact
button-sized gas turbine engines are the focus of this review. power and propulsion. Hydrocarbon fuels burned in air have
Interest in millimeter-scale gas turbines is fueled by both 20-30 times the energy density of the best current lithium
technology push and a user pull. The technology push is the dtemistry-based batteries, so that fuelled systems need only be
velopment of micromachining capability based on semiconductnrodestly efficient to compete well with batteries.
manufacturing techniques. This enables the fabrication of com-Given the need for high power density energy conversion in
plex small parts and assemblies—devices with dimensions in thery small packages, a millimeter-scale gas turbine is an obvious
1-10,000um size range with submicron precision. Such parts agandidate. The air flow through gas turbines of this size is about
produced with photolithographically defined features and marsyx orders of magnitude smaller than that of the largest engines
can be made simultaneously, offering the promise of low produand thus they should produce about a million times less power,
10-100 watts with equivalent cycles. Work first started on MEMS
Contributed by the International Gas Turbine InstitU@Tl) of THE AMERICAN ~ @pproaches in the mid 1990%-7]. Researchers rapidly discov-
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  ered that gas turbines at these small sizes have no fewer engineer-

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-; ; :
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jumg Cha”enges than do conventional machines and that many of

e . .
16-19; 2003, Paper No. 2003-GT-38866. Manuscript received by IGTI, Octobiie solutions evolved over six decades of technology development
2002, final revision, March 2003. Associate Editor: H. R. Simmons. do not apply in the new design space. This paper reviews work on
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MEMS gas turbine engines for propulsion and power production_ 1-4
It begins with a short discussion of scaling and preliminary desig<
considerations, and then presents a concise overview of releveé,
MEMS manufacturing techniques. In more depth, it examines the
microscale implications for cycle analysis, aerodynamic and struc?L
tural design, materials, bearings and rotor dynamics, combustio §
and controls and accessories. The gas turbine engine as a sysi&
is then considered. This review then discusses propulsion arS
power applications and briefly looks at derivative technologie<®
such as combined cycles, cogeneration, turbopumps, and rocky
engines. The paper concludes with thoughts on future develofg
ments. §

04 T T T T T T T T

10 20 30 40 50
Thermodynamic and Scaling Considerations Shaft Power Output (watts) per mm? Inlet Area

Thermal power systems encompass a multitude of technical diSFig, 1 Simple cycle gas turbine performance with H
ciplines. The architecture of the overall system is determined by
thermodynamics while the design of the system’s components is
influenced by fluid and structural mechanics and by material, elzég

, fuel

) " ; X xed turbomachinery performance requirements, but it introduces
trical and fabrication concerns. The physical constraints on t

desi f th hanical and electrical f ditional design and fabrication complexity. Thus, the first de-
esign of the mechanical and electrical components are often dif5 s are simple cycle gas turbines.

ferent at microscale than at more familiar sizes so that the optimai big should a “micro” engine be? A micron, a millimeter, a

component and system designs are different as well. Conceptqaé%\timeter? Determination of the optimal size for such a device

atny c_)f the tilwerrgodynamlc sysltemsdlrlhus%todkay could be I’lea|IZ|1?.| olves considerations of application requirements, fluid me-
at microscale. Braytofair) cycle and the Rankinévapo cycle . anics and combustion, manufacturing constraints, and econom-
machines are steady flow devices while the Ot8d, Diesel, and

A . : . SBr a larger engine size, 50—100 W. Viscous effects in the fluid
(gas turbingis superior based on considerations of power density,y -omhustor residence time requirements also favor larger en-

simplicity of fabrication, ease of initial demonstration, uItimategine size. Current semiconductor manufacturing technology

efficiency, and thermal anisotropy. . . laces both upper and lower limits on engine size. The upper size
A conventional, macroscopic gas turbine generator consists o

compressor, a combustion chamber, and a turbine driven by

thalpy in the exhaust stream provides thrust or can power an e'ﬁﬁa cost. A wafer of fixed sizésay, 200 mm diametemwould

tric generator. A macroscale gas turbine with a meter-diameter Eld man : : ;
; y more low power engines than high power engines at
intake area generates power on the order of 100 MW. Thus, t&lisatially the same manufacturing cost per waféste that the

of watts would be produced when such a device is scaled to MG of the power produced by all of the engines on the wafer

limeter size if the power per unit of air flow is maintained. Wher\}vould remain constant at 1-10 K\When commercialized, ap-
based on rotating machinery, such power density requires co% '

) . ications and market forces may establish a strong preference
bustor exit temperatures of 12001600 K; rotor peripheral spegse "For the first demonstrations of a concept, a minimum tech-
of 300—600 m/s and thus rotating structures centrifugally stres y

. ; al risk approach is attractive. Analysis suggested that fluid me-
to several hundred MPa since the power density of both turbomay, nics would be difficult at smaller scales, so the largest size

chinery and electrical machines scale with the square of the spegdy - yhe edge of current microfabrication technology, about a cen-
as does the rotor material centrifugal stress; low friction bearlng;;(ﬁ;n ter in diameter. was chosen as a focus of MIT's efforts

tigh_t geometri_c tglt_eran_ces and clearances between rotating ANBerformance calculations indicate that the power per unit air
static parts to inhibit fluid leakagehe clearances in large enginesyqw from the configuration discussed below is 50— 150gised
ahre mallr_1ta||ne_d at fal:;]ourt] one gart|:jn 2000 of the diame®™ o 4ir flow (Fig. 1). For a given rotor radius, the air flow rate is
t ﬁ_rkrpa 'Sﬁ atlondo the hot an.dco | sections. i _limited primarily by airfoil span as set by stress in the turbine
ese thermodynamic considerations are no different at migi ye roots. Calculations suggest that it might be possible to im-
than at macroscale. But the physics and mechanics influencing 66 the specific work, fuel consumption, and air flow rate in
desil%n of_lthde gomponents go chgngz_;vnh scailze, SO tlhat t?eho ter designs with recuperators to realize microengines with power
mal detalled designs can be quite different. Examples of t eéﬁtputs of as much as 50—100 W, power specific fuel consumption
differences include the viscous forces in the fldiigrger at mi- ¢ g 3_ 4 gjw-hr, and thrust-to-weight ratios of 100:1. This level
;:roscale, usablt? strength g matenadlarger at mlﬁros_cab;a Sur - of specific fuel consumption approaches that of current small gas
ace area-to-volume ratiodarger at microscale chemical reac- y,ine engines but the thrust-to-weight ratio is 5—10 times better
tion times (invariany, realizable electric field strengtihigher at 5 that of the best aircraft engine. The extremely high thrust-to-
microscal¢, and manufacturing constraintéimited mainly 0\ eignt ratio is simply a result of the so-called “cube-square law.”
two-dimensional, planar geometries given current mlcrofabrlcg‘“ else being the same as the engine is scaled down linearly, the

tion technology. .air flow and thus the power decreases with the intake &frea

There are many thermodynamic and architectural desiglare of the linear sizewhile the weight decreases with the
choices in a device as complex as a gas turbine engine. Thg me of the engindthe cube of the linear sizeso that the

involve tradeoffs among fabrication difficulty, structural design,qer.o-weight ratio increases linearly as the engine size is re-
heat transfer, and fluid mechanics. Given a primary goal of deffj e petailed calculations show that the actual scaling is not
onstrating that a high power density MEMS heat engine is phy$liite this dramatic since the specific power is lower at the very
cally reallzable_, MIT’s _research effort adop_ted the deS|gn_phllos mall sizes[5]. A principal point is that a micro-heat engine is a
phy that the first engine should be as simple as possible, WB erent device than more familiar full-sized engines, with differ-

performance traded for simplicity. For example, a recuperatedl: \veaknesses and different strengths
cycle, which requires the addition of a heat exchanger transferring '

heat from the turbine exhaust to the compressor discharge fluidMechanics Scaling. While the thermodynamics are invariant
offers many benefits including reduced fuel consumption and réewn to this scale, the mechanics are not. The fluid mechanics, for
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example, are scale-dependef@]. One aspect is that viscous 105
forces are more important at small scale. Pressure ratios of 2:1g
4:1 per stage imply turbomachinery tip Mach numbers that are >~
the high subsonic or supersonic range. Airfoil chords on the ord$
of a millimeter imply that a device with room temperature inflow §
such as a compressor, will operate at Reynolds numbers in & 104
tens of thousands. With higher gas temperatures, turbines of siig,
lar size will operate at a Reynolds number of a few thousansg
These are small values compared to the-100f range of large- 'é
scale turbomachinery and viscous losses will be concomitan @
larger. But viscous losses make up only about a third of the toig
fluid loss in a high speed turbomachilaree-dimensional, tip @
leakage, and shock wave losses account for most of thesest «
that the decrease in machine efficiency with size is not so di.©
matic. The increased viscous forces also mean that fluid drag’®
small gaps and on rotating disks will be relatively higher. Unle<® 102 . | SR
gas flow passages are smaller than one micron, the fluid beha 103 102 101
can be represented as continuum flow so that molecular kineti Characteristic Length (m)
Knudsen number considerations, are not important.

Heat transfer is another aspect of fluid mechanics in whidhig. 2 Critical temperature change to cause fracture via ther-
microdevices operate in a different design space than large-soake shock
machines. The fluid temperatures and velocities are the same but
the viscous forces are larger, so the fluid film heat transfer coef-
ficients are higher by a factor of about three. Not only is thefgrecision, microfabrication technology applies mainly to silicon.
more heat transfer to or from the structure but thermal condusince Si rapidly loses strength above 950 K, this becomes an
tance within the structure is higher due to the short length scaigper limit to the turbine rotor temperature. But 950 K is too low
Thus, temperature gradients within the structure are reduced. Thisombustor exit temperature to close the engine cfieg pro-
is helpful in reducing thermal stress but makes thermal isolatieluce net powerwith the component efficiencies available, so
challenging. cooling is required for Si turbines. The simplest way to cool the

For structural mechanics, it is the change in material propertiggbine in a millimeter-sized machine is to eliminate the shaft, and
with length scale that is most important. Very small length scataus conduct the turbine heat to the compressor, rejecting the heat
influences both material properties and material selection. In aa-the compressor fluid. This has the great advantage of simplicity
gines a few millimeters in diameter, design features such as blagled the great disadvantage of lowering the pressure ratio of the
tips, fillets, orifices, seals, etc. may be only a few microns in sizeow non-adiabatic compressor from about 4:1 to 2:1 with a con-
Here, differences between mechanical design and material prepmitant decrease in cycle power output and efficiency. Hydrogen
erties begin to blur. The scale is not so smallomic lattice or was chosen as the first fuel to simplify the combustor develop-
dislocation core sizethat continuum mechanics no longer appliesment. This expedient arrangement was referred to as jtuekho
Thus, elastic, plastic, heat conduction, creep, and oxidation behawgine. It is a gas generator/turbojet designed with the objective
iors do not change, but fracture strength can differ. Material sef demonstrating the concept of a MEMS gas turbine. It does not
lection is influenced both by mechanical requirements and by fadentain electrical machinery or controls, all of which are external.
rication constraints. For example, structure ceramics such asThe MIT H, demo engine design is shown in Fig. 3. The cen-
silicon carbide(SiC) and silicon nitride (SiN,) have long been trifugal compressor and radial turbine rotor diameters are 8 mm
recognized as attractive candidates for gas turbine componeatsl 6 mm, respectively. The compressor discharge air wraps
due to their high strength, low density, and good oxidation resiground the outside of the combustor to cool the combustor walls,
tance. Their use has been limited, however, by the lack of teatapturing the waste heat and so increasing the combustor effi-
nology to manufacture flaw-free material in sizes large enough feiency while reducing the external package temperature. The rotor
conventional engines. Shrinking engine size by three orders reidial loads are supported on a journal bearing on the periphery of
magnitude virtually eliminates this problem. Indeed, masshe compressor. Thrust bearings on the centerline and a thrust
produced, single-crystal semiconductor materials are essentialblance piston behind the compressor disk support the axial loads.
perfect down to the atomic level so that their usable strength is @ihe balance piston is the air source for the hydrostatic journal
order of magnitude better than conventional metals. This highegaring pressurization. The thrust bearings and balance piston are
strength can be used to realize lighter structures, higher rotatismpplied from external air sources. The design peripheral speed of
speedgand thus higher power densitjest constant geometry, or the compressor is 500 m/s so that the rotation rate is 1.2 Mrpm.
simplified geometryand thus manufacturingt constant periph- External air is used to start the machine. With 4@® span air-
eral speed. An additional material consideration is that thermflils, the unit is sized to pump about 0.36 grams/sec of air, pro-
shock susceptibility decreases as part size shrinks. Thus, materials
such as alumina (AD;) which have very high temperature capa-
bilities but are not considered high temperature structural cera™

h = 10,000 W/m2K

03

[y

ics due to their susceptibility to thermal shock are viable at mill ngtiir?g Thrust et Cor?gtrgrssor D\i/fg:wseerc )
meter length scaleig. 2). Since these have not been considere / bearing / 0’}‘ ustor
as MEMS materials in the past, there is currently little suitabl i o S— - —F< i T
manufacturing technology availablg,0]. i * 7T E
" <1 N~
. . . . I i n —— — "l |»
Overview of a MEMS Gas Turbine Engine Design g T - L
it ; ; Journal Exhaust \ ___'Nozzle guide vane
Efforts at MIT were initially directed at showing that a MEMS- bearing Turbine
based gas turbine is indeed possible, by demonstrating benct 21 mm —fotor I
operation of such a device. This implies that, for a first demon-
stration, it would be expedient to trade engine performance fpig. 3 H, demo engine with conduction-cooled turbine con-
simplicity, especially fabrication simplicity. Most current, highstructed from six silicon wafers
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Fig. 4 Cutaway H , demo gas turbine chip

ducing 0.1 Newtons of thrust or 17 watts of shaft power. A cu
away engine chip is shown in Fig. 4. In this particular engin
build, the airfoil span is 22wm and the disks are 30@m thick.

The following sections elaborate on the component technol
gies of this engine design. It starts with a primer on microfabr
cation and then goes on to turbomachinery aerodynamic desi
structures and materials, combustion, bearings and rotor dyne
ics, and controls and accessories. A system integration discusg
then expands on the high-level tradeoffs which define the desi
space of a MEMS gas turbine engine.

A Primer on Micromachining

Gas turbine engine design has always been constrained by
practicality of manufacturing parts in the desired shape and si
and with the material properties needed. As with conventio
metal fabrication, the mechanical and electrical properties
MEMS materials can be strongly influenced by the fabricatio

process. 'S @ ) m

While an old-school designer may have admonished his tee | e N P
“Don’t let the manufacturing people tell you what you can't do!”,
design for manufacturing is now an important concern in industry. Fig. 5 Si wafer of radial inflow turbine stages

Major decisions in engine architecture are often set by manufac-
turing constraints. Of course this was true in the design of Whit-
tle's first jet engine, in which the prominent external, reverse flow
combustors reflected the need to keep the turbine very close to HByedirect optical or e-beam writing. The photoresist is then chemi-
compressor to control rotor dynamics given that the forging techally developed as though it were photographic film, baked, and
nology of the day could only produce short, small diameter shatfisen the exposed areas are removed with a solvent. This leaves
integral with a disk[11]. bare silicon in the areas to be etched and photoresist-protected
Compared to manufacturing technologies familiar at largglicon elsewhere. The etching process is based on the principle
scale, current microfabrication technology is quite constrained that the bare silicon is etched at a much higher rate, typically
the geometries that can be produced and this severely limits &)—100<, than the mask material. Many different options for
gine design options. Indeed, the principal challenge is to arrive mtking masks have been developed, including a wide variety of
a design which meets the thermodynamic and component fumpdiotoresists and various oxide or metal films. By using several
tional requirements while staying within the realm of realizabliayers of masking material, each sensitive to different solvents,
micromachining technology. The following paragraphs presentraulti-depth structures can be defined. Photoresist on top of SiO
simple overview of current micromachining technology importaris one example.
to this application and then discuss how it influences the design ofThe exposed areas of the wafer can now be etched, either
very small rotating machinery. These technologies were derivetlemically or with a plasma. The devices we are concerned with
from the semiconductor industry 15—-20 years ago, but the bubkere require structures which are 100’s of microns high with very
ness of micromachining has now progressed to the level that cateep walls, thus a current technology of great interest is deep
siderable process equipmédkhown as “tools”) is developed spe- reactive ion etchingDRIE). In the DRIE machine, the wafer is
cifically for these purpose$12]. etched by plasma-assisted fluorine chemistry for several tens of
The primary fabrication processes important in this applicatioseconds, then the gas composition is changed and a micron or so
are etching of photolithographically defined planar geometries antla teflon-like polymer is deposited which preferentially protects
bonding of multiple wafers. The usual starting point is a flat wafethe vertical surfaces, and then the etch cycle is repegt&, The
of the base material, most often single-crystal silicon. These waverage depth of a feature is a function of the etch time and the
fers are typically 0.5 to 1.0 mm thick and 100 to 300 mm iocal geometry. The etch anisotrofsteepness of the wallgan
diameter, the larger size representing the most modern technoldagy.changed by adjusting the plasma properties, gas composition,
Since a single device of interest here is typically a centimeter and pressure. In addition, these adjustments may alter the unifor-
two square, dozens to hundreds fit on a single wéfég. 5. mity of the etch rate across the wafer by a few percent since no
Ideally, the processing of all the devices on a wafer is carried ooachine is perfect. One feature of current tools is that the etch
in parallel, leading to one of the great advantages of this micrmte is a function of local geometry such as the lateral extent of a
machining approach, low unit cost. To greatly simplify a complefeature. This means that, for example, different width trenches
process with very many options, the devices of interest will senetch at different rates, presenting a challenge to the designer of a
as illustrative examples. complex planar structure. A DRIE tool typically etches silicon at
First, the wafers are coated with a light-sensitive photoresist.ah average rate of 1-gm per minute, the precise rate being
high contrast black-and-white pattern defining the geometry feature and depth-dependent. Thus, structures that are many hun-
then optically transferred to the resist either by means of a contaceds of microns deep require many hours of etching. Such a tool
exposure with a glass plate containing the patterfimask”), or currently costs $0.5—-1.0 M and etches one wafer at a time, so the
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ure, they are actually slightly tapered from hub to tip. Current
technology can yield a taper uniformity of about 30:1 to 50:1 with
either a positive or negative slope. At the current state of the art,
the airfoil length can be controlled to better thamth across the
disk, which is sufficient to achieve high-speed operation without
the need for dynamic balancing. Turbomachines of similar geom-
etry have been produced with blade spans of over 400

The processingfaa 4 mmdiameter turbine stage is illustrated
in Fig. 7 as a somewhat simplified example. Note that the vertical
scaling in the figure is vastly exaggerated for clarity since the
thickness of the layers varies so mu@bout 1 um of silicon
dioxide and 10um of photoresist on 45@m of silicon). It is a
16-step process for wafer 1, requiring two photo masks. It in-
cludes multiple steps of oxide growtlo protect the surface for
wafer bonding, patterning, wet etchingwith a buffered hydro-
fluoric acid solution known as BOEdeep reactive ion etching
(DRIE), and wafer bondingof the rotor wafer, #1, to an adjoining
wafer, #2, to prevent the rotor from falling out during processing
Note that wafer 2 in the figure was previously processed since it
contains additional thrust bearing and plumbing features which
are not shown here for clarity, In fact, it is more complex to
etching operation is a dominant factor in the cost of producirfgbricate than the rotor wafer illustrated.
such deep mechanical structures. Both sides of a wafer may b&he second basic fabrication technology of interest here is the
etched sequentially. bonding together of processed wafers in precision alignment so as

Figure 6 is an imagef@ 4 mmrotor diameter, radial inflow air to form multilayer structures. There are several classes of wafer
turbine designed to produce 60 watts of mechanical power at a tipnding technologies. One uses an intermediate bonding layer
speed of 500 m/414,15. The airfoil span is 20Qum. The cylin- such as a gold eutectic or SiOThese approaches, however, re-
drical structure in the center is a thrust pad for an axial thrust &ult in structures which have limited temperature capabilities, a
bearing. The circumferential gap between the rotor and stafew hundred °C. It is also possible to directly bond silicon to
blades is a 15um wide air journal bearing required to support thesilicon and realize the material’s intrinsic strength through the
radial loads. The trailing edge of the rotor blades is 2B thick entire usable temperature range of the matefits,17. Direct
(uniform to within 0.5um) and the blade roots have 1n radius bonding requires very smoottbetter than 10 nanometgrand
fillets for stress relief. While the airfoils appear planar in the figvery clean surface¢a single 1um diameter particle can keep

l Wafer 1 |

(g) Wet oxide etch with liquid
Buffered Oxide Etch (BOE).

Fig. 6 A4:1 pressure ratio, 4 mm rotor dia radial inflow turbine
stage

| Wafer 1 |

(a) 450 um thick, 4 inch double-
side polished silicon wafer.

LT LS

E E] 5a;er 1w IH

[ Wafer 1 | : | Wafer 2 |
(b) 0.5 um-thick-thermal oxidation. — = “waer— “— 5 (m) UV exposure photoresist.
e (h) DRIE etch airfoils. ﬁ:ﬁ
[ Wafer 1 | afer 1
Thrust Blades Vanes | Wafer 2 |

() Spin-coat on ~10 pm-thick (n) Develop photoresist.

bearing
I Waier 1 l_I
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b et A

| Wafer 1 I

(d) UV exposure photoresist.
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(e) Develop photoresist.

(f) Protect back-side oxide
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I Wafer 2 ]

(j) Remove oxide on bonding side.

o T g T e Ll o T e T

I Wafer 2 l

(k) Direct silicon bond 1 to 2.

E : 5afer15l E 5

[ Wafer 2 I

(1) Spin-coat on ~20 um-thick photoresist.

(o) Oxide patterning by BOE

T

| Wafer 2 |

(p) DRIE etch of journal bearing.
S Journal bearing .
afer 1
Wafer 2

(g) Strip photoresist and oxide.
Ready for full-stack bonding.

|:| Si [:, Oxide - Photoresist

Fig. 7 Simplified processing steps to produce the turbine in Fig. 6 in a wafer stack. (Figure courtesy of N. Miki. )
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for bonding. A fundamentally different approach is to arrange a
sequence of fabrication steps with all processing done at the wafer
level so that a freely rotating captured rotor is the end product.
The process must be such that the rotor is not free at any time
during which it can fall out, i.e., it must be mechanically con-
strained at all times. There are several ways that this can be ac-
complished. For example, the layer containing the rotor can be
“glued” to adjoining wafers with an oxide during fabrication.
This glue can then be dissolved away to free the rotor after the
device is completely fabricated. In one version of the 4 mm tur-
bine of Fig. 6, an Si@ film bonds the rotor layer at the thrust
bearing pad to the adjoining wafer, before the journal bearing is
etched. Another approach employs “break-off tabs” or mechani-
cal fuses, flimsy structures which retain the rotor in place during
fabrication and are mechanically failed after fabrication is com-
plete to release the rotdr 9]. Both approaches have been proven
successful.

The last MEMS technology we will mention is that for elec-
tronic circuitry, mainly for embedded sensors and electric machin-
ery such as actuators, motors, and generators. The circuitry is
generally constructed by laying down alternating insulating and
conducting layers, typically by using vapor deposition or sputter-
ing approaches, and patterning them as they are applied using the
photoresist technology outlined above. While the microelectronics
industry has developed an extremely wide set of such technolo-
gies, only a small subset are compatible with the relatively harsh
environment of the processing needed to realize wafer-bonded
mechanical structures hundreds of microns deep. Specifically, the
high wafer annealing temperatures limit the conductor choices to
polysilicon or high temperature metals such as platinum or tung-

sten. The energetic etching processes require relatively thick
(b) masking material which limits the smallest electrical feature size

to the order of a micron, rather than the tens of nanometers used in
state-of-the-art microelectronic devices.

Using the above technologies, shapes are restricted to mainly
prismatic or “extruded” geometries of constant height. Ongoing
research with greyscale lithography suggests that smoothly vari-
able etch depthgand thus airfoils of variable spamay be fea-
sible in the near term,20]. Conceptually, more complex three-
several square centimeters of surface from bondifigus, a very dimensional shapes can be constructed of multiple precision-
high standard of cleanliness and wafer handling must be magligned two-dimensional layers. But layering is expensive with
tained throughout the fabrication process. The wafers to lgrrent technology and 5-6 is considered a large number of
bonded are hydrated and then aligned using reference marks picision-aligned layers for a microdevice. Since three-
viously etched in the surface. The aligned wafers are brought irdgnensional rotating machine geometries are difficult to realize,
contact and held there by Van der Waals forces. The stack @fnar geometries are preferred. While three-dimensional shapes
wafers is then pressed and heated to a few hundred degreesafer difficult, in-plane two-dimensional geometric complexity is
tens of minutes. Finally, the stack is annealed for about one hassentially free in manufacture since photolithography and etching
at 1100°C in an inert gas furnadéf a lower temperature is used, process an entire wafer at one time. These are much different
a much longer time will be needed for anneal)n§uch a stack, manufacturing constraints than are common in the large-scale
well processed from clean wafers, will not have any discernablgorld so it is not surprising the optimal machine design may also
bond lines, even under high magnification. Tests show the bons different.
to be as strong as the base material. The current state of the art is
stacks of 5—6 wafers aligned across a wafer to 0.5xin0More
wafers can be bonded if alignment precision is less important.
Note that the annealing temperature is generally higher than de-
?.ncgfs encounter in operation. This process step thus repr.esents'ltﬂfaoomachinery Fluid Mechanics
imiting temperature for the selection of materials to be included
within the device[18]. Figure 8 shows the turbine layer of Fig. 6 The turbomachine designs considered to date for MEMS engine
bonded as the center of a stack of five wafers, the others contapplications have all been centrifugal since this geometry is
the thrust bearings and fluid plumbing. readily compatible with manufacturing techniques involving pla-

A third fabrication technology of interest for microrotating manar lithography.(It is also possible to manufacture single axial
chinery is that which realizes a freely spinning rotor within dlow stages by using intrinsic stresses generated in the manufac-
wafer-bonded structure. We require completed micromachineging process to warp what otherwise would be planar paddles
which include freely rotating assemblies with clearances meito twisted blades, but such techniques have not been pursued for
sured in microns. While it is possible to separately fabricate rtvgh-speed turbomachineyyn most ways, the fluid mechanics of
tors, insert them into a stationary structure, and then bond aricroturbomachinery are similar to that of large-scale machines.
overlaying static structure, this implies pick-and-place hand opor example, high tip speeds are needed to achieve high pressure
erations(rather than parallel processing of complete wafarsd ratios per stage. Micromachines are different in two significant
increases the difficulty in maintaining surfaces sufficiently cleamays: small Reynolds numbeficreased viscous forces in the

Fig. 8 Complete, five-layer turbine “stack” including bearings
and fluid plumbing; (a) conceptual cross-section, (b) electron
microscope image of cross-section
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fluid) and, currently, two-dimensional, prismatic geometry limita- ¢ 6 .

tions. The low Reynolds numbers, *t01(P, are simply a reflec- § \\ """ Compressor
tion of the small size, and place the designs in the laminar org 5 | ' Turbine
transitional range. These values are low enough that it is difﬁcullg Y\ Compressor

to diffuse the flow, either in a rotor or a stator, without separation. £ 4 |
This implies that either most of the stage work must come fromg”
the centrifugal pressure change or that some separation must kg 3 |
tolerated. The design challenges introduced by the low Reynold:© ~.
numbers are exacerbated by geometric restrictions imposed b
current microfabrication technology. In particular, the fabrication &
constraint of constant passage height is a problem in these higl'g
speed designs. High work on the fluid means large fluid densit)E
changes. In conventional centrifugal turbomachinery, density>
change is accommodated in compressors by contracting or in tui 0 3 ’ s s
bines by expanding the height of the flow path. However, conven- 10 10 10 10
tional microfabrication technology is not amenable to tapering Reynolds Number
passage heights, so all devices built to date have a constant span. o ) . o
How these design challenges manifest themselves are somevxﬁ‘l%]tg Calculated sensitivity of two-dimensional airfoil loss
different in compressors and turbines. with Reynolds number, - [9]

A common fluid design challenge is turning the flow to angles
orthogonal to the lithographically defined etch plane, such as at ) ) ) ) .
the impeller eye or the outer periphery of the compressor diffuser.While extensive two-dimensional and three-dimensional nu-
At conventional scale, these geometries would be carefully coferical simulations have been used to help in the design and
toured and perhaps turning vanes would be added. Such geoméﬁ?'ys's of the micromachines, as in all high-speed _turbor_nachln-
is currently difficult to produce with microfabrication, which most€"Y development, test data are needed. Instrumentation suitable for
naturally produces sharp right angles that are deleterious to tfdd flow measurements in turbomachinery with blade spans of a
fluid flow. For example, at the 2 mm diameter inlet to a compre&eW hundred microns and turning at over a million rpm is not
sor impeller, three-dimensional computational fluid dynamid&adily available. While it is theoretically possible to microfabri-
(CFD) simulations show that a right-angle turn costs 5% in conf:até the required instrumentation into the turbomachine, this ap-
pressor efficiency and 15% in mass flow compared to a smodifpach to instrumentation is at least as difficult as fabricating the
turn, [21]. Engineering approaches to this problem include |owem|croturbor_nach|ne in the first pla_ce. Inste_ad, the standard tech-
ing the Mach number at the turriby increasing the flow arga Nique of using a scaled turbomachine test rig was adof2&, In
smoothing the turns with steps or anglegich adds fabrication this case the test rig was a’¥3inear scaleup ba 4 mmdiameter

complexity, and adding externally produced contoured par@ompressofsufficiently large with a 300 mm rotor diameter for
when the turns are at the inlet or outlet to the chip. conventional instrumentatigrrather than the 2—4 scaledown

common in industry. The geometry tested was a model of a 2:1
Compressor Aerodynamic Design. The engine cycle de- pressure ratio, 4 mm diameter compressor with a design tip speed
mands pressure ratios of 2—4, the higher the better. This implies400 m/sec for use in a micromotor-driven air compregss.
that transonic tip Mach numbers and therefore rotor tip peripherphis design used the thick-blade-to-control-diffusion philosophy
speeds in the 400-500 m/s range are needed. This yields Rei¢cussed above. The rig was operated at reduced inlet pressure to
nolds numbers(Re) in the range of 1% for millimeter-chord match the full-scale design Reynolds number of about 20,000. A
blades. The sensitivity of two-dimensional blade performance tmmparison of a steady three-dimensional viscous GFDU-
Re in this regime is illustrated in Fig. 9, which presents the vari&NT) simulation to data is shown in Fig. 11. The simulation do-
tions of efficiency with size for a radial flow compressor andnain included the blade tip gaps and right-angle turn at the inlet.
turbine. While this analysis suggests that for low loss it is desilt predicts the pressure rise and mass flow rate to 5% and 10%,
able to maximize chord, note that the span of the airfoils is lessspectively.
than the chord, implying that aero designs should include endwallTight clearances are considered highly desirable for compressor
considerations at this scale. aerodynamics in general but are a two-edged sword for the thick-
In conventional size machines the flow path contracts to contrisladed designs discussed above. Small tip clearance reduces leak-
diffusion. Since this was not possible with established microma-
chining technology, the first approach taken was to control diffu-
sion in blade and vane passages by tailoring the airfoil thicknegg
rather than the passage heigl#1,22. This approach results in '
very thick blades, as can be seen in the 4:1 pressure ratio cc
pressor shown in Fig. 10. Compared to conventional blading, t
trailing edges are relatively thick and the exit angle is quite higl .
The design trade is between thick trailing edgebkich add loss to
the rotoy or high rotor exit anglegwhich result in reduced work
at constant wheel speed, increased diffuser loss, and reduced
erating rangg
Although the geometry is two-dimensional the fluid flow is not
The relatively short blade spans, thick airfoil tips, and low Rey
nolds numbers result in large hub-to-tip flow variations, especial
at the impeller exit. This imposes a spanwise variation on stat \ e
¢

' Design Point
1

-
cea
.-
-~

| Turbine | """ oo
; Design Point ) ' — -

C S N R,

inlet angle of 15—-20 deg for the geometries examined. This ce
not be accommodated by twisting the airfoils, which is not pe

- -
mitted in current microfabrication. The limited ability to diffuse ‘ [ —

the flow without separation at these Reynolds numbers also pre-

cludes the use of vaneless diffusers if high efficiency is requiregig. 10 A 500 m/s tip speed, 8 mm dia. centrifugal engine com-
since the flow rapidly separates off parallel endwalls. pressor
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Fig. 12 The influence of heat addition on compressor perfor-
Fig. 11 Sensitivity of compressor pressure rise to tip clear- mance (pressure ratio is 1, the subscript “ad” refers to the
ance (% span) adiabatic condition )

age flow and its associated losses, but increases drag for desigig compressors using inlet-corrected mass flow as an indicator
in which the blade tip is at least as wide as the passage. Thsize. The efficiency decreases with size but how much of this is
full-scale blading dimensions of the microcompressor testggkrinsic to the fluid physics and how much is due to the discrep-
scaled up was a blade chord of about 1@00 and a span of 225 ancy in development efforiittie engines have little budgetss
pm. Thus the design minimum tip clearance g (set to avoid ot clear(Note that there is an inconsistency of about a percent in
blade tip rubs represents 0.2% of chord and 1% of span. Figuigis data due to different definitions of efficiency, i.e., whether
11 includes measurements of the sensitivity of this design to fifsses in the inlet guide vanes and the exit vanes or struts are
clearance. included)
Recent microfabrication advances using greyscale lithography
approaches suggest that variable span turbomachinery may indeeturbine Aerodynamic and Heat Transfer Design. While
be feasible[20]. This would facilitate designs with attached flowthe aerodynamic design of a microfabricated, centimeter-diameter
on thin blades. Compared to the thick blade approach, thre@dial inflow turbine shares many of the design challenges of a
dimensional CFD simulations of thin blade compressors with a tfimilar scale compressor, such as a constant airfoil span manufac-
shroud show about twice the mass flow for the same maximukiing constraint, the emphasis is different. Diffusion within the
span and wheel speed, an increase in pressure ratio from 2.$lade passages is not the dominant issue it is with the compressor,
3.5, and an increase in adiabatic efficiency from 50% to 709 the thick blade shapes are not attractive. The Reynolds numbers
[25]. are lower, however, given increased viscosity of the high tempera-
Isomura et al. have taken a different approach to centimetéwe combustor exit fluid. The nozzle guide varlR§&Vs) operate
scale centrifugal compressof&6,27. They have chosen to scaleat a Re of 1000—2000 for millimeter-chord airfoils.
a conventional three-dimensional aerodynamic machine with anOne 6 mm diameter constant-span engine turbine is shown in
inducer down to a 12 mm diameter for a design 2 g/s mass fldvig. 14. With a 400um span it is designed to produce 53 W of
rate and 3:1 pressure ratio. The test article is machined from asihaft power at a pressure ratio-S) of 2.1, tip speed of 370 m/s,
minum on a high-precision five-axis miller. No test results havand mass flow of 0.28 g/s. The reaction is 0.2 which means that
been reported to date. the flow is accelerating through the turbine. Three-dimensional
Kang et al.[28] have built a 12 mm diameter conventionalCFD simulations were used to explore the performance of this
geometry centrifugal compressor from silicon nitride using a rapidesign using FLUENT. The calculational domain included the
prototype technology known as mold shape deposition manufddade tip gap regions, the discharge of bearing air into the turbine,
ture. It was designed to produce a pressure ratio of 3:1 at 500 m/s
tip speed with a mass flow of 2.5 g/s and an efficiency of 65—
70%. To date, they report testing up to 250 m/s and performanc= 1 o
consistent with CFD analysis.

A major aerodynamic design issue peculiar to these very smis, 0.9 A P‘A A
machines is their sensitivity to heat addition. It is difficult to de-& AA:“Af
sign a centimeter-scale gas turbine engine to be completely ad-g 0.8- AAQAA
batic, thus there will be some degree of heat addition througg A,
conduction. An isothermal compressor at fixed temperature exhi¥d 0.7 o ©

its behavior close to that of an adiabatic machine with the san'%
amount of heat added at the inlg29]. Thus, the influence of the £ 0.6
heat addition shows up as reductions in mass flow, pressure riz oo A Engine data
and adiabatic efficiency. The effect of heat addition on compress® 0.5 o Part-speed rig data
. ) . - 3-D CFD
efficiency and pressure ratio are shown in Fig. 12. These effec
can be quite dramatic at high levels of heat flow. The influence ¢ 0.4 T T T T T T
this nonadiabatic behavior on the overall cycle performance wi 104 10® 102 107 109 10" 102 108
be discussed later. Mass flow (Kg/sec)
The ultimate efficiency potential for compressors in this size
range has yet to be determined. Figure 13 plots the polytrofsy. 13 Variation of engine compressor polytropic efficiency
efficiency of a number of aeroengines and ground-based gas ith size
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stable regime(e.g., the boundary layers should stay attaghed
[30]. He then designed film-cooled turbines and analyzed these
designs with CFD simulation.

Based upon the work to date, it should be possible to realize
microfabricated single-stage compressors with adiabatic pressure
ratios above 4:1 at 500 m/s tip speed with total-to-static efficien-
cies of 50—60%. Achievable turbine efficiencies may be 5-10%
higher.

Combustion

The primary design requirements for gas turbine combustors
include large temperature rise, high efficiency, low pressure drop,
structural integrity, ignition, stability, and low emissions. These
requirements are no different for a microcombustor which may
flow less than 1 g/s of air than for a 100 kg/sec large machine, but
the implementation required to achieve them can be. A compari-
son between a modern aircraft engine combustor and a mi-
croengine is shown in Table [[31]. Scaling considerations result
in the power density of a microcombustor exceeding that of a
large engine. However, the combustor volume relative to the rest
of the microengine is much larger, by a factor of 40, than that of
a large engine. The reasons for this scaling can be understood in

k3 - L] reference to the basics of combustion sciehda].
Combustion requires the mixing of fuel and air followed by
Fig. 14 Silicon engine radial inflow turbine inside annular chemical reaction. The time required to complete these processes
combustor; the flow passages in the NGV’s are for bearing and is generally referred to as the required combustion residence time
balance air and effectively sets the minimum volume of the combustor for a

given mass flow. The mixing time can scale with device size but

the chemical reaction times do not. In a large engine, mixing may
and the right-angle turn and duct downstream of the rotor. Theaecount for more than 90% of combustor residence time. A useful
calculations predict that this design has an adiabatic efficiency moktric is the homogeneous Damkohler number, which is the ratio
about 60%. The remainder of the power goes to NGV lotg%s, of the actual fluid residence time in the combustor to the reaction
rotor losse$11%), and exit losse&20%), [30]. These are very low time. Obviously a Damkohler of one or greater is needed for
aspect ratio airfoil{~0.25 and this is reflected in the shear oncomplete combustion and therefore high combustion efficiency.
the endwalls being about twice that on the airfoil surfaces. Ti@ne difference between large and microscale machines is the in-
exit losses, the largest source of inefficiency, consist of residuakased surface area-to-volume ratio at small sizes. This offers
swirl, losses in the right-angle turn, and lack of pressure recovampore area for catalysts; it also implies that microcombustors have
in the downstream duct. This implies th@ the rotor exit Mach proportionately larger heat losses. While combustor heat loss is
number should be reduced if possible, ail that the turbine negligible for large-scale engines, it is a dominant design factor at
would benefit from an exit diffuser. microscale since it can reduce the combustor efficiency and lower

High engine-specific powers require turbine inlet temperaturése reaction temperature. This narrows the flammability limits and

(TIT) above the 950 K capability of uncooled single-crystal Sidecreases the kinetic rates, which drops the effective Damkohler
The MIT demo engine was designed with a TIT of 1600 K and saumber. As an example, Fig. 181], illustrates the viable design
requires turbine cooling. In the demo design the turbine is cospace for an kifuelled, 0.07 cc microcombustor as a function of
ductively cooled through the structure. The heat flow is on thte heat lost to the walls and as constrained by flame stability,
same order as the shaft power, and the resultant entropy reducstmicture limits, and cycle requirement considerations. The design
is equivalent to 1-2% improvement in turbine efficiency. Adspace shown permits a trade between heat loss and stoichiometry,
vanced engine designs may use film cooling. A major issue in thighich is especially important when burning hydrocarbons with
case is the stability of a cold boundary layer on a rotating diskarrow stoichiometry bounds.
with radial inflow. While this is, in general, an unstable flow, The design details are dependent on the fuel chosen. The design
Philippon has shown through analysis and CFD simulation thapproach first taken was to separate the fuel-air mixing from the
the region of interest for these millimeter-scale turbines lies in@hemical reaction. This is accomplished by premixing the fuel

Table 1 A comparison of a microengine combustor with a large aeroengine combustor

Conventional Micro-
Combustor Combustor

Length 0.2m 0.001 m
Volume 0.073 A 6.6x10°8 m3
Cross-sectional area 0.36m 6X10°°m?
Inlet total pressure 37.5 atm 4 atm
Inlet total temperature 870 K 500 K
Mass flow rate 140 kg/s 1.8<10 *kgls
Residence time ~7 ms ~0.5ms
Efficiency >99% >90%
Pressure ratio >0.95 >0.95
Exit temperature 1800 K 1600 K
Power Density 1960 MW/ 3000 MW/n?

(Note: residence times are calculated using inlet pressure and an average flow temperature of 1000 K
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with the compressor discharge air upstream of the combust 0 0.05 01 015 0.2
flame holders. This permits a reduction of the combustor res ) . ) ’ )
dence time required by a factor of about 10 from the usual 5-1. Air Flow (g/sec)

msec. The disadvantage of this approach is a susceptibility to _
flashback from the combustor into the premix zone, which mu§}9: 16 Measured performance of 0.2 cc, Si microcombustors

- . - . asing H 5, fuel
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. This is the same ap-
proach taken by von Ohain when developing the first jet engine in
Germany in the 1930s. Hydrogen is particularly attractive becaugeneous reactions on the surface of a catalyst can widen the flam-
it will burn at equivalence ratiosp, as low as 0.3 which yields mability limits and so reduce the combustion temperature. Both
adiabatic combustion temperatures below 1500 K, facilitating tié@proaches have been demonstrated at microscale. Ethylene
realization of simple premixed designs. (which has a high reaction ratand propane have been burned in

Microcombustor technology has been developed in several fulhe H, combustors described above. The combustion efficiency
sized (i.e., micrg test rigs which duplicate the geometry of arwith ethylene approached 90% while that for propane was closer
engine but with the rotating parts replaced with stationary swiid 60%. These fuels need larger combustor volumes compared to
vanes[33]. In the Si micromachined geometry of Figs. 3 and 4, tbydrogen for the same heat release. Data for a variety of geom-
reduce heat losses through the walls and therefore to increatges and fuels is reduced in terms of Damkohler number in Fig.
combustor efficiency, the inlet air wraps around the outside of tg, which shows that values of greater than 2 are needed for high
0.2 cc combustor before entering through flame holders in a i@hemical efficiency]31].
versed flow configuration. This configuration is similar to the tra- Catalytic microcombustors have been produced by filling the
ditional reverse-flow engine combustor but scaled down to 0.Jsembustor volume of the above geometries with a platinum-
0.3 g/sec air flow rate. The Si liner in this case is conductioepated nickel foam. For propane, the catalyst increased the heat
rather than film-cooled. In this premixed approach, fuel is injecteglease in the same volume by a factor of 4—5 compared to the
near the inlet of the upstream duct to allow time for fuel-air mixpropane-air results discussed above. Pressure drops through the
ing without requiring additional combustor volume. This desigfpbam are only 1-2%]|35]. Presumably catalytic combustor per-
takes advantage of microfabrication’s ability to produce similar
geometric features simultaneously, using 90 fuel injection ports,
each 120um in diameter, to promote uniform fuel-air mixing. A
simple hot wire loop provides ignitiori34].

The combustor was tested in several configurations includin
variations of flame holder and dilution hole geometry. Combus
tion efficiencies approaching 100% have been reported with pre 1.0¢--- £
sure ratios of about 0.95-0.98. The Hata in Fig. 16 show the
variation of combustor efficiency versus mass flow rate for tw(g g g|
configurations, one purely premixéao dilution hole$and one in
which dilution holes have been added to the liner creating a due
zone combustof,31]. The missing data is due to instrumentation® 0.6
burnout. The dual-zone configuration, in which the dilution jets®
set up recirculation zones within the combustor, extends the opeg
ating range by about a factor of two at a cost of 10-20% & 04
combustor efficiency. These combustors have been operated®
exit temperatures above 1800 K.

Hydrocarbon fuels such as methane and propane have react
rates only about 20% of those of, Hrequiring larger combustor
volumes for the same heat release. They also must react closel ot
stoichiometric and therefore at higher temperatures, above 20 4 Dar?’nkohlerSNo
K. For gas phaséhomogeneoyscombustion designs this requires ’
a multizone burne(stoichiometric zone followed by a dilution Fig. 17 Measured microcombustor performance as a function
region as used on most large gas turbines. Alternatively, hetere-Damkohler number
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formance can be improved by a better choice of catdplatinum in the micro-gas turbine, so considerable cooling may be needed.
was selected for 5J and a geometry optimized for catalytic rathefFor these reasons, the first efforts concentrated on designs em-
than gas-phase combustion. ploying electric fields. The designs examined did not appear
Takahashi et al[36] are developing combustors designed fopromising in that the forces produced were marginal compared to
somewhat larger gas turbines, with flow rates of about 2 g/s. Dige bearing loads expectd@8]. Also, since electromagnetic bear-
signed for methane, these are a miniature version of can-tyipgs are unstable, feedback stabilization is needed, adding to sys-
industrial combustion chambers with a convection-cooled linggm complexity.
and dilution holes. These are conventionally machined with vol- Gas bearings support their load on thin layers of pressurized
umes of 2—4 cc. The combustion efficiencies of these units haygs. For micromachines such as turbines they have intrinsic ad-
been demonstrated as above 99% at equivalence ratios of ahgifitages over electromagnetic approaches, including no tempera-
0.37 with a design combustor exit temperature of 1323 K. Thegre limits, high load-bearing capability, and relative manufactur-
design residence time is about 6.5 ms. Matsuo ef3] con- ing simplicity. At large scale, gas bearings are used in many high-
structed a still Ial’ge(’ZO cc volume, 16 g/S flow ra)e:onventlon- Speed turbomachinery applications, induding aircraft
ally machined combustor burning liquefied natural gas. They rgnvironmental control units, auxiliary power units, 30-70 kW
port a combustor exit temperature of about 1200 K. _ “microturbines,” and turbochargerg39]. At smaller scale, gas
Overall, experiments and calculations to date indicate that h'%éarings have been used in gyroscopic instruments for many
efficiency combustion systems can be engineered at microscaleyys “All else being the same, the relative load-bearing capability
and achieve the heat release rate and efficiency needed for Vgiy gas bearing improves as size decreases since the volume-to-

small gas turbine engines. surface area ratitand thus the inertial loadscales inversely with
size. Rotor and bearing dynamics scaling is more compi,
Bearings and Rotor Dynamics However, rotor dynamics in this application are somewhat simpli-

The mechanical desian of gas turbine endines is dominated g)ed compared to large engines since the structure is very stiff, so
: '9 gas turbr 9t ! : |¥Iy rigid-body modes need be considered. In the following para-

thq beanngs and rotor dy”a”.“cs con5|dera_t|0ns of_hlgh-speed ?éphs we will first discuss journal bearings which support radial
tating mathnery. Mlcrom_achlnes are no d|ﬁerer_1t in this ré9artyads and then consider thrust bearings needed for axial loads.
As in all high-speed rotating machinery, the basic mechanical arTe simplest journal bearing is a cylindrical rotor within a

chitecture of the device must be laid out so as to avoid roto[ o f . .
: - ; . se-fitting circular journal. Other more complex variations used
dynamic problems. The high peripheral speeds required by tﬁ(g")large-sige machir{es include foil bearingspand wave bearings.

fluid and electromechanics lead to designs which are supercriti lese can offer several advantages but are more difficult to manu-
(operate above the natural resonant frequency of the rotor syste . 9 S
acture at very small size. Thus, the plane cylindrical geometry

just as they often are in large gas turbines. yas the first approach adopted since it seemed the easiest to mi-
Key design requirements imposed by the rotor dynamics Fofabricate. Gas bearings of this type can be categorized into two

that mechanical criticalresonant frequencies lie outside the eral classes which have differing load capacities and dvnami-
steady-state operating envelope, and that any critical frequenc(iag SSEs whi Ve dittering pacilies a Y :
characteristics. When the gas pressure is supplied from an

that must be traversed during acceleration are of sufficiently Ioﬁ’}\‘?t | d the beari ot t a first ord
amplitude to avoid rubs or unacceptable vibrations. The bearingé eérnal source and the bearing support 1orces are not a first order

play an important role in the rotor dynamics since their locatiofinction of speed, the bearing is termagldrostatic When the
and dynamical propertigstifiness and dampingre a major de- earing support forces are derived from the motion of the rotor,

terminant of the rotor dynamics. The bearings in turn must supp fegn the design it@gdrltq)dynamlic Hybriqbilmplementahtions com-
the rotor against all radial and axial loads seen in service. fiiNg aspects of both are also possible. Since the MEMS gas

addition to the rotor dynamic forces, the bearing loads under nd{irPines include air compressors, both approaches are applicable.
mal operation include all the net pressure and electrical forcBSth can readily support the loads of machines in this size range
acting on the rotor as well as the weight of the rotor times t can be used at very high temperatures. The two types of
external accelerations imposed on the device. For aircraft engis@/ings have differing load and dynamic characteristics. In hy-
this is usually chosen as 9 g's, but a small device dropped orflEpdynamic bearings, the load capacity increases with the speed
hard floor from two meters experiences considerably larger pesiRce the film pressure supporting the rotor is generated by the
accelerations. An additional requirement for portable equipment'or motion. This can be true for a hydrostatic bearing as well if
that the rotor support be independent of device orientation. TH film pressure is increased with increasing rotor speed, for ex-
bearing technology chosen must be compatible with the high teRM'Ple if the pressure is derived from an engine compressor. How-
peratures in a gas turbine engif@ be protected within cooled €Ver, when the supporting fllm pressure in a hydrostapc pearlng is
compartmentsand be compatible with the fabrication processeéﬂept constant, the load capacity decreases slightly with increasing
Early MEMS rotating machines have been mainly microelectrgPeed. The calculated unit load capadisypport force per unit
motors or gear trains turning at significantly lower speeds and fafea of bearingof plane journal microbearings is compared with
shorter times than are of interest here, so these made do with Hf§ measured capacity of conventional air foil bearings in Fig. 18.
friction bearings operating for limited periods. The higher speeddie hydrostatic bearing is at a constant pressure. For hydrody-
and longer lives desired for micro-heat engines require low frigt@mic bearings the load capacity is a function both of rotational
tion bearings. The very small size of these devices precludes gReed and of bearing length) to diameter(D) ratio. Microbear-
incorporation of commercially available rolling contact bearingdngs currently have low./D’s due to manufacturing constraints,
A microfabricated bearing solution is needed. Both electromag0 their load capacity is less.
netic and air bearings have been considered for this application. The relevant physical parameters determining the bearing be-
Electromagnetic bearings can be implemented with either mdggvior are the length-to-diameter ratib/QD); the journal gap-to-
netic or electric fields providing the rotor support force. Althouglength ratio @/L); and nondimensional forms of the peripheral
extensive work has been done on the application of magnelitach number of the rotofa measure of compressibiljtythe
bearings to large rotating machinery, work is just beginning dieynolds number, and the mass of the rotor. For a bearing sup-
magnetic bearings for micromachines. In addition to their conported on a hydrodynamic film, the load bearing capability scales
plexity, magnetic bearings have two major challenges in this ajpversely with @/D)® which tends to dominate the design consid-
plication. First, magnetic materials are not compatible with mostations[41].
microfabrication technologies, limiting device fabrication options. The design space available for the micro-journal bearing is
Second, Curie point considerations limit the temperatures @teatly constrained by manufacturing capability, especially if the
which magnetic designs can operate to below those encounteretbr and journal structure are fabricated at the same ¢méch
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) ) ) ) . o ) The measured imbalance shown in the figure &um, compared
Fig. 18 Gas bearing radial unit load capacity variation with to the 12um bearing clearancg.e., at 12um imbalance the rotor
speed. (Figure courtesy of L. Liu. ) would strike the wall on every revolutipn
We thus have two rotor dynamic design considerations, travers-
ing the critical frequency and ensuring that the frequency for the
onset of instability is above the operating range. For a hydrostatic
bearing the critical frequency simply scales with the pressure in
fhe bearing. The damping ratignainly viscous dampingde-
%reases with increasing speed. Thus, the maximum amplitude the
O9¥tor experiences while crossing the critical frequency increases
. . .7 with bearing pressure, i.e., the peak in Fig. 20 moves up and to the
o . e i) Dty e A W Icreasing ressurb2l T sggess he staegy of
ing gap,g. For hydgr]odyr?amic bearings F\)/ve wish to maximize th%rossmg the critical frequency at low pressure and low speed and
N e . > then increasing the pressure to stiffen the bearing as the rotor
footprint anq minimize gap/diameter to maximize load capacit ccelerates to increase the speed at onset of instabigy,
SO _the bearing should be on the largest d|_amet_er avalla_lble, he rotor imbalance is another factor which influences both the
p‘erlphe.ry of the rotor. The penalty for the h.'gh dlameter IS relgj-e k amplitude crossing the critical frequency and the onset of
|tlc:/v(\9/|)|/_ /gggn%riﬁefg% rzuigchcsgesigbim;jslrI?I?hhe %2322194%9‘ Hgilability. Large rotating.machines are usually dynamically bal.-
diameter turbine shown in Fig. 6, the joﬁrnal bearing is 300 anced by measuring the |mba!ance ano_l ther_1 addlng or subtract!ng
L mass to reduce it. In many micromachines it is possible to avoid

long and about 15um wide, so it has ah/D of 0.075,g/D of h : : .
: . : e need for dynamic balancing because the base material used to
\?W%:’;S ;ndegeﬁzpﬂ?sraggfjaggaﬂ%mti)se\r/vglfl émlmz trﬁéa:;\l/nelyé Z?(;r fate (single-crystal silicopis extremely uniform and, with suffi-
ae-gapped, high-sp 9 . g€ of allgen; care, the etching uniformity is sufficient to produce ad-
Iytical and experimental result; repor}ed in the gas bearing Ilter@duately balanced rotors. Typically, the center of mass is within
ture. It is much closer to an air seal in aspect ratio. . !

X : ; ] 1-5 um of the geometric center. For the turbine in Fig. 6, the
The dynamical behavior of the rotor is of first-order CcoNCerf. jes must be etched to abatt m span uniformity across the
because the high rotational speeds needed for high power den K Y

by the turbo and electrical machinery require the rotor to oper Om diameter disk. For rotors made up of several wafers, the
y et . ery req 10 Operalg , ment between wafers must also be considéatsb about 1
at rotational frequencies several times the lowest radial resonal

frequency of the bearing/rotor system. The dynamics of gas begqy: IS n_eed_e):j [44]. Using the b_alan_ce measurement capablllty_
X . . ) ident in Fig. 20 and laser etching, it is also possible to dynami-
ings on a stiff rotor can be simply represented by the rotor

mounted on a set of springs and dampers, as illustrated in Fig. 19.
The fluid in the bearing acts as both the springs and the principal
source of damping. It also generates the destabilizing cros¢ 12
stiffness forces which cause instability at high speeds. As in man__ s Data
conventional engines, the rotor must traverse the critical fregm
quency and avoid instabilities at higher speeds. For example, Fiig
20 illustrates the whirl radius versus speed for a 4 mm diamete.g 8
turbine with a 12um wide bearing. Plotted on the figure are §
experimental data and a fit of an analytical fluid mechanic spring$ g
mass-damper model of the system to that data. The resonant pe2
amplitude is reached as the rotor crosses a “rotor criti¢edso-
nan frequency. If the peak excursion exceeds the bearing clead
ance, then the rotor hits the wall, i.e., “crashes.” A well-known g

avoids the need for assembly and so facilitates low-cost waf
level manufacturing The most important constraint is the etchin
of vertical side walls. Recent advances of etching technol
yield taper ratios of about 30:1 to 50:1 on narr¢¥0—20 um)

dial E
F-S

L . « e 20 o a_
characterlst_lc of a spring-mounted rotor s_yst(emo-called Jeff- 2 N Rotor Imbalance
cott rotor”) is that at speeds below the critical frequency the rotor
revolves around its geometric center, _Whlle well above the critica 0 20,000 20000 60000 80,000
frequency the rotor revolves around its center of mass. Thus tF Rotational Speed (rpm)

dotted line in the figure, the asymptote of the curve fit, is a mea-
surement of the rotor imbalance expressed in terms of radial disg. 20 Transcritical response of the micro-journal gas bear-
placement of the rotor center of mass from the geometric centiy in Fig. 6. (Figure courtesy of C. J. Teo. )
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Fig. 21 Geometry of (a) hydrodynamic and (b) hydrostatic
thrust bearings (not to scale )

Fig. 22 Hybrid hydrodynamic (spiral grooves ) and hydrostatic
(orifices ) 0.7 mm dia. thrust bearing
cally balance a microrotor. It is unclear at this time whether
dynamic balancing or manufacturing uniformity is a superior
approach. mum rotational speed needed to develop sufficient pressure to
Hydrostatic bearings are stable from zero speed up to the s#fiminate rubbing between the stationary and rotating parts. Fig-
bility boundary. However, centered hydrodynamic bearings atge 22 is a 70Qum diameter hydrodynamic thrust bearing with 1.5
unstable at low rotational speed but stable at high speeds. Coum deep spiral grooves that was tested on the microturbine of Fig.
monly, such bearings are stabilized by the application of a unid: It lifts off at about 80,000 rpm. Such a bearing af fgim will
rectional force which pushes the rotor toward the journal wall, afissipate about 0.2 watts, about the same as that of a hydrostatic
measured by the eccentricity, the minimum approach distanceb#faring of equal load capacit6].
the rotor to the wall as a fraction of the average (@pcentered,
1=wall strike). At conventional scale, the rotor weight is often theStructures and Materials

source of this S'dpt force_. .A.t mlcros_cale,)_ the' rotor_welght 1S Structural considerations for the design of a MEMS gas turbine
negligible, and(2) insensitivity to orientation is desirable, so a,

scheme has been adonted which uses differential qas pressurd’ in many ways similar to those of conventional engines. The
p 9as p ge ign space is defined by the requirements of the thermodynam-

force the rotor eccentric. Extensive numerical modeling of theie (whi . )

. . . which require high stress and high temperatyrtéee proper-
mlcrobga_rl_ng flows has shown that such a rotor will be stable fids of the materials, and the manufacturing capabilities. The ma-
eccentricities above 0.8-05]. For the geometry of the turbine terial properties, in turn, are very much dependent on their
in Fig. 6, the rotor must thus operate between J«g from the processing. This section reviews materials selection, structural de-

J.gﬂmg: Z\Vr?(;llr;)rtr(l)lrsr:]mugllf)se tshriglclji\g;ﬂ?rz(;r?mmc';%u:fégﬁigrf];resign features, high-temperature structures, analysis of such micro-
J P o, structures, and packagirignstallation) technology.

manufacturing requirement.
A rotor must be supported against axial as well as radial loadsMaterials. Materials for gas turbine engines must exhibit
and so requires thrust bearings in addition to the radial bearingigh specific strength(strength/density at high temperatures.
discussed above. Both hydrostatic and hydrodynamic approachigh-temperature operation also requires creep and oxidation re-
have been demonstrated. In either approach, the bearing must siigtance. Other properties of interest include fracture toughness,
port the axial loads and remain stable. The devices built to datedulus, and resistance to thermal sh¢table 2. MEMS pro-
have been designed for subcritical thrust-bearing operation so tbessing technologies are much more mature for silicon than for
bearing behavior traversing the critical frequency is not an issusther materials so it is the first material a MEMS engineer con-
Hydrostatic thrust bearings meter external air through suppdyders(not so for a gas turbine desiginem terms of strength at
orifices onto the bearing surface. The 4@® diameter thrust pad temperature, single-crystal Si is the equal of common nickel al-
at the rotor center of the 4 mm diameter turbine in Fig. 6 rotatésys and, because it has only 1/3 the density, its specific strength is
relative to a stationary thrust bearing surface of similar diametenuch higher, as illustrated in Fig. 23. It is quite oxidation-resistant
The stationary bearing surface is perforated with a circular arrayid has thermal conductivity approaching that of copper, so it is
of 12 um diameter nozzle orifices fed from a plenum which supresistant to thermal shock. On these grounds, it is not a bad ma-
plies the gas lubricating film between the bearing surfaces. A cragsial for gas turbine engines. However, at temperatures below
section is shown in Fig. 21. At a rotor-stator gap of 4B, a flow about 900 K, Si is brittle, so usable strength is very much a func-
of 10 sccm at 2—-5 atm is needed to provide sufficient load capaion of the details of the processing. Structural life must be as-
ity (0.5 N) and axial stiffness (& 10° N/m). Stiffness is maxi- sessed with statistical methods.
mized when the pressure drop through the supply orifices equal<hen et al[47] have reported room temperature strengths up to
that of the radial outflow from the orifice discharge to the bearingg GPa for micromachined Si specimens. Moon ef{48] have
edge. measured the strength and creep rate of Si at temperatures up to
Hydrodynamic thrust bearings use viscous drag, often enhandg€iD0 K. From these measurements and a detailed model of the
with shallow spiral grooves, to generate a pressure gradient in treep behavior of the material, it appears that long-lived structures
bearing which increases toward the rotor center. The pressurizeth be designed for stress levels up to about 500 MPa at 850 K.
gas film provides the bearing load capacity and stiffness. ThBxidation is another concern for high temperature structures.
self-pumping eliminates the need for an external air supply a@bnductively cooled Si combustor tests were run at exit tempera-
simplifies the manufacture since bearing air supply plumbing fares up to 1800 K[33]. The thickness of the oxide layers grown
not required, reducing the number of wafers needed. It also addsre in agreement with standard models of Si oxidation. These
an additional design consideration—rotor liftoff, i.e., the miniimply that uncoated Si airfoils can have a life of a few hundred
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Table 2 Design considerations and material properties of interest for gas turbines

Ni-Based

Super Titanium Micro Micro

Alloys Alloys SiC Silicon
Centrifugal stress 330 420 670 1000
[ Vot Tp] (m/s)
Thermal stress 2.7x10°° 1.2x10°3 1.1x10°° 0.9x10°°
[@E/ay]
Stiffness ~26 ~25 ~95 ~70
[E/p] (MPa/Kgn 3)
Max temp(°C) ~1000 ~300 ~1500 ~600
(life limit) (creep (strength (oxidation (creep

hours. Longer lives may require coatings. Si nozzle guide vane)]. The increased temperature capability of a turbine like that in
run for 5 hrs at 1600 K in a microcombustor exhaust show littlEig. 6 increases with the thickness of the SiC insert, Fig. 25.
degradation, Fig. 24. Another approach being pursued is reaction sintering of powdered
Silicon carbide has about 600 K more temperature capabili§iC to form parts such as turbine rotof50].
than Si, but the SiC microfabrication technology is much less Additional structural materials of interest for MEMS gas tur-
mature. SiC is available in single-crystal wafers and can be pisines include glasses for thermal and electrical isolation, and very
cision etched but SiC wafers cost 20Gnore than Si at the mo- high temperature materials such as sapphire. There is considerable
ment and etch rates are about<i6lower. An alternative to direct microfabrication experience with glass but very little with the re-
SiC etching is to etch a female mold in Si and then fill the molgtactory ceramics because these have not been considered as
(for example, by chemical vapor deposition, CV@nd dissolve \MEMS materials in the past.
away the Si, leaving an SiC precision structure. The challenges
here are realizing SiC with the needed mechanical properties andtructural Design Considerations. Structural design of a
dealing with the intrinsic stresses induced by the combination MEMS gas turbine has many of the same considerations as the
the high temperatures of the CVD process and the differencedasign of large machines: basic engine layout is set by rotor dy-
coefficient of thermal expansion between the two materials. mamic considerations, centrifugal stress is the primary rotor load,
variation on this approach is to use CVD to fill cavities in Sktress concentrations must be avoided, and hot section life is creep
wafers with SiC, bond another Si wafer over the filled cavity, anand oxidation-limited. Some large engine concerns do not exist at
then process the pair as though it were a standard Si wafer. Thigcron scale. For example, the microrotors are very stiff so that
yields SiC-reinforced silicon structures which have more temperbackbone bending is not a concern; thermal stress from tempera-
ture capability than Si but are easier to manufacture than SitDre gradients is not important at these sizes; maintenance is not a

<108
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Fig. 23 Material properties relevant to high speed, high temperature rotating machinery
E
Fig. 24 200 pm high, Si turbine blades new and after 5 hrs at 1600 K gas temperature in a
microcombustor exhaust
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800 . . . avoid unsafe conditions such as over-speed, over-temperature, or
surge. Such a control system consists of sen@msed, pressure,
temperature, etg. a feedback controller with a suitable set of
control laws(now implemented in a digital compujectuators
such as a fuel control valv@ften called a fuel management unit

or FMU), and compressor stability devices as needeleed
valves, fences, variable stathr€Engine accessories include an
ignition system, fuel pump, lubrication system, and starter. All of
this functionality is needed for a millimeter-scale MEMS gas tur-
bine and all must fit within a micro chip if the accessories are not
to dwarf the engine. Following in the tradition of large engine
development, the controls and accessories have received less at-
tention to date than the major engine subsystems such as the com-
pressor, turbine, and combustor but they are no less important to
the ultimate success of the concept.

Otracture, sic = 1.0 GPa
I %ﬁ de/dt = 1E-4 sec?

Allowable Stress, o (MPa)

Engine Controls. The simplest engine control would consist
of a single sensor feeding a digital controller which commands the
fuel flow rate valves. The functional requirements for the valving
and the sensors stem from the engine dynamics as represented in

800 ' 700 800 ' 900 the control laws and from the engine environment. There is a very
Temperature {°C) rich literature on MEMS sensors and valves, literally thousands of

papers, and some units are commercially available. As for large

Fig. 25 Usable strength of Si /SiC/Si hybrid structure in ten- engines, however, the combination of harsh environment, high-
sion. (Figure courtesy of H.-S. Moon. ) frequency response, high accuracy, and high reliability means that

sensors and actuators for MEMS-scale gas turbines must be spe-
cifically engineered for that environment.

design issue; and fasteners do not exist here so the engineeringngine control laws are generally based on reduced order mod-
details involved with bolting, static sealing, etc., do not eXtst].  €ls of the engine dynamics. The dynamics of millimeter-scale en-
Although many of the design considerations are independent@fes are, of course, much faster than larger engines and can also
size, the engineering values are not, of course. Airfoils need filldfitlude phenomena not seen in large engines. The additional dy-
at the roots to avoid stress concentrations with radii of 1030 hamics arise if there is significant heat transfer from the hot sec-
Surface finish is important with roughness measured in nano#ien into the compressof55]. In this case the heat transfer de-
eters. Forced response excitation of blade rows must be avoidggdes the compressor performance so that the pressure ratio and
with blade-bending frequencies on the order of megahertz rathigass flow are a function of hot section temperature as well as
than kilohertz, the rotor once-per-rev frequency is 20 KHz rathéhaft speed. Since the heat transfer has a time constant not much
than 200 Hz. For the turbine of Fig. 6, the lowest blade mode f8ster than the rotor acceleration, it alters the dynamics of the gas
2.5 MHz while the blade-passing frequency is 0.9 MHz. turbine from that of a first-order systefas large engines aréo a
Below 850-900 K, silicon is a brittle material so that probabisecond-order system, requiring additional sophistication in the
listic analysis is a preferred method for failure analysis. Suatontrol law design. The best way of avoiding this complexity is to
techniques applied to the turbine rotor geometry of Fig. 6 at pthermally isolate the hot and cold sections of the engine, which is,
ripheral speeds of 500 m/s predict failure probabilities of*fao  of course, desirable for improved thermodynamic performance.
108, depending upon the flaw population assumé®). In a
rotor constructed from single-crystal Si, all of the flaws are Iikelylo
to be surface flaws. In a rotor of CVD SiC, volumetric flaws ma
also exist. In either case, the flaw population and thus the usal
_str_ength of the rlnat:rlal IS a strofng ffuncUonfoff the_manufactllquﬁ, antity), response time, difficulty of fabrication, and environ-
geIZnatreangrtSe(c:jafgr de\l:rl-:t'[lgr?eg ; (?gtce))rngin ouur '(;‘nStrgggétcha ental compatibility. Lif55] used a dynamic model of a MEMS
face tre;)tment[53] P P 9 upon p _%LHgine to evaluate the suitability of various sensor options includ-
Large enginés Lljse standard tubing fittings and electrical c g rem an'd compressor d_|$charge pressure or temperature. Qf
nectors to pass fluids and electrical signals to the outside wo(r@ese’ rpm is the most sensitive and temperature the least. Sensing
‘complicated by the high rotational frequenci@€00,000 rpm

These do not exist at microscale. Most computer chips arf . g .
MEMS devices do not require fluid connections and those that (%d high tempe_rature(ﬁO(_) K at the compressor dlscha)rga a
very small engine. In principle, sensors can be fabricated inte-

operate not much above room temperature. For these application ilv with an engine or located remotelv. with each aoproach
there are a variety of adhesives and polymer systems. A micro-%g y 9 Y. P
I

turbine can have a surface temperature above 700 K and req Fgﬁiggngeczaelfcngfesé %ﬁggscxhﬁ? ?Stea}‘:gg:jthg gﬁzugﬁthesgf ,?hrz
fluid connection at pressures of 10 atm or more, so that high- S Iq | ()j/d't' P it ,d'ff' Itto b y te f g th
strength high-temperature packaging approaches are needed. ﬁgﬂ scaie. n adaiion, 1 1S difficult 1o be very remote from the

approach which has proven successful is an adaptation of the > g"#]h iﬁ. ar?tO.S mmtlong fetr;]gine. Intet%rallzsensfors must Wiftht;
metic package technology used for military electronics. This joi and the fugh temperature ot the gas path. Even for sensors 1ab-

: ; i, . : ted in the cold sections, they must be capable of withstanding
Kovar (a nickel alloy tubing to silicon using glass as the bondin Ica . X >
agent. The joining is done in a furnace above 1100 K to melt t wafer-processing environment that exceeds 1000—1400 K. This

glass. Such joints can withstand pressures above 200[54Hh, effectively precludes the use of low temperature materials such as
polymers and most metals in the device design. Integral sensors
. . have several advantages, however. They can be very small and
Engine Controls and Accessories thus have high-frequency response, and many can be fabricated in
All gas turbine engines require control systems to insure sgbarallel for low-cost redundancy.
operation. Typically, the control system adjusts the fuel flow to One integral solution was developed by Td66] who adapted
deliver the requested power, and monitors engine operation adot-film-type sensor to this applicatidRig. 26). Designed for

Sensors. Large-scale gas turbines use compressor pressure ra-
and/or rpm as the primary input to the fuel control system.
ensor selection for a MEMS engine is a trade among observabil-

of the state(dynamical information represented by the sensed
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Fig. 26 A 50 um sq hot film RPM and temperature sensor

placement on the wall above a rotor blade tip, thisgs0 square
sensor is a heated, serpentine, polysilicon resistor positioned over
a trench for thermal isolation. The sensor and its leadouts are a
polysilicon which is selectively doped to adjust its resistivity
(high for the sensor, low for the lead$olysilicon has the advan-
tage that it is compatible with most semiconductor fabrication . . . . .
techniques and can withstand high temperatures. Simulations conotarter-Generator. Microelectrical machinery is required for
firmed by shock tube testing showed this approach to have suffeWer generation and electric starting, if desired. There is an ex-
cient sensitivity and frequency response to respond to the fidSIVe literature on microelectric motors, which is not reviewed

perturbations above a compressor blade tip as predicted by'&€: Put little work on generators. The requirements for the de-
three-dimensional CFD simulation. With a total thickness of lesdCes Of interest here differ from previous work in that the power

than 1um, such sensors could be fabricated on the casing ab sities needed are at least two orders of magnitude greater than

the compressor blade tips. This type of resistor has also bedBAt of conv_entional s_ize and previous micromachines. Als_o, the
shown to be usable as an igniter thermal environment is much harsher. Integrating the electric ma-

chine within the engine offers the advantage of mechanical sim-
Fuel Control Valves. Very small engines are the topic of thisplicity in that no additional bearings or structures are required
discussion so the fuel control valves should be equivalently smailver that needed for the fluid machinery. There is also a supply of
If integrated within the engine, the valve design must then be fullyooling air available.
compatible with the fabrication and operating conditions of the Both electric and magnetic machine designs can be considered
gas turbine. This choice strongly constrains the valve desigmd, to first order, both approaches can yield about equivalent
space. For example, the high processing and operating tempgrawer densities. Since the magnetic machines are material
tures prohibit the use of polymers, so a hard valve seat must p®perty-limited at high temperature and because of the chal-
used. The principal design requirements are flow rate, pressuenges of microfabricating magnetic materiglshich are not
frequency response, very low power consumption and leakagempatible with standard semiconductor manufacturing tech-
and high temperature capability. nigues, electric designs were first explored. Power density scales
Yang et al[57] developed MEMS fuel-metering valves for gaswith electric field strength squared, frequency, and rotational
eous hydrocarbon fuels such as propane. The design is a singgeed. The micromachinery of interest here operates at peripheral
silicon spring-mounted plunger opened by electrostatic forces anelocities 1-2 orders of magnitude higher than previously re-
closed by a combination of the spring and fluid pressure forcgsorted micromotors, and so yields concomitantly more power.
The electrostatic approach has the advantages that very li#kctric machines may be configured in many ways. Here an in-
power is needed to open a valy#0 nW) and the electrical ma- duction design was chosen since it requires neither electrical con-
terials (polysilicon are compatible with high temperature semitact with the rotor nor knowledge of the rotor position.
conductor fabrication technology. Such a valve is shown in Fig. The operation of an electric induction machine can be under-
27. The 2 mm square valve has a 10Qfth diameter plunger stood with reference to Fig. 288]. The machine consists of two
which rises 3um off the seat when actuated. An 8-inch wafer oEomponents, a rotor and a stator. The rotor is comprised of a 5-20
valves would contain about 5000 individual units. The valvem thick good insulator covered with a few microns of a poor
opens against 10 atm pressure and, when open, flows 35 sccneafductor(200 MQ sheet resistivity The stator consists of a set
N, at a pressure drop of 0.5 atm. Frequency response is sevefatonductive radial electrodes supported by an insulator. A trav-
hundred hertz. Cyclic testing of the valve has demonstratedebing electric potential is imposed on the stator electrodes with the
50,000+ cycle life for the units tested. This design is on-off. Thaid of external electronics. The resulting rotating electric field
actuation-pressure scaling laws favor small valves so the intenth&n induces an image charge on the rotor. Depending on the
to use a parallel array of 20 on-off valves, each with a capacity oflative phase between the motion of rotor char(eet by the
5% of the maximum fuel flow, to meter the fuel. All 20 valvesrotor mechanical spegdind that of the stator fieldset by the
would consume less than 1 mW total power and operate at teaxternal electronigsthe machine will operate as a motor, genera-
peratures approaching 1000 K so they can be embedded intan or brake. Torque increases with the square of the electric field
engine chip. Many other arrangements are possible, such as logiaength and frequency. The maximum electric field strength that
rithmic spacing of the valve orifice sizes to give finer fuel flowan air gap can maintain without breakdown is a function of the
control. gap dimension. In air, the breakdown field is a maximum at a gap

Eig. 27 A 1 mm dia. fuel control valve on Si beam springs
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Fig. 28 Fields and charges in a microscale electric induction
motor-generator

g. 30 A 4-pole stator fo r a 4 mm dia. magnetic motor-
(Figure courtesy of M. Allen. )

of a few microns so that micromachines can potentially realiZe merator
higher power density than large machines of the same desi&ﬁ. )
Frequency is constrained by external electronics design and by

fabrication constraints on the stator electrode geometry. Currer%taI [62]. A four-pole stator foa 4 mmdiameter, induction mo-

technology is limited to about 300 volts and 1-2 MHz. This i 5 . ) .

consistent wih a 6 mmdiameter machine producing about 1 or generator, de3|gn_ed to be f_unct_lonally equivalent to the_electrlc

watts at a 3um air gap. A 4 mm diameter, six-phase, 131-pol achine in Fig. 29, is shown in Fig. 30. More recent versions of
o y ’ ! is stator include a laminated magnetic return path to reduce eddy

(786 electrodes, each Am wide) stator for such a machine is urrent losses. The efficiency of this magnetic generator is calcu-
shown in Fig. 29[59]. Note that such an electric motor generato£ated to approach 60%. It has the additional advantage that its

occupies less than 20m thickness at the surface of the rotor an . . :
external low-frequency low-voltage electronics are easier to engi-

stator(mainly the insulator thicknessThus the power density of X -
this machine(excluding the external electronics many times neer and more compact than the high-frequency high-voltage elec-
trpnics of electric machines. Current stator materials are limited to

that of a conventional magnetic motor generator, on the order ; f
100 MW/n?. Frechette et al[60] have reported a similar designOn!Y 500 K, however. Advanced materials may increase the oper-
tlag temperature to 800 K. The rotor requires several hundred

run as an electric motor. The torque produced by these devices fi : . )
quep y crons of iron for the magnetic path, which presents structural

agreed with theoretical predictions but high power operation hggsign challenges at 1,000,000 rpm. Magnetic machines will re-

yet to be reported. ; L
To maximize power output, induction machines such as theddi'® careful thermal management when embedded within a
MS gas turbine engine.

require the spacing between the rotor and stator to be on the or
of the stator pitch. The electrical torque produced scales with t . . .
square of the rotor-stator spacing, a few microns in this ca _Ug'”e Deslgn Trades, Component Integration, and De-
However, in these high-speed machines, the rotor periphery isSign Evolution
sonic velocity so the viscous drag in a gap of only 2—3 microns is Gas turbine engines are more than a set of components bolted
extremely large. Indeed, this drag is the major loss mechanism fggether. Rather, a successful gas turbine is a highly integrated
such an electrical machine. Thus, there is a basic design tradegfstem engineered to meet specific requirements, often with artful
for the electric motor generator between power density and effompromises between conflicting demands of the fluid, thermo,
ciency. While it may be possible to alter the local geometry tetructural, and manufacturing engineering. A MEMS gas turbine is
reduce the drag somewh§24], the drag still makes up about halfno different in this respect. The two dominant design consider-
the total loss and limits the efficiendghaft to net electricalof  ations are the fabrication complexity and the thermodynamic
these designs to 40-50%. cycle requirements. The principal challenge is to arrive at a design
A magnetic induction machine has many fewer poles so that tiigich meets the thermodynamic and component functional re-
optimum rotor-stator spacing is much larg80-50um) and the quirements while staying within the realm of realizable microma-
drag concomitantly lower. Koser and Lap@l] designed such a chining technology.
machine based on the microplating technology developed by Park=or any gas turbine, maximizing net engine output power in-
cludes maximizing both power per unit mass flawpecific
powen and mass flow. Specific power is sensitive to component

Phase Interconnect

"Bus-Bar"
Stator (1 for each
Electrode of 6 phases)

4 pm¢

Fig. 29 A 131-pole, 6-phase, 4 mm dia. electric induction sta-
tor

Journal of Engineering for Gas Turbines and Power

efficiency and pressure ratio, especially at the low-pressure ratios
under consideration here, 2:1 to 4:1. High-pressure ratio in a
single-stage centrifugal machine implies high wheel speeds; 500
m/s peripheral speed was chosen as the maximum compatible
with geometrically simple Si construction. This also requires bear-
ings and rotor dynamics capable of such high-speed operation.
High efficiency implies optimal airfoil design and tight clear-
ances. Tight clearances, in turn, imply high manufacturing preci-
sion, careful design for centrifugal and thermal growth, and ro-
bustness to the occasional high-speed rub. The other key to high
specific power is high turbine inlet temperatuf®T). This re-
quires high temperature materials for the turbine or cooling or
both. High mass flows require high through-flow Mach numbers
and large flow areas. With these requirements in mind, let's ex-
amine how these trades influence the design of a MEMS gas tur-
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bine. Specifically, the next section discusses why the demo enging” (it is really a film insulation is the most effective cooling
design in Figs. 3 and 4 is so configured. The principal geomettiechnique here since, in this case, the heat is prevented from en-
constraint on the design is that imposed by the current state of tieeing the solid.
art in precision(micron-level accuragyetch-depth capability of ~ As with large engines, improving performance at the MEMS
300-500um. We will start with the turbomachinery. scale will require some combination of more complex designs,

The engine design of Fig. 3 requires six wafers: two form thieetter materials, and improved manufacturing technology. For ex-
rotor (and the annular combustor volujnand two are needed on ample, cycle pressure ratios much over 4:1-5:1 will require mul-
each side of the rotor for the hydrostatic thrust bearings and théfle spools(probably not concentrjc Higher turbine inlet tem-
associated plumbing. Replacing the hydrostatic bearings with Hyeratures will require improved cooling and fabrication
drodynamic ones would eliminate one wafer. Adding a generatiichnology for such materials as silicon carbide, silicon nitride,
mounted on a rotating compressor tip shroud would add one wa2d sapphire. Improved propulsive efficiency can be realized with
fer. Adding control valves would add an additional wafer abovBypass engine designs. Better compression system performance
the compressor. Such a complete, self-contaiiogider than elec- Will require more attention to thermal isolation. These are all
tronicy gas turbine generator could thus be built with seven @hysically possible but will require considerable investment in
eight wafers, not including external electronics. both the disciplinary and microfabrication technologies.

In a centrifugal compressor and turbine of geometry similar to
those in Figs. 10 and 14, turning at 400-500 m/s tip speed, tur-
bomachine design is constrained to a blade span of 400500 ina Technical D | t
by fabrication technology and bending stress at the blade roo%ngomg echnical Developments
Given the blade height, air flow increases with rotor diameter. As of this writing, no one has yet reported an operating gas
Rotor diameter is constrained by the number of engines requirkdbine engine at this scale. Many of the turbomachinery efforts
per wafer and by etching uniformit§f a design goal is to avoid appear to be currently wrestling with rotor dynamics issues. At
the necessity of dynamically balancing the rotdtch uniformity MIT, the requisite component technologies for the ¢émo en-
scales inversely with rotor area and blade height, mass flow is gine of Figs. 3 and 4 have been demonstrated at the component
constrained by etch uniformity technologynother factor influ- level—turbine, bearings, combustor, etc.—but a complete device
encing uniformity is rotor/stator airfoil count. Etch rate is a funcfabricated to the design specification has yet to be tested. The
tion of the local geometry, so for best circumferential uniformitghallenge appears to be one mainly of stringent process control in
there should be an even multiple of rotor and stator airfoils. Thig,long, complex fabrication sequence, which is different in detail
of course, is deleterious to long-term vibrational life for the aifout in many ways as challenging as that for a microprocessor.
foils. If the rotor is fabricated from more then one wafer an#!€anwhile, work is ongoing on improving component aerody-
etched with multiple masks, then mask and wafer alignment is 88mic performance, hydrocarbon combustors, thermal isolation,
issue which favors the fewest possible wafers and masks. Rofégh temperature material§iC), bearing system robustness, and
diameters up to 10 mm with 400-5@06n blade spans, fabricated €lectric and magnetic generators. .
from 1—3 wafers, are consistent with current capabilities. MEMS gas turbines differ not only in design and manufacture

Bearing placement is another first-order concern. The bearin§@M conventional engines, they differ in development process as
must support the load and remain in their stable operating reginfée!l. Specifically, since the engines are monolithic blocks of sili-
The load capability of air bearings scales with the bearing arég®n: they cannot be disassembled, reworked, and then reas-
The bearing length is constrained by current etching technology$8mPled during development. Instead, a new engine must be built
300-500um (and widths of 10—25m), so load capacity Sca|esfr_om scratch. This is a process which takes about thrt_ae mon_ths
with bearing diameter. For hydrostatic journal bearings of co$ince €ven a seemingly minor change, for example increasing
stant length, the optimum width of the bearing for maximuri€aring clearance, may require some process development. Con-
stable operating speed scales inversely with diameter. So as $fBtually, the parallelism inherent in the MEMS manufacture
bearing diameter is reduced, the air required to operate the beaﬁﬁ#'d be an advantage in development. For example, if the opti-
goes up(since the flow per unit area grows faster than the ar&8m clearance was unknown, a wafer could be built with engines

shrinkg and the load capacity goes down. This implies that bea! vVarious clearances. To date, this approach has not proven pro-
%;;tlve at MIT since the majority of the problems encountered

ing diameter should be maximized, i.e., on the rotor diametet: - . ;
Placing the bearing here also eliminates the need for a seal on #¥€ largely been unanticipated or attributable to inadequate pro-
rotor, since in this case the leakage air is the air bearing fluid, HfRSS control. . .

Future developments can be considered in three broad catego-

this approach increases bearing drag. L - h )
The cycle needs turbine inlet temperatures of at least 1408€S:. ev_olutlon of MEMS gas turbines in bo_th techn_ology_ and
plication, other approaches to gas turbine engines in the

1600 K to meet the application goals. These relatively high terfl ntimeter-size range, and additional applications for millimeter-

peratures are needed due to the relatively high losses in the ¢ ; . - ) .
ponents and the secondary systems such as bearings. For exa -lgentlmeter-smed devices based on the technologies discussed
ove.

the shaft mechanical losses are 4—8% of the shaft work for tf he current MEMS enaine desian has a proiected performance
design in Figs. 3 and 4, ten times that of engines in the 5,OO(I)— urren g sign has a proj pertorman

30,000 Ib thrust range. These temperatures are above the 900-§ 8' comparable with gas turbines of the 194Big. 31). At these

K maximum operating temperature of a single-crystal Si rotor. I CYCIe pressure ratios, small improvements in pressure ratio
nd component efficiency have disproportionate returns of effi-

the engine design of Fig. 3, the turbine rotor is conductively. ncy and output powe(Fig. 32. So it is likely that the perfor-

cooled through the compressor disk to the compressor air, whi . :
has a quite dgleterious e?fect on the cycle perforrzance and thus %n(;:e Osf these ?exlce_s can be Increasphd, perhe}ps up to that of the
s. Some of the improvements will come from component

the net engine output. Improving performance requires therma olution, others from new configurations or more complex

isolating the turbine from the compressor which can be acconj- . X
plished by hollowing the shaft between théh90—200zm of the rgg:gzh;cg baepepnroe"’;fpk;grse;f recuperated engines and combined

turbine disk in Fig. 14 When this is done, the temperature capa-
bility of the turbine rotor must be increased. As for large engines, Combined Cycles. Cycles with heat exchangers are attractive
some combination of increased material capability and improved microscale because heat exchangers scale favorably as size is
cooling is needed. Improved material capability can be providedduced. MEMS heat exchangers have the advantage of high ef-
by reinforcing the Si turbine disk with SiC, with the temperaturéectiveness and their repetitive structure is readily producible by
capability increasing with fraction of SiC. So-called “film cool-microfabrication techniques. A micrograph of a high-temperature
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Fig. 31 Specific core power versus turbine rotor inlet tempera-
ture (after Koff )

heat exchanger is shown in Fig. 3&3]. There is now a large
literature on MEMS heat exchangers, including both single arkig. 33 Micron-scale counterflow heat exchanger. (Figure
multiple-phase devices, and their behavié#]. courtesy of J. Brisson. )
Given the high temperatures and poor efficiencies of these very
small gas turbines, their exhaust contains relatively large amounts
Of.h'gh quality hgat. Thus,.perform.ance IS greatly improved Wh%anufacturing cost. However, there are many low-cost precision
this waste heat is _productlvely utilized. Calcul_atlons suggest trW‘ntanufacturing technologies for small parts and a need such as this
both MEMS-combined cycles and cogeneration cycles are f%‘a foster new ones
sible. One such steam-combined cycle system increases the neY '
system output by about 50% over that of the gas turbine alone Additional Devices. The technology needed for a MEMS gas
[65]. Cogen systems providing cooling or condensing water aterbine is based on microscale high-speed rotating machinery in-
obvious applications when the gas turbine is used for portaltkiding disciplinary foundations in aerodynamics, combustion,
power generation. materials, electromechanics, controls, and bearings. The same
. . technologies can be applied to other microscale systems. One ex-
Alterngte A_pproaches. Several teams are working o bu"d@mple is a motor-driven air blower or compresgé6)]. Another

set of manufacturing technologies than MEMS, including conver,,
tional metal-forming techniquef37,66,67 and mold shape depo-
sition manufacture[28]. Such an approach has its own set o o
advantages and disadvantages. One major advantage is the la g))
an upper size constraint imposed by microfabrication technolo

so that engines in the hundreds of watts may be feasible. Its pry
cipal challenge compared to the MEMS approach may be one

ratively cooled silicon thrust chamber and noz#e. 34), tur-

mps (Fig. 39, and liquid control valves[69,70. The

ellant flow rate is about 5 g/s. The silicon thrust chamber is
esigned to operate at chamber pressures of 125 atm and tempera-
{fes of 3000 K. The pressure in the liquid cooling jacket around
Ak combustion chamber is above 200 atm. These devices operate
at much higher power densities than those of the current gas tur-
bine components and demonstrate that very high pressure, high
power density silicon structures and devices are feasible. Prelimi-
nary tests of the cooled thrust chamber and turbopump are prom-

ising. In support of the engineering design of these devices, fun-
03 damental studies have been conducted on cavitation in
=T micropumps[71], and the cooling behavior of a variety of rocket
propellants in microgeometrieg/2].
g 0.2}
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Fig. 32 Simple cycle performance variation for low pressure

ratios, @ (y=adiabatic efficiency, T,,=turbine inlet temperature,
T,,=compressor inlet temperature ). (Figure courtesy of M.
Monroe. ) Fig. 34 A 15N (3.3 Ib) thrust bipropellant liquid rocket engine
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Table 3 Harnessing available energy

Practical Whr/kg*

Energy Potentiat Based on Conversion
Source Whr/kg Device Efficiency
Lithium battery 1400 175 (LiSOy)

300 (LiSOC}))
TNT 1400 NA
Methanol 6200 1500-3100
Diesel fuel 13,200 1320-5000
Hydrogen 33,000 1150-23,000

*Based on enthalpy
** (System conversion efficienpy (Energy available in fugl

environments. Highly redundant, distributed power for actuation,
Fig. 35 A 2.5 g/sec turbopump rotor (the pump is the inner sensors, etc., may be attractive in many applications.

blade row, the turbine the outer ) Competing with a 50-60% efficient central power plant re-
quires much higher performance. Even including cogen use of the
waste heat, a local gas turbine must have an efficiency of 20—

Pacing Technology. Microfabrication is the pacing technol- 30%, a level which looks many years away at this time. Should
ogy in the development of MEMS gas turbine engines. Forti€Se levels be approached, then the redundancy and extreme qui-
nately, the rate of progress and innovation in MEMS fabricatioRn€SS and compactness may make an array of millimeter-scale
dwarfs those of the more mature technologies familiar to gas tifpachines an attractive solution. Emergency power applications
bine developers. Much of this progress stems from the wide proM{ould not require as high performance as base power and can be
ise that MEMS offers for a variety of applications, justifying largedn attractive application for these small machines if the capital
research investments across a broad set of approgatgisin- ~ costs are sufficiently low.
deed, several fabrication limitations that existed at the start of this!n addition to compactness and redundancy, one advantage that
effort in the mid 1990s have since disappeared. Thus, many of fhélimeter-scale gas turbines do offer for many applications is that
engineering design constraints now attributable to the microfabH1ey are very, very quiet, even in large arrays. This stems from
cation process limitations are likely be relaxed as new technolo%}ﬁ" high frequencie¢blade passing is several hundred kilohertz,
is developed. eyond the audible rangeand short length scale@nillimeter-

diameter exhaust jets, which mix rapigllyThe high frequency
Economics and the Future of Millimeter-Scale Gas Tur- sound that is produced is relatively easy to muffle and quick to
- attenuate naturally.
bines Propulsion is an obvious application for very small engines

Whittle and Von Ohain were successful in their early jet engingince cubed-square scaling means that they can have very high
developments because they set engineering goals based onthinast-to-weight ratios and be extremely compact. The U.S. De-
requirement of going fast, significantly faster than the pistoriense Department is investing in reconnaissance airplanes with
powered aircraft of the day74]. In contrast, the gas turbine de-gross takeoff weights as low as 50—100 g. These aircraft have
velopers who based their requirements on competing on rargeto-drag ratios on the order of 5 so that an 0.1 N class thrust
with piston-powered propeller aircraft were unsuccessful at thelEEMS gas turbine such as that in Fig. 3 is an attractive power
time because their goal required much higher levels of perfgstant. It is much better than a battery-powered electric solution,
mance, performance that was many years away. In this sense, we
can ask what is required to make millimeter-scale gas turbines
real—real in that machines are in production and making a dis-
cernable impact on society. There are two answers, one technical,
the other economic. Many of the detailed technical issues were
discussed above, but some must be considered in concert with the
economics of power production. In the broadest sense, to be more
than a curiosity, these very small gas turbine engines must fulfill
societal needs. What are the possible applications and what levels
of performance are needed for each? The answers must consider
the alternative engineering solutions to each potential application.

The two major applications of these very small gas turbines
mirror those of large engines, power production and aeronautical
propulsion. Power production in the short term is aimed at por-
table applications where the very much larger energy density of a
hydrocarbon fuel compared to a lithium battery chemistry means
that even a very inefficient gas turbine can be attradfiable 3.

In the short term, a 5—10% overall system efficiefcyemical to

net electric power outpyis sufficient to make a gas turbine en-
gine solution an attractive alternative to a battery. Figure 36 is a
concept of an engine packaged in the form factor of a high per-
formance 50 W military battergwhich costs about $100Most of

the volume is fuel which implies that, in this application, specific
fuel consumption is more important than specific powsnce
multiple engines could be packaged together

A somewhat different compact power application is auxiliargig. 36 Concept of a MEMS gas turbine engine packaged as a
power for flight vehicles, especially ones with high temperaturgandard military battery
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Reducing Grid Dependency in
sanid e senmig | DYOPlEt Gollision Modeling

Department of Mechanical and

Industrial Engineering, Droplet collision models have been criticized for creating large mesh dependency in spray
University of Massachusetts, calculations. These numerical errors are very troublesome; they behave erratically and
Box 32210 interfere with the predictive ability of physical models. The collision method used in KIVA
Amherts, MA 01003-2210 can cause mesh dependent changes in average drop size of over 40 microns. In order to
reduce mesh dependency, a new method has been developed for calculating the incidence
Christopher J. Rutland of collision. The solution is to create a special collision mesh that is optimized for accu-
University of Wisconsin Madison, racy. The mesh is created automatically during the spray calculation. Additionally, a
1500 Engineering Drive, different stochastic collision sampling technique is also used. The new method, called the
Madison, WI 53706 NTC algorithm, was incorporated into KIVA and found to be much faster than older

algorithms. Calculations with 60,000 parcels required only a few CPU minutes. With the
new NTC method and collision mesh, the mesh dependence of the drop size is only nine
microns. This remaining mesh dependency is found to be due to the drag calculations and
is not the fault of the collision algorithm[DOI: 10.1115/1.1564066

Introduction that sprays often evolve on length scales that are too small for the

Droplet collisions are an important, fundamental physical pr jas phase mesh to capture. Since the cell location of droplets is

cess in diesel fuel injection. In the core of the diesel spray, t éfsed to judge proximity, sprays are usually underresolved. In light
droplet number density is very high. The effect of interphase dr the large role that droplet collisions can have in determining

. o2 h op size and velocity, this situation is unfortunate.
and a broad size distribution creates a wide spectrum of drop etrhe most widely used approach currently is O'Rourke’s Monte
velocities. These large relative velocities between the drops th@

llisi Turbulent di ion furth Arlo algorithm, as implemented in KIVA4]. O’Rourke’s algo-
cause numerous collisions. Turbulent dispersion further promoEﬁrm has had remarkable success and is based on sound reason-

relative velocity between individual drops and subsequent col Hg. O’Rourke’s algorithm is consistent with the stochastic nature
sions. Thus, any complete spray model must consider dropiglsnray simulations, where only a sample of droplets is tracked.
collisions. i The tracked parcels represent varying numbers of drops. The size,
Collisions lead to several outcomes: bouncing, coalescence, &fifnper of drops, and velocities of parcels determine the probabil-
shattering. All collisions are inelastic and result in an exchange Q)f, of colliding with other parcels. Only parcels within the same
momentum, which altgrs the distribution of droplet velociti.es i@as phase cell are permitted to collide. This approach is second-
the spray. Drop size is affected through coalescence, which Qfder accurate in space, but Schmidt and Rutland showed that it
poses breakup by agglomerating smaller drops into larger onggn fail dramatically with typical mesh resolutidis]. The prob-
According to early modeling work by O'Rourke, coalescence caBms of mesh dependency are particularly severe when using a
cause a sevenfold increase in average drop $iide,Gavaises Cartesian mesh, as shown in Fig. 1. The grid dependency can
et al. reaffirmed the importance of collision, though they observegearly be seen in the “clover leaf” pattern that forms from what
a less dramatic size dependefiz¢ Shattering is also possible atshould be an axisymmetric calculation. The grid dependency also
the high collision Weber numbers that can occur in spré§k, causes large quantitative fluctuations in the predicted drop size.
Current uncertainties in predicting the outcomes of collisions do There can be no doubt that collision is responsible for this
not change the fact that collision must alter the velocity, if not thgrtifact. Turning collision off removes the artifact, as seen in Fig.
size, of the two participating droplets. Collision will thus affech. Other researchers have observed that collision is highly mesh-
both the velocity and size distribution of the spray. However, thgependent, which greatly alters predicted drop size. Aneja and
first critical step in understanding droplet collisions is calculatingbraham[6], Hieber[7], and Post and Abrahaf8], Nordin [9],
the incidence of collision. among others, have reported that Sauter mean diameter and pen-
Droplet collision rates have proven very difficult to calculate. Ietration of diesel sprays can be severely mesh-dependent. All of
addition to the complex physics, droplet collision has presentégese sources confirm that droplet collision calculations are
several numerical difficulties. These difficulties include high comargely to blame for mesh dependency.
putational cost and large numerical errors. The problems arise ouThe artifact shown in Fig. 1 is not always present. Its occur-
of three main causes. The first is that a real spray has millions reihce depends on the mesh resolution, the number of parcels used,
droplets. In spray calculations only a sample of these drops ammbient gas density, and whether the mesh is polar or Cartesian.
tracked as computational “parcels.” Hence, the location of droprhe distinctive shape of Fig. 1 is only observed when the injector
lets are not known exactly. One must use some statistical ted$coincident with a Cartesian mesh node and the axis of injection
nique to infer the droplet collisions from the tracks of the parcelsuns parallel to the mesh lines. Figure 3 helps illustrate why this
The second difficulty is the tendency of collision calculations tartifact occurs. Standard collision algorithms based on kinetic
consume large amounts of CPU time. The cost of collision calctheory allow parcels to collide only if the parcels are in the same
lations usually increases with the number of parcels squared, digll. The probability of a pair of parcels colliding is proportional
couraging the use of a large number of parcels. The third issuetdstheir velocity relative to each other. The parcels most likely to
collide have trajectories nearly 90 degrees apart. These pairs of
ICorresponding author parcels have the greatest velocity difference. Since the collisions
Contributed by the Internal Combustion Engine Division &fETAMERICAN SO- result in either coalescence or an inelastic bouncing’ the trajecto_

CIETY OF MECHANICAL ENGINEERS for publication in the ASME QURNAL OF ; : . L
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by ICE Di- ries near cell boundaries are preferentially eliminated.

vision November 2001; final revision received by ASME Headquarters August 2002. MOYing the injection Of_f of the _Vertex does not imProve _the
Associate Editor: D. Assanis. situation. Though the easily reconizable clover leaf artifact disap-
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Fig. 1 Simulation of a hollow-cone spray using the standard
KIVA3V Release 2 code with collision  (O'Rourke’s ) turned on
and breakup and turbulence turned off. The simulation is done
with the injector on a vertex of a Cartesian mesh. The injection

is directed towards the viewer, and the drops are shaded by
diameter.

These two trajectories
\ have the greatest

7 relative velocity, and yet
are in the same cell.

Fig. 3 A sketch of the parcel trajectories around an injection
located at a vertex. The trajectories that are nearly 90 deg apart
are the most likely collision partners.

The mesh dependency demonstrated in Figs. 1 through 4 is not
entirely the fault of the collision algorithm. O’Rourke’s collision
method is soundly based on kinetic theory. The problem is that the
point of injection is essentially a singularity. The sampling used
for collision calculations should ideally take place on length
scales that are shorter than the length scales of the spray. Adding
to the difficulties, the natural polar symmetry of the singularity is
not consistent with the 90-deg resoluti@t best of the Cartesian
cells. The correlation between parcel location and velocity is not
resolvable on a Cartesian mesh.

A new algorithm, first reported in Schmidt and Rutldhd, was
developed to help resolve the mesh dependency problems. The
method was based on the no time couriddTC) method used in
gas dynamics for direct simulation Monte Ca(l@SMC) calcula-
tions. However, Schmidt and Rutland reconstructed the algorithm

pears, the calculation is still grossly underresolved. Now, pairs fstbm basic probability assumptions so that it could be applied to
parcels that are on the far opposite sides of the injection magrays, where the number of droplets per parcel is variable. Like
collide, so long as they have not crossed a cell boundary. Figur@®/Rourke’s algorithm, the NTC algorithm is first-order accurate
illustrates how the most likely collision partners are actually thim time and second-order accurate in space. The algorithm was
furthest apart in the cell. These pairs are not appropriate, are$ted against analytical solutions and found to converge to the
can cause the spray cone to artificially narrow. This narrowirgxact answer.

is not as easily recognizable as the clover leaf, but is still very There are two significant improvements with the NTC algo-

undesirable.

Fig. 2 Simulation of a hollow-cone spray using the standard
KIVA3V Release 2 code with collision, breakup and turbulence
turned off. The simulation is done with the injector on a vertex
of a Cartesian mesh. The injection is directed towards the
viewer, and the drops are shaded by diameter.

228 [ Vol. 126, APRIL 2004

rithm. The first improvement is speed. The NTC algorithm
achieves its results without consuming significant amounts of
CPU time. For example, the calculation of collision between
60,000 thousand parcels requires less than three minutes of CPU
time for 20 milliseconds of simulated injection duration. The sec-
ond improvement is the use of a fully automatically generated
collision mesh. It is possible to generate a collision mesh that is
optimized for accuracy without any user intervention. The colli-
sion mesh achieves very high spatial resolution without incurring
significant CPU cost. The mesh is cylindrical, oriented around the
injection axis, and sized just large enough to contain all of the
parcels. The mesh resolution is then set as fine as possible while

Directly opposite

7 trajectories have the
greatest relative

velocity, and yet are in

the same cell.

Fig. 4 A sketch of the parcel trajectories around an injection
located at a cell center. The trajectories that are 180 deg apart
are the most likely collision partners.
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Fig. 6 A subsample of possible collision partners drawn from
the example in Fig. 5. The probabilities have been multiplied by
the number of possible pairs divided by the subsample size.

Fig. 5 A plot of the chance of collision for all possible colli-
sion pairs in a given cell

maintaining a significant sample size of drops in each collision

cell. This approach allows the code to achieve millimeter-level

resolution of the spray while only costing the user a few CPdone with replacement so that multiple collisions for a pair can be

minutes. Because the NTC algorithm is numerically consisterrrectly calculated. The resulting method incurs a cost that is

the user can be assured of getting very accurate results. linearly proportional to the number of parcels, as opposed to the
The NTC method is very new. It is not clear how much gridN-squared cost of many existing methods. The accuracy of the

dependency is present in the old collision algorithm and wh&tTC method has been validated with analytical solutions. Surpris-

reduction in grid dependency will occur with the NTC methodingly, the NTC method has less random fluctuation around the

The following text summarizes the function of the NTC algorithnexact answer than O’'Rourke’s method.

and then evaluates the grid dependency of the collision calcula-The other critical part of the NTC collision algorithm is the use

tion. The physics of collision are not the central focus of thisf a collision mesh. O’Rourke’s collision model is grid-dependent

investigation and are not changed from O’Rourke’s original collibecause of a lack of spatial resolution. O’Rourke calculated the

sion outcomes. For modeling the physical outcomes, the readesidence of collision using the gas-phase mesh, which is not

should consult Post and Abrahdi0]. sufficiently refined for collision calculations. However, there is no
requirement to use the gas-phase mesh for collision calculations.
Methodology The NTC implementation automatically creates a cylindrical mesh

The NTC method involves stochastic subsampling of the paq,_round the _axis of injection. This_ mesh is independen_t of_the gas
hase and is used only for collision. The mesh resolution is set as

cels within each drop. This results in much faster collision calct- ; " ; . o
lations. Unlike O’Rourke’s method, which incurs a cost that inine as possible, while keeping a sufficient sample size in the cells
creases with the square of the number of parcels, the NTC met r_the Spray center. Th_e_more parcels that are qs_ed in the pal-
has a linear cost. Also, O'Rourke’s method assumes that multigig 2o the finer the collision mesh. Thus the collision mesh is
collisions can occur between parcels and that this process is 989_t|m|zed for accuracy by controliing both spatial and statistical

erned by a Poisson distribution. The Poisson distribution is nEﬁSOIUt'O“' . . . . . .
he special mesh is essential, because it provides flexible yet

correct unless collision has no consequences for the parcels. Sinc . P :
collision changes parcels’ velocities, drop size, and drop numbgig res.olutlon of the spray W'Fh litle CPU cost. Thg mesh is
l]]_tomatlcally recreated every time step. The mesh is randomly

the method of repeated sampling used by the NTC method gen% . -
ates more accurate answers. rotated around the axis of the spray, so that the cell boundaries are

The NTC method is derived from the basic probability modesitochastic. Since the parcels move, the extent of the mesh will
for stochastic collision. The basic probability model requires thg{\;‘.’fay? chF?nge.I Th'st stochas;[lc mﬁSh getneratlllc_)g hglps (th suppre?s
the cell size is sufficiently small that spatial variations in spra§ i acbs. arcets g€ nrworle (t)h at crannce ro Coh' eth a:ser ?rll r?rotx
guantities can be neglected. These assumptions are a subs %Y‘ ec"’;lﬁse WO pa I(I:evfl'tha ?ed ea”_e_ac 0 ﬁ tae : eyb 0
those required for deriving the O’Rourke collision model. For §nad up In the same Ccell. With a TIxed coflision mesh, (wo nearby
detailed derivation, see Schmidt and Rutl46# parcell_s co(;JId_bhe p(ﬁrgetuagly in different cells if their trajectories

Given N parcels, there areN? possible collision partners. are aligned with cel boundaries.

O’Rourke’s scheme scans through all the possibilities and eli . A cylindrical collision mesh is ideal for sprays. The natural
. 9 P : rouping avoids the problems shown in Figs. 3 and 4. Only par-
nates parcels that are not in the same cell. For parcels in the s

fs with a similar angular trajectory will be in the same cell. An
cell, there is a probability of collision based on size, relative ve- . : P S
locity, and the rl?umber o¥ drops in the parcel. An example of xamp!e O.f a collision mesh is shown in Fig. 7. In practice, the
robébilities is shown in Eia. 5. The cost of fhis method is prod solution is usually on the order of a few millimeters. The extent
gortional toN2. To run with 190 060 parcels, for example requ?reOf the meshed domain is always just sufficient to include the en-

X A ! UIr'€%re spray. The collision mesh implementation has been general-
an effort proportional to one hundred million possible CO"'S'O"i'zed, so that it will automatically wrap around an injection with
partners.

o 1 AT methd 1 st e ptcls o roup that et i curen eenaton o g sy
Next, the NTC method picks a stochastic subsample from al theThe basic steps in assembling the collision mesh are as follows:
possible pairs in a cell. The number of picked pairs does not affectl. Establish a local coordinate system, with an axial unit vector
the final average answer, so long as the number meets constraings is aligned with the direction of injection. Establish the direc-
derived in Schmidt and Rutland]. The number of pairs in the tion of the radial unit vector so that it is orthogonal to the axial
subsample would be a fraction of the 21 pairs shown in Fig. Sector. The orientation of the radial vector around the axial vector
The probabilities for the subsample pairs are multiplied by thie chosen stochastically. The third unit vector is then determined
reciprocal of this fraction, increasing the probability of collisionwith a cross product of the other two.

An example of subsampled pairs is shown in Fig. 6. Sampling is2. Using the local polar coordinates, determine the maximum
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F|g 7 A collision mesh enve|oping a diesel spray. The gas fine. The error was deﬁned as the diﬁ:erence betWeen the analyti'
phase mesh is in the background. cal solution and the prediction of the NTC algorithm. Figure 9

shows that with a very fine mesh, the error is less than 1%. With

too coarse of a mesh, the error approaches 100%. This is also true
radial and axial extent of the spray. The angular extent of tif§ O’Rourke’s method. These huge errors reinforce the impor-
spray is usually 360 deg, unless one is performing a sector tance of having adequate mesh resolution. Fortunately, with the
two-dimensional calculation. NTC method and the collision mesh, the fine resolution required

3. Estimate a reasonable resolution in the axial and radial dir good accuracy is easy to attain with no significant CPU pen-
rections so that a predetermined average number of parcels Py
cell will be maintained. This average number can be as low as fiveNext, the NTC algorithm was installed in KIVA. First, a diesel-
parcels per cell, since nonuniformity of the sprays tends to prboe spray was simulated in KIVA with three different meshes.
vide large numbers of parcels per cell where collision rates afée domain was a cylinder with a diameter of 5 cm and a height
significant. In the current implementation, the ratio of the axi&f 20 cm and the injection duration was 3 ms. The cylinder was
extent of the spray to the radial extent is used to establish céivided into three Cartesian meshes, with the resolutions shown in
aspect ratio. For the azimuthal direction, 20 cells are adequateT@ple 1. A test calculation was performed to show the typical
resolve a full 360 deg. For sector calculations, fewer azimuthBehavior of the collision mesh. This calculation used 40,000 par-
cells are needed.

4. Calculate the location of all parcels in the collision mesh.
This step requires a transformation from the absolute coordinate
system to the local polar coordinate system. Because the collision
mesh is regular, the cell location is easily determined from th
parcel location in the local coordinate system.

® NTC E
~ Second Order ‘

Though this implementation requires significant programming A
effort, the execution time is minimal. The cost of collision, includ-
ing the generation of the collision mesh, is typically less than 19
of the simulation.

Results

The NTC method has been tested against several analytical <@
lutions for particle collision. The scheme was shown to be first<
order accurate in time and second-order accurate in space. F
example, the code was tested using the spatially varying proble
of a planar spray oriented along ttxeaxis. The particles were
distributed using an exponential probability density function for 107 B
y-position. The parcels were scattered with a uniform probabilit 19 Number of Cells]?n the Y-direction
in the x andz direction, and given random velocity, number, and
diameter with a uniform probability distribution. A view of this g 9 The spatial accuracy of the NTC method is second or-
test case is shown in Fig. 8. The spatial accuracy of the algorithysr. with 25 cells in the collision mesh in the y-direction, the
was measured by forcing the collision mesh to be increasingiyror is less than 1%.

verage Error [%)
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Table 1 A description of the meshes used in the tests shown 100 T T T T T T T T

below 7"
L Vs i
Cells in X Cells in Y Cells in Total 4
Direction Direction Z direction Cells | / — Cparse ]
80 / - Medium
Coarse 15 15 20 4500 / — — Fine
Medium 30 30 100 90,000 = ! A

Fine 45 45 150 303,750

microns]
3

cels and the medium gas phase mesh. The NTC collision alga'
rithm was used with the TAB breakup model. Turbulence ang; 40
turbulent drop dispersion were simulated with the standaf?
k-epsilon model, as normally implemented in KIVA. This test wa:
intended to show the resolution of the collision mesh in practici
use. A plot of the axial and radial resolution is shown in Fig. 1C
For the azimuthal direction twenty collision cells were usec
which provides an angular resolution of 18 deg. The figure shov
that the mesh starts out very fine because the spray occupie 0 : ! : | ¢ | L | )
very small volume. As the spray elongates axially during the ear o 0.002 0.004 0.006 0.008 0.01
part of injection, the collision mesh elongates in the axial direc .
tion. Later, the radial spreading of the spray requires a wider cc.- Time [s]
l::égglymseﬂr'n-rhe resolution in both directions becomes apprO)'gi-g. 11 Calculated average drop si_ze for a diese_l-type spray
o . using KIVA3V Release 2 with three different Cartesian meshes.
For the remaining calculations, all spray models were turn&ghis figure shows the grid dependency of O'Rourke’s collision
off, with the exception of drag and collision. The gas phase Wasodel. The evaporation, breakup, and turbulence models were
solved without a turbulence model. The test case was not intendgshed off, and collision was turned on.
to generate physically reasonable results, but to show clearly the
numerical behavior of the collision model. Because of the high

corrllgugationaé CgSt of Q’Rourke’s algorr]ithm, only 8’%00 pfarcelﬁ mber density, this uniform distribution leads to the minimum

could be used. For testing purposes, the same num €r ot pargsSsible collision prediction. Refining the mesh helps to capture
were used for all subsequent comparisons between O'Rourkgs nonuniformity in number density. However, as the mesh be-
ar:g"”t.hm "’lmd NTC. Asla basellned, Fig. }1d$hov¥]s the r.GSlflts l‘?_" mes very fine, the number of parcels per cell diminishes. This
the original KIVA3V Release 2 code, including the original colli-co e 4 statistical loss of resolution. When there are too few
sion algorithm. The average drop size is very sensitive to the m ps per cell, O'Rourke’s algorithm relies heavily on the Poisson

resolution. The predicted drop size increased by 60% from thesyip ition to calculate multiple collisions between parcels. Since

coars?s[)lmefsh to thedflnesél;l'gls défferEnce of 40 T'Cr%rl‘.s IS t”t'ﬂ'e Poisson distribution considers multiple collisions to be inde-
acceptable tor a modern _code. Even moreé roubling, Wengent events, it always overpredicts collision incidence. If the
variation in drop size is not predictable. As the mesh is refined, t

. : h fi i ible that th i
drop size decreases and then increases. The effect of the numeg C(\;Vj(rje drrrw:;)j esilr?fer ¥§; grlosbggﬁ%b gfthzt/itnge grrﬁf Igtes?ngg P
error is thus unpredictable. '

X . . arcel in a cell would go up, leading to a suppression of collision.
The nonmonotonic behavior of the drop size dependence EBSt and Abraham algo ngticed thigs probleﬁg]p
grid size is a consequence of two competing errors. When t ’

mesh is very coarse, the number density of the spray is under

dicted. The fundamental assumption that the droplets are upjs
formly distributed within a cell leads to the minimum possiblgegqtion problem as much as O'Rourke’s because the mesh is
density of droplets. Because collision rate depends nonlinearly Qltomatically set as fine as possible. There also is no problem

with loss of statistical resolution, because the automatic mesh
resolution considers the number of parcels per cell. The results

20
{

ext, the NTC collision model was used, and the results are
own in Fig. 12. The predicted drop size is much less mesh-
pendent. The NTC algorithm does not suffer from the under-

5 " T ' T T T T T ' shown in Fig. 12 are a significant improvement over the original
L 0 Axalsize 1 A KIVA collision algorithm. However, the results are not perfect.

There is still some grid dependency in the NTC results. This grid

4 T dependence is not directly a fault of the NTC method, since the

_ NTC algorithm does not rely on the gas phase mesh in any way.
The mesh dependence is, instead, an indirect consequence of the
mesh sensitivity of the coupling between the spray and gas phase
momentum equation.

o The corrupting influence of the momentum and drag coupling is
gx 7 clearly demonstrated by imposing a velocity of zero on the gas-
phase. The velocity updates in KIVA were temporarily turned off,
so that the code would run with a zero gas phase velocity. This
B trivial gas phase flow field was chosen because it is grid indepen-
dent. Another important feature is that there will be no interpola-
tion error of the local gas velocity to the particle position, because

053 : 0{4 —.5 the zero velocity flow field is perfectly uniform. As the results in

N

Cell size [mm]
4 T
%
ﬁé%
N L

. ] .
0.2

“Time [ms] Fig. 13 show, the NTC method becomes perfectly grid indepen-
dent. This result is expected, since the gas phase mesh is now
Fig. 10 Collision mesh resolution in the axial and radial direc- completely unconnected from the calculation. However, when the
tions as a function of time same test is applied using O’Rourke’s collision model, the final
Journal of Engineering for Gas Turbines and Power APRIL 2004, Vol. 126 / 231
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Fig. 14 The prediction of the NTC collision algorithm when the
gas velocity is constrained to zero. The results show the effect
of simultaneously changing the number of parcels used and
the collision mesh resolution.

drop size varies from 32 to 39 microns, showing moderate grid

dependency. As a final test of the NTC algorithm, a calculation

was performed with varying numbers of parcels. Because thefC method are shown in Fig. 15. The NTC method has signifi-

mesh automatically sets its refinement based on the numbercaftly improved the simulation of the hollow-cone spray. The

parcels, this test simultaneously shows the affect of number \Wew shows that the spray is basically axisymmetric, unlike the

parcels and collision mesh resolution. As can be seen in Fig. Tdover leaf pattern that formed in Fig 1.

the predicted drop size is not significantly mesh dependent or

sensitive to the number of parcels. The result of this test is impaZonclusions

tant. It shows that the new algorithm is not mesh dependent. TheThe NTC collision model has been demonstrated as a faster,

small amount of mesh dependency seen in Fig. 12 cannot be Qnge accurate, successor to current collision algorithms. The

to droplet_cplllsmn. Since all other models were turnec_i off, thﬁ1ethod is very fast: the collision calculation shown in Fig. 14

?unrlgl ég?%‘g'ngei\?vuegﬁ tc;]femt;ssh ﬂgggngﬁgizés dlt'zelgtas sic mom?)ré'rformed with 60,000 parcels took 0r_1|y about two minutes on a
In ordgr tg see the qualit%tivepimpact of the NT([.)Z alg.orithm odeSktOIO computer. As another benefit, the NTC method shows

Bnly minimal mesh sensitivity. The use of a special collision mesh

Fig. 12 The same test as shown in Fig. 7, but with the NTC
collision algorithm. Note the reduced mesh dependency.

the structure of hollow cone spray computations, the simulation
Fig. 1 was repeated using the NTC method. The results with t

100 3 T ! T I T T
| — Coarse -
80 - Medium
i — ~ Fine i
L]
7]
g 6o -
S
o
E, 5
Q of -
73]
20 ]
0 P | " | L I L ] i
0 0.002 0.004 0.006 0.008 001 Fig. 15 Simulation of a hollow-cone spray using the standard
Time [S] KIVA3V Release 2 code with the NTC collision algorithm turned
on and breakup and turbulence turned off. Simulation is done

Fig. 13 The prediction of the NTC collision algorithm when the
gas velocity is constrained to zero. The results are perfectly
grid independent.
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with the injector on a vertex of a Cartesian mesh. Injection is
directed towards the viewer, and the drops are shaded by di-
ameter.
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#)emostly responsible for the reduced mesh dependency. The



small, remaining, grid dependence is actually not a limitation of[2] Gavaises, M., Theodorakakos, A., Bergeles, G., and Brenn, G., 1996, “Evalu-
the collision algorithm but is due to the errors of the gas phase ation of the Effect of Droplet Collisions on Spray Mixing,” Proc. Inst. Mech.

! ' - C Eng., 210, pp. 465-475.
so“’_'tl_on' If the gas phase SOluuon_ W_ere grld-lndependent, then t_hfé] Georjon, Thierry L., and Reitz, Rolf D., 1999, “A Drop Shattering Collision
Cf)”|3|0n r?SU“S would also be g”d'mdepe.ndem- The N.TC colli- ~ ~ Model for Multidimensional Spray Computations,” Atomization Sprageg),
sion algorithm would be a good match with advanced interpola- pp. 231-254.
tion schemes and momentum coupling techniques, such @siBe [4] Amsden, A. A., 1989, “KIVA-II: A Computer Program for Chemically Reac-
et al.[11]. The combination of accurate collision calculations and __five Flows With Sprays,” Los Alamos Report LA-11560-MS, May.

. . . 5] Schmidt, David P., and Rutland, C. J., 2000, “A New Droplet Collision Algo-
accurate coupling between the phases will produce spray simuld? rithm,” J. Comput. Phys.164 pp. 62—80.
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The Selective Non-Catalytic
Removal (SNCR) of Nitric Oxides
Jerald A. Caton From Engine EXhaUSt Stl‘eams:
miyongXia § Gomparison of Three Processes

Department of Mechanical Engineering,
Texas A&M University, Three processes for the selective non-catalytic removal (SNCR) of nitric oxides from
College Station, TX 77943-3123 engine exhaust gases are compared. The three processes are similar but each uses a

different chemical agent: ammonia, urea, or cyanuric acid. A number of operating con-
ditions have been studied. In particular, results for the removal of nitric oxide are signifi-
cantly different for the three processes as the oxygen concentration varies. Ammonia,
urea, and cyanuric acid were found to be most effective at low, intermediate, and high
oxygen concentrations, respectively. The implications of these results for a range of en-
gines and engine applications are discussgolOl: 10.1115/1.1688366

Introduction range,[3]. Reduction at higher temperatures is poor because the

Combustion processes are known to result in a number of %eéducmg agent itself oxidizes to NO. Below the optimum tem-
&

trogen species. Of these, the nitrogen species which are regul {gture, the selective reduction reactions are too slow and unre-

p . . = . d agent can be emittéelg., ammonia slip In existing com-
are nitric oxide(NO), and m_trogen dioxide (N§) which toget_her bustion systems, the spatial location of the optimum temperatures

; . - ID'€ Rfeferred to as the temperature “windoywihay vary with operat-
urban smog(including ozong and some forms of acid preC'p't""'ing conditions or occur in regions of large thermal gradients. This

tion, [1,2]. Another nitrogen species of interest is nitrous oxid | ; ; ot
A ; : aces severe design constraints on the agent injection system
(N,0). Although currently not regulated, nitrous oxide has beé% g d J 4

ich must disperse the chemical compound throughout the entire

classified as a greenhouse gas. Typically, nitrogen dioxide bustion product stream and mix with the nitric oxides while
nitrous oxide constitute less than 1% of the primary nitrogen corjq gases are within the appropriate temperature window.
pounds from combustion sources. In general, a number of factors affect the overall performance

_There are at least three major categories of methods of reduciigsNCR processes. These factors include the detail chemistry, the
nitric oxides:(1) treating the fuel(2) minimizing the formation of yixing of the agent with the exhaust gases, the nonuniformity of
nitric oxides at the source, ari@) removing nitric oxides by some he gas temperatures, and the possibility of catalytic reactions. The
means before expelling them into the atmosphere. For fuel tregkemistry is affected by the specific agent, temperature, pressure,
ment, the concept is to minimize any fuel-bound nitrogen. For th@yncentrations of species, and residence time. Specific features of
second category, the guiding philosophy for combustion modifhe chemistry that are important include the ratio of the agent to
cations to reduce nitric oxides formation is to lower the combusiitric oxide concentration, and the oxygen, carbon monoxide, and
tion temperatures and reduce the amount of oxy8h,Some \ater concentrations.
eXampleS of combustion modification methods are: Staged air ad'The Chemistry for these processes is Compﬁca’[ed and the reac-
dition, steam and water injection, reburning, burner design modjons that are most important for the removal of nitric oxide vary
fications, furnace design modifications, boiler design modificavith operating conditions6]. In general, for these processes to
tions, and exhaust gas recirculation. be successful radical production is necessary. The radicals are

The other method for nitric oxides reduction is termed postesponsible for generating the active species which reduce NO to
combustion gas treatment. Some examples of this category avg. The chemistry of these processes has been extensively stud-
selective non-catalytic reductiofBNCR), selective catalytic re- ied, and related references are cited below relative to each pro-
duction (SCR), non-selective catalytic reductidiNSCR), scrub- cess.
bing methods, and techniques using electric fields. Other possi-There are three main SNCR processes currently being imple-
bilities include combining SNCR and SCR techniqes.,[4]). mented:(1) the thermal DeNOXx process which uses ammonia
Also, the use of plasmas combined with a version of SNCR usirf§lH3), (2) the RAPRENOX process which uses cyanuric acid
ammonia has been documentg8l]. A comprehensive review of ((HNCO)z), and (3) the NOxOUT process which uses urea
nitric oxides reduction methods can be found in Bowrfzh (NH,-CO-NH,). For the cyanuric acid process, for most cases,

In general, the SNCR techniques involve injecting one or motbe cyanuric acid sublimates to gaseous isocyanic @tiiCO).
chemical agents downstream of the primary combustion zone. Thach of these processes is briefly described next.
reduc_tlon of nitric oxide by these processes IS a complex_ set of he Ammonia Process. This was the original SNCR process
chemical reactions between the radicals produced by the |njecra

. - has been named Thermal DeNox. In this process, ammonia is
c_hemlcals and the produc_ts of combustlon. A necessary Prerequlacted into the hot exhaust gas. The form of the ammonia may
site for an effective chemical agent is the presence of at least )

. o as aqueouéwith watep solution or as anhydrougo wate
nitrogen atom in its molecular structure. d b J y 5 y

E " SNCR s effecti t tammonia. This process was discovered in 1972)], for use in
Or most cases, IS efiective over a narrow temperalif@, 5 st streams such as from furnaces and boilers. Since the

) ) o original work, many groups have explored the ammonia process
Contributed by the Internal Combustion Engine Division 6fETAMERICAN SO-

CIETY OF MECHANICAL ENGINEERS for publication in the ASME OURNAL OF both ex_p_erlmentally an.d numencall@e.g.,[8—12]). .
ENGINEERING FORGAS TURBINES AND POWER Manuscript received by the ICE  SPECific concerns with the ammonia process include the stor-
Division, May 2001; final revision received June 2002. Associate Editor: D. Assaniage, handling, and delivery of the ammonia. Also, any ammonia
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) ' EQUiVALENCE RATIO numbers are specific for heptane, results are similar for other hy-
drocarbon fuels. As shown, the oxygen level in the exhaust gases
Fig. 1 Dry volumetric concentrations of oxygen and carbon may range from Iess than 1% to over 150y \{olume depending
dioxide and the mass air fuel ratio as a function of equivalence on the overall equivalence ratior air-fuel ratig.
ratio for C ;H,s and air combustion In general, combustion devices are designed to operate effec-

tively within a number of constraints. These constraints often im-

pose that the overall equivalence ratio must be within a particular
not consumed in the process may be emittegnmonia slip”) as range. For example, a successful design for medium-speed diesel
a result of this process. For these and other reasons, alternaéwgines typically uses a quiescent mixt@@s opposed to a swirl-
agents have been proposed over the years. Two of these that hiagemixture and relies on fuel atomization and penetration for
received significant interest include cyanuric acid and urea. Ajood combustion. To insure the success of the combustion event,
though it was the last of the three processes to be discovered, tie overall reactant mixture must possess excess air. For this ap-
cyanuric acid process will be discussed next, since the urea pptication, mixtures with an equivalence ratio of about 0.5 have
cess can be described as a combination of the ammonia and gy@ven successful.
nuric acid processes. On the other hand, a smaller automotive engine may be de-
. . . signed to operate closer to stoichiometric mixtures. This is a de-
The Cyanuric Acid Process. In this process, known as the jsion often dictated by the requirements of the exhaust catalyst

R'Al‘qulthOX pro;_:;}ess, Sl%l'd cyanuric .ag:ld El.lnjictedtmtg tr:eGE tem. As a further example, gas turbines are often operated with
exhaust gases. The solid cyanuric acid sublimates at abou igh excess air levels to insure adequate cooling of the turbine

to gaseous isocyanic aciHiNCO). The isocyanic acid initiates a bla

series of reactions for appropriate conditions which result in the o equivalence ratio of about 0(Bxygen concentrations of
removal of nitric oxide. This process was first proposed by Perny out 15%

and Sieber$13], and has been studied by a number of investiga- ¢ 4 jginal studies of SNCR processes focussed on cases with

tors (e.g.,[14-20). One characteristic of this process is the POS5xygen concentrations of about 1 or 2% which would be typical
sible emission of nitrous oxide D). Althoggh all three of the of ¥L?rnaces and boiler&.g.,[8]). Since then, a number of stu)gi)es
processes may _produc%, the cyanuric acid process appears tﬂave examined cases for higher oxygen concentrations. For ex-
have the potential to produce the most. ample, Caton et a[.10,11] have reported on cases for the use of

The Urea Process. NOXOUT is the name of the processammonia with oxygen concentrations up to 15%. Also, Kasuya
which uses ured21]. In this process, typically either solid urea oret al.[28] have reported on results for ammonia for oxygen con-
a urea solutiorfwith wate is injected into the hot exhaust gasescentrations up to 50%. For the use of urea for oxygen concentra-

Urea may decompose into HNCO and NHinder certain condi- tions up to 15%, Srivatsg29] and Caton and Srivat4@0] have
tions, [15]: completed these studies. For the cyanuric acid process, Caton and

Siebers[15] have reported results for three oxygen levels. The
NH,- CO-NH,—HNCO+NHs. (1)  objective of this paper is to compare the three processes and to

For these reasons, the urea process has been described as a @#fvine the importance of the oxygéar overall equivalence
bination of the ammonia process and the cyanuric acid process./&80) on the combustion process.

discussed by Jadal et &22], however, the thermal breakdown of

urea at temperatures above 600 K may lead to the formation of

NH, and NCO radicals, and Hmolecules in equal proportions. Experiments

Numerical studies of the urea process for these other urea decoml-_h data di d below h b btained f imil
position paths have been reported by Alzueta ef24]. Alterna- € dala discussed below have been obtained from simiiar ex-

tively, urea has been found to decompose into biur@t":‘rimem"le systems. Figure 2 is a schematic_ .Of a typ_ical experi-
(NHZ’CO(NH)CONHZ) under different conditiong24]. mental system. The overall experimental facility consists of four

The urea process has been studied numerically by seve‘?!ﬁtinct systems(1) the input gas mix_ture mete”f‘g and delivery
groups(e.q.,[22,25,28). A key feature of the modeling has beerpYSteM,(2) the chemical agent metering and delivery systesn,
the treatment of the urea decompositiéms previously men- the furnace and reactor assemhigaction zongand(4) the out-

tioned. Also, Brouwer et al[27] have reported on a model which PUt 9as mixture analysis system. o . .
inclut?es all ’three processe[s. ] P As shown in Fig. 2, the chemical agent is injected into the input

gas mixture stream prior to entering the heated section. The mix-
Importance of Oxygen Level. Applications involving com- ture then flows into the reactor which is inside the furnace. Addi-
bustion include a wide range of devices such as boilers, furnactsnal nitrogen gas is added to the gases leaving the furnace sec-
gas turbines, diesel engines, and spark-ignition engines. Fotian to dilute the stream, and thus minimize any reactions after
number of reasons, these devices are operated with combustioteaving the furnace. The additional nitrogen also minimizes the
different stoichiometries. Figure 1 shows the dry volumetric corconcentration of water which may cause interference in the sub-

centrations of oxygen and carbon dioxi¢@oduct species and sequent gas analysis. Each of the systems are described below.

des. For this reason, gas turbines may be operated with an
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Input Gas Mixture. In these experiments, the exhaust gas Table 1 Experimental conditions
was simulated by using bottle gases. Comparisons with the use—of

. Cyanuric
actual exh_aust have _demonstrated that the use of S|mul§lted ex- Ammonia Urea Acid
haust gas is an effective technlg\ljm]. The advantages of simu- Process Process Process
lated exhaust include that the input gas stream is well character . .
ized, is not subject to transient variations, and is not limited to/2g€Mt Ammonia Urea (2(’:?3“”0
relatively narrow range of compositions. ~ Name Thermal NOXOUT RAPRENOX

Mass flow controllers are used to insure accurate metering of DeNOx ) )
the individual gases. The individual gas streams are combined dtitise of agent Gas Solution Solid
the mixture enters the furnace. The total mass flow of the g e%)er;?,?nﬁ) 800-1200 800-1200 670-1340
mixture is constant for a set of experiments which results in varyém[:)(K)gfor best 1150 1150 1200
ing volume flow rate(and varying residence timén the reactor performance
for different reactor temperatures. Inlet NO (ppm) 330 330 330

Inlet CO (ppm) 0 600 1260

Metering and Delivery of the Chemical Agent. The mode Inlet H0 Y ~320 ppm 4.5%
of delivery of the chemical agent to the simulated exhaust stre to/g))z f(o/;))best ol_é5 05_35 0, 1'1% 12.3
is mainly dependent on the phase of the agent. For ammonia qgéormance ' )
gas, the delivery is straightforward and is the same as the delivesta, g 1.5 ~2.0 4.27
of the other gasege.qg.,[10,11)). Residence time 2.1 2.1 0.85

For urea as a solution with water, the solution is fed into th 1025 K(seq

. S eactor length 61 61 37
exhaust stream by the use of a syringe which is advanced afa
controlled rate using a precision stepper motdf]. The stepper Reactor ID(mm) 18 18 16.5
motor drives the plunger of the syringe at required feed rates. TReference Catonet dl11]]  Srivatsaand  Caton and

output from the syringe is fed into a heated region close to the Caton[30]  Sieberd15]

point of inlet to the reactor. The urea solution vaporizes before
enters the reactor.
The minimum amount of water needed to keep the urea in
solution depended on the solubility of urd&l]. For the condi-
tions of this work, the amount of water introduced into the gas Outlet Gas Analysis Systems. To complete an analysis of the
mixture with the solution was estimated to be about 320 pprautput gases, additionatlilution) nitrogen is added to the exit
Since each urea molecule could theoretically reduce two nitfilow stream before the analysis. The dilution nitrogen is often a
oxide molecules, the urea feed rate for ideal conditions would l¥ge factor of the exhaust stream—perhaps a factor of five. The
one-half the nitric flow ratéon a mole basjs Not all of the urea dilution nitrogen helps to prevent water condensation in the un-
was utilized in the experiment, however, due to resolidification éfeated portions of the exhaust system, and helps to minimize in-
some of the urea. To compensate, the selected urea solution fi@grence of species such as £@nd HO with the measure-
rate was approximately twice the ideal rate. This high feed rafaents of the other species.
was necessary to insure the maximum possible nitric oxide re-For these experiments, the output gases from the reactor are
moval for comparison purposes. Such a high urea feed rate, hdi@lyzed by a Fourier transform infraré@TIR) spectrometer and
ever, would not be practical or desirable in an actual applicatioy & chemiluminescent NGanalyzer. In cases where both analy-
Since cyanuric acid is not soluble in water to any appreciabfisS léchniques were used, the agreement was good. The use of an
degree, it must be utilized as a solid powda#]. A dry powder IR spectrometer is necessary in these experiments to obtain

feed system was used. This feed system was similar to the u ntitative knowledge of Species such as3[,\IHHNCO, N,O
solution feed system described above. The cyanuric acid is c 1ich are not generally obtained from conventional gas analyzers.

fully packed into a syringe which is advanced at a controlled ral etails of the apparatus and experimental procedure can be found
using a precision stepper motor. The stepper motor drives tﬁ?eWhere[lo’n‘l&Sm

plunger of the syringe at required feed rates. The output from the

syringe is fed into a heated region upstream of the reactor whigtyperimental Conditions

serves as a vaporizer. In this vaporizer, the cyanuric acid powdeLI_ ble 1 lists the tvpical . tal diti for th
sublimes to vapor before it enters the reactor. A small amount o able 1 lists the typical experimental conditions for these ex-

metered nitrogen gas is used to carry the vapor into the reactdpriments. Thg table lists each of the three processes, typical op-
51t|ng conditions, and the relevant references. As shown, the

The amount of cyanuric acid for these experiments was selecg

IT . . _ .
*b is the ratio of agent to nitric oxidésee text

so as to insure the maximum possible reduction of nitric oxid pical temperature range examined in these experiments is be-

S . een 650 and 1350 K, the inlet nitric oxide concentration is 330
e v oo s SR, e he el et xygen conceiaon s beteen 0 e
a&pbiguous Eomgarizons The amoun%selected Waspa molar ri%. Also listed is the temperature for the highest nitric oxide

of cyanuric _ac_ld to nitric oxide of 1.42, or a isocyanic aci Since the mass flow rate was constant for each set of experi-
(HNCO) to nitric oxide ratio of 4.27. ments, the residence time varied with temperature. Table 1 shows
Furnace and Reactor Assembly. To simulate the hot exhaust the computed residence times evaluated for 1025 K which were
gases, the gas mixture was heated to the required temperaﬁjl’réer 0.850r21 seconds. The mass flow rate is related to the
levels. An electric furnace was used for this purpose. An importafftsidence time as follows:
charact