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Study on heat and mass transfer characteristics and channel design in a

plate methanol steam micro-reformer
Student: Ching-Yi Hsueh Advisor: Chiun-Hsun Chen
Hsin-Sen Chu

ABSTRACT

This dissertation aims to examine numerically heat and mass transport phenomena in the
plate methanol steam micro-reformer (including methanol steam micro-reformer and
methanol catalytic combustor). The first focus is to investigate the effects of geometric and
thermo-fluid parameters on the methanol conversion and gas concentration distributions of the
methanol steam micro-reformer in order to obtain better channel designs and operating
conditions. Furthermore, a methanol steam  micro-reformer with a methanol catalytic
combustor is considered in the present work. The results can provide comprehensive

information for designing the plate methanol steam micro-reformer.

This study can be divided into two parts. In the first part, the research only considered
the plate methanol steam micro-reformer, namely the methanol catalytic combustor is not
included in it. Firstly, a 2-dimensional channel model of the methanol steam micro-reformer
is established to investigate effects of geometric and thermo-fluid parameters on performance
and heat and mass transfer phenomena in micro-reformer channels. The results of the
modeling suggest that the methanol conversion could be improved by 49 %-points by
increasing the wall temperature from 200 ‘C to 260 ‘C. The results also show that the CO
concentration would be reduced from 1.72% to 0.95% with the H,O/CH3;OH molar ratio
values ranging from 1.0 to 1.6. The values of parameters that enhance the performance of
micro-reformer were identified, such as longer channel length, smaller channel height, thicker

catalyst layer, larger catalyst porosity, lower Reynolds number and higher wall temperature.
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Secondly, a 3-dimensional channel model of the methanol steam micro-reformer is developed
to investigate the effects of various height and width ratios and channel geometric size on the
reactant gas transport characteristics and micro-reformer performance. The predictions show
that conduction through the wall plays a significant effect on the temperature distribution and
must be considered in the modeling. The predicted results also demonstrated that better
performance is noted for a micro-reformer with lower aspect-ratio channel. This is due to the
larger the chemical reaction surface area for a lower aspect-ratio channel. The results indicate
that the smaller channel size experiences a better methanol conversion. This is due to the fact
that a smaller channel has a much more uniform temperature distribution, which in turn, fuel
utilization efficiency is improved for a smaller channel reformer. Finally, the established
3-dimensional channel model of a plate methanol steam micro-reformer extends to be a plate
methanol steam micro-reformer with serpentine flow field. A numerical investigation of the
transport phenomena and performance of a plate methanol steam micro-reformer with
serpentine flow field as a function of wall temperature, fuel ratio and Reynolds number are
presented. The methanol conversion is improved by decreasing the Reynolds number or
increasing the S/C molar ratio. When the serpentine flow field of the channel is heated either
through top plate (Y=1) or the bottom plate (Y=0), we observe a higher degree of methanol
conversion for the case with top plate heating. This is due to the stronger chemical reaction

for the case with top plate heating.

In the second part, a numerical study is performed to examine the characteristics of heat
and mass transfer and the performance of a plate methanol steam micro-reformer with a
methanol catalytic combustor. Firstly, a three-dimensional channel numerical model of a
micro-reformer with combustor is developed to examine the effects of various flow
configurations and geometric parameters on micro-reformer performance. Comparing the co-

and counter-current flows via numerical simulation, the results show that the methanol
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conversion for counter-current flow could be improved by 10%. This is due to the fact that
counter-current flow leads to a better thermal management, which in turn improves fuel
conversion efficiency. The results also reveal that the appropriate geometric parameters exist
for a micro-reformer with a combustor to obtain better thermal management and methanol
conversion. With a higher Reynolds number on the combustor side, the wall temperature is
increased and the methanol conversion can thus be enhanced. In addition, the
three-dimensional models of a plate methanol steam micro-reformer and a methanol catalytic
combustor with the parallel flow field and the serpentine flow field have been established to
investigate the performance and transport phenomena in the micro-reformer. The methanol
conversion of the micro-reformer with the serpentine flow field and the combustor with the
serpentine flow field is the best due to a better thermal management in the micro-reformer.
The numerical model provides an efficient'way to characterize the transport phenomena
within the micro-reformer, and the results will benefit the future design for the plate methanol

steam micro-reformer.
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NOMENCLATURE

Ci concentration of species i (mol m™)

Cp specific heat at constant pressure (kJ kg™ K™
D hydraulic diameter (m)

Desr effective mass diffusivity (m2 s'l)

Dy mass diffusion coefficient (m?® s™)

D, catalyst particle diameter (m)

E, activation energy (kJ mol™)

H channel height (m)

Hc combustion flow channel (m)

Hr reforming flow channel (m)

Hw solid wall thickness (m)

AHg, Enthalpy of reaction forsteam reforming-(kJ mol™)

AH .  Enthalpy of reaction for the reverse water gas shift (kJ mol™)

AH,,, Enthalpy of reaction for decomposition reaction (kJ mol™)
I,J,K grid points in the x, y and z directions, respectively

Kegr effective thermal conductivity (W m'K™)

ke fluid phase thermal conductivity (W m'K™)

K, permeability (m?)

ks solid medium thermal conductivity (W m'K™")

k; pre-exponential factor for steam reforming

ko pre-exponential factor for the reverse water gas shift

ks pre-exponential factor for decomposition reaction
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k-, pre-exponential factor for the water gas shift

L flow channel length (m)

L, the total length from the serpentine flow channel inlet to outlet (m)

M; mole fraction of species i

My molecular weight of species i (kg mol™)

m; mass fraction of species i

p pressure (Pa)

Qm hydrogen production rate at outlet (cm® min™)

Qc inlet flow rate of the combustor

Qr inlet flow rate of the micro-reformer

R universal gas constant (kJ kg K

Rsr Arrhenius reaction rate coefficient for steam reforming (mol m>s?)
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Rmp Arrhenius reaction rate coefficient for decomposition reaction (mol m™s™)
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Re Reynolds number, Re=puD/p

Rec Reynolds number (Re) of the combustor
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T temperature (‘C)

Ty wall temperature ('C)
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Wr channel width (m)
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Greek symbols

B inertial loss coefficient
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dc combustion catalyst layer thickness (m)

Or Reforming catalyst layer thickness (m)

01 catalyst layer height (m)

02 flow channel height (m)
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n methanol conversion

A the stoichometric coefficient for reactant i in reaction
A the stoichometric coefficient for product 1 in reaction

T tortuosity of the porous medium

u viscosity (kg m™ s

Hmix viscosity of the gas mixture (kg m™ s™)

by an auxiliary term in calculating viscosity of gas mixture
p density (kg m™)
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catalyst density (kg m™)
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CHAPTER 1

INTRODUCTION

1.1 Background

The demand for power sources with superior performance has increased due to the rapid
growth of the portable electronics market. Moreover, technology progresses over time have
enabled developments in electronics to move us into a microelectronics age. When devices
make smaller, new functionalities are added. However, power consumption rises alarmingly.
Therefore, the power sources must produce adequate power output while at the same time
maintaining criteria such as a very small volume and lightweight packaging. Primary and
secondary batteries have been the:energy storage solution for these devices. However,
batteries are a chemical process, but they do not last long enough. Until recently, one
innovative way is to utilize the hydrogen and feed it to a fuel cell, producing electricity.
Kundu et al. [1] presented fuel cells promise to provide higher power density and longer
durability than batteries (Table 1-1). In fuel cell, electricity and water are produced from
hydrogen and oxygen in an electrochemical reaction. Besides, fuel cells are quiet, efficient
and convert energy electrochemically rather than mechanically. Therefore, fuel cells are
widely regarded as the most promising energy storage devices for mobiles, laptops, and
personal digital assistants (PDA) in the 21* century due to their properties of high energy

density, low noise, and low pollution.

The fuel cells often have a maximum power of 1-50W that will be referred as micro fuel
cell. In recent years, the proton exchange membrane fuel cell (PEMFC) and the direct
methanol fuel cell (DMFC) have become widely used as micro fuel cells. Direct conversion

may involve fuels such as methanol, ethanol, formic acid, and ethylene glycol are converted
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into electrons through a direct fuel cell system. In direct fuel cell system, the main studies
focused on DMFC, but DMFC has still issues due to a low rate of oxidation and a high
crossover rate. The PEMFC is highly attractive for both portable and stationary application
due to its high operating efficiency and environmental friendliness. This gives the PEMFCs
great flexibility of a wide range of applications, Fig 1-1. PEMFCs have been proposed as
battery replacements. Ball and Wietschl [2] presented applications of PEMFC in portable
power sources need to carry enough hydrogen fuel. However, the hydrogen storage problem is
still difficult to overcome. To solve this technical difficulty, one possible solution is to
employ a reformer. Indirect energy conversion systems is to first reform methanol, ethanol,
gasoline followed by feeding the reformate gas into miniature PEM fuel cell. The reformers
often have characteristic dimensions, such as channel gaps, which are on the micro-scale
(typically<1000um) or meso-scale (1000pm'to a few centimeters) and will be referred to in
this article as micro-reformers. -These features: are significantly smaller than many
conventional reformers, and they can significantly enhance mass and heat transfer rates.
Therefore, micro-reformers are being developed for using with the miniature PEMFCs, to

overcome the high risk of carrying a large quantity of hydrogen.

In reforming systems, the electronic energy system is generated using concentrated
hydrogen produced by reforming from a fuel such as methanol. Holladay et al. [3] showed
methanol is an attractive fuel because of its low reforming temperatures, good miscibility with
water and low content of sulfur compounds. From the technological point of view, methanol
clearly has distinct advantages as a fuel for fuel cell applications. First, methanol is liquid at
atmospheric conditions and has a high hydrogen-to-carbon ratio relative to gasoline. Secondly,
it can be reformed to hydrogen at much lower temperatures (200-300°C), and is more efficient
as compared to gasoline and methane (700-800°C). Finally, methanol is an environmentally

friendly fuel, as it is readily biodegradable in air, soil and water. Therefore, methanol clearly



has distinct advantages as a fuel for fuel cell applications due to its higher hydrogen-to-carbon

ratio, low reforming temperature and greater environmental friendliness.

Holladay et al. [4] presented the majority of reformers currently being developed are
designed to produce hydrogen from methanol. Three basic reforming technologies are steam
reforming, partial oxidation, and autothermal reforming. Table 1-2 summarizes the
advantages and challenges of each of these processes. Endothermic methanol steam reforming
requires an external heat source. Partial oxidation is an alternative to steam reforming, where
the reaction heat is provided by the partial combustion of the methanol with oxygen. The
autothermal reforming process is a thermally neutral hybrid of steam reforming and partial
oxidation. The partial oxidation and autothermal processes do not require an external heat
source, but an expensive and complex oxygen separation unit is needed. Because of the steam
reforming produces higher yields of hydrogen than autothermal reforming and partial
oxidation of hydrocarbon fuels. The requirement of an external heat source can be addressed
through the advanced heat and mass  transfer: provided by combustors. Hence, steam
reforming is generally the preferred process for hydrogen production. A portable hydrogen
production unit based on methanol steam reforming would be simpler and less costly than

other alternatives.

The plate reformers have better performance than cylindrical reformers due to better heat
and mass transfer is presented by Kolb et al. [5]. The plate methanol steam reformers are
regarded as being micro-structured coated wall reformers, when patterning channels or similar
fluid paths with a size below 1 mm. The advantages of micro-structured reformers enhanced
heat and mass transfer are observed. Micro-structured reformers are much more suitable for
the distributed production of hydrogen compared to conventional systems. One of the main
features of micro-structured reformers is their high surface to volume ratio which is several

orders of magnitude higher compared to traditional packed bed reactors. Micro-structured



multi-channel reformers work under laminar flow conditions demonstrating low pressure drop
compared to randomly packed beds, and allow easy thermal integration of the processes
involved. From the stated above, the plate methanol steam micro-reformer with small PEMFC

has become a potential candidate for portable electronic products in the near future.

Fig. 1-2 shows a photograph of the micro-reformer and micro fuel cell, while Fig 1-3
shows the schematic of a system that consists of a methanol steam reformer and a fuel cell.
First, methanol is fed with water and is heated by the vaporizer. The methanol is reformed by
the reforming catalyst to generate hydrogen in the steam reformer. To supply heat to the
steam reformer, part of methanol be fed to the combustor that generates sufficient amount of
heat to sustain the steam reforming of methanol. For PEM fuel cells, the carbon monoxide
levels need to be below 10 ppm. Therefore, a final polishing step (preferential oxidizer (PrOx)
reactor) is used. Fig. 1-4 shows the photograph.of the plate methanol steam micro-reformer
including the etched glass wafers, the cross-section of the reformer, and the complete
micro-reformer. Fig. 1-5 presents a simplified cross-sectional diagram of the plate methanol
steam micro-reformer. The micro-reformer is composed of four units with vaporizers,
catalytic combustor, and a CO remover. The functions are separated into two reaction systems.
One reaction system is the hydrogen production system in which the methanol aqueous
solution is fed and then vaporized at vaporizer 1, it is reformed to H, with CO; and a trace of
CO at the methanol reformer; and finally the CO is preferentially oxidized at the CO remover.
The other reaction system, the catalytic combustion system, is used to supply heat to the
hydrogen production system. In this system, the methanol is vaporized at vaporizer 2 and then
burned at the catalytic combustor. Fig. 1-6 shows a schematic of these two reaction systems.

Consequently, safety issues, storage problems, and size or portability considerations
make pure hydrogen feeding relatively difficult for electronic equipment applications. The

combination of a methanol reformer with a PEMFC overcomes the high risk involved in



carrying a large quantity of hydrogen, and is thus a promising choice for miniaturized portable

electronic systems, and could soon become the new choice for portable fuel cell applications.

1.2 Literature Survey

The methanol steam micro-reformers have received much attention due to their compact
sizes and great potential to be used in portable fuel cell systems as a hydrogen generation unit.
Several experiments for methanol steam reformers are currently in progress. Various reformer
types have been used as the foundation for methanol steam reformer designs, including
packed-bed reformers and plate reformers. Several successfully fabricated packed bed
reformers for hydrogen production have been reported [8-10]. Kolb and Hessel [11] presented
that the plate reformers have better performance than the packed bed reformers due to better
heat and mass transfers. Therefore, the;channels were patterned on the plate methanol steam
reformers by several investigators-[12-18]. As a result of the steam reforming being an
endothermic reaction, the researchers have used electrical heat sources to supply heat flux to
steam micro-reformers. Seo et al. [12] used stainless steel as a substrate to fabricate a unit of
reformer and vaporizer. The heat for the endothermic reaction is from the electric heater and
the developed fuel processor can generate sufficient hydrogen for a fuel cell with power
output of 10W. Kwon et al. [13] made a micro-reformer by using silicon wafer substrate and a
“fill-and-dry’ method for catalyst coating. The stack of micro-reformer occupies 15 cm® only
and the maximum hydrogen production rate occurs about at 320°C in their experiments. Ha et
al. [14] fabricated a PDMS (poly dimethylsiloxane) micro-reformer, and used a heater to
supply heat flux. Their experimental results showed that methanol conversion was about
30-40% in the operating temperatures of 180-240 °C. The methanol conversion and hydrogen
production of a plate-type micro-reformer with micro channels patterned on the
micro-reformer was examined experimentally by Lim et al.[15]. The results showed
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approximately 78% conversion of methanol, with a hydrogen production rate of 3 L/h. Park et
al. [16] fabricated a steam reformer and vaporizer, and then assembled a miniature reforming
device. The micro-channels were patterned on the steam reformer and the vaporizer. Their
experimental results showed about 90% conversion of the methanol, with a hydrogen
production rate of 0.498 mol/h, enough to supply a 15 W fuel cell. Jeong et al. [17] studied
the steam reforming of methanol over a series of Cu/Zn-based catalysts by a micro-reformer.
They found that a micro-reformer coated with Cu/ZnO/ZrO,/Al,O; catalyst with an
undercoated Al,O; buffer layer exhibits higher methanol conversion rate and lower CO
concentration in the outlet gas. Kundu et al. [18] studied the stability and performance of
microchannel reactor for methanol steam reforming with different sols as a binder in the
coating of catalyst. They found the mixed sol of alumina and zirconia comparatively produced

better performance.

The plate integrated fuel processor, consisting of the various micro structured modules,
was developed to produce hydrogen-for fuel cell’systems. The fuel processor includes a fuel
vaporizer, a catalytic combustor and a steam reformer. The catalytic combustor supplied heat
to the steam reforming reaction, and the hydrogen was produced by the micro methanol steam
reformer. Therefore, several studies have used catalytic burners to supply thermal energy to
the entire micro-reformer [19-25]. Kwon et al. [19] utilized silicon fabrication technology to
set up the reformer and the catalytic burner. Their results indicated that the methanol
combustion reaction with the catalytic burner successfully generated heat to maintain
reformer temperature. The methanol steam reformer combined with the catalytic burner
produced 73% hydrogen with 65% conversion of the methanol. A micro methanol steam
reformer which included a vaporizer, heat exchanger, catalytic combustor and steam reformer
to produce hydrogen for a PEMFC was conducted experimentally by Park et al. [20, 21].

Their results showed that at a temperature of 250°C, the reformer could produce a gas flow



rate of 450 ml/min, with a gas composition of 73.3% H, at the micro channel outlet. Yoshida
et al. [22] fabricated a micro channel methanol reformer integrated with a combustor and a
micro channel vaporizer. An appropriate depth of the micro channel vaporizer could generate
high yields of hydrogen was found in their work. Park et al. [23] fabricated a micro-structure
reforming system including a methanol steam reformer, combustor and vaporizer. Catalytic
combustion produced thermal energy which was used to supply the entire system. Their
experimental results showed that enough hydrogen was produced by the reforming system for
a 0.1 W PEMFC. Won et al. [24] fabricated a micro channel reactor including a vaporizer,
methanol steam reformer and combustor, to produce hydrogen for a PEMFC. Their results
indicated that at a temperature of 270°C, the reformer could produce a hydrogen flow rate of
3.9 I/h for 5.5 W fuel cell. A plate fuel processor was developed by Sohn et al. [25] for a
150W PEM fuel cell system. The fuel processor.includes reformer, combustor, heat exchanger,

and evaporator and could be operated without any external heat supply.

For the PEM fuel cell, the CO concentration must be less than 10 ppm, so a cleanup step
is required after methanol steam reforming. The integration of the PrOx or water-gas-shift
reaction equipment to reduce the CO concentration in the gas from the methanol steam
reformer has been used by several researchers [26, 27]. Kwon et al. [26] used silicon to
fabricate a reformer and preferential oxidizer (PrOx) reactor. The reactor produced hydrogen
to supply the fuel cell. The experimental results showed that the reformer generated 27
cm’/min of hydrogen and that the CO was totally removed from the gas by the PrOx device.

When the fuel cell was operated at 0.6 V, the power density was 230 mW/cm®.

In order to reduce the research cost and design duration, modeling and simulation are
often being used to obtain a better understanding of the processes in a channel. There have
been various numerical studies of the fluid flow and heat transfer in channels since the early

work [28-31]. Hishida [28] investigated force and free convection in a channel with radiation.



The characteristics of fluid flow and heat transfer in micro channel cooling passages have
been examined numerically by Liu [29]. Chiu et al. [30] and Chiu and Yan [31] developed
numerical model to study mixed convection heat transfer in horizontal ducts and inclined
ducts, respectively, with radiation effects. Massive amount of works on heat and mass transfer
have focused mainly on parallel plate channel [32,33] and rectangular ducts [34]. Recently,
the investigation of forced convection heat and mass transfer in vertical rectangular duct with
film evaporation has been numerically examined by Boukadida and Nasrallah [35]. Analysis
of chemical reaction coupled mass and heat transport phenomena in a reactor duct has been
performed in the past decade [36-37]. The effects of catalyst loading and reformer geometry
on the circular methane micro-reformer were studied numerically by Stutz et al. [36]. Yuan et
al. [37] developed a model of the plate methane reformer, including the momentum equation,
energy equation and chemical reaction ' equations to explore the temperature and gas

distributions in the reformer ducts.

There are many research works. about the developed catalysts used in the reforming
reaction using different kinetics of the methanol steam reforming reactions [38-43]. Methanol
can be reformed by two overall reactions in a reformer filled with the catalyst
CuO/ZnO/Al,0O5 as described by Amphlett et al.[38]. Peppley et al. [39, 40] studied the
reaction network for methanol steam reforming over a Cu/ZnO/Al,O3 catalyst form BASF.
The steam reforming of methanol over a Cu/ZrO,/CeOs catalyst was investigated by Mastalir
et al. [41]. The kinetic model suggested for the transformation involved the reverse water-gas
shift and methanol decomposition, in addition to the steam reforming methanol reaction. Lee
et al. [42] carried out a kinetic study of methanol steam reforming over a commercial catalyst

CuO/ZnO/AlL03.

Computational simulation and modeling are used extensively in research and industrial

applications to obtain a better understanding of the fundamental processes and to optimize



designs before building prototypes for engineering applications. Therefore, more theoretical
modeling for study of the methanol reformer is in progress. Known from the literature survey,
several numerical models have been presented, with the simplest methods using a
one-dimensional model to describe the methanol reformer conversion and the heat and mass
transport phenomena [43-47]. Kawamura et al. [43] proposed a mathematical heat and mass
model to analyze the transport phenomena in the plane methanol steam reformer channels.
They successfully simulated methanol conversion and gas concentration distributions along
the channel. Kim and Kwon [44] have numerically investigated the inner transport
phenomena in the plate methanol steam reformer ducts. The results indicated that a lower inlet
feed rate has a better methanol conversion. Their results also showed that smaller reformer
volumes required a higher heat flux. Pattekar and Kothare et al. [45] developed
one-dimensional models for radial and 'micro channel methanol reformers. The results
demonstrated that a radial flow reformer had better hydrogen production rates and lower
pressure drops than the micro channels of a plate reformer. Stamps and Gatzke [46]
developed a reformer with a model PEMFC to study various design and operating parameters
on system performance. They found that agreement of the theoretical and experimental results
for the temperature, flow rate and CO concentration data. The simplest model to describe the
methanol reformer conversion and the heat and mass transport phenomena was presented by
Yoon et al.[47]. The results showed that appropriate reactor geometry can improve the

reactant gas transport and the efficiency of thermal management.

As for the two-dimensional simulation about the methanol reformers, the literature
survey has existed in the past decade [48-51]. Suh et al. [48, 49] employed a cylindrical
mathematical model of a packed bed reformer to investigate heat and mass transport
phenomena in a methanol reformer. The results showed good agreement between theoretical

and experimental results, and also found that the internally heated reformer could improve the



methanol conversion. The effects of the methanol steam reforming rate in both a packed bed
reformer and a wall coated reformer were examined by Karim et al. [50, 51]. The results
showed that a wall coated reformer had better heat and mass transfer limitations and higher
catalyst activity than a packed bed reformer. Their results also showed that the minimum

reformer diameter yielded the highest catalyst activity and smallest temperature gradient.

There are many three-dimensional simulations of methanol reformers in the literature [7,
19, 27, 52-57]. Kwon et al. [19] investigated the pressure and velocity distributions in the
micro-reformer channels by using computational fluid dynamics (CFD). The results show the
reformer of 17 parallel micro-channels has a much more uniform velocity distribution than
that of 36 parallel micro-channels. A uniform velocity distribution may have a better chemical
reaction. A three-dimensional model of a micro-scale reactor to investigate velocity and
pressure distributions was developed .by Pattekar and Kothare [52]. Kim and Kown [27]
developed a novel reforming channel to study the pressure, velocity, temperature and
hydrogen mole fraction distributions in the reformer. The results show that the novel flow
field had better performance than the serpentine flow field. A cylindrical model of the
reformer which comprised of a methanol steam reformer and a CO methanator to simulate the
conversion and temperature distributions in the reformer was investigated by Cao et al. [53].
Their results showed that the appropriate insulation thickness could reduce the heat losses and
achieve a small volume and a high power density. Park et al. [54] developed 3-D, quasi-3-D
and 1D models to study reformer performance. There was good agreement between the
experimental and analytical results. Cao et al. [55] presented kinetic rate expressions and
developed a homogenous model of a micro channel reformer to simulate the temperature
distributions in a micro channel. Hsueh et al. [56] employed a numerical channel model to
analyze various height and width ratios on the plate micro-reformer performance and reactant

gas transport characteristics. The results indicated that a reduction in aspect ratio would
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improve H, production rate and methanol conversion. Chen et al. [57] used a mathematical
model of the plate-type reformer to investigate the heat and mass transfer in a reformer. The
results showed that the CO concentration could reduce with lower temperature, larger
H,O/CH;0H molar ratio and aspect ratio. Kim [7] developed a micro-reformer model to
simulate the conversion and temperature distributions in the reformer. The results revealed
that the methanol conversion increased with increasing the reformer temperature and

decreasing the feed rate.

More theoretical modeling of steam reforming coupled with catalytic combustion for the
plate reactors is currently in progress. A reactor model that combines a steam reformer and
catalytic combustor was recently examined by several researchers [58-67]. The systems are
fed by hydrocarbons which convert the hydrogen and generate heat, and studies have
developed numerical models of a micro-reformer with a combustor to explore the heat and
mass transport phenomena and fuel .conversion efficiency. A two-dimensional model of a
plate methane reformer with methane combustor to investigate thermo-fluid parameters and
geometric parameters was developed by Zanfir and Gavriilidis [58]. Their results showed that
the micro-reformers have better performance than traditional reformers due to their better heat
and mass transfer. The results also showed that a higher channel height produces a lower
conversion and much more uniform temperature distribution. More theoretical modeling of
steam reforming couples with catalytic combustion for the plate reactors are currently in
progress. Lattner and Harold [59] have numerically and experimentally investigated a
bench-scale fixed-bed methanol reformer for autothermal reforming. This system was also
used by Pepply et al. [40] and Reitz [60] who presented kinetic rate expressions for the
simulations. Their results showed agreement between the theoretical and experimental results.
Deshmukh and Vlachos [61, 62] presented a two-dimensional model of propane (Cs;Hg)

combustion with ammonia (NH3;) decomposition to investigate micro reactors for hydrogen
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production. The results show that the H, production rate and the temperatures generated via
the C3Hg combustion both increase as the flow rate of ammonia increases. The results also
show that the co-current flow configuration has a lower reactor temperature and allows a
wider spectrum of materials to be used than the counter-current flow configuration. A
micro-channel model of the thermal integration of a steam reformer and a catalytic combustor
was established by Arzamendi and collaborators [63-64]. Using the hydrogen produced by the
reforming reaction from methanol and methane, the results showed the short diffusion
distance and higher area to volume ratio required for using the micro reactor. The results also
indicated that complete combustion of methane takes place over a very short distance. The
reforming fuel is rapidly heated and then the methane reactor has a more uniform temperature
distribution. Pan and collaborators [65, 66] developed the numerical models for a plate-fin
methanol steam reformer and a bench-scale. methanol autothermal reformer. A plate-fin
reformer integrated endothermic and exothermic reactions into one unit. The combustor
supplied the heat for the methanol steam reformer. Their numerical model accurately
predicted the methanol conversion rate and the gas distributions. Varesano et al. [67] used an
one-dimensional transient mathematical model to study the transport behavior in a steam
reforming reactor with a burner that supplies heat. The transient characteristics of the

reformer were examined in detail.

The flow field design in a fuel cell is one of the most important issues for PEMFC. An
appropriate flow field design in the fuel cell can improve the reactant transport, the thermal
and water management. To this end, different flow field configurations, including parallel,
serpentine and interdigitated have been developed. Many efforts have been devoted to
optimize the flow field design to improve cell performance [68-71]. In recent years, several
studies based on the flow field designs theory are applied to the plate methanol reformer

design. Different types of flow field designs for plate methanol micro-reformers have been
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used to achieve more efficient methanol conversion. Kundu et al. [72] used different flow
configurations, including serpentine and parallel flow fields, to improve plate methanol

reformer performance.

1.3 Objectives

In the present study, the objective of this work is to investigate the transport phenomena
and performance of the plate methanol steam micro-reformer (only including methanol steam
micro-reformer and methanol catalytic combustor). Fig. 1-7 shows the structure of PhD thesis.
The study is divided into five parts. Firstly, there have been various numerical studies of the
fluid flow in plate methanol steam reformer channels [19, 52]. In order to simplify the
analysis, many studies have considered the numerical model of methanol steam reformers,
only including energy equation and concentration equations with chemical reaction [43-44, 46,
48-51, 53, 55]. Furthermore, the continuity equation, momentum equation, energy equation
and species equations with chemical reaction-were employed to explore the temperature and
gas concentration distributions in the reformer by several researchers [7, 27, 54]. In this work,
an attempt is made to examine the detailed fluid flow, heat and mass transfer coupled with
chemical reactions in the plate methanol steam micro-reformer channels. Therefore, we
develop a two-dimensional channel model of the plate methanol steam reformer to study the
methanol conversion and local heat and mass transfer in the channel of a plate micro-reformer.
The effects of geometric and thermo-fluid parameters on the plate methanol steam
micro-reformer performance and the heat and mass transfer are numerically investigated in

detailed.

Secondly, we extended our previous study to three a three-dimensional channel model of
the plate methanol steam micro-reformer to analyze the local transport phenomena and
micro-reformer performance. The geometric design of a reactor is one of the most important
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issues. Appropriate reactor geometry can improve the reactant gas transport and the efficiency
of thermal management [36-37, 47, 50-51, 73-75]. As stated above literature survey, while
many studies have investigated the effects of reactor radius on cylindrical reactor performance
[36, 47, 50-51, 73-75], few studies have reported on the flow channel designs of plate
methanol steam micro-reformers. Therefore, based on flow channel designs, various aspect
ratios of channels on plate methanol steam micro-reformers can potentially enhance fuel
utilization. In this work, flow channels with various aspect ratios (height and width ratios) and
geometric size are numerically examined the transport phenomena in a channel reformer. In
addition, the thermo-fluid parameters (Reynolds number and wall temperature) are also
investigated to examine their effects on the methanol conversion and efficiency of channel

reformers.

Thirdly, the literature cited above has shown that micro-reformer performance can be
enhanced by suitable thermo-fluid parameters. However, several researchers have studied
plate steam reformers with a parallel flow field which is attractive due to its simplicity [44,
56-57]. There has been a limited amount of work investigating the effects of the different flow
field designs on thermo-fluid parameters, especially for the serpentine flow field. Therefore,
the objective of this section is to establish a three-dimensional serpentine flow field model of
the plate methanol steam micro-reformer to investigate its transport phenomena and methanol

conversion efficiency.

Fourthly, from the literature survey presented above, it was found that some literature is
available on mathematical models of the methanol steam micro-reformer, but little
information is available on mathematical models of a micro-reformer with a catalytic
combustor. Therefore, the objective of the present study is to investigate the transport
phenomena and the fuel conversion efficiency in a methanol steam micro-reformer with

methanol catalytic combustor. A three-dimensional numerical model of a micro-reformer with
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combustor is developed to examine the effects of various flow configurations and geometric

parameters on micro-reformer performance.

Finally, from the literatures cited above, it is shown that the methanol conversion can be
enhanced by a suitable flow channel design. However, there is only a limited amount of work
to investigate the effect of different flow field designs on the performance especially for the
serpentine flow field. Therefore, the objective of this section is to establish a
three-dimensional computational model of the plate methanol micro-reformer with methanol
catalytic combustor to investigate the performance and transport phenomena of the
micro-reformer with various flow fields (parallel flow field and serpentine flow field). In this
study, micro-reformer performance and gas transport phenomena can be accurately predicted
from our simulation. Therefore, this model is useful and can be reduce the design time of a
new plate methanol steam micro-reformer. Thus this can provide sufficient information for

designing micro-reformer system.
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Table 1-1 Energy density of various batteries and fuels [1]

Fuel Energy density (Wh kg ") Comments
BB-2590 81 Secondary
BA-5590 150 Primary
BA-5390 235 Primary
BA-8180 345 Primary Zn—Air battery, large unit
Compressed hydrogen 500~1000 5000 psig, value includes container weight
Sodium borohydride 3600 [NaBH,4 +2H,0] weight only
Methanol 5500 Based on lower heating value of fuel
Most liquid hydrocarbons ~12,400 Based on lower heating value of fuel
Hydrogen gas 33,200 Unpacked
Nuclear material 2,800,000 Raw power
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Table 1-2 Comparison of reforming technologies [4]

Technology

Advantages

Disadvantages

Steam reforming

AW =

. Most extensive industrial experience
. Oxygen not required
. Lowest process temperature

. Best H,/CO ratio for H, production

. Highest air emissions

Autothermal reforming

—

. Lower process temperature than POX

2. Low methane slip

. Limited commercial experience

. Requires air or oxygen

Partial oxidaiton

. Decreased desulfurization requirement

. No catalyst required

. Low methane slip

. Low H,/CO ratio

. Very high processing temperatures
. Soot formation/handling adds process

complexity
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Fig. 1-1 Applications of the fuel cell (ERL/ITRI)
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Fig. 1-2 Photograph of the (a) small PEMFC and (b) micro-reformer [6]
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CHAPTER 2

MATHEMATICAL MODEL AND ANALYSIS

2.1 The Model of the Methanol Steam Micro-Reformer

2.1.1 Model Description

In this section, the research only considered the plate methanol steam micro-reformer,
namely the methanol catalytic combustor is not included in it. Firstly, a 2-dimensional channel
model of the plate methanol steam micro-reformer would be established to study the methanol
conversion and local heat and mass transfer in the channel of a plate methanol steam
micro-reformer. Figure 2-1 presents a schematic of the two-dimensional channel geometry of

the plate methanol steam micro-reformer-used in the present work.

Then, the research extended my previous study to be a three-dimensional channel model
of the plate methanol steam micro-reformer to analyze the local transport phenomena and
micro-reformer performance. The channel is comprised of the flow channel, catalyst layer and
solid wall. The governing equations include mass, momentum, energy and species equations.
To reduce the computing time, the symmetric channel is considered only in this work. The

schematic diagram of this work is shown in Fig. 2-2.

Finally, a three-dimensional computational model of heat and mass transfer in a
micro-reformer with a serpentine flow field is proposed. The serpentine flow field has eight
turns. A schematic illustration of the coordinate system is shown in Fig. 2-3. The channel of

the serpentine flow field consists of a flow channel and a catalyst layer.

25



2.1.2 Assumption

To simplify the analysis, the following assumptions are made:
(1) The flow is steady state;

(2) The inlet fuel is an ideal gas;

(3) The flow is laminar and incompressible;

(4) The catalyst layer is isotropic;

(5) The chemical reaction occurs only in the catalyst layer;

(6) Thermal radiation and conduction in the gas phase are negligible compared to

convection.

2.1.3 Governing Equations

According to the descriptions-and assumptions above, the basic transport equations for
the two-dimensional and three-dimensional plate methanol steam micro-reformer are as

follows:

Continuity equation:

—+—+—=0 (2-1)

X-momentum equation:

2 2 2
ep u@—FV@-i-W@ =—8@+8M 6121+6121+812l +S, (2-2)
ox 0oy 0z 0x ox~ 0y 0Oz

Y-momentum equation:

2 2 2
ep u@+vﬁ+w@ :—8@+8u 8\2/+8\2/+8\2/ +5, (2-3)
ox oy 0z oy ox° Oy’ 0z

Z-momentum equation:

26



2 2 2
ep u@-l-V@-I-W@ =—s@+8u 6w+8w+8w +S,, (2-4)
0x oy 0z

In the momentum equations, € is the porosity of the medium. S,, S, and Sy are corrected
terms for the reactant gas flow in the porous material of the catalyst layer of the
micro-reformer. The S,, S, and Sy, are zero in the flow channel region. While in the catalyst
layer, S,, Sy and Sy, are different in each computation domain due to the difference in pressure

when fluids pass through a porous medium. So, S,, Sy and S, in the catalyst layer are [76]:

S, = —ﬂ—ﬁﬂvu2 +v +w’ (2-5)

k 2

S, =———-—"—7Vu +v +w (2-6)

S, :—ﬂ—ﬁlp\/u%rvz+w2 (2-7)

where k, is the permeability ‘and, 3-1s the inertial loss coefficient in each component

direction[76].
D ’¢’
k :p— 2'8
P 150(1-¢)’ 2-8)
3.5(1-¢)
= = 2-9
p Ds (2-9)

and where D, is the catalyst particle diameter.

The viscosity of the gas mixture can be calculated from Wilke’s mixture rule [77] as

follows:
5
M.u.
Mo = 2 s i (2-10)
=93 Moy
where
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¢ij :Z 1 (2-11)

Species equation:

ijJr(l—s)pSSC (2-12)

i +
ox* oyt oz

om, Om,  Om, o’'m, o’m, 0’m
u +Vv + =D, +
O0x oy 0z

In the species equation, m; denotes the mass fraction of the i™ species; the calculations
have included CH3;OH, H,O, H,, CO; and CO. In this work, the porosity ¢ is expressed as
0.38 and 1.00, in the catalyst layer and the flow channel, respectively. In Eq(2-12), De¢ is the
effective diffusion coefficient based on the Stefan-Maxwell equations [51]. Eq(2-13) is

employed to describe the influence of the porosity on the diffusion coefficient
D =D&’ (2-13)

The diffusion coefficient Dy for the methanol steam micro-reformer was derived from the
Stefan-Maxwell equations which were used to calculate the mean effective binary diffusivity
[51].

S. represents the source terms due to the chemical reaction in the catalyst layer.
Therefore, S is zero in the flow channel. Furthermore, S, differs according to the reactant

gases in the catalyst layer.

Sc = Mw,i(RSR + RrWGs)O”"i _}\"i) (2-14)

where A, and A, are the stoichometric coefficient for reactant i and product i,
respectively, in the reaction.

According to the chemical kinetics of Hotz et al. [78], the steam reforming reaction is

much faster than the decomposition and water-gas shift reaction. Purnama et al. [79] and
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Agrell et al. [80] proposed that using a Cu/ZnO/AlOs catalyst for methanol steam reforming
gives rise to two main chemical reactions, the steam reforming and the reverse water gas shift
reactions. They also indicated that CO was generated by the reverse water gas shift reaction.
Therefore, only the steam reforming reaction, Eq. (2-15), and the reverse water-gas shift

reaction, Eq. (2-16), are considered in this study.

CH,OH +H,0—~-CO, +3H, (2-15)
CO, +H, «<5*—>CO+H,0 (2-16)

In this study, the model for methanol steam reforming is that used by Hsueh and
collaborators [56, 57], and the Arrhenius equation is used to calculate the concentration of

reactant gases generated by the chemical reaction.

E
Ry = kICOC'li_;OHngO exp(— Rff) (2-17)

Ea
RT

E
R was = kZCCOZCHZ eXP(—R—fr) 2 k—2CCOCH20 exp(——=%) (2-13)

where the steam reforming reaction is a non-reversible reaction and the reverse water-gas
shift reaction is reversible. The constants k; and k, are the forward rate constants for the steam
reforming reaction and the reverse water-gas shift reaction, respectively. The constant k., is

the backward rate constant for the water-gas shift reaction.
To calculate the local temperature, the energy equations must be solved.

Energy equation:

2 2 2
pcp[u%+V%+WaTj=keff(aT+6T aT}LeSt (2-19)

— +
0z ox* oy’ oz
In the energy equation, the effective thermal conductivity in the porous medium, kg, is

the volume average of the fluid conductivity and solid conductivity. The effective thermal

conductivity is given by
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ks =¢ek, +(1-¢g)k, (2-20)
where k; is the fluid phase thermal conductivity, ks the solid medium thermal
conductivity and € the porosity of the medium.

In the energy equation, S; is the source term due to the chemical reactions, which in the
channel is zero. The catalyst layer experiences exothermic and endothermic chemical

reactions, so S; can be described as:
S, = ~(AHg Rgp +AH y65R 1) (2-21)
where AH, is the enthalpy of reaction of the steam reforming reaction, and AH ¢

is the enthalpy of reaction of the reverse water-gas shift reaction.

In the solid regions, the energy transport equation can be written as

O'T o'T 0T _ 0

+ + = 2-22
ox> oy’ oz ( )

2.1.4 Boundary Conditions

The boundary conditions of the present computation include those at the inlet, outlet,

wall, and the interfaces between the flow channel and the catalyst layer.

(1) The boundary conditions for inlets at the flow channel and the catalyst layer: The
inlet flow velocity is constant, the inlet gas composition is constant, and the inlet
temperature is constant.

(2) The boundary conditions for outlets at the flow channel and the catalyst layer: The
gauge pressure is zero.

(3) The boundary conditions for the interface between the solid wall and the insulated
walls: The temperature gradients are zero.

(4) The boundary conditions for the interface between the flow channel and the insulated
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walls: The velocities, temperature, temperature gradient, species concentration and

species flux are zero.

(5) The boundary conditions for the interface between the flow channel and solid wall.

No slip and zero fluxes hold the velocities and the concentration gradients at zero.

(6) The boundary conditions for the interface between the flow channel and the catalyst
layer: The wvelocities, temperature, species concentration and species flux are

continuous.

(7) The boundary conditions for the interface between the heated wall and the catalyst
layers: The velocities and the concentration gradient are assumed to be zero, and the

temperature is assumed to be equal to the constant wall temperature.

2.2 The Model of a Plate Methanol Steam Micro-Reformer with Methanol

Catalytic Combustor

2.2.1 Model Description

In order to simplify the multifarious changes due to the wall temperature variation, the
model above did not consider the wall thermal boundary condition to be a non-uniform
temperature. To keep everything isothermal there must be a continual input of heat because
the reaction is endothermic. However, in actual experimental operations, a key design
consideration for the reformer is how to supply the heat for the reaction. The supply of heat
will result in a non-uniform temperature along the length of the flow channel. The heat
consumed by the reaction will cause the temperature to decrease near the inlet of the channel
where the rate is highest. This will cause the length of the reaction zone to increase. The
energy balance must be couple with a heat source to design the proper heating device to

match the load required by the reaction. Therefore, the study will give thought to this issue,
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which is probably the most important results we could obtain from the reactor analysis.
Consequently, a methanol steam micro-reformer with a methanol catalytic combustor would
be considered in order to simulate the characteristics of the non-uniform temperature along
the channel. Now, a reactor model with consideration of the methanol steam micro-reformer

and methanol catalytic combustor has been developing.

This study extends the established 3-dimensional channel model of methanol steam
micro-reformer to a reactor channel model with consideration of the methanol steam
micro-reformer and methanol catalytic combustor in 3-dimensional model. The reactor
consists of a methanol steam micro-reformer and a methanol catalytic combustion chamber. A
schematic diagram of the physical system under consideration is shown in Fig. 2-4. The
system consists of the solid wall, two catalyst layers and two flow channels each at the
catalytic combustion/steam reforming.side. It is:seen that the methanol catalytic combustion
chamber and the methanol steam reforming chamber are separated by a solid wall. Both sides
of each channel are coated with a combustion catalyst layer and a steam reforming catalyst

layer. The heat from the combustion reaction is used to drive the steam reforming reaction.

Next, the three-dimensional computational models with various flow fields have been
established for methanol steam micro-reformer with methanol catalytic combustor. The flow
fields in the methanol steam micro-reformer and methanol catalytic combustor include the
parallel flow field and the serpentine flow field. The parallel flow field has five parallel
channels and the serpentine flow field has one channel with four turns. A schematic
illustration of these flow fields and associated coordinate system are shown in Fig. 2-5. The
parallel flow field has five flow channels and each channel is 40mm in length. The serpentine
flow field has one flow channel, the total flow channel length is five times the length of a
channel in the parallel flow field, and there are four turning points. In this study, constant flow

rate approach is utilized to investigate the effect of flow field on the performance of
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micro-reformer. The u, v, and w are the velocity components in the x-, y -, and z-directions,
respectively. The reactor consists of the solid wall, a steam reforming flow channel, a steam
reforming catalyst layer, a catalytic combustion catalyst layer and a catalytic combustion flow

channel.

2.3.2 Assumption

To simplify the analysis for the present study, the flowing assumptions are made:
(1) The flow is steady state;

(2) The inlet fuel is an ideal gas;

(3) The flow is laminar and incompressible;

(4) The catalyst layer is isotropic;

(5) The chemical reaction occurs-only in the catalyst layer;

(6) Thermal radiation and conduction in_the gas phase are negligible compared to

convection.

2.3.3 Governing Equations

With the above assumptions, the gas transport equations for the three-dimensional

reactor can be described as follows.
Continuity equation:

ou ov ow 223)

X-momentum equation:

2 2 2
ep u@-l-V@-l-W@ =—8@+8H 8u+8u+8121 +8S, (2-24)
ox 0oy 0z X




Y-momentum equation:

2 2 2
ep| u v w Mo Py 6Z+af+af +8, (2-25)
ox 0y 0z oy ox~ oy o0z

Z-momentum equation:

2 2 2
ep| U gy G W (P [TV OW WL (2-26)
ox oy 0z 0z ox~ oy o0z

In the above equations, ¢ stands for the porosity of the medium. S,, S, and S,, are
corrected terms of the reactant gas flow in a porous material in the catalyst layer. The source
terms, Sy, Sy and Sy, in the momentum equations are listed in Eqgs. (2-24)-(2-26), respectively.
Among them, the source terms, S,, Sy and Sy, account for the Ergun equations [76] in the x-,
y- and z-directions, respectively. The parameter k, stands for the permeability and f is the

inertial loss coefficient in each component direction.

g ——bu_Pup o (2-27)

k 2

p

S, = —%—%\/uz - (2-28)

p

S, =—ﬂ—@\/u2+vz+w2 (2-29)

k 2

p

where

2.3
Dps

5 = 15000y (2-30)

_3.5(1-¢)

2-31
D ¢’ 2-31)

B

Species equation:

2 2 2
(u a(;:i oy I +wami]:Deff{a m om0 mi]+(1—a)pssc (2-32)

oy 0z ox> oy’ oz
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In the species equation, m; denotes the mass fraction of the it species, where the various
species are CH;OH, H,O, H,, CO,, CO and O,. In these expressions, the concentrations of
CH;0H, H,0, H;, CO,, CO are calculated on the steam reforming side and CH;OH, H,O,
CO,, O, are calculated on the combustion side. The effective diffusion coefficient, Des
determined by the Stefan-Maxwell equations [77]. Eq. (2-33) is employed to describe the

influence of the porosity on the diffusion coefticient

D,, =D& (2-33)

eff

The diffusion coefficient Dy for the methanol steam micro-reformer was derived from the
Stefan-Maxwell equations which were used to calculate the mean effective binary diffusivity
[51]. S is the source term of chemical reaction in the species equation, and differs according
to the reactant gases in the catalyst layer. In the present study, there is no chemical reaction in
the flow channel. Therefore, S; is zéro-in the flow channel. In the catalyst layer, the source
term of the species equation, S., can be described by the following modified concentration
term:

M, (Rgz +R s +Ryp)A = 1)) for steam reforming
5. = (2-34)

C

M, (R compustion JA s =2 ) for combustion reaction

where My,; is the molecular weight of species i, and R;, is the Arrhenius molar rate of
creation and destruction of species i in the reaction. A, and A, are the stoichometric
coefficient for reaction i and product i, respectively, in the reaction.

According to the chemical kinetics of Pepply et al. [40], the methanol steam reforming
reaction consists of three overall reactions: one is a primary process in the methanol steam

reforming and the others are the decomposition reaction and water-gas shift reaction.

Therefore, the steam reforming reaction, Eq. (2-35), the reverse water-gas shift reaction, Eq.
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(2-36), and the decomposition reaction, Eq. (2-37), are considered in this study.

CH,OH +H,0 «*—CO, +3H, (2-35)
CO, +H, «*—>CO+H,0 (2-36)
CH,OH—~—CO+2H, (2-37)

In this work, to simplify the analysis, the model of Mastalir et al. [41] for methanol
steam reforming is used, and the Arrhenius equation is employed to calculate the reactant

gases generated by the chemical reaction.

E E
R =k Ceqt onCiio €Xp(= R;‘) —k_,Ceo,Cyy, exp(- R}) (2-38)
E, E,
R was = kzccozCHZ eXp(—ﬁ) - k—ZCCOCHzo exp(— RT) (2-39)
13 E,
Ryp = k3CCHSOH exp(——%) (2-40)

RT

where the steam reforming reaction and reverse water-gas shift reaction are reversible
reactions and the decomposition reaction is a non-reversible reaction. The constants k;, k, and

ks are forward rate constants, and the constant k_; and k., are the backward rate constants.

The reaction of the combustion catalyst layer can be represented by the following
reaction Eq.(2-41). The reaction rate of methanol over the Pt/Al,O; catalyst was calculated

with Eq.(2-42), as proposed by Pasel et al.[81]

CH,OH +1.50, —+->CO, +2H,0 (2-41)
R =k, Cl . exp(— E, ) (2-42)
Combustion 4~CH;0H RT

In order to evaluate the distributions of the local temperature, the energy equations must

be solved.
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Energy equation:

o [T, 0T, oT)_, (OT &T oT
Pe | " ox oy oz loxt oyt o

] +(1-¢)p,S, (2-43)
The effective thermal conductivity is modified to account for the porous medium effect:

keff = Skf + (1 — S)ks (2_44)

where k¢ is the fluid phase thermal conductivity, ks is the solid medium thermal

conductivity and ¢ is the porosity of the medium.

The source term S; in the energy equation due to the chemical reactions is determined by

—(AH Ry, +AH R yos + AH R ) for steam reforming
S, = (2-45)
~(AH ¢y mustion R Combustion ) for combustion reaction
As for the energy equation of the.solid wall, one has
2 2 2
8"£+6”£+8"£:0 (2-46)
ox~ oy o0z

2.3.4 Boundary Conditions

The boundary conditions of the present computation include those at the inlet, the outlet,

the wall, and the interface between the flow channel and the catalyst layer.

(1) The boundary conditions for inlets at the flow channel and the catalyst layer: the inlet

flow velocity is constant, the inlet gas composition is constant, and the inlet

temperature is constant.

(2) The boundary conditions for outlets at the flow channel and the catalyst layer: the

gauge pressure is zero.
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(3) The boundary conditions for the interface between the solid wall and the insulated

walls: the temperature gradients are zero.

(4) The boundary conditions for the interface between the flow channel and solid wall:
no slip and zero fluxes hold the velocities and the concentration gradients are zero.

(5) The boundary conditions for the interface between the flow channel and the catalyst
layer: the velocities, temperatures, species concentrations and species fluxes are

continuous.
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CHAPTER 3

METHOD OF SOLUTION

3.1 Flow Chart

Using the segregated solver, the governing equations are solved sequentially. Because
the governing equations are non-linear, several iterations of the solution loop must be
performed before a converged solution is obtained. Each iteration consists of the steps

illustrated in Figure 3-1 and outlined below:
1. Fluid properties are updated, based on the current solution.

2. The u, v, and w momentum equations are solved by using current values for pressure
and face mass fluxes in order to update the velocity field.

3. Since the velocities obtained in Step 2 may not satisfy the continuity equation locally,
an equation for the pressure correction is derived from the continuity equation and the
linearized momentum equations. The pressure correction equation is then solved to
obtain the necessary corrections for the pressure and velocity fields and the face mass
fluxes such that continuity is satisfied.

4. The above steps are continued until the convergence criteria are met.

5. Where appropriate, equations for scalars such as energy and species are solved using

the previously updated values of the other variables.

6. A check for convergence of the equation set is made.
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3.2 Numerical Method

The solution to the governing equations is obtained by employing a finite volume
method with the model domain divided into a number of cells and used as control volumes.
The governing equations are numerically integrated over each of these computational cells or
control volumes. The method exploits a collocated cell-centered variable arrangement with
the local or cell-averaged values of the physical quantities evaluated and stored at each cell

center.

A generalized form of the transport equation for mass, momentum, energy can be

expressed in a conservative form as follows:

V- (pgv) = V- (V) +8, 3-1)

where ¢ is a general dependent variable, v is velocity vector, S, is the source per
unit volume and p is the density: With the discretization of the governing equations, the
coupled finite-difference equations become

a,0p =a,0p +aydy +a 0y +agdg +S, (3-2)
where ¢, is the value of ¢ at the current point P, ¢, ... ¢;stand for the values of the grid
points adjacent to the point P, and a,...a; are known as the link coefficients. The

discretised form for the scalar control volume shows in Fig. 3-2. All equations were
numerically solved using the commercial CFD program, FLUENT® 6.1. The SIMPLE
algorithm was employed to solve the convection-diffusion equations. The convergence criteria

for the normalized residuals for each variable were restricted to be less than 107°.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Two-Dimensional Channel Model of a Plate Methanol Steam

Micro-Reformer

In this section, the effects of the geometric and thermo-fluid parameters on the plate
methanol steam micro-reformer performance and the heat and mass transfer are numerically
investigated in detail. In this work, a two-dimensional numerical model was developed to
study the methanol conversion and local heat and mass transfer in the channel of a
micro-reformer. The information reported here would be useful in improving plate methanol
steam reformer performance. When working in micro-reformers, it is very important to check
the validity of the continuum model and evaluate possible rarefied gas flow effects. To this
end, the Knudsen number (Kn) has been evaluated. This number compares the molecular
mean free path with the characteristic geometric dimension of the system. The molecular
mean free path has been evaluated according to Arzamendi et al.[63] for both the methanol

steam reforming and combustion gases in the 250-350°C range resulting values between 93

and 115 nm. In my base case, the characteristic dimension is the channel height (H =0.2 mm),
the Knudsen numbers are between 1.86x10* and 5.75x10™. These values are lower than 107
which assures the validity of the continuum model and the Navier-Stokes equations for the
systems considered in this work. The parameters used in the work are listed in Table 4-1.
Then, the effects of the number of gridlines on the numerical results are shown in Table 4-2
for three different grids. The predicted methanol mole fraction distributions show that the
deviations of the methanol mole fraction among these three grids are 1%. Therefore, the

91x26 grid is used in this work. The accuracy of the numerical results was validated by
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comparing the predicted methanol conversion with experimental results of Park et al. [16].
Figure 4-1 compares numerical and experimental results under various wall temperature and
inlet velocities. The results show that the numerical results agree reasonably well with the

experimental data.

4.1.1 Effects of the Geometric Parameters on the Heat and Mass Transfer and

Methanol Conversion in a Micro-Reformer Channel

The influences of the geometric parameters and thermo-fluid parameters on the
performance of micro-reformer are considered of great importance. To this end, the effects of
the channel length (L=22 mm, 33 mm, and 44 mm), channel height (H=0.1 mm, 0.2 mm, and
1.0 mm), catalyst thickness (6,=10 pum, 30 umrand 50 um) and catalyst porosity (¢=0.28, 0.38,
and 0.48) on the methanol conversion and CO concentration in the micro-reformer were

investigated.

For fixed Reynolds number (Re=2.2), the effects of geometric parameters on methanol
conversion of micro-reformer channel are presented in Fig. 4-2(a). The results show that the
methanol conversion increases with an increase in the wall temperature Ty, for all geometric
conditions, implying that a better micro-reformer performance can be archived at higher wall
temperature. By comparing the results of Ty, =200 ‘C and Ty, =260 C with L=33 mm, H=0.2
mm, 3,=30 um and £=0.38, it shows that the methanol conversion for Ty, = 260 ‘C could be
improved by 49% relative to that of Ty, = 200 C. Comparison of the corresponding curves of
the channel lengths of L=22 mm, 33 mm, and 44 mm indicates that better methanol
conversion is found for a longer micro-reformer channel. This is due to the longer residence
time of the fuel in the longer channel. As for the effects of channel heights (H=0.1 mm, 0.2

mm, and 1.0 mm), the results reveal that all the three micro-channels possess a similar
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methanol conversion. Additionally, it is seen in Fig. 4-2(a) that the methanol conversion in the
micro-reformer is enhanced by the increased catalyst thickness. The channel with thicker
catalyst layer has a larger chemical reaction area, which in turn causes a better methanol
conversion. The results show that methanol conversion improves from 80% to 99% at Ty, =
260 ‘C with the catalyst thickness ranging from 10um to 50um. The effects of the porosity of
catalyst layer (¢=0.28, 0.38, and 0.48) on methanol conversion of micro-reformer channel are
also shown in Fig. 4-2(a). It is found that the methanol conversion increases with an increase
in the porosity of catalyst layer. This means that reaction surface is enlarged via an increase in
the catalyst porosity. In addition, the best methanol conversion is noted for the case with L=33
mm, H=0.2 mm, 8,=50 pm and £=0.38 at T,, = 260 °C. This implies that the appropriate

channel geometry and catalyst thickness are very critical for improving methanol conversion.

The CO concentration must be reduced for further use in a PEM fuel cell. Therefore, the
CO concentration distributions for various geometric parameters are presented in Fig. 4-2(b).
It is clearly observed that the CO concentration increases with increasing wall temperature.
This is because the endothermic reverse water-gas-shift reaction increases as the wall
temperature increases. It is clear in Fig. 4-2(b) that lower CO concentration is found for a
micro-reformer with a shorter channel length. A detailed comparison of the corresponding
curves shows that lower CO concentration is noted for a micro-reformer with a thinner
catalyst thickness or a lower porosity. It is clearly seen that the CO concentration is about
16000ppm for the case with L=33 mm, H=0.2 mm, 8,=30 pum, €=0.38 and a wall temperature

0f260 C.

The effects of inlet fuel ratio on the CO concentration (ppm) at the outlet were also
investigated. The effect of the molar ratio of H,O/CH;OH on the CO concentration for
various geometric parameters and wall temperatures are shown in Fig 4-3. A careful

inspection of Fig. 4-3 discloses that the CO concentration decreases with an increase in the
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inlet molar ratio of H,O/CH3OH. This is due to the fact that the higher H,O concentration
enhances the water-gas-shift reaction which, in turn, reduces the CO concentration. The
results also show that the CO concentration would be reduced from 1.72% to 0.95% at T,, =
260 ‘C with the H,O/CH30H molar ratio values ranging from 1.0 to 1.6. However, the higher
molar ratio of HyO/CH3;OH also reduces the H, concentration at the channel outlet. It is also
found that the effects of the H,O/CH3;OH molar ratio on the CO concentration are more

significant for a case with a higher wall temperature.

The impact of channel height on temperature distribution along the centerline of the
channel, at a fixed Reynolds number, was examined for the heights 0.1 mm, 0.2 mm and Icm.
The hydraulic diameters of channel vary depending on channel heights. A higher channel
height has a greater hydraulic diameter. Fig. 4-4 illustrates that the centerline temperature
increases along the channel as a consequence of the heated wall. For a smaller channel height,
the temperature distribution is much more uniform due to the shorter thermal entrance length.
This kind of uniform temperature distribution improves the chemical reaction rate. Therefore,
as shown in Fig. 4-2 (a), the methanol conversion of the micro-reformer is slightly enhanced
with the smaller channel height at higher wall temperature. A comparison of the temperature
distributions for wall temperatures of 200°C and 260°C indicates that the centerline

temperature increases with an increase in the wall temperature.

Figure 4-5 shows the effects of wall temperature on the cross-sectioned temperature at
different axial locations for H=1.0mm at the wall temperatures of 200°C and 260°C. It is
clearly found that near the entrance (X=0.076), the cross-sectioned temperature shows a
significant variation. As the flow move downstream, the cross-sectioned temperature becomes
uniform with a slight variation. When X>0.606, the results show that the temperature
variation disappears. Figure 4-6 presents the cross-sectioned velocity in the catalyst layer and

flow channel for different axial locations at the wall temperatures of 200°C and 260°C. As
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expected, there is a large difference on the velocity scale between the catalyst layer and flow
channel. The velocity distributions in the catalyst layer are down to two orders of magnitude
smaller than that in the flow channel, indicating that gas diffusion is the dominant transport
mechanism in the porous media. The results also indicate the wall temperature of 260 C

generates higher gas velocity distributions than that of 200 C.

Figure 4-7 shows the local distributions of the different species at wall temperatures of
200 C and 260 C along the centerline of the channel for the same operating conditions. Fig.
4-7 discloses that both the mole fractions of the CH;OH and H,O decrease as the fluid moves
downstream, while the H,, CO, and CO mole fractions increase with axial location. Fig. 4-7
clearly demonstrates that the mole fractions of the products increase with an increase in the
wall temperature. In addition, Fig. 4-7 (b) shows that the methanol conversion is greater than
99% at a wall temperature of 260 “C, with a product gas composition of 74.7% H,, 23.6%
CO;and 1.7% CO at the outlet of the channel. The results agree reasonably with experimental
data [16]. For the PEM fuel cell, the'CO concentration should be less than 10 ppm, so cleanup
step is required after reforming. The utilization of the PrOx or water-gas-shift reaction

equipment can reduce the CO concentration in the gas from the micro-reformer.

Studies of the reactant gas transport in micro-reformer channels have shown that a
detailed understanding of the local distribution of the CH;0H mole fraction along the channel
is important for designing the micro-reformer. Therefore, the effects of geometric parameters
on the local distributions of the CH3;OH mole fraction along the channel center line are
presented in Fig. 4-8. The results reveal that geometric parameters have a considerable impact
on the local CH;OH distributions. It is found that the CH3;OH mole fractions decrease as the
fluid moves downstream due to the chemical reaction. For various channel heights, there
appears to be little variation in the CH;0OH mole fraction distributions. The higher methanol

concentration is noted for a system with a longer channel length or with a lower catalyst layer
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thickness and porosity. This implies that the chemical reaction rate is weaker for a system
with a shorter channel length or with a lower catalyst layer thickness and porosity. The effect
of wall temperature on the local CH;0H mole fraction can be found by comparing the
corresponding curves in Figs. 4-8 (a) and (b). It is clear that smaller methanol concentration is
noted for a case with a higher wall temperature. This can be explained by the fact that a
stronger chemical reaction is experienced for a micro-reformer channel with a higher wall

temperature.

The distributions of the H, mole fraction along the channel are shown in Fig. 4-9 for
various geometric parameters and wall temperatures. A higher H, mole fraction along the
channel represents a higher methanol conversion. Thus, the variation of the H, fraction is
opposite to that of the CH3;0OH mole fraction in Fig. 4-8. In Fig. 4-9, a higher H, mole fraction
is found for a micro-reformer channel with a longer channel length or with a higher catalyst
thickness, porosity and wall temperature. Figure 4-10 presents the effects of the geometric
parameters on the local CO mole fraction distribution along the center line at wall
temperatures of 200 “C and 260 ‘C. The trends of the variations in Fig. 4-10 can be interpreted
in a similar way as for the results in Fig. 4-8 since a higher methanol conversion results in a

higher CO production.

4.1.2 Effects of Thermo-Fluid Parameters on the Heat and Mass transfer and

Methanol Conversion in a Micro-Reformer Channel
Additionally, the Reynolds number (Re=2.2, 4.4 and 8.8), fuel ratio (S/C=1.0, 1.3 and
1.6) and inlet temperature (To=100 °‘C, 120 ‘C, and 140 °C) are the key thermo-fluid

parameters in micro-reformer channels which would affect the micro-reformer performance.

The Reynolds number increases with increasing fuel velocities at the same inlet area. Figure
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4-11 shows the effects of the Reynolds number on the local distributions of the CH;0H mole
fraction along the channel at the same catalyst layer thickness and porosity. Three cases with
Reynolds number of 2.2, 4.4 and 8.8 are presented in Fig. 4-11. It is clearly observed a lower
methanol concentration (better methanol conversion) is found for a micro-reformer channel
with a lower Reynolds number. This is due to the fact micro-reformer channel with a lower
Reynolds number would experience a longer reactant gas resident time and reaction time,
which in turn causes a better methanol conversion. In this work, we considered the
H,0O/CH;0OH molar ratio values 1.0, 1.3 and 1.6. The predicted results in Fig. 4-11 show that
the CH3OH concentration decreases with an increase in the H,O/CH3;OH molar ratio. Also,
the impact of different inlet fuel temperatures was examined for the values of 100 C, 120 C
and 140 C. It is found that a lower CH3;0H concentration (a better methanol conversion) is
found for a system with a higher inlet fuel temperature which increases the reaction rate.
Comparison of the local CH;OH:mole fractions in Figs. 4-11 (a) and (b) for the wall
temperatures of 200 ‘C and 260 °C “for the various operating parameters shows that the local
CH;OH mole fraction decreases with increasing wall temperature due to a strong chemical

reaction for a high wall temperature.

The dependence of the local H, mole fraction distribution on the Reynolds number, fuel
ratio and inlet temperature are presented in Fig. 4-12. The results show that a higher H, mole
fraction is noted for a micro-reformer channel with a lower Reynolds number. This is due to
the longer gas resident time which results in a better methanol conversion and a higher H;
production. The influences of the H,O/CH;OH molar ratio on the H, mole fraction are
presented in Fig. 4-12. The results show that a higher molar ratio of H,O/CH3;OH causes the
H; mole fraction to fall. Additionally, the H, mole fraction increases with increasing inlet fuel
temperature. Comparison of Figs. 4-12 (a) and (b) indicates that a higher local H, mole

fraction is experienced for a micro-reformer channel with a higher wall temperature owing to
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a stronger chemical reaction.

Figure 4-13 presents the variations of the CO mole fractions along the channel for the
various thermo-fluid parameters. By comparing Figs. 4-12 and 4-13, it is found that the CO
distributions in Fig. 4-13 have the same trends as the H, distributions in Fig. 4-12. This
confirms the common concept that a micro-reformer with a H, production indicates a higher

CO concentration.

4.2 Three-Dimensional Channel Model of a Plate Methanol Steam

Micro-Reformer

In this section, the numerical results are obtained for a channel of a plate methanol steam
micro-reformer. A three-dimensional: channel-model was developed to investigate the
geometric sizes (aspect ratios and channel size) and thermo-fluid parameters (Reynolds
number and wall temperature) on methanol conversion and local transport phenomena in the

channel of a plate steam methanol micro-reformer.

In past studies of heat and mass transfer in a micro-reformer, simplified models without
wall conduction effects have been developed. In this work, a detailed analysis of the
3-dimensional modeling with wall conduction effects has been proposed to examine the
transport phenomena of heat and mass transfer in a micro-reformer channel. Figure 4-14
presents the effects of wall conduction on the local temperature distributions and CH;OH
mole fraction distributions along the centerline of the channel. In this plot, X denotes the
dimensionless distance from the channel inlet to outlet. It is clearly seen that the temperature
distribution is affected by the wall thermal conduction and shows a rapid and uniform
development compared with that without a wall conduction effect. This implies that the

effects of wall conduction on the thermal development in a micro-reformer are important. In
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addition, it is found in Fig. 4-14 that the effects of wall conduction on the methanol
distribution are negligible, whereas their effect on the temperatures distribution is remarkable
and cannot be neglected in the modeling. Therefore, wall conduction effects are taken into
account in this work. This is the different between two-dimensional channel model and

three-dimensional channel model.

The validation of the numerical results is performed by comparing the present
predictions with previous experimental results. Figure 4-15 shows the comparison of the
present predictions and experimental results. The solid symbols denote the experimental
results of Park et al. [16] and the curve is the present prediction. The results show that the

numerical results agree reasonably well with the experimental data.

4.2.1 Effects of Channel with | Various Height and Width Ratios on
Micro-Reformer Performance and Local Transport Phenomena
Using previously stated the numerical model, the effects of aspect ratios of channel on

methanol conversion and transport phenomena were emphasized. The various cases for

different aspect ratios are shown in Table 4-3. The aspect ratios, v, are defined as follows:

(4-1)

Where (6,+9;) and Wy are the channel height and width, respectively. The corresponding

hydraulic diameters in Table 4-3 are fixed to be 0.286 mm.

In the present study, the mass fractions of the inlet reactant gas including methanol vapor
and water vapor of 0.38 and 0.62, respectively, were tested. Thus, the molar ratio of
H,0O/CH;0H was kept constant at 1.1. The inlet flow velocity of 0.266 m/s used and therefore,

the corresponding Reynolds number Re was 3.14 for each test. The geometric dimensions and
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physical properties of the channel are listed in Table 4-4.

The grid independence was examined in preliminary test runs. Three grid configurations
were evaluated for the channel of the plate methanol steam micro-reformer at a wall
temperature of 200°C . The numbers of grid lines in the x, y and z directions were: 41x16x18,
51x21x23, and 71x31x33. The influence of grid lines on the local methanol mole fraction is
shown in Table 4-5. The deviations of methanol mole friction are 0.4% for grids 41x16x18
and 51x21x23, and 0.4% for grids 51x21x23 and 71x31x33. Grid 51x21x23 was, therefore,
chosen for the simulation in the present study as a tradeoff between accuracy and CPU

computation time.

For aspect ratio of y=0.5, Fig. 4-16 presents the local distributions of the different species
at wall temperatures of 200 C and 260 °C along the center of the channel. Overall inspection
of Fig. 4-16 disclosed that the CH;0OH and H,O mole fractions decrease along the channel,
while the H,, CO, and CO mole fractions increase along the center of the channel. The results
demonstrate that as the mole fractions of the products increase as the wall temperature
increases. The results also show that the methanol conversion is about 49% for a wall

temperature of 200 °C, with a gas composition of 249 CH;0H, 28% H,0, 36% H,, and 12%

CO; at the channel outlet. However, the CO concentration is only 244 ppm. For a wall
temperature of 260 ‘C, the results indicates that the methanol conversion is greater than 96%,
with a product gas composition of 74.05% H,, 24.28% CO,, and 1.67% CO at the channel
outlet. For the PEMFC, the CO concentration must be less than 10 ppm which can be
achieved using a CO oxidation reactor. The utilization of the preferential oxidizer (PrOx)
reactor or water-gas-shift reaction can reduce the CO concentration in the gas from the
methanol micro-reformer. Kwon et al. [26] used a reformer and PrOx reactor, and showed that

the CO produced was totally removed from the gas by the PrOx device.

Figure 4-17 presents the effects of the aspect ratios of channel on methanol conversion
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and CO concentration (ppm). In this work, the catalyst thicknesses are fixed to be 30um. A
careful examination of Fig. 4-17 reveals that the methanol conversion increases with an
increase in wall temperature. Thus, the methanol conversion can be improved by increasing
wall temperature, which in turn, increases the chemical reaction rate. It is also found form Fig.
4-17 that the methanol conversion increases with a decrease in aspect ratio due to the large
chemical reaction area for a low aspect-ratio channel. This implies that better performance is
noted for a lower aspect-ratio channel of micro-reformer. The CO concentration (ppm)
leaving the channel was also studied. In Fig. 4-17, the results show that the CO concentration
increases with increasing wall temperature. This can be made plausible by noting the fact that
the reaction rate of the endothermic reverse water-gas-shift reaction increases as the wall
temperature increases. Additionally, it is also found that the CO concentration (ppm)
increases with decreasing aspect ratios. A height/width ratio of y=0.25 and a wall temperature
of 260 °C vyielded the better methanol conversion (greater than 98%), but the CO
concentration was also higher, and was, greater than 16000 ppm. Hence, the CO concentration

in the outlet gases must be reduced for further use in a PEMFC.

The effects of aspect ratios on local methanol conversion distributions along the channel
center line at T =200 °C and T =260 °C are presented in Fig. 4-18. An overall inspection of
Fig. 4-18 reveals that the aspect ratios of channel have a considerable impact on the local
methanol conversion distributions along the center line. It is found that the predicted methanol
conversion increases along the channel. In addition, methanol conversion efficiency increases
with decreasing aspect ratios of channel. As for the effects of wall temperature, better
methanol conversion is noted for a case with a higher wall temperature owing to a stronger

chemical reaction rate.

Figure 4-19 shows the effects of the aspect ratios of channel on the distribution of the H,

and CO mole fractions, respectively, along the channel center line. It is clear in Fig. 4-19(a)
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that the H, mole fraction along the channel center line represents the methanol conversion,
with a higher H; fraction indicating higher methanol conversion rates. Thus, the variation of
the H; fraction is opposite to that of the CH3OH mole fraction. It is clearly observed from Fig.
4-19(a) the H, mole fraction increases as the aspect ratio decreases and wall temperature
increases. The trends of the variations in Fig. 4-19(b) can be interpreted in a similar way to
the data in Fig. 4-19(a). This is because that a higher methanol conversion results in a higher
CO production. These phenomena are more obvious at a higher wall temperature (260 C),

because the methanol micro-reformer produces more CO for a higher wall temperature.

Figure 4-20(a) presents the reactant gas velocity distributions in the center of the channel
along the direction of flow from the inlet to the outlet for wall temperatures of 200 ‘C and 260
C for the various aspect ratios. It is clearly seen in Fig. 4-20(a) that the velocity slowly
increases from the inlet to the outlet.. The wall temperature of 260 ‘C generates higher gas
velocity distributions than that of 200:°C. The results show that the methanol conversion of
the micro-reformer is independent of'the velocity distributions in the center of the channel due
to the chemical reaction dominating methanol conversion. Then, to explore the pressure loss
caused by the various aspect ratios, the local pressure losses (the difference between local and
inlet pressures) along the channel center line for wall temperatures of 200 C and 260 C
under various aspect ratios are presented in Fig. 4-20(b). In Fig. 4-20(b), it is found that the
local pressure loss increases along the flow channel. A careful examination of Fig. 4-20(b)
discloses that larger pressure loss is noticed for a case with a higher wall temperature (260 C).
Additionally, the results show that larger pressure loss is found for a smaller aspect ratio
(y=0.25). The higher pressure losses mean that excess work has to be done in pushing the

gases through. Therefore, reducing pressure losses is one of the most important issues.

Effects of the aspect ratios on the temperature distributions are shown in Fig. 4-21(a). It

is clearly seen that the fluid temperature increases along the channel as a consequence of
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chemical reaction. When X>0.03, the fluid temperature increase insignificantly along channel
because there is a thermal equilibrium beyond this point. It is also shown that the temperature
rises with the decrease in aspect ratios, y. As the y decreases, the temperature distributions
become much more uniform. Therefore, a smaller aspect ratio leads to a better methanol
conversion. Afterwards, to explore the change in steam reforming reaction rate caused by the
various aspect ratios of the channels, the local steam reforming reaction rates along the
interface between the catalyst layer and the flow channel are presented in Fig. 4-21(b). For a
wall temperature of 260°C, larger aspect ratios can improve the steam reforming reaction rate,
as a result of the methanol being consumed in the forward region of channel inlet. For a lower
wall temperature of 200°C, the change in steam reforming reaction rate follows a similar trend
to that of the wall temperature 260°C. In addition, it is found that a higher steam reforming
reaction rate is found for a case with .a‘higher wall temperature due to a stronger steam

reforming reaction.

Figure 4-22 demonstrates the effects of ‘the Reynolds number on the methanol
conversion and the H, production rate of the channel in the plate methanol steam
micro-reformer for wall temperatures of 260 “C. An overall inspection of Fig.4-22 discloses
that the methanol conversion increases with decreasing Reynolds number Re. This can be
made plausible by noting the fact that the fuel can spend more time in the channel for a lower
Reynolds number Re. As for the H, production rate, the results show that the H, production
rate increases as the Re increases. Additionally, the effects of the aspect ratios on the
methanol conversion and H, production rate are shown in Fig. 4-22. It is clear that the
methanol conversion increases with a decrease in aspect ratio. When y=0.5 with a Re of 3.14,
the methanol conversion was greater than 86%, and the H, production rate was 184 cm’/min.
The plate methanol steam micro-reformer produced hydrogen to supply fuel cell, Park et al.

[16] presented that the H, production rate was only 186cm’/min, which could supply a 15W
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fuel cell.

4.2.2 Effects of Geometric Size on the Transport Phenomena and Performance

of Micro-Reformer

Effects of geometric size on the transport phenomena and performance of
micro-reformer are important. To this end, the effects of channel size on temperature
distributions are shown in Fig. 4-23. In Fig. 4-23, two channel sizes were tested: channel (I)
33mm(L), 1.5mm(Wg), 0.75mm(0;+0,) and channel (II) 33mm(L), 0.429mm(Wg),
0.214mm(d,+9,), respectively. The aspect ratios were all fixed to be 0.5, with the catalyst
thickness being 30um. Different channel sizes have different hydraulic diameters. Channel (I)
has a greater hydraulic diameters than:channel (II). It is found from Fig. 4-23 that the
temperature distribution increases:-along the channel as a consequence of the chemical
reaction. For a smaller channel size, the temperature distribution is much more uniform due to
the shorter thermal entrance length. This kind of uniform temperature distribution improves
the chemical reaction rate. As a result, the smaller channel leads to better methanol conversion.
Comparing the local temperature distributions for wall temperatures of 200°C and 260°C, it
can be shown that the local temperature distribution increases with increasing wall

temperature.

The effects of the Reynolds number Re on the methanol mole fraction distributions of
two channel sizes (I) 33mm(L), 1.5mm(Wg), 0.75mm(0;+6;) and (II) 33mm(L),
0.429mm(Wyg), 0.214mm(8,+8,) for wall temperatures of 200°C and 260°C are examined in
Fig. 4-24. The results show that a larger CH3;OH mole fraction is noted for a case with a
higher Reynolds number Re. Additionally, it is clearly observed that for fixed Re, channel (I)

shows similar methanol distributions to those of channel (II). Therefore, channels (I) and (II)
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have similar methanol conversion, but channel (I) requires more catalyst loading and a slower
velocity than channel (IT). This is because that channel (II) has a more uniform temperature
distribution which increases the chemical reaction rate. Comparison of Figs. 4-24 (a) and (b)
shows that the CH3;OH consumption increases with increasing wall temperature, which in turn,

increases the reaction rate.

4.3 Three-Dimensional Model of a Plate Methanol Steam Micro-Reformer

with Serpentine Flow Field Design

The research above has shown that micro-reformer performance can be enhanced by
suitable thermo-fluid parameters. However, there has been a limited amount of work
investigating the effects of the different'flow field designs on thermo-fluid parameters,
especially for the serpentine flow field. Therefore, the objective of this section is to establish a
three-dimensional serpentine flow field model of the plate methanol steam micro-reformer to

investigate its transport phenomena and methanol conversion efficiency.

Figure 2-3 presents schematics of the three-dimensional plate methanol steam
micro-reformer considered in this work. The inlet cross-section of the channel is 1 mm x 1
mm. The thicknesses of the catalyst layers are set at 50 um. The base conditions of the
properties are as follows; the operating pressure is 1 atm and the inlet temperature is 120°C.
The inlet flow velocity is 1 m/s and the molar ratio of HO/CH3OH is 1.3 in the first example.

The physical properties of the channels are listed in Table 4-6.

In order to study the effect of grid number on the numerical results, the grid
independence was examined in preliminary test runs. For simplification of the analysis, three
grid configurations were evaluated for the single channel of the plate methanol steam

micro-reformer at a wall temperature of 230°C. The single channel length is 33 mm, and the
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cross-section of the channel is 1 mm x 1 mm. The thicknesses of the catalyst layer are set at
50 um. The inlet flow velocity is 1 m/s and the molar ratio of H;O/CH;0H is 1.3. The
physical properties of the channel are listed in Table 4-6. The numbers of grid lines in the x, y
and z directions were 265x36x9, 133x26x5, and 67x16x3. The influence of grid lines on the
local temperatures is shown in Table 4-7. The deviations of local temperatures are 0.04-1.1%
for grids 67x16x3 and 133x26x5, and 0.4-2.8% for grids 133x26x5 and 265x36x9. Therefore,
Grid 132x25x4 was chosen for the simulation in the present study as a tradeoff between

accuracy and CPU computation time.

In order to compare the numerical results and experimental data, a micro-reformer with
parallel flow field is tested. Fig. 4-15 shows a comparison of the present prediction with
previous experimental data. The solid symbols denote the experimental results of Park et al.
[16] and the curve is the present prediction. Only small discrepancies between the numerical
results and the experimental data have been found. The numerical model accurately predicted
the methanol conversion and the gas distributions. Hence, the proposed three-dimensional

numerical model is adequate for analyzing the heat and mass transfer in a micro-reformer.

4.3.1 Effects of Thermo-Fluid Parameters on the Plate Methanol Steam

Micro-Reformer with Serpentine Flow Field Performance

The wall temperature, T, on the heated wall is important. To this end, the effects of wall
temperatures on the dimensionless temperature distributions along the centerline of the
serpentine flow field at a Reynolds number of 41 and a H,O/CH3OH molar ratio of 1.3 are
examined in Fig. 4-25(a). In Fig. 4-25(a), the fluid temperature shows a significant increase
when the fuel moves downstream. The fluid temperature increases along the serpentine flow

channel due to the heated wall. The dimensionless temperature experiences a negligible
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variation when X>0.3. This is due to thermal equilibrium for X>0.3, in which the temperature
has a more uniform distribution. In addition, it is found in Fig. 4-25(a) that the dimensionless
temperature distributions are almost the same for various values of wall temperature. Figure
4-25(b) shows the effects of the wall temperature T, on the distribution of CH;OH and H;
mole fraction along the centerline of the serpentine flow field. The CH3;OH mole fraction
gradually decreases along the flow directions due to the chemical reaction, whereas the H;
mole fractions increase when the flow moves downstream. It is also clearly seen that the
CH;OH consumption and the H, mole fractions increase with an increase in the wall
temperature. A lower CH3OH mole fraction and a higher H, mole fraction along the

serpentine flow field represent a higher methanol conversion.

The velocity distributions along the centerline of the serpentine flow field for various
values of wall temperature are presented in Fig. 4-26(a). Significant variations are seen clearly
at the turning points of the flow channel due to the change of velocity direction. The fuel flow
velocity increases from the inlet to outlet, due/to increases in the temperature caused by
significant density variation. The rise in fuel velocity becomes relatively insignificant since it
is fully developed thermally at X>0.3. The thermo-fluid parameters affect not only the
methanol conversion efficiency, but also pressure loss (the difference between local and inlet
pressures) in the serpentine flow channel. Large pressure drops in the channel mean that more
pumping work is needed to pump the reactants. Thus, pressure loss is a significant issue. An
exploration of pressure loss for various wall temperatures along the centerline of the
serpentine flow field is presented in Fig. 4-26(b). Local pressure loss increases along the
serpentine flow field. A larger pressure loss occurs at higher wall temperatures. In addition,
clearly observed variations in the pressure loss appear at the turning points, due to the velocity
change. The pressure losses are higher for the serpentine flow field than for the parallel flow

channel, so reducing them is a priority for future use with the plate methanol micro-reformer.
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The effects of the Reynolds number (Re) on the local dimensionless temperature,
CH;0H and H, mole fraction distributions at T,,=230°C are analyzed in Fig. 4-27. A careful
examination of Fig. 4-27(a) reveals that the dimensionless temperature increases as the fluid
moves downstream due to the heated wall. In addition, the dimensionless temperature rise is
lower for a higher Re. This is due to the fact that a higher Reynolds number significantly
increases the heat leaving the flow channel, which decreases the temperature rise. In Fig.
4-27(b), the CH30OH mole fraction clearly decreases along the serpentine flow field. This is
due to the temperature rise caused by the strong chemical reaction, which in turn increases the
methanol consumption. Also, the methanol mole fraction distributions decrease with a lower
Reynolds number. The results also show that a higher H, mole fraction is noted for the lower
Reynolds number. This is due to the longer gas resident time which results in a better

methanol conversion and a higher H, production.

Figure 4-28 presents the effects of the HyO/CH3OH (S/C) molar ratio on the CH3;0OH, H;
and CO mole fraction distributions at. T, =230°C. Figure 4-28(a) shows that more efficient
methanol conversion is noted at a higher H,O/CH3OH molar ratio. It is also found that a
higher molar ratio of H,O/CH3OH causes the H, mole fraction to fall. The CO mole fraction
distributions are also shown in Fig. 4-28(b). The CO concentration decreases with an increase
in H,O/CH3OH molar ratio. This is because the higher H,O concentration would enhance the
water-gas-shift reaction, which in turn reduces the CO concentration. However, the higher

H,0O/CH;0H molar ratio also reduces the H, concentration at the channel outlet.

Figures 4-29 and 4-30 present the CH;0H, H, and CO mole fraction distributions for
Tw=230"C along the middle cross-section of the serpentine flow field (Y=0.5) and the
interface between flow channel and catalyst layer (Y=0.95), respectively. An overall
inspection of Figs. 4-29 and 4-30 reveals that the mole fraction of CH30H decreases along

both the middle cross-section of the channel and the interface between the flow channel and
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catalyst layer. A comparison between Figs. 4-29 and 4-30 shows that the methanol
consumption is higher at the interface compared with the middle cross-section. This is
because the interface has a higher temperature and chemical reaction rate. It is evident that the
mass fraction of H, and CO increases along the middle cross-section of the serpentine flow
field and along the interface between the flow channel and catalyst layer. This confirms that a
methanol micro-reformer with a higher CH3;OH consumption indicates a higher H, and CO

concentration, as would be expected.

Figure 4-31 presents the effects of the Reynolds number Re on the methanol conversion
n and H, production rate Qy, for various values of wall temperature Ty. In Fig. 4-31, the
value of Qy increases and 1 decreases with an increase in Re. This can be attributed to the
fact that a lower Re implies an increase in the fuel residence time and temperature
distributions in the micro-reformer, which in turn improves the methanol conversion. As for
the Qpp, a higher Qy; is found for the case with a higher Re due to the higher inlet flow rate.
In addition, n and Qy, increase with an increase in wall temperature T,. Besides, it is
important to note that a higher Reynolds number will not necessarily provide a better H;
production rate. When the methanol conversion is too small, a higher Reynolds number may

provide a lower H, production rate.

4.3 .2 Effects of Various Heated Plates on Micro-Reformer Performance

The effects of various heated plates of the channel on the temperature distributions and
CH3;0H mole fraction distributions are examined in Fig. 4-32. In Fig. 4-32, two cases of
heated plates were tested, top heated plate (Y=1) or bottom heated plate (Y=0). The effects of
top versus bottom heated plates of the channel on temperature distributions along the center

line of the serpentine flow field are shown in Fig. 4-32. A top heated plate has a higher
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temperature distribution than a bottom heated plate. This is because a bottom heated plate has
a smaller temperature rise due to fuel convection effects, while a top heated plate with the
heated position near the catalyst layer has a more significant temperature rise. For a bottom
heated plate, it is also apparent that marked temperature variations occur at the turning points
of the flow channel due to the change of the heat flow direction. The top heated plate clearly
has a larger methanol consumption than the bottom heated plate. These phenomena make it
obvious that the stronger chemical reaction for the case with the top heated plate is due to a

higher temperature distribution.

4.4 Three-Dimensional Channel Model of a Plate Methanol Steam

Micro-Reformer with Methanol Catalytic Combustor

A three-dimensional numerical model of a micro-reformer with combustor is developed
to examine the effects of various flow configurations, geometric parameters and Reynolds
number (Re) on micro-reformer performance. The geometrical dimensions and parameters

used are listed in Table 4-8.

In this work, a grid system of 121x81x21 points was used. To examine the grid
independence of the predictions, three grid systems were considered and their influences on
the prediction of local temperature distributions for a typical case are presented in Table 4-9.
It 1s found that the maximum deviation among the computations using grids of 101x62x11,
121x81x21 and 141x100x31 are less than 1.3% and the results on the 121x81x21 and the
141x100x31 grids are quite close. Therefore, the grid system of 121x81x21 points seems
sufficient to resolve the behaviors of local temperature distributions in the present
micro-reformer model. To further check the adequacy of the numerical scheme, it is clearly

seen from Fig. 4-33 that the present predictions agree reasonably well with the experimental
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data of Won [24]. The above preliminary runs confirm that the present model and the

numerical method used are generally appropriate for the analysis of the problem.

4.4.1 Effects of Various Flow Configurations and Geometric Parameters on

Micro-Reformer Performance

In the present section, a three-dimensional channel model of a micro-reformer with
combustor is developed to examine the effects of various flow configurations and geometric
parameters on micro-reformer performance. A three dimensional model is analyzed to
understand heat and mass transfer in the channels of a methanol steam micro-reformer with
methanol catalytic combustor. The influences of wall conduction effects on the transport
phenomena of heat and mass transfer. in'a micro-reformer with combustor are important.
Therefore, the local temperature distributions along the centerline of the top reforming
channel (Y=0.333) and the CH3;OH mole fraction distributions along the centerline of the
reforming channel (Y=0.167) are presented in Fig. 4-34. In this work, X denotes the
dimensionless distance from the flow channel inlet to the outlet. It is clearly seen in Fig.
4-34(a) that the temperature distributions with the wall thermal conduction effect show a
lower and more uniform distribution than that without a wall conduction effect. This implies
that the effects of wall conduction on the thermal development in a micro-reformer with
combustor are important. It is also found in Fig. 4-34 that the effects of wall conduction lead
to a higher methanol distribution than without a wall conduction effect due to a smaller value
of the temperature distribution. However, the wall conduction effects on the heat and mass
transport phenomena are remarkable and cannot be neglected in the modeling. Therefore,

their effect should be considered in this work.

The influences of the flow configurations on the transport phenomena and the
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performance of micro-reformers are important. To this end, the effects of the flow
configurations for co- and counter-current flow on the temperature distributions along
different axial location lines and on the local distributions of the mole fractions of various
species along the centerline of the reforming channel are presented in Fig. 4-35. Fig. 4-35(a)
discloses that the temperature distributions are much more uniform due to the shorter thermal
entrance length. It is also obvious that a higher temperature distribution is noted for the
counter-current flow. This is due to the fact that counter-current flow leads to better thermal
management. Figure 4-35(b) shows the local distributions of the different species for co- and
counter-current flow along the centerline of the reforming channel (Y=0.167). An overall
inspection of Fig. 4-35(b) reveals that both the mole fractions of CH3;OH and H,O decrease as
the fluid moves downstream, while the H,, CO, and CO mole fractions increase with axial
location. In addition, a lower CH;OH,mole fraction along the centerline of the channel
represents a higher methanol conversion rate. The methanol conversion rate is greater than
91% for the counter-current flow, with a product gas composition of 73.2% H,, 25.1 % CO,
and 1.7% CO at the outlet of the reforming channel. Comparing co- and counter-current flow
via numerical simulation, the results show that the methanol conversion efficiency for

counter-current flow could be improved by 10% due to a higher temperature distribution.

In order to explain the effectiveness of the geometric parameters for a micro-reformer
with combustor in the thermal management, the temperature and CH3;OH mole fraction
distributions for various geometric parameters were investigated. For a fixed Reynolds
number, Figure 4-36 demonstrates the effects of the combustion flow channel heights on the
temperature distributions along the centerline of the top reforming channel and on the
CH;OH mole fraction distributions along the centerline of the reforming channel with
counter-current flow. It is shown in Fig. 4-36(a) that along the reforming channel, the

temperature distributions are very uniform. Overall inspection of Fig. 4-36(b) disclosed that a
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lower CH30H mole fraction is noted for a system with a greater combustion flow channel
height due to a stronger chemical reaction for a higher temperature distribution. This means
that a higher efficiency methanol conversion is enhanced via a greater combustion flow

channel height.

An exploration of the temperature distributions for various reforming flow channel
heights along the centerline of the top reforming channel is presented in Fig. 4-37(a). For
fixed Re, the results show that a higher temperature distribution is found for a micro-reformer
channel with a lower reforming flow channel height. This is because a higher channel height
has a greater hydraulic diameter. As for the effects of reforming flow channel heights on the
CH3;0H mole fraction distributions along the centerline of the reforming channel, an overall
inspection of Fig. 4-37(b) reveals that better micro-reformer performance is noted for a lower
reforming channel height. This implies that the'chemical reaction rate is slower for a system
with a greater reforming channel height. This seems plausible as a stronger chemical reaction

is experienced for a micro-reformer channel with-a higher wall temperature.

The effects of the channel widths on the temperature distributions and CH;0H mole
fraction distributions for a fixed Reynolds number were also investigated. Figure 4-38(a)
presents the effects of channel widths on the temperature distributions along the centerline of
the top reforming channel (Y=0.333). It is shown in Fig. 4-38(a) that the local temperature
distribution increases with a decrease in the channel width. This may be because a rather
narrow channel decreases the heat leaving the flow channel. In Fig. 4-38(b), the methanol
conversion of the micro-reformer is slightly enhanced with a wider channel width. It is
important to note that a higher temperature distribution will not necessarily provide better
methanol conversion, because the channel width increases with increasing catalyst reaction

area, which in turn increases the chemical reaction rate.

Figure 4-39 shows the effects of the steel widths on the temperature distributions and
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CH;30H mole fraction distributions. Fig. 4-39 (a) presents the effects of the steel widths on the
temperature distributions along the centerline of the top reforming channel (Y=0.333).
Comparison of the corresponding curves of the steel widths W =0.25 mm, 0.5 mm, and 1.0
mm indicates that a higher temperature distribution is found with wider steel. As for the
effects of the steel width on the CH30H mole fraction distributions along the centerline of the
reforming channel (Y=0.167), the results reveal that they have similar CH3;OH mole fraction
distributions. This is due to having similar temperature distributions. Therefore, the steel

width does not have a significant impact on the methanol conversion.

4.4.2 Effects of the Reynolds Number (Re) on Heat and Mass Transfer

Phenomena and Micro-Reformer Performance

In the study of the effects of the Reynolds number (Re) on the transport phenomena and
micro-reformer performance, understanding the detailed distributions of heat and mass
transfer is important to the design of a micro-reformer with a combustor. The Reynolds
number (Re) is one of the key thermo-fluid parameters in the micro-reformer and combustor
channels which would affect the micro-reformer performance. Therefore, effects of the
Reynolds number (Rec) on the combustion channel side on the temperature distributions
along the centerline of the top reforming channel (Y=0.333) and CH3;OH mole fraction
distributions along the centerline of the reforming channel (Y=0.167) with counter-current
flow are examined in Figure 4-40. A careful examination of Fig. 4-40(a) shows that the
temperature increases with an increase in the Reynolds number (Rec) on the combustor side
due to a higher inlet flow rate. This is because higher combustion energy is released for a
higher inlet flow rate (Reynolds number). Afterwards, an overall inspection of Fig. 4-40(b)

reveals that the CH3;OH mole fractions decrease as the fluid moves downstream due to the
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reforming chemical reaction. It is also shown that the CH3;OH mole fraction distributions
decrease with increasing Reynolds number in the combustor channels. This can be made
plausible by noting the fact that the chemical reaction increases as the temperature

distributions increase.

Figure 4-41 presents the effects of the Reynolds number (Rer) on the micro-reformer
side on the temperature distributions along the centerline of the top reforming channel
(Y=0.333) and CH3OH mole fraction distributions along the centerline of the reforming
channel (Y=0.167) with counter-current flow. The results in Fig. 6(a) reveal that the
temperature distributions are enhanced by the decreased Reynolds number (Rer) on the
micro-reformer channels. This is due to a higher Reynolds number (Regr) significantly
increasing the heat leaving the flow channel, which decreases the temperature rise. In addition,
it is seen in Fig. 4-41(b) that the CH3OH mole fraction distributions decrease with a lower
Reynolds number due to a longer time of gas residence and a higher temperature, which

results in a better methanol conversion:

Figure 4-42 demonstrates the effects of the Reynolds number (Rec) for the combustor on
the methanol conversion and wall temperature of the reforming channel in the plate methanol
steam micro-reformer. For comparison, the results without the wall conduction effect in the
model are also presented. An overall inspection of Fig. 4-42 shows that the wall temperature
increases with increase of the Reynolds number (Rec) on the combustion channel side. This is
plausible because the inlet fuel velocity increases in the channel as the Reynolds number
increases. As for the methanol conversion, the results show that the methanol conversion
increases as the Reynolds number of the combustion channel increases, which in turn
increases the wall temperature. In addition, the wall conduction effect is also shown in Fig.
4-42. The deviations in the methanol conversion between the results with and without

consideration of wall conduction effects are larger. This means that the wall conduction effect
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on the methanol conversion and wall temperature become significant and cannot be neglected

in the modeling.

4.5 Three-Dimensional Model of a Plate Methanol Steam Micro-Reformer
with Methanol Catalytic Combustor for Parallel Flow Field and Serpentine

Flow Field

This section is to establish the three-dimensional computational models of a plate
methanol steam micro-reformer with a methanol catalytic combustor to investigate the
performance and transport phenomena for the parallel flow field and serpentine flow field.
The dimensions of a plate methanol steam micro-reformer with a methanol catalytic
combustor in this section are 40mm(L)xISmm(W)x2.5mm(H), the inlet and outlet
cross-sections of the flow channel are 1.0mmx0.5mm, and the rib width is 2 mm. The
thicknesses of the catalyst layer are"set to be 0.05mm. Because of the discrepancies in the
flow channel design, the flow channel length and the turning points among various flow field
designs, the fuel consumption and temperature distributions inside the micro-reformer are
different. The effects of the flow field designs on the temperature, CH;OH mole fraction, H»
mole fraction and CO mole fraction distributions are presented in this section. The base
conditions of the properties are in the following: the operating pressure and temperature of
both micro-reformer and combustor are 1 atm and 393 °C, respectively. The inlet flow rates at
the reforming side and at the combustion side are 7.5 cm’/min and 75 ¢m’/min as the base

case, respectively. The parameters used in this section are listed in Table 4-10.

The Reynolds number (Rer) on the micro-reformer side is a significant issue to be
considered in choosing the flow field designs. Fig. 4-43(a) shows the effects of the Reynolds

number (Rer) on the micro-reformer side on the wall temperature of the reforming channel
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for various flow field designs. The results reveal that the wall temperature is enhanced by the
decreased Reynolds number (Reg) on the micro-reformer. This is due to a higher Reynolds
number (Reg) significantly increasing the heat leaving the flow channel, which decreases the
temperature rise. The serpentine flow field with combustor and the serpentine flow field with
micro-reformer have a higher wall temperature of the reforming channel than any other flow
fields. In addition, it is seen in Fig. 4-43(b) that a higher methanol conversion increases with a
lower Reynolds number due to a longer time of gas residence and a higher temperature. The
methanol conversion for the serpentine flow field with combustor and the serpentine flow

field with micro-reformer is the best due to a higher wall temperature.

The effects of the flow field designs on the Reynolds number (Rec) of the combustor and
wall temperature of the reforming channel are presented in Fig. 4-44(a). It indicates that the
temperature increases with an increase in the Reynolds number (Rec) on the combustor side
due to a higher inlet flow rate. Thisis because higher combustion energy is released for a
higher inlet flow rate. The wall temperature increases in the following order: (I) the parallel
flow field with combustor and the parallel flow with micro-reformer; (II) the serpentine flow
field with combustor and the parallel flow field with micro-reformer; (III) the parallel flow
field with combustor and the serpentine flow with micro-reformer field with combustor; (IV)
the serpentine flow field with combustor and the serpentine flow field with micro-reformer. It
is due to the improvement of the heat transport with the flow field design. In addition, the
effects of the flow field designs on the Reynolds number (Rec) of the combustor and
methanol conversion in the plate methanol steam micro-reformer are shown in Fig. 4-44(b).
As for the methanol conversion, the results indicate that the methanol conversion increases as
the Reynolds number of the combustion channel increases. Therefore, it is concluded that
increasing the corner number and the channel length to the various flow fields can effectively

raise the temperature distribution, and enhance the methanol conversion.
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The temperature distributions on the top cross-section of reforming channel are presented
in Fig. 4-45. Constant flow rate approach is utilized in this analysis. The temperature
distribution increases along the channel for each flow field designs. Fig. 4-46 presents the
CH30H mole fraction distributions on the middle cross-section of the reforming channel for
the various flow fields. It shows that the CH3;OH mole fraction decreases along the channel
for the four flow fields. The methanol conversion at the exit of channel are 52%, 62%, 68%,
and 79% for (I) the parallel flow field with combustor and the parallel flow with
micro-reformer, (II) the serpentine flow field with combustor and the parallel flow field with
micro-reformer, (III) the parallel flow field with combustor and the serpentine flow with
micro-reformer field with combustor, (IV) the serpentine flow field with combustor and the
serpentine flow field with micro-reformer, respectively. Therefore, it is expected that the
methanol conversion would be highest. for the: serpentine flow field with combustor and the

serpentine flow field with micro-reformer.

The distributions of the H, mole fraction on the middle cross-section of the reforming
channel are shown in Fig. 4-47 for the various flow fields. A higher H, mole fraction along
the flow channel represents a higher methanol conversion. Thus, the variation of the H;
fraction is opposite to that of the CH3OH mole fraction. A higher H, mole fraction is found for
the serpentine flow field with combustor and the serpentine flow field with micro-reformer.
Figure 4-48 presents the variations of the CO mole fractions on the middle cross-section of
the reforming channel for the various flow fields. It is found that the CO distributions have
the same trends as the H, distributions. This confirms the common concept that a

micro-reformer with a H, production indicates a higher CO concentration.

Figure 4-49 demonstrates the effects of the inlet flow rate (Qor) on the micro-reformer
side on the H, production rate of the channel for various flow fields. An overall inspection of

Fig.4-49 discloses that the H, production rate increases with decreasing the Reynolds number
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(Rer) on the micro-reformer side. The serpentine flow field with combustor and the
serpentine flow field with micro-reformer is the best design by considering the H, production

rate.
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Table 4-1 Parameters used in the two-dimensional channel model of a plate methanol steam

micro-reformer

Channel length L (m) [16]

Channel height H (m) [16]

Flow channel height 6; (m)

Catalyst layer thickness 6, (m)

Inlet average velocity uy (m s [16]

Inlet average temperature Ty (°C) [16]

Operation pressure (atm) [16]

Activation energy for steam reforming (kJ mol'l) [66]
Activation energy for reverse water gas shift (kJ mol™) [66]
Catalyst density (kg m™) [51]

Catalyst thermal conductivity (W m™ K™ [51]
Catalyst layer porosity [52]

Catalyst permeability (m?) [52]

Mass diffusion coefficient (m®s™) [51]

3.3x107

2.0x10™

1.7x10*

3.0x107

0.266

393

76

108

1480

0.3

0.38

2.379x107"?

6.8 x107
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Table 4-2 Methanol mole fractions for the various grids

X(m)
0.005 0.010 0.015 0.020 0.025 0.030
Gridlines
71x16 0.377 0.309 0.261 0.224 0.194 0.171
91x26 0.378 0.309 0.261 0.224 0.194 0.171
111x41 0.378 0.309 0.261 0.224 0.194 0.173
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Table 4-3 The cases with various aspect-ratio channels used in this work

Case 1 Case 2 Case 3 Case 4

Y 0.25 0.5 1.0 2.0
0110, (mm) 0.179 0.214 0.286 0.429
Wr (mm) 0.714 0.429 0.286 0.214
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Table 4-4 Parameters used in the three-dimensional channel model of a plate methanol steam

micro-reformer

Channel length L (m)

Channel width Wg (m)

Channel height 8,+3, (m)

Flow channel height 8; (m)

Catalyst layer thickness &, (m)

Average inlet temperature (°C)

Operating pressure (atm)

Activation energy for steam reforming(kJ/mol) [66]
Activation energy for reverse water gas shift (kJ/mol) [66]
Catalyst density (kg m™) [51]

Catalyst layer porosity [52]

Catalyst permeability (m?) [52]

3.3x107

4.29x10™*

2.14x10™*

1.84x10™*

3.0x107

120

76

108

890

0.38

2.379x107'
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Table 4-5 Mole fractions of methanol for the various grid tests at different axial locations

x(m) 0.005 0.010 0.015 0.020 0.025 0.030

IxJxK
41x16x18 0.381 0.314 0.266 0.230 0.200 0.176
51x21x23 0.382 0.316 0.269 0.232 0.203 0.179

71x31x33 0.382 0.316 0.269 0.233 0.204 0.179
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Table 4-6 Parameters used in the three-dimensional model of the plate methanol steam

micro-reformer with serpentine flow field design

Channel width W¢ (m) 1.0x107
Channel height H (m) 1.0x107
Flow channel height &, (m) 9.5x10™
Catalyst layer thickness 6, (m) 5.0x107
Average inlet temperature (°C) 120
Operating pressure (atm) 1
Catalyst density (kg m™) [51] 1480
Catalyst thermal conductivity (W m> k™) [51] 0.3
Activation energy for steam reforming (kJ mol?) [66] 76
Activation energy for reverse water gas shift (kJ mol™) [66] 108
Catalyst layer porosity [52] 0.38
Catalyst permeability (m?) [52] 2.379x107"
Mass diffusion coefficient (m” s™)[51] 6.8 x10”
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Table 4-7 Temperature distributions (‘C) for the various grid tests at different axial locations

X 0 0.152 0.303 0.455 0.606 0.758 0.909
IxJxK
67x16x3 120 176 202 218 224 227 228
133x26x5 120 174 201 217 224 227 228

265x36x9 120 169 200 216 223 226 228
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Table 4-8 Parameters used in the three-dimensional channel model of a plate methanol steam

micro-reformer with methanol catalytic combustor

Flow channel length L (m)

Combustion catalyst layer thickness d¢ (m)

Reforming catalyst layer thickness dg (m)

Combustion flow channel He (m)

Reforming flow channel Hg (m)

Average inlet temperature (°C)

Operating pressure (atm)

Catalyst density (kg m™) [51]

Catalyst thermal conductivity (W m" k™) [51]

Catalyst layer porosity [52]

Catalyst permeability (m?) [52]

Mass diffusion coefficient (m*s™) [51]

Activation energy for steam reforming (kJ mol™) [41]
Activation energy for the reverse water gas shift (kJ mol™) [41]
Activation energy for decomposition reaction (kJ mol™) [41]

Activation energy for combustion reaction (kJ mol™) [80]

4x107

5.0x107

5.0x107

4.5x10™

4.5x10™*

120

1480

0.3

0.38

2.379x107'

6.8 x107

109

115

142

13
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Table 4-9 Temperature distributions (°C) for the various grid tests at different axial locations

X 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
IxJxK

101x62x11  239.0 2398  240.6 2414 2419 2421 241.7  210.0
121x81x21 2359  236.7 237.6 2383 2389  239.1 238.7  207.6
141x100x31 2334 2342  235.1 235.8 2363  236.6  236.1 205.7
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Table 4-10 Parameters used in the three-dimensional model of a plate methanol steam

micro-reformer with methanol catalytic combustor

Flow channel length L (m)

Combustion catalyst layer thickness d¢ (m)

Reforming catalyst layer thickness dg (m)

Combustion flow channel He (m)

Reforming flow channel Hg (m)

Steel width W, (m)

Channel width W5 (m)

Rib width W3 (m)

Catalyst density (kg m™) [51]

Catalyst thermal conductivity (W m™ k™) [51]

Catalyst layer porosity [52]

Catalyst permeability (m?) [52]

Mass diffusion coefficient (m*s™) [51]

Activation energy for steam reforming (kJ mol™) [41]
Activation energy for the reverse water gas shift (kJ mol™) [41]
Activation energy for decomposition reaction (kJ mol™) [41]

Activation energy for combustion reaction (kJ mol™) [80]

4x107

5.0x107

5.0x107

4.5x10™

4.5x10™*

1x107

1x107

2x107

1480

0.3

0.38

2.379x107'

6.8 x107

109

115

142

13
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Fig. 4-3 Effects of geometric parameters and H,O/CH;OH molar ratio on the CO
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Fig. 4-11 Effects of thermo-fluid parameters on the local CH3;OH mole fraction along the

channel at (a) T =200 °C and (b) T =260 °C
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Fig. 4-12 Effects of thermo-fluid parameters on the local H, mole fraction along the channel

at (2) T w=200 °C and (b) T 4w=260 °C
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Fig. 4-13 Effects of thermo-fluid parameters on the local CO mole fraction along the channel
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Fig. 4-25 Effects of various wall temperatures on (a) the temperature distributions and (b) the

CH;OH mole fraction and H, mole fraction distributions along the centerline of the

serpentine flow field (Y=0.5).

111



Fig. 4

3
g
= i
2
l
Re=41, S/C=1.3, T0=120°C —Tw=200°C 1
1 - =T =230C |
C T =260C 1
0 | | | |
0 0.2 0.4 0.6 0.8 1
X
400
| (b) |
330 | Re=41,S/C=1.3, T =120 i
300 |- —1T =200 e
- -'.f ]
250 |- -=T :2300(: --------- - |
—_ w --.'_.- - -
g | e T =260C e e -’ 1
= 200 v d -
1 = |
[a W

100

50

-26 Effects of various wall temperatures on (a) the local velocity and

pressure along the centerline of the serpentine flow field (Y=0.5).

112

(b) the local



S/C=1.3, T0=120°C, TW=23O°C .

Re=21 ]
— —Re=41 —

0.5

CH:OH

Fig. 4-27 Effects of Reynolds numbers at T,=230°C on (a) the temperature distributions and
(b) the CH30H mole fraction and H, mole fraction distributions along the center

line of the serpentine flow field (Y=0.5)

113



0.5 ‘ ‘ ‘ | | 1
i 8) Re=41, T0=120°C, T =230C |
0.4 I\ ——s/C=1.0 1o
LN - -S/C=13
~ Mo\ T S/IC=1.6 |
2l ) =TT o n ] 0.6
5 SN e N
& i N = | .
EU T N o ,__f..-f' ______
02 |- e 1o
" . ~ -~ -
Nl Y . T 1oz
0 ‘ | | LT 0
0 0.2 0.4 0.6 0.8 1
X
0.003
[ (b) ]
0.0025 |- Re=41, T=120C, T =230C
7
- ——S/C=1.0 7]
0.002} -=--=g/C=13 . 7 s
o 5
&)
= 0.0015 )
0.001 |
0.0005 |
0
1
Fig. 4-28 Effects of H,O/CH3;0H molar ratio (S/C) at T,=230°C on (a) the temperature

distributions and (b) the CH30H mole fraction and CO mole fraction distributions

along the center line of the serpentine flow field (Y=0.5)

114



( a) 4.50e01
437201
l 405201
3.82e01
3.60e01
237201 Outlet
2.15e-01 —
2.82e 01
2.70e01
24701
22501
- 2.03e01
1.80e01
1.57e01
1.35201

1.12e-01

9.00e02
875202
45002
2.25e02

X
0.00e+00

8.50=01
(b) l erreat
5.85=-01
5.53=01
52001
48701
4.55e-01
4.22e-01
2.80=01
3.57e-01
3.25=01

- 2.82=-01
2.80=01
2.27=01
1.95=-01

1.862e-01

1.20e-01
97502

6.50=-02
3.25e02
X

0.00e+00

2.00e03

(C) l 285202
270e02

25503

2.25e-03 Outlet
—

21003
19502
1.80e03
18503
1.50e-03

- 1.35e-03
1.20e-03
1.05e03
9.00=e04

7.50e04

Inlet

§.00e04
48004

3.00e-04
1.50=-04

X
0.00e+00
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Fig. 4-30 Local distributions of (a) CH;0OH mole fraction, (b) H, mole fraction and (¢) CO
mole fraction along the interface between the flow channel and catalyst layer

(Y=0.95) at T,,=230°
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Fig. 4-32 Effects of heating different channel plates on the temperature and CH3;OH mole

fraction distributions along the center line of the serpentine flow field (Y=0.5)
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Fig. 4-34 Comparisons of the simulation results with and without wall conduction effects for
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Fig. 4-36 Effects of the channel height of the combustor on (a) the temperature distributions
along the top centerline of the reforming channel and (b) the CH3;0OH mole fraction

distributions along the center line of the reforming channel
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Fig. 4-37 Effects of the channel height of the reformer on (a) the temperature distributions
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Fig. 4-38 Effects of the channel width on (a) the temperature distributions along the top
centerline of the reforming channel (Y=0.333) and (b) the CH30H mole fraction

distributions along the center line of the reforming channel (Y=0.167)
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Fig. 4-39 Effects of the steel widths on (a) the temperature distributions along the top
centerline of the reforming channel (Y=0.333) and (b) the CH30H mole fraction

distributions along the center line of the reforming channel (Y=0.167)
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Fig. 4-41 Effects of the Reynolds number (Re) for the reformer on (a) the temperature
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATION

5-1 Conclusions

This present study investigates heat and mass transport phenomena in the plate methanol
steam micro-reformer (including methanol steam micro-reformer and methanol catalytic
combustor). In this work, an attempt is made to examine the detailed fluid flow, heat and
mass transfer coupled with chemical reactions in the plate methanol steam micro-reformer.
This work can accurately predict methanol conversion and local transport phenomena in the

channel of a plate steam methanol micro-reformer, thus giving the following conclusions:

Firstly, this study numerically investigated the effects of the geometric and thermo-fluid
parameters on the heat and mass transfer and methanol conversion in a two-dimensional
micro-reformer channel. The results show the effects of channel geometry and catalyst
thickness have a significant impact on the methanol conversion and heat and mass transfer in
the plate micro-reformer. The micro-reformer performance increases with increasing wall
temperature due to increase in the chemical reaction rate. Smaller channel heights have much
more uniform temperature distributions. Therefore, the methanol conversion of the
micro-reformer is slightly enhanced with the smaller channel height at higher wall
temperature. A reduced Reynolds number for the reactant gas in the channel would rise the
reactant gas residence time, which in turn, increases the reaction time and improves the
methanol conversion. The CO concentration decreases with increasing H,O/CH3OH molar

ratio of the inlet fuel.
Secondly, a three-dimensional channel model was developed to investigate the geometric
sizes (aspect ratios and channel size) and thermo-fluid parameters (Reynolds number and wall

136



temperature) on methanol conversion and local transport phenomena in the channel of a plate
steam methanol micro-reformer. The predictions with and without wall conduction effects
show that this has a significant impact on the thermal development and a negligible effect on
the chemical reactions. A decrease in the aspect ratio can increase methanol consumption and
the hydrogen mole fraction along the channels. This is because that a reduction in the aspect
ratio also yields a much more uniform temperature distribution, whilst also increasing the
steam reforming reaction rate and methanol conversion. The better methanol conversion and
the H, production rate are noted for the smaller aspect ratio. Smaller channels have much
more uniform temperature distributions, which in turn, result in a decrease in the thermal
entrance lengths. Therefore, fuel utilization efficiency is improved for a small channel. For the
same hydraulic diameter, a reduced Re increases the reactant gas residence time, which in turn

increases the reaction time and significantly increases methanol conversion.

Thirdly, a three-dimensional- heat and- mass transfer of micro-reformer with the
serpentine flow field numerical model.is developed to examine the effects of various values of
wall temperature, fuel ratio and Reynolds number on the plate methanol steam micro-reformer
performance and local transport phenomena. The prediction shows that the methanol
conversion increases with an increase in wall temperature Ty,. The methanol conversion for
Tw =260 ‘C could be improved by 53% relative to that of T, = 200 ‘C. A reduced Reynolds
number for the reactant gas in the channel would raise the reactant gas residence time and
yield more uniform temperature distributions, which in turn increases the reaction time and
improves the methanol conversion efficiency. The CO concentration would be reduced from
0.27% to 0.21% at Ty, = 230 C as the H,O/CH;0OH molar ratio value is increased from 1.0 to
1.6. By comparing the predicted results with top or bottom heated condition, it indicates that
the methanol conversion for the condition with the top heated plate could be improved by

4.4%.
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Fourthly, this study extends the previous research to be a three-dimensional channel
numerical model of a micro-reformer with combustor. With an appropriate design of the flow
configurations in the reactor, the thermal management of a micro-reformer with combustor
can be achieved efficiently. To reach this end, various flow configurations for co- and
counter-current flow have been proposed. In addition, the effects of the Reynolds number and
various geometric parameters have also been investigated by using numerical simulations of
the detailed gas transport phenomena and micro-reformer performance. The deviations
between the predictions with and without consideration of the wall conduction effects reveal
the influences of the wall conduction on the transport phenomena and the performance of the
micro-reformer. The present results provide evidence for the significance of a wall conduction
effect and imply that it is necessary to include this effect in the modeling and analysis. The
application of the flow configuration design‘in.a plate methanol steam micro-reformer with
methanol catalytic combustor leads to improved thermal management and micro-reformer
performance. The effects can be enhanced with a counter-current flow configuration in a plate
methanol steam micro-reformer with methanol catalytic combustor. With a higher Reynolds
number on the combustor side, the wall temperature is increased and the methanol conversion
can thus be enhanced. Meanwhile, a reduced Reynolds number for the reactant gas on the
micro-reformer side will raise the reactant gas residence time, which in turn increases the
methanol conversion and improves the temperature distributions. The effects of channel
geometry have a significant impact on the methanol conversion and heat and mass transfer in

the plate methanol micro-reformer with methanol catalytic combustor.

Finally, the three-dimensional numerical models of a methanol steam micro-reformer
with a methanol catalytic combustion chamber have been developed in this analysis. The flow
fields including the parallel flow field and the serpentine flow field are under investigation.

The temperature, methanol mole fraction, hydrogen mole fraction and CO mole fraction for
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the various flow fields have been studied in detail. The results show that a higher temperature
distribution is note for the plate methanol steam micro-reformer with the serpentine flow field
and the methanol catalytic combustor with the serpentine flow field. The plate methanol
steam micro-reformer with the serpentine flow field and the methanol catalytic combustor
with the serpentine flow field have a better methanol conversion than any other flow field

designs in this study.

5-2 Recommendations

The research above has demonstrated that the appropriate geometric parameters and
thermo-fluid parameters are crucial for achieving higher methanol conversion for a plate
methanol steam reformer. Proper thermal management is required to keep higher methanol
conversion and better fuel utilization efficiency.- Hence, the investigations and findings
presented in previous results provide essential knowledge base for future study. This model is
useful and can be reduce the design time' of a plate methanol steam micro-reformer, and

sufficiently improved thermal management.

The investigations and findings in previous research offer an essential knowledge base
for the subsequent study. There are many research works that can be done in the future. Firstly,
to confirm the analytical model, one may conduct further experiments in the future. Secondly,
the catalysts have very significant effects on the performance of micro-reformer. The catalysts
may be different in density, porosity and permeability which play a very complex role in the
micro-reformer. However, the purpose of this study is to focus the geometric effects on the
performance of micro-reformer. Therefore, the parametric effects of catalyst layer are
simplified in this work. The parametric effects of catalyst layer are very important. It is an

excellent topic for the future study. Finally, future research could be conducted on the
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transient mathematical model. It may be beneficial to examine further transient behaviors of

the plate methanol steam micro-reformer with methanol catalytic combustor.
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