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Combustion measurement in a cylindrical micro combustor, the construction procedure
and test run of a MEMS reciprocating device are described. The sizing of the MEMS
device was based on the findings of combustion measurements. Thermodynamic analysis
of the pressure measurement resulted in available work up to 2.4 Joules in a combustor
height of 2 mm and more with combustion efficiency of-@&. With combustor height
less than 2 mm, combustion was incomplete due to excessive heat loss to the wall. In order
to achieve the chamber height imposed by the combustion measurement, a fabrication
process and wafer material that allow deeper etching was used.
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1 Introduction sizing of a combustor is dictated by combustion in a micro scale
environment. As noted above, literature is scarce in this area. Ex-

As the demand for power sources to achiate mabile micro Sycséégt the quenching distance measured between two discs, data on

tems INCréases, micro scale. heat engines hgve been tested ah&'bwer limit of a combustor scale that allows burning are not
altc_ernatwe to batteries. Pgrtlcularly wh_en micro systems are r dequate for design and evaluation of such devices. As the com-
qu_lred to perform mechar_ucal wark as In a micro air VEh'Clef aGustor size is reduced to a scale comparable to or less than
micro spacecraft, the drain of energy is too quick for batteries %enching distance, processes that have been ignored in a macro
be a viable energy source. Although the power requirement gfjle combustion become significant. Increased heat transfer
micro system is substantially less than macro scale devic@ssough the combustor wall affects both the flame propagation and
mobile micro systems have stringent weight and packagiffe cooling of burnt gases after burning is completed. Secondly,
limitations for power sources. In general, the energy density g{e small-scale combustor volume has adverse effects on the ig-
batteries is too low for use where mechanical power is needed. Qiflon of the fuel and air mixture. For stable initiation of combus-
the other hand, the smallest existing engines in model aircraft ajgn, a relatively large heat input is required in terms of electric
still too bulky and unreliable for applications in micro systemsdischarge or catalytic reaction in some cases. When electric spark
The energy density of hydrocarbon liquid fuel is approximatelglischarge is used for ignition, electrical insulation must be pro-
1000 times that of batteries. Even if we take into account the lowided between the electrodes and the combustor walls without
thermal efficiency caused by reducing the scale of the devidacreasing the overall volume of the device, common silicon wa-
power generation using a micro combustor may be an attractifer material is not a good insulator and not suitable as a base plate
alternative. material in an electrically ignited combustor as a result. Work on
In recent years, several research groups started working on c@gmition by micro scale electric discharge, thermal heating and
cepts of micro scale combustion devices. Fu ef Hl.described catalytic reaction have been reported by different research groups
work on a MEMS rotary engine and Mehra et f2] tested a [4—6]. Thirdly, a practical micro engine requires a number of
prototype MEMS turbine engine that was fabricated by wafénicro fluidic devices to meter and calibrate fuel and oxidizer
bonding and Deep RIE. Sitzki et &B] reported an experiment on flows. Due to the progress in MEMS devices in the past decades,
a micro scale excess enthalpy burner. While the fabrication préiere is a wide variety of available technology in micro fluidic
cesses of MEMS devices have matured, combustion phenomégices including valves and pumpgl. Lastly, we need an esti-
at micro scale have not yet been explored, partly because needfsite of available work from combustion in a micro combustor.
research has arisen recently. The theoretically available work in terms of the second law of
We expect that a variety of constraints in a millimeter or sugheérmodynamics must be sufficiently high for the combustor to
millimeter scale combustion chamber have been ignored inPsoduce work.

macro scale heat engine, when combustion occurs. Firstly, thdn order to solve all the technical problems in the development
of a micro engine, a systematic investigation involving many dif-
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cesses to materialize such a device. Past research on micro com 5§
bustion devices placed emphasis on the fabrication processes an
performance verification of subsystems and overlooked the impor-
tance of the thermo-fluidic phenomena of micro combustion. In
the present study, combustion phenomena in a micro cylinder with
variable depth were investigated experimentally and simple model @ GQuenching condition
was derived to predict the quenching. The results of the combus-g sk (S/Vig= 3.6 mm™
tion study were applied to the design of a micro-reciprocating
device powered by combustion for sizing and performance esti-
mation. A micro machining process was established to accommo- 3
date the scale requirement imposed by the combustion experiment
and modeling. Finally, a prototype device was constructed and ag_
single stroke operation was tested successfully.

Mo reaction limit

2 Design and Feasibility

1 L 1

2.1 Combustion Experiment. A miniature closed vessel .
combustion chamber with a cylindrical inside volume was de- 1 2 3 A
signed and fabricated with a variable depth from 0.4 to 4 f@8m Surface area / Volume (mm™)
A stoichiometric mixture of hydrogen and air was supplied to the
combustor. A piezoelectric pressure transducer inserted through Fig- 2 Pressure ratio plotted against shape factor
the chamber wall picked up the instantaneous pressure hike after
ignition and the subsequent pressure drop after completion of

reaction. o _ initial pressure as the combustor size decreases. The vertical dot-
The ratio of the peak pressure to the initial pressure is plotted §gy Jine, toward the higher value of shape parameter, is the surface
Fig. 1 for the cases tested. Eight realizations of each test conditignyglume ratio evaluated from existing data of quenching dis-
were made to obtain statistically significant results. The scatter@hce[g]_ The horizontal dotted line represents a pressure ratio of
individual measurement ranged from 3 to 17% around the meggity, implying no combustion. The measured pressure ratio starts
values and has an average of 7% with a significance, tested iy, at low shape parameter and decreases toward unity as the
significance level of 5%. The deviations are represented by erg{ape parameter increases. This figure qualitatively demonstrates
bars on the plot. This ratio represents a measure of the me&inpustion efficiency is significantly lower in a micro scale com-
effective pressure of the burnt gases and has significance in eV@Hstion chamber than in a macro scale. However, pressure data

ating the available work. Also, the value is used for the determijone are inadequate for the quantitative estimation of the com-
nation of the heat transfer coefficient for thermal analysis. Thgystion efficiency.

plot shows that the pressure ratio is nearly independent of the

initial pressure for a combustion chamber height less than 2.0 mm2.2 Quenching Prediction. The present calculation em-
With bigger combustion chamber volumes, the pressure ratio ®@oys a simple theoretical model rather than a direct numerical
sponded favorably to higher initial pressure. simulation to predict quenching and combustion efficiency. It is

The effect of heat loss to the surroundings is related to th@sed on energy balance equation within closed vessel combustor

shape parameter, which is defined as the ratio of surface to volubdg]. In the modeled MEMS combustor, the flame is assumed to
of the cylinder. Figure 2 shows the effect of the shape paramefsppagate in a shallow cylindrical volume with a depth of a few
on the pressure ratios that is averaged over each initial pressiiidimeters at most. The flame propagates in a radial direction
ratio in Fig. 1. The error bars on this plot represent the extent while the dominant heat transfer is towards the top and bottom
deviation of the ratio of peak pressure to initial pressure. Thealls. Unlike combustion in a macro scale volume, the heat loss

deviation decreases and the pressure ratio becomes independef€tvely affects the flame propagation and must be accounted for
in the integration of the equation that governs the flame motion.

The flame propagation is divided into many small consecutive
steps. Upon completion of each propagation step, the system is
8r H=061mm adjusted by the heat loss during the step. Assumptions made for
g the modeling follow Lee and Kwoill]. Figure 3 shows the
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Fig. 1 Maximum to initial pressure ratio in each test condition Fig. 3 Schematic diagram for solution procedure
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calculation procedure of the model. For each small step of flame e s S

propagation, the pressure and temperature are corrected by the w fm‘l{_
adiabatic compression and the heat loss to the wall. The step size e
of the flame propagation was about the scale of the flame thick- =— h=0.001

—a—— h=0.003
» h=0.005

ness to ensure the convergence of calculation. For each step, the
heat generated by the combustion is compared to the heat loss tc
the wall to test the quenching condition. The total heat loss is the
sum of wall heat transfer and conduction to the unburned region
and is expressed as iH)Vh(T,—T.)+A{kAT:/5;. If heat

production from the advancement of the flame is less than the @ 4/
total loss, quenching has occurred. The simplified equations to be .M

pressure

solved simultaneously are as follddO]. @
Pressure-burned fraction relation E
[=]
dp (B(PIP)Y7u—-1).P L =z
an~ Ty (PIP) T (L Typa-m
Pressure-temperature relation
o [Pufin , 05 I
v Py @) Bumed fraction
MeCpey T+ =LMiCpuy Tut My X, 7o, ] 3 {a)
Pk 1-1/yy
Toj= Tk F,) 4) 2 :
Where,j is an index for an arbitrary spatial location in the burnt — ®m—— h=0.001
region, whilek is an index of the flame location. E —h—— h=0.003
Equation (1)—(4) are normalized by initial temperature and B - h = 0.005 ]
pressure in the following Eqsi5)—(8), The cooling step and 5157 —3—— h=0,007
guenching condition, also expressed in normalized form, are pre- E — h = 0,009 _#,-4‘
sented in Eqs(9)—(10) a -
dm (Bmtru—1). 7 . E 1
dn 1y, 7~ (1ly,—1/y,)(1—n) ) =
0= w0 © @
:{micp(u) . m; _ @) E 0.5
ImeCom T MeCpp Ty A2 x
T 1-1/yy |
0.=0; | — 8 . " ——
o (m) ©) % 0.25 0.5 0.75
a1 onh s Ak o Burned fraction
[6b f]_m(b ) m(f w (9) (b)
2nVhT; AT, Fig. 4 Heat loss effect on pressure buildup and heat loss to
5LmiXHzﬁHz$ H (o= 0)+ 5 (6i—6u) (10) heat production ratio:  (a) pressure change for the assigned h

) ) ) ) value; and (b) the ration of heat loss to production for the as-
Equation(1) is the relationship between pressure and burned valigned h value.

ume fraction inside the cylinder. Equatié®) to (4) are relation-

ships between gas properties assuming ideal gas and instantaneous

isentropic compression due to flame propagation substeps. Equa-

tion (4) is the expression of frozen isentropic relation between aryg. 4@ with the samen and burnt fraction, and4) if the result-

location in burned region and flaniz2]. Equation(9) represents iNg peak pressure is largely different from the measured peak

the conservation of energy including the heat loss to the combugsessure, corredi and repeat2) and (3) until the discrepancy

tor wall as well as to the unburnt region. Equatitk0) is the between the calculated and measured peak pressures fall within a

quenching condition that will be tested upon completion of eadhlerance limit. The procedure is illustrated in Fig. 5.

flame propagation step. Equati®®)—(9) constitute a system of The numerical integration was performed by the second order

equations and solved simultaneously faré;, 6,, 6,, nwith a Runge-Kutta method which has a numerical uncertainty of the

known heat transfer coefficient. order of (dn)3, wherednis the integration step size. We used 0.01
Figure 4a) shows the pressure-burnt fraction relationship ofor dn, which resulted in the computational uncertainty with an

tained by integrating Eq(5) and Fig. 4b) is the ratio of the heat order of 10,

loss (the right hand side of Eq10)) to the heat of combustion  Figure 6 shows the temperature profiles as a function of burnt

(the left hand side of Eq10)) as a function of burnt fraction for fraction at two typical instances during the flame propagation. In

various values oh. Flame is quenched when this ratio reacheBig. 7, the heat transfer coefficients determined at different test

unity and pressure attains its peak at that burnt fraction. The preBnditions are presented as a function of the initial pressure with

cedure for determination of the heat transfer coefficient from thke cylinder depth as a parameter. Figure 7 shows the dependence

measured peak pressure is as followls:guessh, (2) find burnt of heat transfer coefficient on the combustor height and initial

fraction at quenching from Fig.(8), (3) find peak pressure from pressure.
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2.3 Second Law Analysis. Total burned fractions that were Fig. 7 Heat transfer coefficient normalized by initial molar
obtained from the quenching calculation at all test cases are pfass
sented in Fig. 8. From the result of total burned fraction quench-
ing is observed in most cases. The result can be used to calculate
heat produced by the combustion process which experiences g
guenching. Also it can be used as design parameter as upper limit.2
of device dimension to prevent quenching in combustor. The work
available from a hot gas system is estimated from the gas proper-4&

ties in a closed system undergoing a quasi-equilibrium process @

from the peak pressure to quenchidg] by

M1ota= Me+ My

Wiey™= (Mgple— MipU;) + (MjyUe— My ;) _Toc{(mebse_ m;,S;)

+ (miuse_ miusi)}

Where, subscript denotes the initial state and subscripthe

otal burned volum

state at the instant the flame stops. The available work is plotted in =
Fig. 9. With chamber depth greater than 2 mm, the hot gas gen-

erated by combustion can theoretically produce 0.5 toJ2pér
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Fig. 6 Heat loss effect on temperature propagation
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cycles. From comparison of the estimated reversible work, ti8 Micro Fabrication of the Device
combustion efficiency is evaluated. Combustion efficiency is de-

fined by

Wiev

7= ——
oy, MixH,

12

3.1 Proposed Design. The experimental data were used in
the design of a micro reciprocating device. In this part, the design,
fabrication process and actual combustion test of a prototype re-
ciprocating device are described. The design concept tested here
can be further developed and incorporated into a micro engine
system. The engine structure consists of three wafer layers bonded
together. Photosensitive glass was selected as base material for

For all experimental conditions, the combustion efficiency wa¥/0 reasons: glass wafer itself is a good electrical insulator than Si
between 0.6 and 0.7, which is lower than macro scale combust¥fafer and anisotropic etching produces better result with a photo-

as expected.
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Fig. 10 Proposed structure of MEMS engine
[ Ittt |
! l
[ |
o——W— i
-+ | . | ‘9
1 - |
| 1
': g J— iElect ode
| ° |
e i %
Function : .
Generator O )

Fig. 11 Schematic of coil ignition system

sensitive glass. The middle layer is also made of photosensitive
glass wafer and the cylinder and the combustion chamber are
engraved on this layer. The bottom layer is made of Pyrex glass
wafer and serves as a base plate of the assembly. The schematic of
the device is illustrated Fig. 10. The initial combustor volume was

1 mmx 1 mmXx1 mm with a stroke length of 8 mm. The design is

a result of compromise between competing requirements of the
fabrication and the combustion. The smaller the chamber height,
the easier and cheaper the fabrication process becomes, because
the device can be built on an off-the-shelf wafer that are usually
available in thickness of 1 mm.

3.2 Ignition. Ignition is required to initiate combustion in
the device. In the present study, an electric spark was used to
accurately calibrate the ignition energy. The ignitor circuitry is
integrated onto the wafer on which the device is built during the
micro machining process of the overall device. The construction
of the ignitor should take into account the minimum ignition en-
ergy for the given gas mixture and integration with the overall
device. We used Ni electroplating to build the ignition circuitry
and electrodes on the wafer materia#]. The electroplated Ni
layer on the base plate was 4@ high and 26-200 xm wide. A
schematic of an inductance type ignition system used in the ex-
periment is shown in Fig. 11. The ignition energy of 1.7
~1.8 mJ was sufficient to ignite the combustible gas and much
smaller than the available work.

Effects of electrode geometry on the discharge voltage are
shown in Fig. 12. The endurance of the electrodes was tested by
discharging an electric spark at a frequency of 1 kHz. The test
result in Fig. 13 shows growth of erosion at the tip of the elec-
trodes. However, the spark discharge did not show further dete-
rioration up to 16 operations.

3.3 Fabrication Process. The fabrication process for each
layer is described below, beginning with the middle layer. Photo-
sensitive glass of thickness 1 mm is exposed to UV light and
thermally treated. UV intensity was controlled to 8Jfcat a
wavelength of 350 nm. The wafer was then etched slightly to
make a depth coverage that could be used as an align key. A

-~ muL 1
4000 - ;_} [ ____,{.— e 1
3500 - —— E TEOO - )I"‘f
] —t I om0 g
3 20, / _ g - 5
E 2000 Gap 5 500 S00 pm|
- -
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{a By
Fig. 12 Discharge voltage according to electrode gap: (a) gap versus discharge voltage; and

(b) width versus discharge voltage

Journal of Heat Transfer

JUNE 2003, Vol. 125 / 491



c »
4 W

After 10°Cycles  After 105 Cycles

Before discharge  After 10° Cycles

Fig. 13 Result of reliability test of fabricated electrode

Cr/Au seed layer was deposited for the electroplating process witfall. Gas leakage through these gaps undermines the performance
a thermal evaporator with a thickness of 250 A/2500 A. A thickf a heat device. For better construction, better bonding methods
PR (AZ9260) mold was formed on top of the wafer with a thick-with possible lubricant on the sidewall of the cylinder can be
ness of 45um. A 40 um deep Ni layer was electroplated on top otonsidered.
it. The UV-exposed and thermally treated glass was etched in an ) ) o o
HF solution with 10% of HF concentration by volume. The use of 3.4 Results. The final fabricated device is shown in Fig. 14.
an ultrasound washing device accelerated the etching tar@0 A combustion test was carried out with the prototype device. Test
min. The glass wafer was etched from the backside to protect tWas performed with stoichiometric mixture of hydrogen and air at
seed layer and Ni structure during the etching process. For ad@imospheric pressure. The results suggest proper ignition and
tional protection, the front side was coated with a paraffin laydtame propagation within the cylinder. Analyzing the piston dis-
After completion of etching, paraffin and AZ 9260 PR are strippeplacements of consecutive video images, piston velocity was de-
by boiling in TCETrichloroethyleng acetone, and methanol so-rived. Image analysis of the video clip taken at a framing rate of
lutions, in that order. 9000 fps by a digital motion analyzer resulted in the piston speed
The same process is used for the top layer with a reduced @Y approximately 10 cm/stion gas. Relatively low piston speed is
intensity of 3J/crR, as the etching depth for the top layer is appartly anticipated due to incomplete sealing of the cylinder. For
proximately half the thickness of the wafer. This is because thige temperature measurement, monolithically implanted micro re-

upper and lower halves are patterned differently. sistance appears promising but was not tried in the present study.
The bottom and middle layers were bonded together and a pis-

ton made of photosensitive glass was inserted into the cylinder.

Lastly, the top layer was bonded to the middle layer with epoxy

glue. Since the piston must remain free, fusion bonding of the

middle layer and the top layer is not suitable in this structure. This .

process is not complex but causes the problem of gas leakdge Conclusion

through a gap resulting from the epoxy bonding. Although not A MEMS combustion device was built and its operation was
used in the present study, fusion bonding is expected to resultgBmonstrated. The design was based on data obtained from a com-
better seal against gas leakage. Aside from the unsealed gam@dtion experiments in a micro combustor. Simple pressure mea-
tens of microns caused by bonding of the different layers, thered§rement and visualization of the test combustor resulted in data
also a gap between the side face of the piston and the cylinggf sizing and prediction of performance of the device. When the
combustion chamber had a height less than 2 mm, quenching and
increased heat loss prevented stable ignition and completion of
combustion. Partial flame propagation and subsequent pressure
rise was observed even in a combustor depth slightly less than
the quenching distance. Theoretical analysis based on the mea-
sured pressure data resulted in thermal energy release up to a few
Joules in a combustor height of 2 mm and more. Combustion
efficiency was about 0:60.7, which is lower than in a macro
scale combustor. In order to achieve higher efficiency, additional
measures such as preheating and/or insulation of the wall may
prove effective.

Based on the findings of the micro combustion experiment and
the theoretical analysis, a MEMS reciprocating device was de-
signed and a fabrication process was established. Photosensitive
glass was proven to be suitable for the reciprocating combustion

ombustiop chambor

pisten - device for its favorable material properties, namely, high electric
o resistance, anisotropic etching characteristics and low thermal
conductivity.

A combustion test of the reciprocating device showed piston
displacement by hot gases. Although plagued with the leakage
problem aforementioned, the test demonstrated that a micro-scale
reciprocating device can be built and power can be generated. The
findings of the present study warrant further research on micro
Fig. 14 Fabricated result combustion phenomena and different concepts of micro engines.
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Nomenclature

S<cHon -Uﬁgx:*ijO>
I

area

specific heat
combustor height
heat loss coefficient
heating value
thermal conductivity
mole number
burned fraction
pressure

entropy
temperature
internal energy
combustor volume
work

Subscripts

b
e =
f =
i
L
u

burned

after completion of combustion
flame surface, at flame

initial

laminar

unburned

surrounding
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