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Understanding thermal integration issues and heat loss pathways in a
planar microscale fuel processor: Demonstration of an integrated silicon

microreactor-based methanol steam reformer
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Stevens Institute of Technology, Castle Point on Hudson, Hoboken, NJ 07030, United States

bstract

Methanol reforming offers an attractive source of hydrogen for proton exchange membrane fuel cell (PEMFC) systems for portable power. At
resent, the greatest obstacle to realization of these systems is the extraction of hydrogen from the hydrocarbon fuel, i.e., the fuel processing part.
ecause of size and portability, microchemical technology has shown assuring results in the field of fuel processing. However, several roadblocks
ersist in the development of an integrated micro-fuel processor and fuel cell system. Thermal management in miniature systems is perhaps the
ost crucial of these challenges. In this study, a silicon microreactor-based catalytic methanol steam reforming reactor was demonstrated in the

ontext of complete thermal integration to understand this critical issue. Detailed experiments were carried out to quantify heat losses through
arious pathways from the planar microreactor structure. Based on these experiments, an empirical correlation is developed to predict natural

onvection heat transfer coefficient from meso to microscale devices. The result provides fundamental insight of critical thermal issues such as
ransfer of heat between reactor components, control of temperature, insulation, and heat losses. Based on this understanding, suggestions are made
or scale up of reactor components and a packaging scheme for reduction of convective and radiative losses.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cell technology is a promising means of transferring
hemical energy to electrical energy [1]. Recently, there has
een great interest in the development of microscale fuel cell
ystems for portable power generation, as prominent alternatives
o batteries. The proton exchange membrane fuel cell (PEMFC)
s particularly attractive and promising for portable applications
ecause of its simplicity in design and operation, mild operating
onditions, and ability to provide high power density and nearly
nstant power [1,2]. However, the success of PEMFC technology
or portable power depends heavily on the development of an
fficient means of delivering the appropriate fuel to the cell.

Generating pure hydrogen by processing easily stored liquid

uels represents an attractive source of hydrogen [3,4]. Fuel pro-
essing adds complexity, weight, and cost compared to the direct
uel cell or a system running directly on hydrogen, however the
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ffective energy storage density is significantly higher. Liquid
ydrocarbons offer strong possibilities as an energy source for
ortable power systems if an efficient, lightweight, and compact
uel processor can be developed and integrated with a PEMFC
ystem.

Methanol is the fuel of choice for portable power applica-
ions, offering high hydrogen–carbon ratio, high energy density
5600 Wh/kg), ready availability, and low boiling point [5].

oreover, methanol is sulfur free and it can be reformed rela-
ively easily at low temperatures (250–300 ◦C), simplifying the

icro-fuel processor design. Fig. 1 shows steps for processing
f methanol to produce a hydrogen-rich gas suitable for a low
emperature (70–80 ◦C) PEMFC.

The steam reforming (SR) reaction is highly endothermic in
ature and thus requires external energy. This energy can be
easonably obtained by combusting excess hydrogen from the
node exhaust of the fuel cell. A relatively low CO concentration

f 1–2% is attained while operating the reformer at tempera-
ures ranging from 220 to 260 ◦C as a consequence of reaction
hermodynamics [6–8]. Therefore, a methanol-based fuel pro-
essing system must include a CO clean up step like preferential

mailto:rbesser@stevens.edu
dx.doi.org/10.1016/j.cej.2007.07.044
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Nomenclature

A surface area (m2)
Aw cross-sectional area of the wire (m2)
E emissive power (W/m2)
Ebλ spectral blackbody emissive power (W/(m2 �m))
h heat transfer coefficient (W/(m2 K))
I current (A)
Iλ radiative intensity (W/(m2 sr))
kSi
λ spectral absorption coefficient of silicon (m−1)

k
py
λ spectral absorption coefficient of Pyrex (m−1)

l length of the wire (m)
NNu Nusselt number
NRa Rayleigh number
P′ perimeter of the wire (m)
Qconv heat loss by convection
Qin heat input (W)
Qloss total heat loss (W)
Qrad heat loss by radiation
Qwires heat loss from the attached wires
Ts surface temperature (K)
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T∞ ambient temperature (K)
V voltage (V)

xidation (PrOx), as this relatively low level of CO is still suffi-
ient to poison the PEMFC catalyst.

.1. Microchemical systems for microscale fuel processing

Microchemical systems are well-suited to small-scale power
eneration as they enable integration and stacking of miniature
uel processor and fuel cell components with the fuel delivery
ystem for compact, lightweight power generation [9]. The small
ootprints of microreactors and their peripherals make them
ell-suited for all critical components of a fuel processor like the

ombustor, SR, PrOx reactors, etc. Their microscale dimensions
esult in extremely small heat and mass transport resistances
10], making them efficient in applications where it is neces-
ary to thermally couple highly endothermic and exothermic
rocesses.
. Thermal management in microscale fuel processing

Considerable efforts have been made to develop an integrated
ortable fuel processor/fuel cell system, however, several issues

ig. 1. Processing steps required for generating high purity hydrogen from
ethanol.

i
t

3
d

o
s
a
t
w
a
u

Fig. 2. Integration of fuel processing components.

nd challenges persist. Based on the literature and our own
esearch, several of these key issues are identified and discussed
n our previous paper [11].

Thermal management in miniature systems is perhaps the
ost crucial challenge for microscale fuel processors. The fuel

rocessor needs effective thermal coupling to allow transfer of
nergy from the heat-producing combustor to the endothermic
R. Coupling endothermic and exothermic components of the
uel processor and minimizing losses promotes a high thermal
fficiency. However, such coupling must be accomplished in a
anner that permits the maintenance of specific temperatures

n the various components as shown in Fig. 2 and maintains the
urface of the package near room temperature. Microreactors
enerally offer high heat transfer rates mainly because of high
urface-to-volume ratio and short conduction paths. This char-
cteristic results in efficient heat extraction but at the same time
esults in higher heat losses to the ambient. Therefore, thermal
anagement offers a dual challenge of opposing the heat losses

rom the system that arise from high surface-to-volume ratio in
onjunction with maintaining temperature gradients within the
ystem to allow desired conditions in the unit reaction steps.

Different materials are being used for the construction of
icroscale fuel processing components [12–19]. However, all

he materials approaches are confronted with the thermal man-
gement issues described above. Because of the nature of
icrofabrication processes, all these approaches employ flat and

heet-like reactor elements or short multilayer stacks of these
heet-like devices. This kind of low aspect ratio, planar architec-
ure offers an excellent inter-component heat transfer, however,
t is poor for heat retention and results in significant heat losses
o the ambient.

. Understanding thermal management issues:
emonstration of an integrated SR

To address the crucial issue of heat management, with a focus
n the SR as the most critical component of the fuel proces-
or, a silicon microreactor-based SR was designed, fabricated,
nd demonstrated in the context of thermal integration reflec-

ive of an overall fuel processor. An integrated design (Fig. 3)
as made where thin metal film heaters, temperature sensors,

nd microfabricated insulation were directly embedded into the
nit. External heat is introduced to simulate integration with
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Fig. 3. Demonstration of thermally integrated SR.

combustor by controlled heat introduction. Detailed thermal
ata (heat input required, heat losses, temperature profiles) and
eaction data (conversion and selectivity) were acquired.

Because of its various advantages, silicon microfabrication
echnology was employed in this work to achieve minia-
urization. However, our intent is to perform thermal and
eaction experiments whose outcome depends most critically
n microscale geometry and less so on the materials of con-
truction. In this way the results obtained may be generalizable
o any of the materials technologies.

.1. Design of micro-methanol SR

A silicon microreactor with a reaction zone of
cm × 1 cm × 400 �m (0.04 cm3) was designed. The reaction
one was designed to incorporate a packed bed of commercial
opper-based powder catalyst. The microreactor consisted of an
nlet to introduce the mixture of vaporized methanol and steam,
n outlet to remove reformate, a packed bed reaction zone, a
ow manifold structure, and filter structures at the outlet to trap
atalyst particles.

.2. Internal heat management: thermal coupling and
esign of insulation

In order to maintain desired temperature gradients between
uel processor components, insulators are required to bridge
he temperature differences. We found that the selection of
nsulation is critical to thermal integration. The goal was to
esign insulation such that it does not add much to the weight
nd volume of the total system and can be easily integrated
sing microfabrication processes. Because of the high thermal
onductivity of silicon, short conduction paths, and the high
urface-to-volume ratio inherent to microreactors, only insulat-
ng materials that can offer ultra-low thermal conductivity can be
ffective to bridge these temperature differences and to minimize
onductive and convective heat losses to the surroundings.

The best commercial insulators have thermal conductivities
n the range of 0.02 W/(m K) and are difficult to integrate into a

icrofabricated unit. However, vacuum packaging of microre-
ctors can provide an effective means of insulation. From the
inetic theory of gases, it is known that the thermal conduc-

ivity of a gas is approximately independent of pressure for
tmosphere and above [20], and decreases with sub-atmospheric
ressures, as the mean free path becomes less than the enclo-
ure dimensions [21]. Fig. 4 shows a plot of kp/k0 (kp being

p
m
p
a

ig. 4. Thermal conductivity of air at sub-atmospheric pressures for a cavity
epth of 500 �m.

hermal conductivity of air at sub-atmospheric pressure [22]
nd k0 being thermal conductivity of air at atmospheric pres-
ure) versus sub-atmospheric pressures for a cavity depth of
00 �m. A microfabricated cavity surrounding the reactor filled
ith low-pressure gas offers low thermal conductivity down to

pproximately 0.001 W/(m K). Silicon microfabrication enables
straightforward approach to this structure, as the cavity etched

n silicon can be sealed to trap the desired vacuum and the desired
esidual gas species.

3D thermal simulation using ANSYS® simulation software
as carried out to design microfabricated vacuum insulation

uch that it can maintain the required temperature gradients.
he simulation also determined placement of the combustor and
rOx zones in reference to the reformer reaction zone, pressure

n the cavity and the depth of cavity required. The reforming
icroreactor was designed to produce 3.84e−4 mol min−1 of

ydrogen. Considering 75% hydrogen utilization in the fuel cell,
he remaining 9.6e−5 mol min−1 of hydrogen in the fuel cell
node effluent when burned, gives 0.38 W based on the lower
eating value (LHV) of hydrogen. The temperature boundary
ondition at PrOx side, endothermic heat of reforming reaction,
eactant and product sensible heats used in the 3D thermal model
re shown in Fig. 5(a) while Fig. 5(b) shows the simulation result.
he simulation yielded the required temperature distributions

n the combustor and SR compartments at fixed temperature
oundary condition of 155 ◦C at PrOx side. For generality, the
odel did not consider heat losses.

.3. Design and fabrication of an integrated SR

The design to simulate an integrated SR is shown in Fig. 6(a).
he stack of six chips consisted of insulation chips surround-

ng the reforming microreactor. The silicon microreactor was
overed with a PyrexTM cover on the top. Thin-film resis-
ance temperature detector (RTD) type temperature sensors were

atterned at different positions on the backside of the silicon
icroreactor. Three temperature sensors were placed at different

ositions to measure the reaction zone temperature distribution
nd one each was placed at the inlet and outlet section as shown
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ig. 5. (a) The concept of 3D thermal model used to design microfabricated vacu
n different compartments.

n the superimposed image (Fig. 6(b)) of the front and backside
AD masks of the microreactor. The sensors had meander-

ng resistors with a 4-wire design to minimize lead resistance
ffects. The insulation consisted of an assembly of silicon and
lass chips. The silicon chip had a cavity in the center and was
onded with the PyrexTM heater and temperature sensor sub-
trate as shown in the superimposed image of the mask designs
f silicon and glass chips in Fig. 6(c). The insulation require-
ents, described next, were determined based on thermal and

tructural considerations.
The insulation requirement between the combustor and the

eformer was not demanding, as the reformer needs endother-
ic heat of reaction. An appropriate thermal conductivity and

nsulating thickness was obtained in this case by a 50-�m deep
avity containing air at atmospheric pressure. The lateral dimen-
ions of the silicon and glass were 1.2 cm × 1.5 cm while the
avity was slightly smaller at 1.0 cm × 1.3 cm. The combustor
s 2.8 mm × 2.8 mm and is centered over an insulation chip. An
ntegrated on-chip thin-film Pt heater meandering along this area
as used to simulate the combustor. Three thin-film temperature

ensors were also patterned on the glass chip. One sensor was
ocated directly in the center of the combustor zone, while two
thers were placed on either side at a distance of 600 �m from

he center.

On the opposite side of the assembly, more stringent thermal
solation was required between the reformer and the PrOx. For
his reason, the insulation between the reformer and the PrOx

r
g
t
s

sulation. (b) 3D thermal simulation results showing the temperature distribution

ad a 200-�m deep cavity and was sealed with vacuum of less
han 5 mTorr. The silicon insulation chip of lateral dimensions
.2 cm × 1.5 cm had a cavity of 1.1 cm × 1.4 cm. As determined
rom the ANSYS® thermal simulation, the effective insulation
n this case required higher vacuum, a deeper cavity, and smaller
onductive distance between the cavity and the insulation chip.
ince silicon has a high thermal conductivity (150 W/(m K)),
nly a 500-�m wide border was maintained around the cavity
n the silicon insulation chip to minimize vertical conduction of
eat.

Silicon microfabrication technology was used to fabricate
omponents of the integrated device. Fig. 7 shows the fabricated
omponents of an integrated SR.

.4. Incorporation of commercial catalyst and assembly of
n integrated SR

The commercial BASF catalyst is incorporated in the form of
packed bed in the silicon microreactor bonded with glass. The
atalyst was received in a pellet form, and was ball milled and
ieved to obtain catalyst particles of mean diameter 70–80 �m.
hese particles were then introduced into the reaction zone

hrough the inlet via while creating suction at the outlet. The

eactor has an array of catalyst filter structures at the outlet with a
ap spacing of 30 �m ensuring that catalyst particles larger than
his remain trapped within the reaction zone. Fig. 7(c) shows the
ilicon microreactor packed with incorporated catalyst.



S50 K. Shah, R.S. Besser / Chemical Engineering Journal 135S (2008) S46–S56

Fig. 6. (a) The design of the integrated SR. (b) Superimposed image of the front and backside CAD masks of the microreactor. (c) Mask design for silicon and glass
chips of the insulation layer. Silicon chip with cavity to be etched in the center and glass chip patterned with thin-film heater and temperature sensors.

Fig. 7. (a) Frontside of silicon SR microreactor with SEM images of inlet via, flow manifold, and catalyst traps. (b) Backside of SR microreactor showing patterned
temperature sensors. (c) Incorporation of catalyst in the form of packed bed by vacuum loading. Catalyst loading achieved was 53.1 mg. (d) PrOx side insulation
chips. Etched cavity in silicon bonded under vacuum with patterned glass. (e) Combustor side insulation chips with SEM images of central combustor (heater) zone
and temperature sensors.
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F microreactor bonded with insulation chips. (b) Backside of reactor bonded with
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a function of the power input to the heater.

Despite the losses, it was possible to obtain the required ther-
mal isolation between the combustor, the reformer and the PrOx
units. For the reformer temperature of 230 ◦C, the temperature
ig. 8. SR microreactor bonded with the insulation chips. (a) Frontside of SR
nsulation chips. (c) Assembled integrated microreformer (six-chip stack).

Next, the insulation chips are bonded on the front and back
ides of the catalyst-loaded microreactor using high temperature
poxy. Fig. 8 shows the microreactor bonded with the insulation
hips.

. Results and discussion

.1. Thermal characterization

Thermal characterization was carried out without flows in
rder to measure critical thermal parameters including heat
equirement, heat transfer rates between components, lateral and
ertical temperature distributions, insulation effectiveness, and
eat loss mechanisms.

Electrical connections were made by attaching thin wires
o the contact pads with conductive silver epoxy. All thin-film
emperature sensors were first calibrated to relate the change in
esistance with temperature. A linear trend was observed by plot-
ing normalized resistance (R/R0) versus the temperature. The
emperature coefficient of resistance (TCR) was then calculated
sing a linear fit, which allowed estimating temperatures from
he experimental resistance data.

During thermal characterization, the integrated device was
ot supported by any fixture to avoid external thermal contact.
nstead, the device was made to rest on the attached wires and
ept suspended in air as shown in Fig. 9.

For characterization, electrical heating with the integrated
hin-film heater was carried out to introduce a well-defined
nergy input. Heating in air was carried out until the required
60 ◦C temperature was obtained in the SR reaction zone. Once
he device reached steady state, the current and voltage across
he heater were measured along with resistances of temperature
ensors using digital multimeters. The heat required to raise the
emperature of the reaction zone and corresponding tempera-
ures of each component were thus obtained. We could introduce
lose to 6.8 W using this integrated thin-film heater. With this
ower, it was only possible to obtain a temperature of 230 ◦C

n the reforming reaction zone because of the high heat losses.

e observed that putting more power than ≈6.8 W resulted in
short circuit of the heater resistor and cracks in glass possibly

esulting from the combined effect of high current density and
F
t

ig. 9. Thermal characterization of an integrated device suspended in air.

igh temperature within the small heater zone. Fig. 10 shows the
emperatures of different components of the integrated device as
ig. 10. Temperature obtained in different components vs. the power input to
he uninsulated integrated device suspended in the ambient.
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NNu = 1.7N0.08
Ra (6)

where NNu is the Nusselt number and NRa is the Rayleigh num-
ber. The uncertainty in predicting Nusselt numbers from these
52 K. Shah, R.S. Besser / Chemical En

btained in the combustor and the PrOx were 564 and 150 ◦C,
espectively. The integrated device was design to obtain 350
nd 155 ◦C in the combustor and PrOx, respectively, for the
eformer temperature of 260 ◦C. The reaction zone remained at
niform temperature as measured by three temperature sensors
Tr2, Tr3, Tr4) placed at different location on the backside of
eaction zone. This was due to the high thermal conductivity of
he silicon embedded between the insulation chips.

However, for the other free surfaces open to the ambient,
arge lateral thermal gradients were observed even from these
mall-scale devices. For example, we observed a temperature
ifference of greater than 100 ◦C between a combustor (Tc, mea-
ured by a thin-film sensor placed in the center of the combustor)
nd Tc1, thin-film temperature sensor that was placed 600 �m
rom the combustor. Therefore, it was necessary to measure the
urface temperature distributions at even higher resolution than
riginally planned. In addition to thin-film temperature sensors,
anually placed thermocouples were used to obtain tempera-

ures at locations intermediate to the micro-RTD sensors.
The individual contributions of the different heat loss path-

ays was determined from the measured heat input as a function
f surface temperature. We make the normal assumption that
eat is lost from the free surfaces by free convection and radia-
ion. In addition to this, conduction through attached suspending
ires and thermocouples was considered. Therefore, at steady

tate,

in = VI = Qloss = Qwires + Qconv + Qrad (1)

eat loss from these wires on each surface was estimated by
pplying the so-called pin fin theory [23]. Heat dissipated from
he wires was calculated by integrating the loss over the side
urface of the wires, yielding

wires = (hP ′(Ts − T∞) tanh αl)
n

α
(2)

here α = hP′/kAw, P′ = 2πR, is the perimeter of the wire, R the
adius of the wire (250 �m), Aw the cross-sectional area of the
ire, h the heat transfer coefficient = 50 W(m2 K) (assumed), Ts

he edge temperature of the respective surface, T∞ the ambient
emperature, l = 10 cm, the length of wire, and n is the number
f wires on each free surface.

Since the substrate media incorporated here are transparent
o significant portions of the emission spectrum involved, the
pectral volumetric emission and absorption in silicon and glass
ere taken into account. For an isothermal, absorbing and emit-

ing medium, the intensity Iλ(L) of a monochromatic beam of
adiation is given by the following equation [24]:

λ(L) = Iλ(o) e−kλL + Ibλ(1 − e−kλL) (3)

he first term, Iλ(o) e−kλL, relates to the intensity of an imping-
ng beam and its reduction within the solid medium of thickness
due to absorption. The second term, Ibλ(1 − e−kλL), is the
olume-generated emission taking place over the thickness of
aterial, L. For a composite of adjacent silicon and glass pieces

f thickness L and L′, respectively, Eq. (3) then can be used to

F
l
“

ring Journal 135S (2008) S46–S56

etermine intensity at the free surfaces of the composite. Eq. (4),

λ(L′) = Ibλ(1 − e−((kSi
λ

L/2)+k
py
λ

L′)) (4)

ives the intensity at the free surface of the Pyrex piece in a com-
osite of silicon and Pyrex. This equation can also be rewritten
o obtain the intensity I�(L) from the free surface of the silicon
iece. In these equations, Ibλ = Ebλ/π, where Eb� is the spectral
lackbody emissive power (W/(m2 �m)) [20]. kSi

λ and k
py
λ are

he spectral absorption coefficients of silicon and Pyrex, respec-
ively. These calculations are made for the wavelength range
rom 0.1 to 100 �m to obtain the total emissive power E (W/m2),
hich is then multiplied by area to obtain Qrad. After determina-

ion of the radiation rate, the estimated values of Qwires and Qrad
ere then subtracted from the measured heat loss to evaluate
conv as in Eq. (5).

conv = Qloss − Qwires − Qrad (5)

ig. 11 shows the steady-state heat loss due to conduction
hrough wires, natural convection, and radiation as a function
f SR reaction zone temperature. The heat loss estimate shows
hat the surface heat loss by what we initially considered to be
atural convection makes up the major fraction of overall heat
oss at atmospheric pressure.

An unexpected finding from these results is that the effec-
ive convective losses were found to be significantly higher at
his length scale than the predictions obtained by correlations
or objects of conventional scale. We found that the heat trans-
er coefficient increases dramatically as the surface dimensions
ecrease and was severely underpredicted in our initial esti-
ates which relied on standard correlations. Based on additional

xperiments and analysis, we developed the following dimen-
ionless correlation to predict the heat transfer coefficient of
atural convection for micro to mesoscale objects (sub-mm to
m scale).
ig. 11. Total steady-state heat loss measured experimentally and estimated heat
oss by various pathways vs. the SR reaction zone temperatures. Curve labeled
natural convection” includes loss via gas phase conduction in adjacent air.
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Fig. 12. Thermal characterization of the integrated device suspended in vacuum
chamber.

F
t

Additional thermal characterization experiments were car-
ried out both at atmospheric pressure and under vacuum where
the integrated device was covered in commercial fiberglass insu-
lation (Fig. 15). Table 1 shows the heat input, temperatures
K. Shah, R.S. Besser / Chemical En

orrelations is approximately ±15% attributed mainly to exper-
mental error and assumptions made during estimation of the
ifferent losses.

The high convective losses from planar surface to the ambi-
nt are believed to be the combined effect of air conduction
nd natural convection with the former dominating at this scale.

hen we compared the convective heat rate using a conven-
ional, macroscale correlation from the literature [20], we found
hat it could only account for 30% of the effective convec-
ion rate. This is in agreement with the results of others who
ound extraordinarily high effective rates of convection from
m- to cm-scale surfaces [25,26], leading to suggestions that

irect conduction in the air is responsible for the discrepancy.
e adhere to this hypothesis as well, and hence the correlation
e developed (Eq. (6)) conveys an effective convection coeffi-

ient, since we believe another process besides convection must
e contributing. Gas-phase (air) conduction could be explained
s significant as system size decreases in the following way:
he small volume of gas heated by a small (mm- to cm-scale)
nterfacial area is changed in density due to an increase in tem-
erature. While with macroscale objects, this density difference
rives the flows associated with natural convection, the buoy-
ncy forces on the small volumes of heated gas in this case are
oo small to strongly overcome the forces of viscous drag which
ppose the convective motion. As a result, the gas does not flow
ignificantly, and direct conduction from the surface becomes
ominant.

Heat loss by radiation is also important in the considera-
ion of our measurements as it amounts to a significant fraction
f the total heat loss especially at high temperature. However,
n all of the conditions measured, radiation rates were lower
han the corresponding rates of effective convection (combined
ir conduction and convection). For all temperatures measured,
onduction loss to the attached wires was less than 7%.

Thermal characterization of this assembled device was then
arried out under vacuum to determine the effect of sub-
tmospheric pressure on steady-state heat loss. The integrated
evice resting on the attached wires was placed in the vac-
um chamber. The chamber was evacuated to 50 mTorr, and
he steady-state heat losses were characterized as a function of
urface temperatures (Fig. 12). Fig. 13 shows the temperature
btained in different compartments as a function of the power
nput to the heater.

Thermal measurements under vacuum required ≈4.3 W of
eat in order to obtain the required 260 ◦C temperatures in the SR
eaction zone. The steady-state heat loss data was then analyzed
o determine relative magnitudes of conduction through wires,
ir conduction plus natural convection, and radiation losses.
ig. 14 shows the comparison of heat losses by air conduc-

ion plus natural convection as a function of SR reaction zone
emperature for the ambient pressure and vacuum tests. For the
R reaction zone temperature of 230 ◦C, the heat loss by air
onduction plus natural convection was 2.1 W under vacuum

ompared to 4.8 W observed at ambient pressure. Therefore, it
as possible to reduce this loss by about 60%. However, even

t this level of vacuum, the convection could not be entirely
uppressed.

F
t
u

ig. 13. Temperature obtained in different components vs. the power input for
he integrated device suspended in vacuum chamber.
ig. 14. Heat loss by air conduction and natural convection as a function of
he SR reaction zone temperature for the integrated device suspended in air and
nder vacuum.
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ig. 15. (a) Integrated device covered both sides with fiberglass insulation of si
nsulation.

btained in combustor, SR, and PrOx zones, and breakdown
f steady-state heat loss into convective and radiative losses for
ach experiment.

As shown in Table 1, the device covered in loosely packed
berglass insulation showed the best performance at both atmo-
pheric and vacuum tests. The heat losses decrease with an
ncrease in thickness of the insulation, resulting from reduced
emperature gradients and heat transfer coefficients. However,
sing a large amount of insulation adds to the weight and espe-
ially the volume of the overall system, which lead to reductions
n energy density.

.2. Reaction characterization

Experiments are carried out to determine conversion and
electivity, hydrogen production rate (corresponding power out-
ut), heat required to drive the reforming reaction, and thermal
ffects on reaction.

The reaction was carried out at different temperatures from
20 to 280 ◦C with a combined feed flow rate of 0.009 ml min−1

methanol flow rate of 1.36e−4 mol min−1). At 280 ◦C, close to
00% methanol conversion was achieved, producing 9 sccm of
2. At the reaction temperature of 220 ◦C, the methanol con-
ersion was decreased to 50%, reducing the H2 produced to
.2 sccm. CO was not formed in detectable amounts at the reac-
ion temperature of 220 ◦C, however, it increased to 1.1% as the

emperature increased to 280 ◦C.

The effect of feed flow rate on the methanol conversion was
etermined by changing combined feed flows from 0.007 to
.015 ml min−1 at a reaction temperature of 260 ◦C. Methanol

able 1
eat required to raise reformer temperature to 260 ◦C, corresponding to temperatures
eat loss into convective and radiative losses for each experiment

xperiment Qin (W) T

uspended on wires in ambient (Fig. 10) 6.8 5
uspended on wires under vacuum (Fig. 13) 4.3 4
overed with fiberglass insulation of size l = 4 cm,
w = 2.3 cm, t = 2.4 cm (Fig. 16(a)), in ambient

5.1 5

overed with fiberglass insulation of size l = 4 cm,
w = 2.3 cm, t = 2.4 cm, under vacuum

2.8 4

laced in insulation of size l = 10 cm, w = 8 cm, t = 8 cm
(Fig. 16(b)), in ambient

2.5 4

laced in 10 cm × 8 cm × 8 cm insulation, under vacuum 1.8 3

he convective loss shown here actually accounts for the combined effect of air cond
m × 2.3 cm × 2.4 cm. (b) Integrated device placed in a 10 cm × 8 cm × 8 cm of

onversion was decreased, while the reformate and hydrogen
ow rates increased with increasing feed flow rate (result-

ng in decreasing residence time). With the total feed rate of
.015 ml min−1, 82% of methanol conversion was achieved, pro-
ucing 14.3 sccm of hydrogen. Considering 60% efficiency and
5% H2 utilization, this stream is sufficient to produce 1.04 W
rom the fuel cell.

We did not observe any major change in temperature profiles
uring the reaction arising from the flows and endothermic nat-
ral of the reaction. This is because the heat required to carry
ut the endothermic SR reaction is quite small relative to the
mount of heat to be input (because of high heat losses) in order
o achieve the required reaction temperature.

.3. Packaging suggestions and scale up

Based on the understanding gained from thermal character-
zation experiments, the following packaging suggestions are

ade to reduce air conduction, convection, and radiation losses.

In scaling up, it is desirable to form a stacked three-
dimensional assembly in preference to using larger chips (3D
architecture instead of planar sheets). This reduces the surface-
to-volume ratio and thus the surface convective and radiative
losses.
Heat losses by air conduction and natural convection consti-

tute a significant fraction of total heat loss at ambient pressure.
These heat losses were reduced by covering the device in insu-
lation and operating under vacuum. Use of low-k insulating
materials helps reduce these losses. However, there is a trade-

obtained in the combustor, SR, and PrOx zones, and breakdown of steady-state

comb (◦C) TSR (◦C) TPrOx (◦C) Qconv (W) Qrad (W)

64 230 149 4.8 1.7
52 260 176 2.4 1.7
32 260 166 3.6 1.3

14 260 186 1.3 1.3

11 260 181 1.3 1.0

86 260 181 0.6 1.0

uction and natural convection losses.
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off on the amount of insulation that can be used without adding
much to the weight and volume of the integrated system. Addi-
tionally, it would be helpful to use a low-k gas like argon
instead of air surrounding the integrated device to reduce gas
conduction losses. We observed that the use of vacuum below
50 mTorr reduces these losses by at least 60%. However, at this
level of vacuum, the air conduction and convection could not
be entirely suppressed. This is consistent with other reports
in literature [17,19]. Vacuum packaged insulation is superior
for reducing these heat losses without significantly increasing
volume. However, it seems that a vacuum down to 10−4 Torr
or below is required to minimize losses through the ambient
air [17]. This presents a challenge in developing a reliable and
hermetic vacuum package that can hold such a low pressure
for a long period of time. We suggest employing the combi-
nation of low-k insulating material and vacuum packaging to
reduce air conduction and convective losses.
Radiative heat losses from a free surface can be reduced by
using reflective insulation or by employing high reflectivity
and low emissivity materials.

We observed that heat loss to the ambient via gas conduc-
ion, convection, and radiation was substantial compared to
he required heat for critical energy-consuming fuel process-
ng functions including fuel vaporization and the endothermic
R reaction. Considering the integrated device of the vaporizer,
ombustor, SR, and PrOx having a size of 1 cm × 1 cm × 0.5 cm,
f we employ the above packaging recommendations, it would
till result in a minimum heat loss of 1.0 W. The total energy
equired considering heat loss (1.0 W) plus energy to drive the
ndothermic SR reaction (0.13 W) and fuel and water vapor-
zation (0.20 W) is then 1.33 W. Considering 75% hydrogen
tilization in the fuel cell, hydrogen recycled from the fuel cell
node when burned gives only 0.38 W, thus an additional of
.33 − 0.38 = 0.95 W would required by combusting methanol
uel. The device can produce 3.84e−4 mol min−1 of hydrogen,

esulting in a lower heating value of 1.55 W, while considering
uel cell efficiency as mentioned previously it can produce a net
.65 W output. Thus, we can see that we will begin to see the ben-
fits of an integrated fuel processor + fuel cell approach as sys-

ig. 16. Anticipated heat loss, reformer energy requirement, and LHV of the
n-utilized hydrogen in the anode off-gas as a function of fuel cell power output.

p
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ems are designed for powers exceeding a few W. Fig. 16 shows
he anticipated heat loss after stacking of reactor layers and
mploying packaging recommendations, including the heat duty
equired for the endothermic SR reaction and for fuel and water
aporization, and the LHV of un-utilized hydrogen available at
ifferent power outputs of 1, 10, and 20 W from the fuel cell.

. Conclusion

Understanding thermal management issues in a microscale
uel processor is crucial in order to reduce heat losses and
mprove thermal efficiency. This work was aimed to understand
his critical issue and develop a knowledge base required to ratio-
ally design and integrate the microchemical components of
fuel processor. A silicon microreactor-based steam reformer
as successfully designed, fabricated, and demonstrated in the

ontext of complete thermal integration as determined from the
hermal simulation for the integrated system. The fabricated

odel components of an integrated device were used for the
cquisition of critical thermal parameters of the overall coeffi-
ients for the transfer of heat from components to one another
nd to the outside environment by different heat loss pathways.
ased on thermal characterization experiments, the heat loss
echanisms and heat coefficients were determined and sugges-

ions were made for scale up and implementation of packaging
chemes to reduce different modes of heat losses. Acquisition
f the thermal experimental data help to verify and improve the
odel used to simulate thermal behavior of an integrated device.
his combined experimental/modeling approach can then be
sed as the quantitative basis for designing an integrated portable
uel processor.

The SR microreactor produced 14.3 sccm of hydrogen (cor-
esponding to a net power output of 1.04 W from the fuel cell)
ith relatively low levels of carbon monoxide. The experiments

ffectively demonstrated the potential of microreactor-based on-
emand H2 generation, and provide impetus for a subsequent
hase of development involving completely integrated subsys-
ems.
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