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bstract

Microreactor technology is a promising approach in harnessing the high energy density of hydrocarbons and is being used to produce hydrogen-
ich gases by reforming of methanol and other liquid hydrocarbons. However, on-demand H2 generation for miniature proton exchange membrane
uel cell (PEMFC) systems has been a bottleneck problem, which has limited the development and demonstration of the PEMFC for high-
erformance portable power. A number of crucial challenges exist for the realization of practical portable fuel processors. Among these, the
anagement of heat in a compact format is perhaps the most crucial challenge for portable fuel processors. In this study, a silicon microreactor-

ased catalytic methanol steam reforming reactor was designed, fabricated, and demonstrated in the context of complete thermal integration to
nderstand this critical issue and develop a knowledge base required to rationally design and integrate the microchemical components of a fuel
rocessor. Detailed thermal and reaction experiments were carried out to demonstrate the potential of microreactor-based on-demand H2 generation.

ased on thermal characterization experiments, the heat loss mechanisms and effective convective heat coefficients from the planar microreactor

tructure were determined and suggestions were made for scale up and implementation of packaging schemes to reduce different modes of heat
osses.

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

As fuel cell (FC) gain attention as potential energy solution
f the future, one of the most promising fields of application
s portable power, as a prominent alternative to batteries [1].
atteries are a multi-billion dollar market and the technology
as made significant strides in the last couple of decades to
eet growing power demand of advanced portable computing,

andheld personal devices, and other microelectronics systems.
he rechargeable battery technology has progressed from nickel
admium (NiCD) to nickel meta hydride (NiMH) to lithium
on (Li-Ion). Until recently, the gradual improvement of Li-

ased batteries was enough to power mobile computing devices.
nfortunately, the energy density available from current bat-

ery technology is inadequate to match the power demands
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f emerging portable devices [2]. This need has encouraged
esearchers to continue to vigorously explore FCs as miniature
ower sources.

High energy density is required for advanced portable appli-
ations for consumer use (e.g., laptop computers, PDAs, cellular
hones, medical and telecommunication devices), and for mili-
ary and intelligence use (e.g., remote sensors (<20 W), systems
or the soldier (<500 W), silent power generation and battery
echarging (200 W–2 kW), and mobile power generation and
uxiliary power units (>2 kW)) [3], with the goal of allowing
hese devices to operate for longer times with less recharging.

iniatures FCs offer promise for the conversion of chemical
nergy into electrical energy in a highly efficient way achiev-
ng the goals of power dense, light weight, and compact power
ources.
The proton exchange membrane fuel cell (PEMFC) is partic-
larly attractive and promising for portable applications because
f its ability to provide high power density and nearly instant
ower. Moreover, its simplicity in design and operation allow-

mailto:rbesser@stevens.edu
dx.doi.org/10.1016/j.jpowsour.2007.01.009
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Nomenclature

A surface area (m2)
Aw cross-sectional area of the wire (m2)
cMeoH methanol concentration in feed (mol cm−3)
dh hydraulic diameter (m)
DAB diffusivity of methanol in gas mixture (m2 s−1)
E Emissive power (W m−2)
Ebλ spectral blackbody emissive power

(W m−2 �m−1)
h heat transfer coefficient (W m−2 K−1)
I current (A)
Iλ radiative intensity (W m−2 s−1)
kg mass transfer coefficient (m s−1)

k
Py
λ spectral absorption coefficient of PyrexTM (m−1)

kSi
λ spectral absorption coefficient of silicon (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
rMeOH methanol reaction rate (mol cm−3 s−1)
Sh Sherwood number
Ts surface temperature (K)
T∝ ambient temperature (K)
V voltage (V)
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α constant used in equation (5)

ng fabrication of a compact and lightweight cell, mild operating
onditions (temperature less then 100 ◦C, pressure in the range
f a few atmospheres), and relatively low loading of precious
etal catalysts are additional strong advantages [1,4].
The success of PEMFC technology for portable power

epends heavily on the development of efficient ways of deliv-
ring the appropriate fuel to the cell. The PEMFC operating
n hydrogen as the fuel holds the most promise, offering the
est possible efficiency and power density [5,6]. However, while
ydrogen offers high energy density on a per weight basis, it has
poor energy density per volume. Gaseous hydrogen is there-

ore difficult and inefficient to store and several high energy
ensity storage methods have been investigated such as highly
ressurized cylinders, metal hydrides, chemical hydrides, and
ven carbon nanotubes [7,8]. Since on-board storage of hydro-
en is unsafe and energy inefficient, two main alternatives are
ommonly envisioned and employed for portability.
One approach, the direct FC employs fuels like methanol,
thanol, formic acid, etc., directly in the cell to generate elec-
ricity. The direct FC has the advantage of a smaller total system
nd weight, as it does not need an in-situ fuel processing (FP)

h
a

p
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nit to extract hydrogen. Among all direct FCs investigated
t the portable scale, more research and development efforts
re focused on the development of direct methanol fuel cell
DMFC). Several groups are pursuing low power DMFCs for
ortable power applications [9]. Although the DMFC offers
romising possibilities as a miniature power source, the technol-
gy has to overcome a number of challenges to be competitive
ith battery technology in terms of efficiency, power density,

nd cost. Methanol crossover and the relatively slow reaction
ate of methanol oxidation to hydrogen ions and carbon diox-
de at the anode are persisting challenges that currently limit
he DMFC to less stringent applications. In addition to DMFC,
he direct ethanol fuel cell (DEFC) and direct formic acid fuel
ell (DFAFC) are also being developed. Ethanol is considered
n attractive fuel mainly because of its higher theoretical energy
ensity than methanol, non-toxicity, availability, and renewabil-
ty [10,11]. However, the available power density from DEFC
s currently about half that of DMFC resulting from relatively
lower electrooxidation reaction kinetics at the anode. Recently,
he DFAFC has been demonstrated as an attractive alternative
12]. The theoretical energy density of formic acid is less than
ne-third of methanol. However, formic acid has other advan-
ages like faster anode kinetics and smaller crossover through
afion membranes. Unlike DMFC where methanol crossover

imits the use of higher methanol concentration solutions, it is
ossible to run the DFAFC with high concentrations of formic
cid. However, it was recently observed that the performance of
he cell dropped as the formic acid concentration was increased
eyond 10 M because of decreases in anode catalytic activity
nd an increase of the fuel crossover [13].

The other, higher performance alternative is to generate pure
ydrogen on site and on demand by processing easily stored,
igh energy density liquid fuels [14]. FP adds complexity,
eight, volume, and cost compared to the DMFC or a sys-

em running directly on hydrogen, however the effective energy
torage density is significantly higher.

A wide variety of energy dense hydrocarbons such as nat-
ral gas, methanol, gasoline, and diesel can be reformed into
ydrogen-rich streams for FCs. Different processes are available
or hydrogen extraction and subsequent purification, there-
ore, the type of hydrocarbon and method used to produce the
ydrogen play a major role in the design of a FP system. Pro-
essing of liquid hydrocarbons to hydrogen involves a series
f steps including fuel vaporization, reforming (three main pro-
esses available are partial oxidation, steam reforming (SR), and
utothermal reforming), water gas shift (WGS), and CO clean up
preferential oxidation (PrOx), hydrogen separation by perme-
tion through a hydrogen-selective membrane, or pressure swing
dsorption) before feeding hydrogen rich gases to the FC.

Methanol is the fuel of choice for mobile portable power
pplication as it is sulfur free and can be reformed at rela-
ively low temperatures (250–300 ◦C), simplifying the micro
P design. Moreover, it offers other advantages like high

ydrogen–carbon ratio, high energy density, and ready avail-
bility.

The following chemical reactions take place during the SR
rocess.
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H3OH + H2O ⇔ CO2 + 3H2 (�HR = 50 kJ/mol) (1)

H3OH ⇔ CO + 2H2 (ΔHR = 90 kJ/mol) (2)

O + H2O ⇔ CO2 + H2 (ΔHR = −41 kJ/mol) (3)

q. (1) is the main reforming reaction, Eq. (2) is the methanol
ecomposition reaction, while the third equation represents the
ater–gas shift reaction. The reforming reaction is endother-
ic in nature and thus requires external energy. Also energy

s required to vaporize and superheat the methanol–water mix-
ure to the desired SR reaction temperature. These requirements
an be reasonably met by combusting excess hydrogen from the
node exhaust of the FC. The catalytic SR of methanol on a
uO/ZnO based catalyst is a highly efficient process, producing
reformate with high hydrogen concentration (65–70%) while
aintaining high CO2 selectivity compared to other available

eforming processes. A CO concentration of 1–2% is attained
hile operating at temperatures ranging from 220 to 260 ◦C as
consequence of reaction thermodynamics [15,16]. Therefore
methanol-based FP system must include a CO clean up step,

s this relatively low level of CO is still enough to poison the
EMFC catalyst. However, the low CO concentration eliminates

he need for WGS, requiring only a PrOx step to reduce CO
elow 10 ppm.

. Microscale FP: issues and challenges

A block diagram for an overall system was developed and
s shown in Fig. 1. The system burns the unconverted hydro-
en from the FC anode in the combustor to supply the heat
equired for vaporizing the methanol-water feed and to carry out

he endothermic reforming reaction. The total system includes
ey microreactor components (combustor, vaporizer, SR, and
rOx reactor), FC stack, a diluted methanol storage tank (water
ecycling is not employed for simplicity), a rechargeable battery

t
n
p

Fig. 1. Block diagram for converting methanol to e
er Sources 166 (2007) 177–193 179

or start up and rapid load following, insulation, and peripheral
omponents. In addition, a separate storage of pure methanol
s required as an additional fuel in the combustor if the uncon-
erted anode hydrogen does not meet the energy requirement
or vaporizer and SR.

Considerable efforts have been made to develop an integrated
P/FC system, however, several issues and challenges persist.
ased on the literature and our own research, many of these
ey issues are identified and discussed in our previous paper
17]. Among them, miniaturization of system components and
hermal management are perhaps the most crucial. In order to
nderstand the relationships and tradeoffs of these issues, a study
ncompassing energy density, component sizing, and thermal
ntegration of key FP components was performed.

.1. Analysis of energy density with methanol-based FP/FC
ystem

Energy density is the ratio of energy available from a power
ource to its volume (usually quoted in Wh l−1) or weight
Wh kg−1), while for a fuel it is the amount of energy that can
e contained in a specific quantity of the fuel itself.

Pure methanol has an energy density of 4380 Wh l−1

5600 Wh kg−1), which is about 15 times the projected energy
ensity of a Li-ion secondary battery (300 Wh l−1), meaning
hat the FP/FC unit has superior energy density even with an
verall conversion efficiency as low as 7%. In the case where
o water recycling is employed to minimize system complexity,
ater has to be carried with methanol for the reforming. With a

toichiometric steam to carbon ratio of 1:1, this reduces the net
nergy density to 3000 Wh l−1 (4550 Wh kg−1).
The energy density comparison between methanol-based FC
echnology with batteries illustrates the potential of this tech-
ology for the consumer portable market. If an advanced cell
hone device consuming 1 W is powered by a 50 ml methanol

lectricity using an integrated FP/FC system.
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Table 1
Energy density at various mission durations

Mission duration DARPA goal
(Wh kg−1)

Weight (kg) of FP/FCa

(energy density, Wh kg−1)
Weight of BA
5590b (kg)

Weight ratio
(FP/FC)/BA 5590

3 h, 60 Wh 1000 0.55 (110) 0.35 1.57
3 days, 1440 Wh 2000 1.75 (820) 8.32 0.21
10 days, 4800 Wh 3000 4.70 (1020) 27.75 0.17

Based on DARPA expectations and estimated from methanol-based FP/FC integrated system.
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a Weight of FP/FC excluding (methanol + water) storage: 500 g.
b BA 5590, a lithium-ion battery (energy density of 170 Wh kg−1) is a widely

artridge, and considering only 10% overall efficiency, a con-
inuous transmission time of 22 h without recharge is possible.
his represents a significant gain relative to current capabili-

ies.
A number of military applications have been identified

hich represent a significant market for miniature power. The
epartment of Defense (DoD) seeks lighter and more compact

lectrical power sources for individual soldier, robotic, and other
ombat missions. The higher energy density will allow soldiers
o carry less weight and to extend mission duration.

In 2002, DARPA set the energy density goals for three mis-
ion scenarios at an average power level of 20 W [18], which are
isted in Table 1. The expected specific energy includes the total
ystem and fuel.

If we assume an optimistic conversion efficiency (which
ncludes FP conversion efficiency and FC efficiency) of 25%,
vailable energy density would be 1140 Wh kg−1. It is pos-
ible to determine whether methanol-based systems can meet
nergy density expectations set by DARPA for different mis-
ions assuming the conditions listed in the caption to Table 1.
his comparison is shown in Table 1. We see clearly that DARPA
as set aggressive energy density expectations for these mis-
ions, which can only be achieved with diesel or other high
nergy density hydrocarbons; or perhaps with alternative tech-
ologies.

Table 1 also shows the comparison between the weights of
he BA 5590 battery versus a methanol FP/PEMFC system.
et energy density increases favorably for extended missions

ince only fuel is added to increase the duration. As shown in
able 1 missions of 10-day duration result in a net energy den-
ity of 1020 Wh kg−1, which is a six times improvement over
he BA5590 (170 Wh kg−1).

.2. Miniaturization: microchemical systems for microscale
P

Microchemical systems have the potential for highly com-
act power sources through integration of a FC with all the unit
peration components of a FP along with microstructured sen-
ors, actuators and other “balance of plant” (BOP) devices. [19].
heir microscale dimensions result in high heat and mass trans-
er rates [20], making them efficient in applications where it
s necessary to thermally couple endothermic and exothermic
rocesses. The excellent transport and low thermal mass ensure
hort times to reach working temperature at start-up.

o
a
r
fi

battery for military applications.

.3. Miniaturization: component sizing and compatible
atalyst technology

The initial objective of our group’s research efforts was
o perform a model-based design and integration study of

icrochannel reactor components of a fuel-processing unit for
onverting methanol to hydrogen with <10 ppm CO for a 20We
EMFC. The ASPEN PLUSTM process simulator was used to
imulate the overall FP/PEMFC system. The ASPEN analysis
rovided major operating parameters such as temperatures, pres-
ures, and flow rates needed to carry out a preliminary design
or key FP microreactor components as a first order estimate of
he size requirements for the 20We micro FP [21].

The SR, combustor, and PrOx microreactors were designed
ased on a thin-film catalyst approach [22], which consists of
∼10 �m layer of catalyst deposited on microchannel walls.

or the preliminary design of the SR and combustor, a kinetic
odel based on power-law rate expressions from the literature
ere used [23,24]. The PrOx microreactor design is based on
ur own kinetic experimental data as our group has successfully
emonstrated a 0.25We single channel silicon microreactor with
t/Al2O3 thin-film wall catalyst for PrOx of CO in hydrogen rich
eformate [25]. This modeling approach estimated the catalyst
oading for each of the microreactor components, which helped
etermine other microreactor design details such as size and
umber of microchannels required, overall reactor layer size
nd geometry, and the number of layers to be stacked, etc. The
rocess parameters and the design results for each component
re listed in Table 2.

Miniaturization of each component by reducing weight and
olume and high-energy efficiency were the main objective of
his work. Due to different demands placed on the different
eaction steps, there are different requirements for the catalysts
or each of the components. The sizing estimates show that the
hin film catalyst approach can be used for PrOx and combustor

icroreactors but it is not favorable for the SR microreactor at
his scale, based on the achievable loading. Note that the com-
ustor required the least amount of catalyst loading, such that a
ingle Pt wire would be sufficient.

The results obtained from the above 1D sizing-analysis
howed that the SR is the largest component and it drives the

verall size of the micro FP. The SR reaction is relatively slow
nd hence needs larger amounts of catalyst at this temperature
ange to achieve high conversion. It is not possible to load a suf-
cient catalyst amount to further miniaturize the SR if the thin
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Table 2
Preliminary sizing estimates: process parameters and design results

Component Process parameters and design results

SR We, 60% FC efficiency, 75% H2 utilization
MeOH conversion 100%
FMeOH = 6.233e−5 mol s−1

FH2O = 8.10e−5 mol s−1

H2O:MeOH = 1.3:1
260 ◦C
1 atm
Microchannel: 50 �m × 400 �m
Parallel microchannels: 1000
Channel to channel spacing: 50 �m
Reaction zone width: 10 cm
Catalyst film: Cu/ZnO/Al2O3, 5 �m thickness
(0.0478 g cm−1)
Reactor layers: 24
Total catalyst loading: 2.87 g

PrOx 160 ◦C
Catalyst film: Pt/Al2O3, 5 �m thickness
(0.0478 g cm−1)
CO in reformate: 2.2%
Reactor layers: 9
Total reactor loading: 1.1 g

Combustor Off gas recycle to combustor: 2.5e−4 mol s−1

Gas composition: H : 33.8%, CO : 38.8%,
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microscale geometry and less so on the materials of construction.
In this way the results obtained may be generalizable to any of the
materials technologies. Silicon is a reasonable material choice
as it is lighter than stainless steel and possesses high mechanical
2 2

H2O: 11.8%, O2: 0.6%, and N2: 15.1%
Total catalyst loading: 1.2 mg

lm approach is used. Thus a different approach to incorporate
atalyst into the small reaction zone of microreactor at higher
oading is needed. Packing the reformer with catalyst powder
nd use of a foam-based cellular catalyst [26], offering signifi-
antly higher loading than thin-films are other options that were
lso considered.

.4. Thermal management in microscale FP

Thermal management in miniature systems is perhaps the
ost crucial challenge for microscale FPs. Thermal coupling

s needed to allow transfer of energy from the heat produc-
ng combustor to the endothermic SR. Coupling endothermic
nd exothermic components and minimizing losses promotes a
igh thermal efficiency. However, such coupling must be accom-
lished in a manner that permits the maintenance of specific
emperatures in the various components as shown in Fig. 2 and

aintains the surface of the package near room temperature.
icroreactors generally offer high heat transfer rates mainly

ecause of high surface-to-volume ratio, short conduction paths,
nd high thermal conductivity of materials used. This charac-
eristic results in efficient heat transfer between the different
rocessing steps but at the same time results in higher heat
osses to the ambient. Therefore, thermal management offers

dual challenge of opposing the heat losses from the system
hat arise from high surface-to-volume ratio in conjunction with
aintaining temperature gradients within the system to allow
esired conditions in the unit reaction steps.

Different materials have been used for the construction of
icroscale FP components, including metal [27–29], silicon
Fig. 2. Integration of fuel processing components.

30–33], ceramic [34], and glass [35]. However, all the materials
pproaches are confronted with the thermal management issues
escribed above. Because microfabrication processes leverage
wo-dimensional replication technologies like photolithography,

flat, sheet-like architecture is the norm for microfabricated
omponents of FPs. This kind of low aspect ratio, planar archi-
ecture offers an excellent inter-component heat transfer, but is
oor for heat retention and results in significant losses to the
mbient.

. Thermal management: demonstration of an
ntegrated SR

To address the crucial issue of heat management, we present
he development of a silicon microreactor based methanol SR
ith emphasize on thermal integration of the overall system. As

hown in Fig. 3, a silicon micro SR was designed and integrated
ith microfabricated insulation as dictated by an overall system
esign. An integrated design was made where thin metal film
eaters and temperature sensors were directly embedded into
he unit. External heat was introduced to simulate integration
ith a combustor. Detailed thermal data (heat input required,
eat losses, temperature profiles) and reaction data (conversion
nd selectivity) were acquired.

Because of its various advantages, silicon microfabrication
echnology was employed in this work to achieve minia-
urization. However, our intent was to perform thermal and
eaction experiments whose outcome depends most critically on
Fig. 3. Demonstration of thermally integrated SR.
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trength, chemical inertness, thermal stability, and large thermal
onductivity. With the established silicon microfabrication tech-
ology, it is possible to create novel microchannel and reactor
onfigurations in the sub-millimeter range. An important advan-
age of silicon microfabrication is its compatibility with thin
lm technology. This facilitates eventual on-chip integration of
unctional elements like sensors and actuators allowing compact
rocess control subsystems.

.1. Design of a micro methanol SR

A silicon microreactor with a reaction zone of 1 cm × 1 cm ×
00 �m (0.04 cm3) was designed. The design incorporates a
acked bed of commercial copper-based powder catalyst. The
acking of the reaction bed resulted in a catalyst loading of 50 mg
alculated using the bulk density of the catalyst. A kinetic model

as formulated using an Arrhenius type power-law rate expres-

ion for methanol reforming over a Cu/ZnO/Al2O3 catalyst
23], assuming no mass transfer resistance. Using this model,
ith the knowledge of reaction temperature and catalyst load-

fl
h
m
u

Fig. 4. (a) Design of the SR microreactor. (b) 2D axisymmetric flow mod
er Sources 166 (2007) 177–193

ng, methanol and water flows (S/C molar ratio of 1.3:1) were
etermined to achieve essentially 100% conversion of methanol.
sing a methanol flow rate of 1.32e−4 mol min−1 at 260 ◦C,

he reaction produces 3.84e−4 mol min−1 (9 sccm) of hydro-
en, which was sufficient to produce 0.65 W from a FC assuming
0% efficiency and 75% hydrogen utilization in the FC.

Fig. 4(a) shows the design of the SR microreactor. The reac-
or consisted of an inlet to introduce the mixture of vaporized

ethanol and steam, an outlet to remove reformate, a packed
ed reaction zone, flow manifold structure, and filter structures
t the outlet to trap catalyst particles.

Pressure drop for the reaction zone packed with catalyst was
stimated from the Ergun equation [36]. For catalyst particles
f 75 �m, the reactor of 1-cm bed length resulted in a nearly
nsignificant pressure drop of 190 Pa. This low pressure drop
s consistent with the low superficial velocity resulting from the

ow rates of gaseous reactants through the 1-cm wide × 400 �m
igh cross-section. Low pressure drop across the bed can lead to
aldistribution of flow and the resulting non-uniform catalyst

tilization and residence time. In order to avoid this situation,

el used in CFD simulation and velocity distribution in microreactor.
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n inlet manifold structure was designed to obtain uniform flow
istribution across the reaction zone width. The manifold chan-
els were designed to ensure that catalyst particles easily flow
nto the reaction zone during loading. The FLOTRAN CFD sim-
lation package in ANSYS Multiphysics software was used to
etermine the velocity profile across the reaction zone for a given
oundary condition of flow velocity at the inlet with an outlet
oundary condition of atmospheric pressure. Fig. 4(b) shows the
D axisymmetric flow model and the velocity profile along the
acked bed.

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

In order to maintain desired temperature gradients between
P components, insulators are required to bridge the temper-
ture differences. The goal was to design insulation such that
t adds little to the weight and volume of the total system and
an be integrated with microfabrication. The high surface-to-
olume ratio of microreactors, high thermal conductivity of
ilicon, and sub-millimeter conduction paths make it difficult
o obtain the desired thermal isolation between components. It
s therefore, necessary to employ special structures like thin sus-

ended membranes, vacuum gaps, or insulating materials with
ltra low thermal conductivity to bridge these temperature dif-
erences and to minimize conductive and convective heat losses
o the surroundings.

P
s
e
3

ig. 5. (a) Thermal conductivity of air at sub-atmospheric pressures for a cavity dep
n Si, and reformer reaction zone sandwiched between insulation chips.
er Sources 166 (2007) 177–193 183

The best commercial insulators have thermal conductivities
n the range of 0.02 W mK−1 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 [37], and decreases with sub-atmospheric
ressures, as the mean free path becomes less than the enclo-
ure dimensions [38]. Fig. 5(a) shows a plot of kp/k0 (kp being
hermal conductivity of air at sub-atmospheric pressure [39]
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 mK−1. Silicon microfabrication enables
straightforward approach to this structure, as the cavity etched

n silicon can be sealed to trap the desired level of vacuum and
he desired residual gas species. Fig. 5(b) shows the concept for
ntegrating vacuum insulation.

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, pres-
ure in the cavity and the depth of cavity required. As noted
arlier, the reforming microreactor was designed to produce
.84e−4 mol min−1 of hydrogen. Considering 75% hydrogen

th of 500 �m. (b) Vacuum insulation chip with a single microfabricated cavity
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ig. 6. (a) The concept of 3D thermal model used to design microfabricated vacu
n different compartments.

tilization in the FC, the remaining 9.6e−5 mol min−1 of hydro-
en in the anode effluent when burned, gives 0.38 W based on
he lower heating value of hydrogen. The temperature bound-
ry conditions, endothermic heat of reforming, and reactant
nd product sensible heats used in the 3D model are shown
n Fig. 6(a) while Fig. 6(b) shows the result. The simulation
ielded the temperature distributions in each of the compart-
ents. Thermal conductivity of air in the cavity was varied

ntil the required component temperatures were achieved. For
enerality, the model did not consider heat losses.

.3. Design and fabrication of an integrated SR

The design of the integrated SR is shown in Fig. 7(a). The
tack of six chips consisted of insulation chips surrounding
he reforming microreactor. The silicon reactor was covered on
he top with a PyrexTM sheet of the same lateral dimensions.
hin film resistance temperature detector (RTD) sensors were
atterned at different positions on the backside of the silicon
icroreactor. Three sensors were placed at different positions

o measure the reaction zone temperature distribution and one
ach was placed at the inlet and outlet section as shown in the
uperimposed image (Fig. 7(b)) of the front and backside CAD
asks of the microreactor. The sensors have meandering resis-
ors with a four-wire design to minimize lead resistance effects.
he insulation consisted of an assembly of silicon and glass
hips. The silicon chip had a cavity in the center and was bonded
ith PyrexTM heater and temperature sensor substrate as shown

1
i
i
i

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

n Fig. 7(c). The relative sizes of the combustor and PrOx units
ere determined from the initial size estimation discussed in
ection 2.3. The insulation requirements, described next, were
etermined based on thermal and structural considerations.

The insulation requirement between the combustor and the
eformer is not demanding, as the reformer needs endother-
ic heat of reaction. An appropriate thermal conductivity and

nsulating thickness is obtained in this case by a 50-�m deep
avity containing air at atmospheric pressure. The lateral dimen-
ions of the silicon and glass are thus 1.1 cm × 1.4 cm while the
avity is slightly smaller at 1.0 cm × 1.3 cm. The combustor is
.8 mm × 2.8 mm and is centered over an insulation chip keeping
lateral distance of 7.2 mm × 10.2 mm from conducting verti-

al paths. An integrated on-chip thin-film Pt heater meandering
long this area is used to simulate the combustor. Three thin-
lm temperature sensors are also patterned on the glass chip.
ne sensor was located right in the center of the combustor

one, while two others were placed on either side at a distance
f 600 �m from the center.

On the opposite side of the assembly, more stringent thermal
solation is required between the reformer and the PrOx. For this
eason, the insulation between the reformer and the PrOx had a
00-�m deep cavity and was sealed with vacuum of less than
.10−3 Torr. The silicon insulation chip of lateral dimensions

.2 cm × 1.5 cm had a cavity of 1.1 cm × 1.4 cm. The effective
nsulation in this case requires higher vacuum, a deeper cav-
ty, and smaller conductive distance between the cavity and the
nsulation chip. Since silicon has a high thermal conductivity
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ig. 7. (a) The design of the integrated SR. (b) Superimposed image of the fron
hips of the insulation layer. Silicon chip with cavity to be etched in the center

150 W mK−1), only a 500-�m wide border was maintained
round the cavity on the silicon insulation chip to minimize
ertical conduction of heat.

The effects of pressure imbalance across relatively thin slabs
ust be considered as this situation can result in stress accumu-

ation and deformation of silicon or PyrexTM. In extreme cases,
racture can result during wafer dicing to separate individual
evices or later during device operation. Structural simulation
as carried out with ANSYS® to determine the deformation

nd the stress formation in silicon and glass for the required
acuum inside the cavity. This simulation indicated that an 800-
m thick wafer with 200-�m cavity depth would suffice for
rOx insulation. For the designed insulation cavity chip size
f 1.1 cm × 1.4 cm, the pressure force resulted in a predicted
eformation of less than a micron in silicon and glass.

Four microreactors were fabricated on a single silicon wafer

p-type <1 0 0> 4-in. diameter, 550-�m thick, double-side
olished) by silicon bulk micromachining techniques. Pho-
olithography was employed first to pattern the front side of
he microreactors using thick photoresist. These structures were

u
r
H
(

ackside CAD masks of the microreactor. (c) Mask design for silicon and glass
ass chip patterned with thin film heater and temperature sensors.

hen etched to a depth of 400 �m using deep reactive ion etch-
ng (DRIE) by inductively coupled plasma (ICP) [40]. A 2-�m
hick silicon dioxide hard mask was used for deep silicon etch-
ng. Once the front side was processed, a second mask was used
or backside patterning of inlet and outlet vias. These vias were
hen opened from the backside by wafer through etching with
RIE. Thin-film Pt temperature sensors were then patterned on

he backside of wafer. A 10 nm Ti adhesion layer was deposited
ollowed by 200 nm of Pt without breaking the vacuum of e-
eam evaporation. The photoresist was dissolved, removing the
xcess Ti/Pt by lift-off, leaving the temperature sensors. The
abricated silicon wafer was then sealed with PyrexTM glass by
nodic bonding. The bonded reactor wafers were then diced into
ndividual microreactors.

The vacuum insulation was formed by creating first a square
avity pattern on the silicon wafer and etching to a required depth

sing DRIE. Thin-film heater and temperature sensors were fab-
icated on the PyrexTM glass wafers using the lift-off technique.
ere, the metal lines consist of a layer of Ti (10 nm) and Pt

300 nm). The patterned glass wafer was then annealed at 650 ◦C
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Fig. 8. (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
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hips. Etched cavity in silicon bonded under vacuum with patterned glass. (e) C
nd temperature sensors.

or 2 h to stabilize the film resistivity. The cavity-patterned sili-
on wafer was then anodically bonded with the patterned glass
afer, entrapping air at the required pressure. The bonded insula-

ion wafers were then diced into individual chips of the required
izes. Fig. 8 shows the fabricated components of an integrated
R.

.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

s
e
c

ig. 9. SR microreactor bonded with the insulation chips. (a) Frontside of SR mic
nsulation chips. (c) Assembled integrated microreformer (six-chip stack).
stor side insulation chips with SEM images of central combustor (heater) zone

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. 8(c) shows the
ilicon microreactor packed with catalyst.
Next, the insulation chips are bonded on the front and back
ides of the catalyst-loaded microreactor using high temperature
poxy. Fig. 9 shows the microreactor bonded with the insulation
hips.

roreactor bonded with insulation chips. (b) Backside of reactor bonded with
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. Results and discussion

.1. Thermal characterization

Thermal characterization of an integrated reformer was car-
ied out without flows and reaction in order to measure critical
hermal parameters including heat requirement, heat transfer
ates between components, lateral and vertical temperature dis-
ributions, insulation effectiveness, and heat loss mechanisms.

Electrical connections were made by attaching thin wires to
he contact pads with conductive silver epoxy. All thin-film tem-
erature sensors were first calibrated from room temperature to
00 ◦C to relate the change in resistance with temperature. A lin-
ar trend was observed by plotting normalized resistance (R/R0)
ersus the temperature. The temperature coefficient of resistance
TCR) was then calculated using a linear fit, which allowed
stimating temperatures from the experimental resistance data.

For thermal characterization, the integrated device was not
upported by any fixture to avoid external thermal contact.
nstead, the device was suspended in air only by the attached
ires as shown in Fig. 10.
For characterization, electrical heating with the integrated

hin-film heater was carried out to introduce a well-defined rate
f heating. Heating was carried out until the required 260 ◦C
emperature was obtained in the SR reaction zone. Once the
evice reached steady state, the current and voltage across the
eater were measured along with resistances of temperature sen-
ors using digital multimeters. The power required to maintain
he temperatures of the reaction zone and each component was
hus obtained. We were able to safely introduce close to 6.8 W
sing this heater. At this power, however, it was only possi-
le to obtain a temperature of 230 ◦C in the reforming reaction
one because of the high losses. Furthermore, we observed that

ncreasing the power above ≈6.8 W resulted in a short circuit
f the heater resistor and cracks in the glass from the combined
ffect of high current density and high temperature of ≈550 ◦C
chieved within the small heater zone. Fig. 11 shows the tem-

ig. 10. Thermal characterization of an integrated device suspended in air.
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ig. 11. Temperature obtained in different components vs. the power input to
he uninsulated integrated device suspended in the ambient.

eratures of different components of the integrated device as a
unction of the power input to the heater.

Despite sub-optimal SR temperature reached under these
ondition, it was possible to obtain the required thermal isolation
etween the combustor, the reformer and the PrOx units. For the
eformer temperature of 230 ◦C, the temperature obtained in the
ombustor and the PrOx were 564 and 150 ◦C, respectively. The
ntegrated device was designed to attain 350 and 155 ◦C, in the
ombustor and PrOx respectively for the reformer temperature
f 260 ◦C. The reaction zone remained at uniform temperature
s measured by three temperature sensors ((Tr2, Tr3, Tr4) placed
t different location on the backside. This uniformity of temper-
ture results from the high thermal conductivity of the silicon
eactor embedded between insulation chips.

However, for the free surfaces open to the ambient, large
ateral 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 at a lat-
ral distance of 600 �m from the combustor. Therefore, it was
ecessary to measure the surface temperature distributions at
ven higher resolution than originally planned. In addition to
hin-film temperature sensors, manually placed thermocouples
ere used to obtain temperatures at locations intermediate to the
icro RTD sensors.
Various heat loss pathways were identified and the individual

ontribution of these pathways was determined from the mea-
ured heat input as a function of surface temperature. Heat is
ost from the free surfaces by free convection and radiation. In
ddition to this, heat loss through attached suspending wires and
hermocouples was considered. Therefore, at steady state,

in = VI = Qloss = Qwires + Qconv. + Qrad. (4)

eat loss from these wires on each surface was estimated by
pplying the so-called pin fin theory [41]. Heat dissipated from
he wires was calculated by integrating the loss over the side

urface of the wires, yielding

wires = (hP ′(Ts − T∞)tanhαl)n

α
(5)
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here α = hP ′/kAw, P′ = 2πR, is the perimeter of the wire,
is the radius of the wire (250 �m), Aw the cross-sectional

rea of the wire, h the heat transfer coefficient = 50 W m−2 K−1

assumed), Ts the edge temperature of the respective surface,
∞ the ambient temperature, l = 10 cm, the length of wire, and
is the number of 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 [42].

λ(L) = Iλ(o) e−kλL + Ibλ(1 − e−kλL) (6)

The first term, Iλ(o) e−kλL, relates to the intensity of an
mpinging beam and its reduction within the solid medium of
hickness L due to absorption. The second term, Ibλ(1 − e−kλL),
s the volume-generated emission taking place over the thick-
ess of material, L. For a composite of adjacent silicon and
lass pieces of thickness L and L′, respectively, equation (6)
hen can be used to determine intensity at the free surfaces of
he composite. Equation (7),

λ(L′) = Ibλ(1 − e−(
Si
kL/2+

Py
k L′)) (7)

ives the intensity at the free surface of the PyrexTM piece in
composite of silicon and PyrexTM. This equation can also be

ewritten to obtain the intensity Iλ(L) from the free surface of the
ilicon piece. In these equations, Ibλ = Ebλ/π, where Ebλ is the

pectral blackbody emissive power (W m−2 �m−1) [37].
Si
kand

Py
k

re the spectral absorption coefficients of silicon and PyrexTM,
espectively. These calculations are made for the wavelength
ange from 0.1 to 100 �m to obtain the total emissive power E
W m−2), which is then multiplied by area to obtain Qrad. After
etermination of the radiation rate, the estimated values of Qwires
nd Qrad were then subtracted from the measured heat loss to
valuate Qconv. as in equation (8).

conv = Qloss − Qwires − Qrad (8)

Fig. 12 shows the steady-state heat loss due to conduction
hrough wires, natural convection, and radiation (surface radia-
ion and volumetric emission) as a function of SR reaction zone
emperature. The heat loss estimate shows that the surface loss
y what we initially considered to be typical natural convec-
ion makes up the major fraction of overall loss at atmospheric
ressure.

An unexpected finding from these results is that the effective
onvective losses were found to be significantly higher at this
ength scale than the predictions obtained by correlations for
bjects of conventional scale. We found that the heat transfer
oefficient for natural convection increases dramatically as the
urface dimensions decrease and was severely under predicted

n our initial estimates. Based on additional experiments and
nalysis, we developed the following dimensionless correlation
o predict the effective heat transfer coefficient of natural con-
ection for micro to mesoscale objects (sub-mm to mm scale).

w
r
c
m

ig. 12. Total steady-state heat loss measured experimentally and estimated heat
oss by various pathways vs. the SR reaction zone temperatures.

he detailed data analysis and derivation of this correlation can
e found elsewhere.

Nu = 1.7NRa
0.08 (9)

here NNu is Nusselt number and NRa Rayleigh number. The
ncertainty in predicting Nusselt numbers from these correla-
ions is approximately ±15% attributed mainly to experimental
rror and assumptions made during estimation of the different
osses.

The observed high convective losses to the ambient are
elieved to be the combined effect of air conduction and con-
ective transport with the former dominating at this scale. When
e compared the pure convective heat rate using a conventional,
acroscale correlation from the literature [37], we found that it

ould only account for 30% of the effective transport rate. This is
n agreement with the results of others who found extraordinarily
igh effective rates of convection from mm- to cm-scale surfaces
43,44], leading to suggestions that direct conduction in the air
s responsible for the discrepancy. We adhere to this hypothesis
s well, and hence the correlation we developed (equation (9))
onveys an effective convection coefficient, since we believe
nother process besides convection must be contributing. Gas-
hase (air) conduction could be explained as significant with
ecreasing system size in the following way: the small volume
f gas heated by a small (mm- to cm-scale) interfacial area is
hanged in density due to an increase in temperature. While
ith macroscale objects, this density difference drives the flows

ssociated with natural convection, the buoyancy forces on the
mall volumes of heated gas in this case are too small to strongly
vercome the forces of viscous drag which oppose the convec-
ive motion. As a result, the gas does not flow significantly, and
irect conduction from the surface becomes dominant.

Thermal radiation is also important in the consideration of
ur measurements as it amounts to a significant fraction of loss
specially at high temperatures. However, from experimental
easurements of steady-state heat loss and derived correlations,

e observe that gas conduction and convection dominate loss by

adiation even at fairly high temperatures for small-scale devices
ompared to macroscale devices. For all temperature ranges
easured, heat loss via the attached wires was less than 7%.
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ig. 13. 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.

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 vaccum
hamber. The chamber was evacuated down to 50 mTorr, and
he steady-state heat losses were characterized as a function of
urface temperatures.

Measurements under vacuum showed that ≈4.3 W was
eeded 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. 13 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%.
Additional thermal characterization experiments were car-

ied out both at atmospheric pressure and under vacuum where
he integrated device was covered in commercial fiberglass insu-

ation. Table 3 shows the heat input and temperatures attained
n combustor, SR, and PrOx zones, and a breakdown of steady-
tate heat losses into convective and radiative losses for each
xperiment.

5
c
m
N

able 3
ower required to maintain reformer temperature at 260 ◦C, corresponding to temp
teady-state heat loss into convective and radiative losses for each experiment

xperiment Qin (

uspended on wires in ambient 6.8
uspended on wires under vacuum 4.3
overed with fiberglass insulation of size, l = 4 cm, w = 2.3 cm, t = 2.4 cm,
in ambient

5.1

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

2.8

laced in insulation of size, l = 10 cm, w = 8 cm, t = 8 cm, in ambient 2.5
laced in 10 cm × 8 cm × 8 cm insulation, under vacuum 1.8

he convective loss shown here actually accounts for the combined effect of air cond
er Sources 166 (2007) 177–193 189

As shown in Table 3, the device when covered in loosely
acked fiberglass insulation showed the best performance at
oth atmospheric and vacuum tests. Losses decrease with an
ncrease in thickness of the insulation, resulting from reduced
emperature gradients and heat transfer coefficient. However,
sing a large quantity of insulation adds to the weight and espe-
ially volume of the overall system, which translate into reduced
nergy 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 integrated microreformer was characterized on a custom-
uilt test setup. A high performance liquid chromatography
HPLC) pump was used to introduce the premixed liquid reac-
ants of water and methanol to the vaporizer. The vaporizer was
uilt by wrapping flexible heaters around the stainless steel tube
f 1/16 in outside diameter. The vaporized mixture was then fed
o an inlet of the silicon microreformer placed on the interface
lock. Separate inlet lines are provided to introduce measured
ows of nitrogen and 5% hydrogen to the microreformer for the
atalyst reduction. The stainless steel reactor block was designed
o ensure minimum thermal contact with the device. The prod-
ct was sent to the condenser to remove unconverted water and
ethanol. A downstream mass flow meter was used to measure

he flow rate of the dried reformate stream before it was analyzed
y micro gas chromatography (Varian CP-4900). The whole
ubing system was wrapped with tape heaters and insulated to
revent condensation.

Electrical connections to the exposed contact pads on the inte-
rated thin-film heater and temperature sensors were made from
utside using standard alligator clips. The vaporizer heaters,
ass flow controllers, and the GC were automatically monitored

nd controlled by synchronizing the setup with a computer using
abView software.

Prior to the reaction, the catalyst was reduced with 2 sccm of

% H2/N2 at 280 ◦C for 2 h. The reforming reaction was then
arried out by introducing a methanol-water mixture with a 1:1.3
olar ratio at a defined rate along with a stream of 5 sccm of
2 as an inert chromatography reference. The flow rates of H2,

eratures obtained in the combustor, SR, and PrOx zones, and breakdown of

W) Tcomb (◦C) TSR (◦C) TPrOx (◦C) Qconv. (W) Qrad (W)

564 230 149 4.8 1.7
452 260 176 2.4 1.7
532 260 166 3.6 1.3

414 260 186 1.3 1.3

411 260 181 1.3 1.0
386 260 181 0.6 1.0

uction and natural convection losses.
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ig. 14. Methanol conversion obtained at different temperatures. Methanol–
ater feed: 0.009 ml min−1, S:C = 1.3:1, WHSV: 5.1 h−1, GHSV: 11670 h−1.

O2, and CO were obtained by relating their GC intensities to
he signal from the 5 sccm N2 flow.

Because of the relatively large thermal mass of the block and
igh losses, it was not possible to heat the device to the required
emperature with the device’s integrated thin film heater alone.
ence a tape heater was used to maintain the test block at a tem-
erature of 150–200 ◦C. The integrated microreformer was then
eated to a desired temperature in the SR reaction zone using the
hin-film heater. The reaction was carried out at different tem-
eratures from 220 to 280 ◦C with a combined feed flow rate
f 0.009 ml min−1 (methanol flow rate of 1.36e−4 mol min−1).
ig. 14 shows the methanol conversion obtained at different

emperatures. At 280 ◦C, close to 100% methanol conversion
as achieved, producing 9 sccm of H2. At the reaction temper-

ture of 220 ◦C, the methanol conversion decreased to 50%,
educing the H2 produced to 5.2 sccm. CO was not formed
n detectable amounts at the reaction temperature of 220 ◦C,
owever, it increased to 1.1% as the temperature increased to
80 ◦C. This CO can be further minimized to less than 10 ppm
y employing PrOx microreactor to prevent poisoning of fuel
ell electrodes.

We did not observe any major change in temperature pro-
les during the reaction arising from either the flows or the
ndothermic nature of the reaction. This occurred because the
eat required to carry out the endothermic SR reaction is quite
mall relative to the amount of heat to be input (because of high
eat losses) in order to maintain the required reaction tempera-
ure.

The effect of feed flow rate (and equivalently space veloc-
ty) on the methanol conversion was determined by changing
ombined feed flows from 0.007 to 0.015 ml min−1 at a reac-
ion temperature of 260 ◦C. Methanol conversion was decreased,
hile the reformate and hydrogen flow rates increased with

ncreasing feed flow rate (resulting in decreasing residence
ime). With the total feed rate of 0.015 ml min−1, 82% of

ethanol conversion was achieved, producing 14.3 sccm of
ydrogen. Considering 60% FC efficiency and 75% H2 utiliza-
ion, this stream is sufficient to produce 1.04 W from the FC.

ig. 15 shows the flow rates of H2, CO2, and CO in the refor-
ate stream as a function of feed flow rates. Also shown are the

orresponding anticipated powers from the FC. After the sepa-
ation of condensibles, the concentrations of H2 in the reformate

w
c
g

ig. 15. Flow rates of H2, CO2, and CO produced as a function of methanol–
ater feed rate.

tream remained constant at 74% at all the conditions of tem-
erature and feed flow rate. The catalyst remained stable over
reaction period of 6 h studied here, however, reaction should
e carried out over greater lengths of time to evaluate catalyst
erformance and degradation issues.

Microreactors are known to have faster heat and mass trans-
er rates than conventional fixed bed reactors and are normally
ssumed to operate in the reaction-limited mode [45]. How-
ver, for the practical reactor system considered, it is necessary
o check the influence of mass transfer on the reaction perfor-

ance. We assumed the absence of internal mass transfer as
t can be safely neglected for catalyst particles with a diame-
er smaller than 100 �m [36]. External mass transfer, involving

ass transport of reactants from the bulk to the catalyst surface
sually becomes important in microreactors. Based on the calcu-
ations of the diffusion coefficients, it was shown that methanol
s most likely the limiting reactant in the SR reaction [46].

e employed Mears’ criterion to examine the methanol mass
ransport limitation.

According to Mears, there is no mass transfer limitation if
he following criterion is fulfilled [47]:

rMeOH dh

2kgcMeoH
< 0.15 (10)

here rMeOH is the measured reaction rate, dh the hydraulic
iameter of the reaction zone, kg the mass transfer coefficient,
nd rMeOH is the methanol concentration in the feed.

Due to the small hydraulic diameter and low flow rates
nvolved, the flow in the microreactor was laminar. The mass
ransfer coefficient was determined by considering that in
he fully developed laminar flow, the Sherwood number Sh
pproaches a constant value.

h = kgdh

DAB
= 3.66 (11)
here DAB is the diffusivity of methanol in the gas mixture,
alculated on the basis of mole fractions of the species in the
as mixture [48].
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burned gives only 0.38 W, thus an additional 1.33–0.38 = 0.95 W
would required by combusting methanol fuel. The device can
produce 3.84e−4 mol min−1 of hydrogen, resulting in a lower
ig. 16. Methanol conversion predicted by simulation and measured experimen
function of temperatures with a feed rate of 0.009 ml min−1.

The value of rMeOH dh/2kgcMeoH estimated was 7.5e−2,
hich implies that there was no external mass transport lim-

tation. Fig. 16(a) and (b) shows the comparison between the
ethanol conversion measured and predicted by the kinetic
odel at different temperatures and flow rates, respectively.
he experimental conversion obtained matched reasonably with

hat predicted by a kinetic model based on the literature kinetic
xpression, neglecting mass transfer resistance. This further
orroborates the absence of external mass transport limitation,
onfirming that the reaction was rate limiting.

.3. Packaging suggestions and scale up

Based on the understanding gained from thermal characteri-
ation experiments, packaging suggestions are made to reduce
ir conduction, convection, and radiation losses.

In scaling up, it is desirable to form a stacked three-
dimensional assembly in preference to using larger layers (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-
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 [32,35]. 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 [32]. This presents a challenge in developing a reliable

F
u

(a) as a function of feed flow rate with a reaction temperature of 260 ◦C, (b) as

and hermetic vacuum package that can hold such a low pres-
sure for a long period of time. We suggest employing both
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 FP functions
ncluding fuel vaporization and the endothermic SR reaction.
onsidering the integrated device of the vaporizer, combus-

or, SR, and PrOx having a size of 1 cm × 1 cm × 0.5 cm, if
e 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 FC, hydrogen recycled from the FC anode when
ig. 17. Anticipated heat loss, reformer energy requirement, and LHV of the
n-utilized hydrogen in the anode-off gas as a function of FC power output.
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eating value (LHV) of 1.55 W, while considering FC efficiency
s mentioned previously it can produce a net 0.65 W output. Thus
e will begin to see the benefits of an integrated FP/FC approach

s systems are designed for powers exceeding a few W. Fig. 17
hows the anticipated heat loss after stacking of reactor layers
nd employing packaging recommendations, including the heat
uty required for 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 FC.

. Conclusions

Understanding thermal management issues in a portable FP
s crucial in order to reduce heat losses and improve thermal
fficiency. We implemented silicon microchemical systems to
nvestigate thermal integration of FP reactor components with a

ethanol SR as a model. The fabricated model components of
n integrated microchemical device were used for the acquisi-
ion of critical thermal parameters of the overall coefficients for
he transfer of heat from components to one another and to the
utside environment by various heat loss pathways. Based on
hermal characterization experiments, the heat loss mechanisms
nd the effective convective heat coefficient were determined
nd suggestions were made for scale up and implementation
f packaging schemes to reduce different modes of heat loss.
cquisition of the thermal experimental data helped to ver-

fy and improve the model used to simulate the system. This
ombined experimental/modeling approach can then be used
s the quantitative basis for designing an integrated portable
P.

The SR microreactor produced 14.3 sccm of hydrogen (cor-
esponding to a net power output of 1.04 W from the FC) with
elatively low levels of carbon monoxide. The results effectively
emonstrate the potential of microreactor-based on-demand H2
eneration, and provide impetus for a subsequent phase of devel-
pment involving completely integrated subsystems.
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