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This thesis studied the development of a small scale multifunctional reactor for
hydrogen production for on-board fuel cell. The study was divided into three parts as
follows: i) the comparison between the flow arrangements of the thermally coupled micro
reformer (TMR) ii) the effect of the flow arrangement on the micro membrane reformer
(MMR) performance and iii) design of thermally coupled monolithic membrane reformer
(TMMR) for vehicle. In the case of TMR and MMR, both reformers were examined by three
dimensional computational fluid dynamic simulation using COMSOL Multiphysics®. Parallel
arrangement and checked arrangement were considered as the flow arrangement of the
reformers. The checked arrangement in TMR reduced temperature difference between cold
and hot spots due to higher heat transfer. As a result, the checked arrangement is appropriate
for large channel width reformer. Since the checked arrangement has larger contact area,
total membrane area was utilized in MMR. Higher hydrogen permeation and lower hydrogen
accumulation were observed. The parameters’ influence in TMR and MMR was reported.
According to the higher performance of the checked arrangement, the arrangement was
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was designed using Gibbs reactor and Plug flow reactor models via Aspen Plus. The efficient
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combustion. It was found that the energy efficiency of TMMR depended on exchange area
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Therefore, TMMR which has 2.65 liters of volume is a potential reformer for on-board

hydrogen production.
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NOMENCLATURE

P Pressure (Pa)

Cp Specific heat at constant pressure (J kg™ K*)

T Temperature (K)

k Conductivity (W m™ K*)

A/—A/S’ Heat of combustion (kJ mol™)

Q Source term of species i (mol s m?)

r; Rate of reaction j (mol s* m?)

A Pre-exponential factor

E, Activation energy (kJ/mol)

D/,eﬁc Effective mass diffusion coefficient of species i in mixture (m* s™)
MW, Molar mass of species i (kg kmol™)

F Mole flow of species i (mol s™)

v Velocity (m s™)

O/p Pore diameter of solid phase (cm)

R Gas constant

i, Hydrogen flux (mol s m™)

AP H, partial pressure difference between feed and permeate stream
( Membrane thickness

G Molar Gibbs free energy (J mol™)

GI.O Gibbs free energy of species j at its standard state (J mol™)
Y, Mole fraction of compound i in the gas mixture

f,.O Fugacity of species i at its standard state (Pa)

Greek symbols

Yo, Density (kg m™)

Dynamic viscosity (Pa s)

=

. Mass fraction of species i
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Abbreviations

TMMR
TMR
MMR
PEMFC
GHSV
CcC

RC

SC

TR

MR

Porosity
Tortuosity

Fugacity coefficient of species i in the gas mixture

Thermally coupled monolithic membrane reactor
Thermally coupled micro reactor

Membrane micro reactor

Polymer electrolyte membrane fuel cell

Gas hourly space velocity (h™)

Combustion channel

Reforming channel

Sweep gas channel

Traditional reactor

Membrane reactor

XiX



CHAPTER |
INTRODUCTION

1.1 Rationale

Nowadays, climate change has been brought to our attention as a major issue,
since global surface temperature is significantly changed by the increase of carbon
dioxide composition in the atmosphere. Carbon dioxide gas majorly emits from human
activity and fossil fuel consumption. To reduce the fossil fuel usage, the alternative
energy is proposed. Hydrogen gas is considered as a clean energy carrier which can be
used to produce electricity by proton exchange membrane fuel cells (PEMFC).
Recently, hydrogen has been applied as a fuel for vehicles. Increasing hydrogen usage
results in the significant increase of hydrogen demand. Therefore, green hydrocarbon

fuels with hydrogen production system must be developed for vehicular application.

In conventional processes of hydrogen production, steam reforming reaction is
employed in a packed bed reactor. The disadvantages of this processes are pressure
drop, high heat and mass transfer resistance, large size and heavy weight. Furthermore,
hot and cold spots possibly appear inside the packed bed, leading to a difficulty for
controlling system (Bravo et al. (2004), Fukuhara and lIgarashi (2005)). The product
stream from the processes contains high composition of carbon monoxide (CO) which
poisons the anode side of PEMFC (Babita et al. (2011), Korotkikh and Farrauto (2000)).

Clean-up units including high and low temperature water gas shift units and CO



preferential oxidation (COPROX) reactor are required to decrease CO concentration to
lower than 10 ppm (Katiyar et al. (2013), Lukyanov et al. (2009), Montané et al. (2011)).
Thus, the conventional processes are not suitable for portable system due to the
performance of packed bed reactor, large area requirement for several units and heavy

catalyst weight.

According to the limitation of vehicular system, micro-channel reactor has been
suggested (Holladay et al. (2004), Kolb (2013), Sanz et al. (2013)). It has a diameter
smaller than 1 mm. Monolith having multi-micro-channel structure has been
conducted in commercial processes such as catalytic convertor, catalyst support,
reactors, etc (Frauhammer et al. (1999), Hong Mei et al. (2007), Kim et al. (2009), Moreno
et al. (2010)). Due to its multi-channel structure, monolithic reactor can integrate
several processes within a single structure. In the case of hydrogen production, heat
supply and hydrogen separator are necessary. Heat supply is used to maintain reaction
temperature because steam reforming which is widely employed is endothermic
reaction. Furthermore, hydrogen must be separated from the product stream due to
the limitation of PEMFC. Heat and membrane integration within micro-channel reactor
which is thermally coupled micro reformer (TMR) and micro membrane reformer (MMR)
has been studied transport phenomena and reactor performance. The advantages of
the micro-channel reactor are low heat and mass transfer resistance, high surface area

per unit volume, compact size, fast start-up and lower pressure drop.



The process integration within a monolith contains two or three feed streams
which are fed separately into their channels. The arrangement of the feed streams is
considered as parallel arrangement and checked arrangement. In several studies, the
parallel arrangement which is the simple arrangement is employed generally with a
simple structure of flow distributor. This arrangement offers low contact area between
each process channel. On the other hand, the checked arrangement presents higher

contact area, but the structure is complex and needs the complicated flow distributor.

In the study of heat transfer integrated reactor, fuel combustion is conducted
as heat source and coupled with steam reforming inside a reformer. Both reactions
occurred inside their channels which are separated by reformer wall. The heat
integrated reactor in micro scale is studied by experiment and simulation. The parallel
arrangement was employed in several studies (Anzola et al. (2010), Frauhammer et al.
(1999), Tadbir and Akbari (2012, (2011), Zanfir and Gavriilidis (2003)). Meanwhile, the
experimental study of the checked arrangement was reported by Moreno and Wilhite

(2010).

For membrane integration studies, palladium membrane separation is selected
for hydrogen separation in micro-channel reactor (Kim et al. (2009), Xuan et al. (2012)).
The membrane reactor provides better performance and higher efficiency than the
traditional reactor (Gallucci et al. (2008), Gallucci et al. (2004a), Shu et al. (1994)).

Moreover, the integration of heat supply and membrane separation within a structure



had been investigated by Patel and Sunol (2007). The study considered three channels
consisting of combustion channel, reforming channel and separation channel. The
arrangement effect has not been mentioned. Therefore, the effect of the flow
arrangement on the reactor performance of TMR and MMR must be studied. To achieve
the complete hydrogen production process, thermally coupled monolithic membrane
reformer (TMMR) which is monolith reactor integrated with heat supply and membrane
is proposed as a compact reformer in vehicle. This reformer must be designed to

supply sufficient hydrogen production rate.

As aforementioned, this research determined the suitable design of monolithic
reactor which integrates heat supply and membrane separation within a single unit for
hydrogen production for vehicles. The study has been divided into three parts, the
comparison between the flow arrangements of the thermally coupled micro reformer
(TMR), the effect of the flow arrangement on the micro membrane reformer (MMR)
performance and the compact design of thermally coupled monolithic membrane
reactor (TMMR) for vehicles. The flow arrangement including the parallel arrangement
and the checked arrangement are investigated for TMR and MMR. The appropriate flow
arrangement is recommended in each case. In the design of TMMR, the TMMR was
studied to optimize the design and operating condition. This TMMR design was

suggested to be applied inside the vehicular system for hydrogen production.



1.2 Objectives

The goal of this research is to develop a compact multifunctional reactor for
hydrogen production for on-board polymer electrolyte membrane fuel cell (PEMFC).

The specific objectives to achieve this goal are described as the follows:

1. To compare the reactor performance of thermally coupled micro reactor (TMR)
in the parallel arrangement and the checked arrangement at various operating

and design parameters.

2. To investigate the effect of feed flow arrangement on reactor performance of

micro membrane reactor (MMR) at varied operating and design parameters.

3. To design the thermally coupled monolithic membrane reactor (TMMR) with
the suitable operating condition to be a single unit reformer for hydrogen

production in vehicular system.

1.3 Scope of works

1. This dissertation considered the studies in only mathematical modelling.

2. In thermally coupled micro reactor and micro membrane reactor, the studies were
computed using computational fluid dynamic simulation in three dimension.

3. Methane which is widely used as reforming reactant was selected as model

compound for simulation.



4. Feed flow configuration conducted in this studies are the parallel arrangement and
the checked arrangement.

5. Influence of operating and design parameters was explored. Operating parameters
were inlet temperature, steam to carbon ratio in reforming channel, percentage of
fuel in combustion channel and gas hourly space velocity (GHSV) of both channels.
The design parameters were channel width, wall thickness and reformer length.
Moreover, flow direction including co-current and counter current was also
investigated.

6. The thermally coupled monolithic membrane reactor was investigated based on
commercial monolith structure using Aspen Plus.

7. For vehicles, energy requirement generally is about 100 kW; hence, hydrogen

production target of the TMMR was 100 kW.



1.4 Dissertation overview

This dissertation is organized as the list below

Chapter Il shows theories relevant to this study. Hydrogen production and fuel
feedstock are described. The kinetic model of these fuels for hydrogen production is
explained. = Membrane separation technology and micro-channel reactor are

mentioned. The theory of computational fluid dynamic simulation is informed.

Chapter Il reviews about process integrated micro reactor for hydrogen

production including heat and membrane integration and the flow arrangement study.

Chapter IV describes the first study which is comparison between parallel and
checked arrangements of micro reformer for H, production from methane. Micro
reformer configuration is illustrated and described. Equations and models used in this
simulation are expressed. Effect of parameters on the reactor performance is

summarized and the proper arrangement is recommended.

Chapter V provides the second work which is effect of flow arrangement on
micro membrane reforming for H, production from methane. Simulation methodology
including micro structure and modeling is explained. The reactor performance between

both arrangements is concluded with the effect of parameters.

Chapter VI explains the design of thermally coupled monolithic membrane

reformer for hydrogen production in vehicular application which is the final part.



Modeling and simulation using Aspen Plus are described. Appropriate operating

condition and design including the arrangement are summarized.

Chapter VII presents the conclusion and the recommendations of this

dissertation.



CHAPTER I
THEORY

2.1 Hydrogen production

Hydrogen is a chemical widely used in several chemical industries.
Furthermore, hydrogen and syngas are more efficient clean fuels which eliminate
pollutant emission including greenhouse gases especially carbon dioxide (Liu et al.
(2010)). Hydrogen production and utilization pathway which was summarized by

Holladay et al. (2009) is shown in Figure 2.1.
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Figure 2.1 Hydrogen production and utilization pathway (Holladay et al. (2009))
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To produce hydrogen, the production is classified into two major processes, non-
reforming hydrogen production and hydrocarbon reforming process. In the case of the
non-reforming hydrogen production, hydrogen is produced from biomass by direct
photolysis and fermentation and splits from water by electrolysis and thermal energy.
For hydrocarbon reforming process, hydrogen rich stream is produced from
hydrocarbon fuels by three main techniques including steam reforming (Eq. 2.1), partial
oxidation (Eq. 2.2) and autothermal reforming (or oxidative steam reforming) (Eq. 2.3).
Additionally, water in the processes leads to the presence of water gas shift reaction

(Eq. 2.4).
Steam reforming reaction:

m
CoHnO, +(n—p)/—/2O—)nCO+(n—p+;)H2 (2.1)

Partial oxidation reaction:

(n—p)

2

(0, +376N, )

C HW0, +

(n—p)

2

m
— nCo + (—)/—/2 +3.76 N, (2.2)

2

Autothermal reforming reaction:

CoHn0, +x(0, +376N, )+ (n—2x — p)H,0

m
—>nCO + (n —2x—p+ _)Hz +3.76xN, (2.3)
2
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Water gas shift reaction:

CO+H,0 ¢>CO, +H, (2.6)

Advantages and disadvantages of the three main reactions were summarized
in Table 2.1. Steam reforming of hydrocarbon which is endothermic reaction requires
an external heat source. The absence of oxygen leads to the lowest operating
temperature; consequently, the product contains high H,/CO ratio which is beneficial.
Partial oxidation which is exothermic reaction converts hydrocarbon fuel into hydrogen
and syngas by partially combusting. This process does not require a catalyst, but
temperature must be controlled to prevent complete combustion. The operation at
high temperature provides the lowest H,/CO ratio and soot formation. Autothermal
reforming combines steam reforming and partial oxidation, and an external heat source
is not required because of the energy balance from both reactions. However, this
process is expensive and complex, and an oxygen separation unit is necessary to feed
pure oxygen in order to operate at higher performance. Therefore, the steam reforming
of hydrocarbon fuels is the typical preferred process for hydrogen production in

industry (Holladay et al. (2009)).
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Table 2.1 Comparison of reforming technologies (Holladay et al. (2009))

Technology Advantages Disadvantages
Most extensive industrial ® Highest air emissions
experience

Steam Oxygen not required
reforming The lowest process
temperature
The best H,/CO ratio
Lower process temperature | ® Limited commercial
Autothermal .
. Low methane slip experience
reforming
® Requires air or oxygen
Decreased desulfurization ® | ow H,/CO ratio
requirement ® Very high processing
Partial
No catalyst required temperatures
oxidation
Low methane slip ® Soot formation/handling adds
process complexity

2.2 Hydrocarbon fuel feedstock for hydrogen production

To produce hydrogen, hydrogen containing fuels such as light hydrocarbons,

liquid hydrocarbons, alcohols and biomass are converted into hydrogen rich stream.

According to the environmental concern, green hydrocarbon fuels including methane,

methanol and ethanol are selected and described in the following sections.
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2.2.1 Methane

Methane (CH4) which is an odorless and colorless naturally presents in natural
gas mixed with hydrocarbon and non-hydrocarbon gases. Methane composition in
Natural gas is regionally dependent and the composition is summarized in Table 2.2

(Liu et al. (2010)).

Table 2.2 Methane composition in natural gas by region (Liu et al. (2010))

Region Methane (%)
U.S./California 88.7
Canada/Alberta 91.0
Venezuela 82.0
New Zealand 44.2
Iraq 55.7
Libya 62.0
U.K/Hewett 92.6
U.R.S.S./Urengoy 85.3

Moreover, methane is a main component in biogas which is produced by
anaerobic digestion of animal manure and digestible organic wastes. Methane content
in biogas producing from various feedstock is reported in Table 2.3 (Al Seadi et al.
(2008)). The methane from biogas is a potential renewable energy source and its
utilization of untreated animal manure reduces greenhouse gas emissions such as

methane and nitrous oxide from storage.



Table 2.3 Biogas production from various feedstocks (Al Seadi et al. (2008))

14

Biogas yield from

Methane content

Feedstock fresh feedstock
(%)
(m>/ton)

Cattle manure 25.0 55
Pig manure 24.0 58
Grass silage 225.0 55
Maize silage 187.0 53
Food waste 179.0 65
Bio-waste (source separated) 145.0 60
Grease trap removal (pre-dewatered) 298.0 61

2.2.2 Methanol

Methanol (CH;OH) which is the simplest alcohol compound is light, volatile,

flammable and poisonous liquid. Methanol is an advantageous fuel as a hydrogen

carrier for fuel cell application. Methanol is a liquid at atmosphere and normal

temperature, and it has high H/C ratio equivalent to methane. Methanol can be

produced from various feedstock by biological and chemical processes.

In biological processes, enzyme is used as biological catalyst for reduction of

carbon dioxide (CO,) to methanol (Obert and Dave (1999)). The enzyme is a reduced

nicotinamide adenine dinucleotide (NADH) and it is produced from microbes. This
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technologies are not only for recycling of the greenhouse gas, CO, but also for an

efficient production of alternative fuel, CH;OH.

Table 2.4 Main liquid product compounds from various biomass pyrolysis at 875 K in

wt.% dry basis (Demirbas (2007))

Compound Beech wood | Spruce wood Olive husk | Hazelnut shell
Acetic acid 53 6.26 5.13 6.46
Methanol 5.82 7.52 7.65 7.26
acetone 1.28 1.36 1.51 1.46

In chemical processes, methanol is a major component of bio-oil which is
produced from biomass pyrolysis in biorefinery processes (Garcia et al. (2000), Rioche
et al. (2005), Wang et al. (1998)). The composition of bio-oil from various biomasses
was reported in Demirbas (2007) and the main components which has high ratios in
aqueous phase are summarized in Table 2.4. Moreover, methanol is possibly produced
from CO, chemical recycling using renewable resources such as solar energy (Centi and
Perathoner (2009), Katayama and Tamaura (2005)). Cu-Zn oxides based catalyst is used

in the process and the reaction is shown in Eq. 2.5.

CO, +3H, <> CH,0H+H,0 (2.5)

Carbon dioxide recycling in the methanol economy is shown in Figure 2.2.

Methanol can be used as fuel and chemical reactant, and CO, emission is reduced
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from recycling. Thus, the methanol producing from CO, recycling via photosynthesis

can fulfill environmental and economic requirements.

CO, +3H, — CHOH+H,0
- Electrochemical production of
syngas followed by methanol
 synthesis

- -Electrochemical reduction
' of CO, to methanol

Figure 2.2 Carbon dioxide recycling in the methanol economy (Olah et al. (2008))

2.2.3 Ethanol fuel

Ethanol is an attractive fuel, since it offers relatively high hydrogen content,
availability, non-toxicity, and storage and handling safety. Ethanol can be produced by
fermentation of biomass such as energy plants, wastes from agro-industry, forestry
residue materials, and organic waste (Ni et al. (2007)). Ethanol production from

agricultural products such as sugar cane, switchgrass, potatoes, corns, and other starch-
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rice is effective and it prospers in the tropical climate country (Hotza and da Costa
(2008)). However, the production cost is rather high due to the expensive feedstock.
Lignocellulosic materials consisting of cellulose, hemicellulose and lignin are also used
for ethanol production (Galbe and Zacchi (2002), Sun and Cheng (2002)).
Lignocellulosic material source and its content are shown in Table 2.5. Bio-ethanol

production is less complicated than bio-methanol or recycling methane.

Table 2.5 The contents of cellulose, hemicellulose, and lignin in common agricultural

residues and wastes (Sun and Cheng (2002))

Lignocellulosic materials | Cellullose (%) | Hemicellulose (%) Lignin (%)
Hardwoods stems 40-55 24-40 18-25
Softwood stems 45-50 25-35 25-35
Nut shells 25-30 25-30 30-40
Corn cobs 45 35 15
Grasses 25-40 35-50 10-30
Paper 85-99 0 0-15

2.3 Steam reforming kinetic model

Kinetic models of steam reforming depend on catalyst and fuel that are
employed in the experiment. The reaction rate constant (k; ) and equilibrium constant
(K;) are generally based on Arrhenius equation as reported in Eqs. 2.6 - 2.7 depending

on reaction temperature (T ).
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_Ea
k. =Aexp| — (2.6)
RT
—AH
K, =A exp| —— (2.7)
RT

A, is pre-exponential factor, E _ is activation energy, AH is enthalpy change and R
is gas constant. Kinetic models of methane, methanol and ethanol steam reforming

are described in this section.
2.3.1 Kinetic model of methane steam reforming

For decades, nickel-based catalyst is commercially used for methane steam
reforming processes in the industry (Sutton et al. (2001)). Several literatures presented
different kinetic models depending on the catalysts. The most well-known kinetic
models of methane steam reforming were given by Xu and Froment (1989). Three

significant reactions occurred over Ni/MgAl,04 catalyst were proposed as in Egs. 2.8 -

2.10.
CH, +H,0 —> CO+3H, (2.8)
CO+H,0 > CO, +H, (2.9)

CH, +2H,0 — CO, +4H, (2.10)
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2.3.2 Kinetic model of methanol steam reforming

Methanol steam reforming catalyst is divided into two groups, copper-based
catalyst and group VIl metal including palladium, platinum and nickel (Sa et al. (2010)).
The copper-based catalyst always prefers to operate at low temperature about 573 K
because it is deactivated at the higher temperature (Palo et al. (2007)) The kinetic
expressions over Cu/ZnO/Al,0O5 are investigated by Peppley et al. (1999a, b). The three

overall reactions for methanol steam reforming processes are

CH,OH+H,0 —> CO, +3H, (2.11)
CO+H,0 <> CO, +H, (2.12)
CH,OH —> CO+2H, (2.13)

2.3.3 Kinetic model of ethanol steam reforming

Ethanol steam reforming is used to increase the hydrogen production due to
high hydrogen content of ethanol. Kinetic models based on Langmuir-Hinshelwood’s
approach are proposed by Sahoo et al. (2007). Three main reactions of ethanol steam

reforming are follows:

C,HsOH~+3H,0 —>2C0, +6H, (2.14)

C,H;OH —>CO+H, +CH, (2.15)

CO + H,0 4> CO, +H, (2.16)
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2.4 Membrane separation technology

In hydrogen separation, common technologies are solvent adsorption, pressure
swing adsorption, cryogenic recovery and membrane separation. Comparing between
these methods, membrane separation technologies have economic potential in
reducing operating costs, minimizing unit operations and lowering energy consumption

(Paglieri and Way (2002)).

There are four types of membranes which have been commercialized and
developed. The types of membrane are polymeric membranes, porous (ceramic,
carbon, metal) membranes, dense metal membranes, and ion-conductive membranes.
Comparison of membrane types for hydrogen separation is reported in Table 2.6 (Liu

et al. (2010)).

Dense metal membranes have been used for commercial applications because
they provide high hydrogen selectivity which is suitable for PEMFC. Palladium which
has outstanding ability to transport hydrogen through the metal (Yun and Ted Oyama
(2011)) is selected to fabricate as dense metal membranes. Hydrogen is dissolved in
bulk metal and then permeated through the metal membrane following a solution -

diffusion mechanism which is schematically shown in Figure 2.3 (Liu et al. (2010)).
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Figure 2.3 Commonly accepted mechanism for the permeation of hydrogen through

dense metal membranes (Liu et al. (2010))

Thus, only hydrogen atom that can be dissolved in palladium permeates through the
membrane. The expression for hydrogen flux through dense metal membranes is a

modified form which is

Ap
JI—/2 = Hy T (2.17)

when v is hydrogen flux, AP is the partial pressure of gas H, in the feed stream

minus the partial pressure of gas H, in the permeated stream, and ( is membrane

thickness. The common unit for the permeability (PH2 ) is the barrier about 107*° cm’

(STP) cm / (cm?s-cm Hg), and

N n
Ap = Rt R (2.18)

where subscript f and p is at feed side and permeate side, respectively. The exponent

(n)is a value between 0.5 and 1.0. Under ideal case (clean membrane surfaces and
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no interaction of the membrane surfaces with species other than hydrogen), the value
of n'is 0.5. In case of simulation study, Gallucci et al. (2004a) expressed permeability

into

—Ea

P, =Ase AT (2.19)

Ho
when Ay is 1.12 x 10 mol/(m-s-Pa%), Ea is 29.16 kJ/mol, R is gas constant, and T is

temperature.
2.5 Micro-channel reactor

The most common chemical reactors involve with catalyst are fixed bed
reactor and it has several limitations. Pressure drop and diffusional limitations depend
on particle size of catalyst. To minimize the limitations, large particle size is required
for decreasing pressure drop, while the diffusional limitation is minimized at small
particle size. To solve these issues, the structured catalyst which forms a thin layer on
the wall of the channels is proposed. In the case of hydrogen production, the compact
and lightweight systems are also needed in vehicular system, leading to the

development of micro-channel reactors (Sanz et al. (2013)).

Micro-channel reactors have been of enormous interest both in the academia
and industry. Micro-channel reactors are defined as the devices for chemical reaction

whose channels have at least one dimension smaller than 1 mm (Sanz et al. (2013)).
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Due to size reduction of the micro-channel reactors, the important advantages are as

follows.

1. Decrease in linear dimensions

2. Increase of the surface to volume ratio

3. Volume reduction

4. Fast and inexpensive tests for materials and processes
5. Production flexibility

6. Faster heat and mass transfer

7. Faster start-up

8. Easier scaling up

9. Smaller plant size

10. Lower materials, transport and energy costs

11. Higher flexibility to market demands

The micro-channel reactors have attracted attention in the energy technology
field, wherever compact, decentralized solutions are required. Production of fuels and
power is the subject of worldwide research efforts in the micro-technology. An
overview of the micro-channel reactors application in the field of renewable energy

and fuel production is indicated in dot line boxes of Figure 2.1 (Kolb (2013)).
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2.6 Computational fluid dynamic simulation

Computational fluid dynamics (CFD) is an analysis method for several systems
and the systems involve fluid flow, heat transfer and chemical species phenomena
and reaction by using computer-based simulation. This technique has been used in

wide range application as follows (Versteeg and Malalasekera (2007)):

Aerodynamic of aircraft and vehicle

® Hydrodynamics of ships

® Power plant

® Chemical process engineering

® Environmental engineering

Biomedical engineering

CFD codes are built around the numerical algorithms. All CFD codes consist of
three main elements, a pre-processor, a solver and a post-processor. Pre-processor is
the input of a problem detail including the geometry, grid generation, the physical and
chemical phenomena, fluid properties and specification of boundary conditions. In the
solver section, there are four main techniques for numerical solution which are finite
difference, finite element, spectral methods and finite volume methods. For the finite
element method, the calculation domain is divided into elements by using piecewise

function such as linear and quadratic equations. Unknown variables are measured
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providing simulation results with residue or error and this error is minimized. The basic

steps of the solver are as following:

1. Approximation of unknown variables
2. Discretization into subsequent mathematical manipulations

3. Solution of the algebraic equation

As in post-processor, the results from the solver are displayed in different appropriate

visualization tools to analyze the results.
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CHAPTER 11l
LITERATURE REVIEWS

This research mainly focuses on the design of integrated reactor in micro scale
for hydrogen production. Literature reviews have been divided into two sections. In
the first section, the integrated micro reactors for hydrogen production including
thermally coupled reactors and membrane reactors are reported. Secondly, the

studies on flow arrangement are reviewed.

3.1 Processes integrated micro reactors for hydrogen production

Process integration in micro reactor for hydrogen production has been studied
by experiment and simulation. In thermally coupled reactor studies, combustion is
combined with steam reforming to supply heat for a reformer. To purify the hydrogen
steam, palladium membrane integration has been investicated. The studies of the
thermally coupled reactor and the membrane reactor are summarized in the following

sections.

3.1.1 Thermally coupled reactor review

In micro reactor research field, the experiment and simulation are conducted.
However, the studies are mostly done by simulation due to the complexity and high
expenses of the experimental setup. In the case of the light fuel and diesel micro

reformer, the experiment and simulation using computational method were examined
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by Grote et al. (2011). The 10 kW steam reforming reactor and a small scale reformer
were employed as shown in Figure 3.1a and Figure 3.1b, respectively. Both reactors
had superheater in Figure 3.1a or burner in Figure 3.1b for heat generation and reformer

for hydrogen production.

Reformer  Superheater

Figure 3.1 The reactors using in the study of Grote et al. (2011): a) The 10 kW steam

reforming reactor and b) A small scale reformer

The simulation of this research studied the effect of geometry and flow direction
including co-current flow, counter flow and cross flow. The results show that the co-

current flow provided fast heating rates and high fuel conversion.

In the simulation-based research, CFD simulation is usually employed by using
a commercial program or a developed program. Simulated geometry is considered as

a set of square channel in micro scale.

In the case of one dimensional CFD simulation, thermally coupled reactors
using methane and ethanol were examined by Frauhammer et al. (1999) and Anzola

et al. (2010). Frauhammer et al. (1999) developed a reactor for autothermal operation
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of methane steam reforming and methane combustion using simulation and
experiment. Both streams were fed in counter flow direction into the monolith reactor
with the gas distribution as shown in Figure 3.2a. The gas distribution or reactor head
was invented by Von Hippel et al. (1999), and the flow arrangement was parallel

arrangement as in Figure 3.2b.
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Figure 3.2 Autothermal reactor of Frauhammer et al. (1999): a) Monolith reactor with
the gas distribution and b) The flow arrangement when cross and dot channels were

combusting and reforming channels, respectively

Anzola et al. (2010) studied a microreformer with heat supply for ethanol steam
reformging using a 1D pseudohomogeneous model. The reactor configuration is

illustrated in Figure 3.3. Heat duty, channel width, and direction of feed flow
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configuration were considered. The higher reactor performance was performed by co-

current flow configuration and small channel width.
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Figure 3.3 Schemes of the ethanol steam reforming microreactor (Anzola et al. (2010))

For two dimensional CFD simulation, methane and methanol steam reforming
coupling with combustion were investigated by Zanfir and Gauvriilidis (2003) and Tadbir
and Akbari (2011), respectively. The configurations which were computed in the studies
of Zanfir and Gavriilidis (2003) and Tadbir and Akbari (2011) are shown in Figure 3.4a

and Figure 3.4b, respectively.
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Figure 3.4 Two dimensional reactor configuration: a) Zanfir and Gavriilidis (2003) and

b) Tadbir and Akbari (2011)
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In the study of Zanfir and Gavriilidis (2003), steam reforming and combustion reactions
occurred inside catalyst layer of their channels, and the reaction calculation based on
catalyst volume depending on diffusivity inside the catalyst layer. This reactor type
minimized heat and mass transport resistances, leading to the reduction of
temperature gradients between gas phases from 250 K in conventional reformers to
40 K. The increase of distance between plates in the range of 1-4 mm showed no
significant difference on reactor performance. The results were similar to the study of
Fukuhara and lgarashi (2005). The wall typed reactor which coated catalyst on the
reactor wall presented a good exchangeability of thermal energy by conductive heat
transfer and the decrease of channel height did not affect the reactor performance.
With the respect of the study of Tadbir and Akbari (2011), the catalyst layer was
neglected in the calculation. The reaction prediction was based on the surface of
catalyst; hence, diffusion through the catalyst layer was eliminated. The effect of
operating and design parameters was investigated. Consequently, the optimized gas
hourly space velocities suggested at 3000 h! for reforming channel and 24,000 h* for
combustion channel and thinner wall led to higher conversion of steam reforming. In
the difference of reaction based calculation, the comparison between volume and
surface based reactions was examined by Irani et al. (2011). Both calculations were
compared with the experimental result at the same condition. The surface based

reaction exhibited better results in generality and accuracy.
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On the assumption of three dimensional CFD simulation, Tadbir and Akbari
(2012) studied methanol steam reforming and combustion in micro reformer. The
reactor model and the micro reactor cluster are shown in Figure 3.5a and Figure 3.5b,

respectively.
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Figure 3.5 The micro reactor model of the study of Tadbir and Akbari (2012):

a) The reactor configuration and b) The micro reactor cluster

Calculation domain was specific at the area inside the red boundary in Figure 3.5b, the
surface based reaction was employed. Parameters including steam to carbon ratio,
methanol mole fraction at the combustion channel, gas hourly space velocities of
both channels, catalyst loading in the reforming channel, and the reactor length were
investicated the influence on the reactor performance. The reactor performance
increased with the increase of steam to carbon ratio, methanol mole fraction for
combustion, gas hourly space velocities of combustion channel, catalyst loading and
the reactor length. At the recommended condition, a micro reactor consisting of 1540

channels was able to produce enough synthesis gas to run a typical 30 W PEMFC.
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In the case of iso-octane steam reforming, micro reformer coupling with
methane combustion in square channel reactor as shown in Figure 3.6 was studied by
Karakaya and Avci (2011). The flow arrangement was the parallel arrangement. The
results from two and three dimensional simulations were compared. Both results were
similar; thus, the two dimensional model can be substituted the three dimensional
model. It was selected in this further study. Therefore, the two dimensional simulation
of the thermally coupled reactor approached the thermally coupled reactor using the

parallel arrangement.
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Figure 3.6 Scheme of micro reaction in Karakaya and Avci (2011)

Furthermore, a metallic monolith reactor was also studied by Hong Mei et al.

(2007) in three dimensional simulation. The metallic monolith reactor and the
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simulation configuration are illustrated in Figure 3.7a and Figure 3.7b, respectively.
Methane catalytic combustion occurred in inner area and methane steam reforming
performed in annular area. The reactor with the proper structure and catalyst
distribution enhanced heat transfer and the methane conversion, resulting in a

compact and intensified unit.
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Figure 3.7 Metallic monolith reactor study (Hong Mei et al. (2007)): a) The metallic

monolith reactor and b) The simulation configuration

The thermally coupled reactor studies were mostly investigated by simulation.
The influence of parameters was examined in these studies and the operating and
design parameters were recommended. When comparing with the conventional
reformer, the micro reactor exhibited higher reactor performance due to a better heat

transfer rate.
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3.1.2 Micro membrane reactor

Membrane can be integrated in a micro reactor. Membrane reactor generally
produces high selectively produce and improves reactor performance (Lukyanov et al.
(2009), Yun and Ted Oyama (2011)). Selective palladium membrane allows only
hydrogen to flow through membrane layer. Hydrogen which is separated from reformer
channels shifts the reaction equilibrium forward, resulting in the increase of reaction
rates. Consequently, the reaction can achieve higher conversion at a lower

temperature.

A typical membrane reactor is in tubular configuration consisting of reaction
and permeation sections. Inert gas such as nitrogen may be used as a sweep gas for
carrying hydrogen product. In the case of micro scale, palladium membrane was
considered for fabrication inside cordierite honeycomb structure by Kim et al. (2009).
Alumina powder in micro-size and nano-size were coated to cover cracking surface and
large pore, resulting in the smooth surface. Palladium was plated on the prepared wall
by electroless plating, and Scanning Electron Microscope (SEM) images of palladium
films are shown in Figure 3.8. The crystallite size of palladium was about 2 um with an
estimated film thickness of 8 um. The membrane fabrication was successful and
achieved the highest hydrogen flux at 5.5 mmol m? s and the best selectivity at 360
mol H, per mol He. Furthermore, Kim et al. (2010) tested the performance of

membrane within monolith structure in ethanol reformate stream. Only two channels
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were investigated. The hydrogen permeability was 1.73 x 10” mol m? s Pa®? at
350 °C with an activation energy of 7.3 kJ mol™ and the hydrogen/helium selectivity
was higher than 1000:1 throughout all exposure tests. Therefore, the membrane
fabrication within monolith structure has a possibility to be a micro membrane
reformer. These studies support the idea of our research which is the integration of

hydrogen production processes within a monolith structure.
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Figure 3.8 SEM images of plated palladium films: a) Film cross-section,

2000xmagnification and (b) Film surface, 1000xmagnification (Kim et al. (2009))

Autothermal reformer integrated with membrane was investigated by
Michelsen et al. (2013) and Xuan et al. (2012). Both researches studied methane steam
reforming using two dimensional CFD simulation. In the study of Michelsen et al. (2013),
the configuration of membrane reactor is shown in Figure 3.9. The checked
arrangement (Figure 3.9a) was employed. In Figure 3.9b, hydrogen which was separated

through membrane combusted with oxygen in sweep gas, air and generated heat to
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the system. The steam to carbon and steam to oxygen ratios were optimized in steady
state analysis, achieving 92% of methane conversion. Furthermore, the dynamic
analysis reported that non-linear control schemes may be necessary for satisfactory

control performance.
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Figure 3.9 The membrane monolith reactor of Michelsen et al. (2013): a) Flow pattern

and b) Reactor concept

The relevant physicochemical phenomena during the fuel processing were discussed
by Xuan et al. (2012). The reactor shown in Figure 3.10a was simulated in two
dimensions. Methane, oxygen and water were fed to the reforming channel, and
nitrogen was used as sweep gas. In Figure 3.10b, temperature strongly increased to
1100 K at the contact point between the reactants and the catalyst layer. Hydrogen

was produced and separated to permeated channel as shown in Figure 3.10c.
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Moreover, the gaseous hourly space velocity was optimized and the optimum was

approximately at 18,000 h™.
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Figure 3.10 Transport phenomena occurring in Xuan et al. (2012) when a) Reactor

configuration, b) Temperature profile (in K) and c) Hydrogen mole fraction profile

Membrane reactor simulation was also investigated by using Aspen plus.
Ethanol fuel processors using membrane purification for applying to PEMFC were
analyzed thermodynamically by Montané et al. (2011). Membrane utilization produced
efficiencies as similar as the conventional processes, using reformer, water shift and

COPROX reactors. The processes based on a membrane reformer which was simpler
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offered the best efficiency. Thus, this reforming process using membrane can be
effectively developed and marketed. To design a membrane integrated reactor, a
sequential modular approach was employed (Jin et al. (2010), Ye et al. (2009)). Ye et
al. (2009) studied the fluidized bed membrane reactors as shown in Figure 3.11a. The

reactor was considered as a system of sub-rectors and sub-separators in Figure 3.11b.
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Figure 3.11 Schematic of Ye et al. (2009) simulation: a) A fluidized bed membrane

reactor and b) Sequential model of the reactor

Assumption of the model was as follows: 1) One-dimensional plug flow reactor, 2)
Uniform temperature, 3) Negligible pressure gradients between both channels, 4)
Thermodynamic equilibrium of methane steam reforming reaction and 5) Sieverts’ law
for hydrogen permeation through the membrane. The influences of reactor pressure,
temperature, steam-to-carbon ratio, and permeate side hydrogen partial pressure on

reactor performances were explored with the model. It was found that the membrane
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integration shifted the equilibrium forward, leading to improving hydrogen yield. In the
investigation of Jin et al. (2010), dense oxygen permeation membrane reactor as
illustrated in Figure 3.12a was designed to produce hydrogen from oxidative steam
reforming of ethanol. Sequential model of this reaction are shown in Figure 3.12b. Sub-
separators separated oxygen from air and then oxygen was fed to sub-reactors which
was Gibbs reactor. In the simulation result, there was an optimal length of the tubular

membrane reactor at an operating temperature and a fixed steam-to-ethanol ratio.
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Figure 3.12 Schematic diagram of Jin et al. (2010) simulation: a) A dense oxygen

permeation membrane reactor and b) Sequential model

Additionally, thermally coupled membrane micro reactor with heat supply and
membrane was studied by Patel and Sunol (2007). The schematic diagram of the
reactor is shown in Figure 3.13. The simulation was conducted based on mass and
energy balance equations in one dimension using a finite element method. A thermally
coupled membrane reactor provided higher reformer performance in terms of

methane conversion and hydrogen recovery yield than the conventional reactor
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without membrane. The influence of operating parameters and flow direction was also

investigated.

Combustion
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Figure 3.13 The schematic diagram of the Patel and Sunol (2007) reactor

In the research of membrane reaction, the integration of membrane obviously
provided better reaction performance with several advantages. Higher conversion can
be achieved at lower temperature which is preferable for water gas shift reaction.
Consequently, hydrogen yield was higher. Furthermore, the influence of parameters

was investigated and reported.

3.2 Flow arrangement studies

Integrated reactors are reviewed and summarized in 3.1 section. However, the
feed flow arrangement between two steams of steam reforming and combustion or
sweep gas was not considered in the studies. Most studies used the parallel flow
arrangement, and two dimensional simulation results were close to the parallel

arrangement in three dimensional study (Karakaya and Avci (2011)). The checked
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arrangement was conducted only in the study of Michelsen et al. (2013). In the case
of experimental study, methanol steam reforming combined with methanol
combustion inside a 3x3 square channel monolith (Moreno and Wilhite (2010)). The
schematic of the reactor is shown in Figure 3.14. The reactor performance without any
external insulation achieved beyond 90% of methanol steam reforming conversion

and 70% of hydrogen yields when operated at 673 K.
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catalyst: Pt/y-Al,O,

Steam Reforming (SR)
[~~~ feed:CH,OH,H,0
catalyst: CuO/y-Al,O,

058805850058

Figure 3.14 The schematic of the reactor of Moreno and Wilhite (2010)

The influence of the flow arrangement was investigated by Moreno et al. (2010).
5x5 square channels of a cordierite monolith with a cell density of 72 cells per square
inch (cpsi) was employed as micro channel networks for coupling methanol

combustion and steam reforming. Three patterns of the arrangement including the
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checked arrangement, the annular arrangement and the annular arrangement with self-
insulation were employed as shown in Figure 3.15. The checked arrangement (Figure
3.15a) and the annular arrangement (Figure 3.15b) achieved the highest hydrogen
yields when integrating steam reforming with partial oxidation. With integrated steam
reforming with combustion, the annular arrangement with self-insulation (Figure 3.15¢)

achieved highest hydrogen yields. Therefore, the coupled reactors using three patterns

are shown insignificantly different reactor performance in their investigation.
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Figure 3.15 Cross-section illustrations: a) the checked arrangement, b) the annular

arrangement and c) the annular arrangement with self-insulation (Moreno et al. (2010))

The comparison between the checked arrangement and the parallel
arrangement in integrated micro reactor has not been investicated. The two
arrangements have their own advantage - simplicity for the parallel arrangement and
higher contact area for the checked arrangement. Thus, the comparison between the

arrangements in micro reactor should be studied. In the flow arrangement study, the
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three dimensional CFD simulation is necessary to study the reactor performance and
the phenomena inside the reactor due to the significant influence of heat and mass

transfers in all dimensions.



45

CHAPTER IV
COMPARISON BETWEEN PARALLEL AND CHECKED ARRANGEMENTS
OF MICRO REFORMER FOR H, PRODUCTION FROM METHANE

This research studied the reactor performance of parallel and checked
arrangements in heat integrated micro-channel reactor. The thermally coupled micro
reactor (TMR) was examined by computational fluid dynamic simulation using various
operating and design parameter. Simulation methodology and results are described as

follows.

4.1 Micro reformer configuration

Parallel Checked
arrangement arrangement
Combustion
|| channel (CC)
y | IFT' Reforming
L L_J L channel (RO)
Platinum
""""""""""""""""""""""""" catalyst

............................................. Ni/MeAL,O
LZ "-f.--"'._..._. I/MSALOq

catalyst

Figure 4.1 Micro reformer configuration of TMR in the parallel arrangement and the

checked arrangement
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Monolith structure consists of multi-channel inside a single structure. In this
study, 2x2 square shape channels inside the alumina structure are considered as micro
reformer configuration of TMR as shown in Figure 4.1. Three dimensional calculation
domain is the center volume of the configuration due to the symmetry condition. In

this calculation, the symmetrical boundary is shown as the dotted line in Figure 4.1.

There are two channel types, reforming channel (RC) and combustion channel
(CO). As shown in Figure 4.1, Ni/MgAl,O, and Pt catalysts are fixed at 0.04 kg/m? and
coated on channel walls along the reformer length for RC and CC, respectively. The
two channel types are arranged as the parallel arrangement and the checked

arrangement.
4.2 Modeling description
4.2.1 Governing equations

For CFD simulation, the steady state governing equations are employed, i.e.,
continuity, momentum conservation, energy conservation and chemical species

conservation equations, which could be written as Egs. 4.1 - 4.4.
o(V-v)=o0 (4.1)

L v - ~T _
,O(\/ -Vv) =-Vp+V- [IU(VV +Vv )]-l— jo (4.2)

pV-(c71)=V-(«VT)+ (A1) @.3)

J
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In this work, the gravity force term in Eq. 4.2 is neglected. The source terms in
Egs. 4.3 and 4.4 which are the last terms of these equations exist specifically on the
inner surfaces due to the presence of catalyst. In the investigation by Irani et al. (2011),
two approaches for reaction modeling which were surface and volume-base reactions
in wash-coated monolith reactors were calculated and compared with the experiment.
The results of surface-based reaction was in good agreement with the experiment. For
this reason, the catalyst layer thickness is not considered, and therefore the reactions

are calculated as surface reactions using the kinetic models.

For RC, the mechanisms and kinetic models reported by Xu and Froment
(1989), including methane steam reforming (Egs. 2.8, 2.10) and water gas shift (Eq. 2.9),
are conducted. In the case of CC, methane combustion reaction (Eq. 4.5) is employed
and the kinetic model adopted from Zanfir and Gavriilidis (2003) is modeled as Eq. 4.6

where CCH4 is the methane molar concentration.

CH, +20, > CO, + 2H,0 (4.5)

—90( kJ/mol)
— X CCH4 (4.6)

A =4><108(1/s) exp( -

According to the ideal gas law, the gas mixture density is a function of gas

composition, temperature and pressure at each point along the reformer. For the gas
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properties, viscosity and thermal conductivity are imported from Perry’s Chemical
Engineers’ Handbook (Green and Perry (2008)), while specific heat capacity is adopted
from Elementary Principles of Chemical Process (Felder and Rousseau (2005)).
Diffusivity is calculated by Fuller correlation and the diffusivity of gas mixture is

computed using Stefan and Maxwell theory.

Methane conversion is computed using Eq. 4.7 for RC and CC, and hydrogen

selectivity is calculated by Eq. 4.8 for RC.

. FCH4,inlet 7 FCHq,outLet
Conver5|or1CHq = X100 a.7)
FCH4 Jinlet
o FHZ ,outlet
Selectivity , = X100 (4.8)
2 R G= e =5

CO, ,outlet H, ,outlet CO,outlet

4.2.2 Boundary conditions

The boundary conditions for the calculation domain (Figure 4.1) were
summarized in Table 4.1. All lateral boundaries are set to symmetry condition. Inlet
velocity, temperature and mass fraction are specified at the inlet boundaries.
Atmospheric pressure is indicated at the outlet boundaries. No-slip wall condition is
applied at the surface of the inner reformer wall. Reactions occur on the inner reformer
wall surface and release the heat of reactions which transfers through reactor wall and

gas phase.



49

Table 4.1 List of boundary conditions of TMR study

Boundary Conditions
Inlet Prescribed velocity, temperature and mass fraction
Outlet Atmospheric pressure
Lateral Symmetry

Inner surface wall

No-slip wall condition, surface based reactions, heat

exchange by heat of reactions

4.2.3 Simulation method

The numerical simulation is solved by the finite element method using a well-

known commercial program, COMSOL Multiphysics® version 4.4. The simulation

procedure is summarized in Figure 4.2. In mesh sensitivity, the structure was meshed

into tetrahedral 7.61x10% 6.04 x10° and 1.70x10° elements as coarse, fine and finer

meshes, respectively. Since the difference between fine and finer meshes did not

exceed 1%. Thus, the fine mesh (6.04 x10° cells) was used in this work.
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Figure 4.2 Flowchart of simulation procedure for COMSOL Multiphysics®

50



51

4.3 Results and discussion

4.3.1 Model validation

50
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Figure 4.3 Comparison between the simulation results with the experimental data of

Shu et al. (1994)

Model validation is necessary to verify the simulation results. The CFD
simulation results were compared with the experimental data of Shu et al. (1994). In
the experiment, a small tube with 0.95 cm diameter and 3.6 cm length was inserted
in another tube with 1.7 cm diameter and 5.1 cm length. Methane steam reforming
reaction occurred inside annular volume between both tubes where contained 11 ¢
of nickel based catalyst. The operating condition was set at 3 steam to carbon ratio,

1067 h' GHSV and 137 kPa. The temperature was varied from 573 to
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823 K. The simulation was computed in two dimensional simulation model with axial
symmetry. Comparison of simulation results and the experimental data are shown in
Fisure 4.3. The computed conversions were fitted with the experimental data.

Therefore, this model are acceptable and the model accuracy is ensured.

4.3.2 Base case study of TMR

The simulation model was employed to study the reactor performance in the
parallel arrangement and the checked arrangement with co-current flow at base case
condition as shown in Table 4.2. Simulated velocity and temperature profiles of the
parallel arrangement and the checked arrangement are shown in Figure 4.4 and Figure

4.5, respectively.

Table 4.2 Operating and design parameters of base case TMR study

Parameter Value (unit)
Channel width 1 (mm)
Reformer length 20 (mm)
Catalyst loading in both channels 0.04 (kg/m?)
Wall thickness 0.3 (mm)
Reforming gas hourly space velocity in RC 6000 (hr)
Combustion gas hourly space velocity in CC 16000 (hr')
Outlet pressure 1 (atm)
Inlet temperature 823 (K)
Steam to carbon ratio in RC 2
Methane mole fraction in CC 0.05
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For RC and CC, the velocity profiles of both arrangements are similar. Since gas
hourly space velocity (GHSV) in the CC is higher than GHSV in the RC, velocity of CC is
higher as reported in Figure 4.4. The highest velocity appears at the corners of the
model configuration which correspond to the centers of each channel due to fully
developed flow. Meanwhile, zero velocity is at the reformer inner wall where the
boundary condition is specified as no-slip wall condition and there is no relative

motion between the fluids in contact with the reformer wall.

z A02

Yl ox

a) Parallel arrangement

Figure 4.4 Velocity profiles (in m/s) in base case condition for a) The parallel

arrangements and b) The checked arrangement

From Figure 4.5, temperatures of both arrangements are lower at the inlets
because of the intensive methane steam reforming reaction. After the lowest
temperature position, the temperatures are increased along the reactor lengths, since

heat is released by the methane combustion. Furthermore, the cold spots appear at
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the inlet of the parallel arrangement, while the checked arrangement presents smooth

temperature profile along the reformer.
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Figure 4.5 Temperature profiles (in K) in base case condition for a) The parallel

arrangements and b) The checked arrangement

As shown in Figure 4.6, the temperatures of both arrangements for RC and CC

are different at first part of the reformer which is especially large in the parallel

arrangement, and then the temperatures are nearly the same for both arrangements

further along the channel. Thus, the effect of extra exchange area which leads to a
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decrease of temperature difference in the checked arrangement appears instantly at

the inlet.
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Figure 4.6 Temperature profile at center of both channels in base case condition with

co-current flow: a) The parallel arrangements and b) The checked arrangement

Mole fractions along the reformer length in RC of both arrangements are
unnoticeable and the results of parallel arrangement are plotted in Figure 4.7. Methane
and water are strongly consumed, while hydrogen is intensively produced, in the first
20% of the length. As a result, energy is strongly consumed, decreasing temperature
of both channels at the inlet of the reformer. At the outlet, carbon monoxide is about
10% of the gas mixture. In order to use as a fuel cell feed, carbon monoxide in the gas
mixture must be reduced to lower than 10 ppm. Thus, purification processes are
required for this reformer outlet gas. The outlet methane conversions in RC are about

68.17% for both arrangements, respectively. The methane conversion of both
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arrangements is nearly similar which reaches the equilibrium conversions of this
condition. The equilibrium terms of steam reforming rates become zero at the half of
reactor length in both arrangements. Therefore, temperature which controls the
reaction equilibrium is @ major factor to limit the reactor performance. The hydrogen
selectivity in both arrangements are the same at 57.25 %. In CC, combustion reaction

reaches nearly complete reaction for both arrangements.
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Figure 4.7 Mole fraction profile in RC of base case condition of the parallel

arrangement with co-current flow

In the base case study, the results show that the reactor performances of the
parallel arrangement and the checked arrangements are not considerably different.

The results are supported by the experimental study of Moreno et al. (2010) which
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investigated the influence of flow arrangement upon reactor performance in a ceramic
micro-channel network for autothermal methanol reformer. Three flow arrangements
(checkerboard, annular and self-insulated annular) performed similar hydrogen yields
in their investigation. From these results, micro reformers possess a high heat transfer
ability for which the heat can be easily transferred through the reformer wall with low
heat transfer resistance. Therefore, the additional area of the checked arrangement

does not promote the performance of a small scale reformer.

4.3.3 Effect of flow direction

00 02 04 06 08 1.0 00 02 04 06 08 1.0

Dimensionless reformer length Dimensionless reformer length

Figure 4.8 Temperature profile at center of both channels in base case condition with

counter current flow: a) The parallel arrangements and b) The checked arrangement

Counter current flows were simulated in both arrangements using the base

case condition and compared the results with the co-current directions. In RC, methane
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conversions of counter current flow are 67.01% and 66.95% for the parallel

arrangement and the checked arrangement, respectively.

The temperature profiles at the center of RC and CC in counter current flow
are shown in Figure 4.8. The profiles of counter current flow are in the lower
temperature range. Steam reforming and combustion reactions intensively perform at
inlet of RC and CC; hence, the cold and hot spots are observed at the inlet of both
channels in both arrangements. With the counter current flow, the mole fraction
profiles of both arrangements are nearly the same as the mole fraction profile of the
co-current flow but the reaction is slower than that in the co-current flow because of
lower reactor temperature. For these reasons, methane conversion of RC of counter
current flow is lower than that in co-current flow in both arrangements. This result is
consistent with the study of Grote et al. (2011) and Anzola et al. (2010). The co-current

flow is further studied in the next sections.

4.3.4 Effect of operating parameters

Operating parameters, inlet temperature, steam to carbon ratio in RC, methane
mole fraction in CC and GHSV of both channels are varied in co-current flow. The
reformer performances of the parallel arrangement and the checked arrangement are
compared at various conditions. The inlet temperature is varied from 673 to 973 K.
The range of stream to carbon ratio and methane mole fraction are from 1.0 to 4.0,

and 0.5 to 15.0 %, respectively. The GHSV is varied from 2,000 to 20,000 h? for RC and
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CC. In the simulation ranges, the results of different arrangements are nearly the same
for all operating parameters. As shown in Figure 4.9, black lines representing parallel
arrangement is overlapped on the gray lines which represents checked arrangement.
When varying operating parameters, the temperature profile between two
arrangements is similar to the base case study which shows unnoticeable difference

between both arrangements.
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Figure 4.9 Reactor performances of both arrangements at varied operating parameters:

a) inlet temperature, b) steam to carbon ration in RC, c) methane fraction in CC,

d) GHSV in RC and e) GHSV in CC

The influences of parameters upon the reactor performance depends on the

reactor temperature which is affected by adding heat source or heat sink to the

reformer. In this study, inlet temperature, methane mole fraction in CC and GHSV in

CC (Figure 4.9a, Figure 4.9c and Figure 4.9e, respectively) are considered as the heat

sources of the reformer. In CC, increasing of methane mole fraction and GHSV

parameters lead to enhanced methane content which is oxidized and releases energy.

Therefore the reactor temperature and methane conversion in both channels are

higher when increasing these parameters. On the other hand, methane reactant of RC

is heat sink of the reformer by steam reforming reaction which is reacted and consumes

energy. Steam to carbon ration in RC (Figure 4.9b) is a parameter which affects methane
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consisting in RC. Methane composition in RC is reduced, and the energy consumption
by reaction also decreases when increasing steam to carbon ration. Moreover,
decreasing GHSV in RC (Figure 4.9d) also reduces the reactants, and increases the
reactor temperature. Additionally, hydrogen selectivity is controlled by the water gas
shift reaction which reduces when increasing temperature. Thus, the methane
conversion in RC increases when the inlet temperature, steam to carbon ration in RC,
methane mole fraction in CC or GHSV in CC are increased, and decreases when the

GHSV in RC is increased.

4.3.5 Effect of design parameters

The design parameters are varied to investigate and to compare the reformer
performances between the parallel arrangement and the checked arrangement in co-
current flow. The parameters are reformer width, wall thickness and length, and the

results of various design parameters are reported in Figure 4.10.
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Figure 4.10 Reactor performances of both arrangements at varied design parameters:

a) channel width, b) wall thickness, and c) reformer length

The wall thickness and reformer length show the unnoticeable results for both

arrangements in the simulation ranges. As shown in Figure 4.10b and Figure 4.10c, the

variation of wall thickness and reformer length present the complete overlap of black

and gray lines. On the other hand, the variation of channel width (Figure 4.10a)

provided the difference between the parallel arrangement and the checked
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arrangement. When the channel width is larger than 5 mm, black lines is higher than
the gray lines. In this larger channel width, the parallel arrangement presents the
slightly higher methane conversion in both RC and CC but the cold and hot spots

apparently occur in the reformer.

100

0
(@)
1

[N
(@)
|

N
(@)
|

Temperature difference (K)

N
(@)
1

Parallel arrangement

-=== Checked arrangement
O T T T T

0.0 2.0 4.0 6.0 8.0 10.0

Channel width (mm)

Figure 4.11 The differences between the maximum and minimum temperatures in the

parallel arrangement and the checked arrangement

As shown in Figure 4.11, the difference between the maximum and minimum
temperatures in the parallel arrangement is greatly more than that in the checked
arrangement at the large channel width. As presence of the hot spot in the parallel

arrangement, the higher reformer temperature promotes the methane conversion, but



65

the large temperature difference between cold and hot spots could cause structure
fracture and uncontrolled reaction. Thus, in these conditions, the parallel arrangement
is recommended for small channel width (< 5 mm) reformer, and the checked

arrangement is suitable for large channel width (> 5 mm) reformer.

The influences of the design parameters on the reactor performance are similar
for both arrangements. As shown in Figure 4.10a, with small channel width (< 5 mm),
increasing channel width results in higher conversion which is the effect of increased
flow rate at the fixed GHSV. Heat source is increased due to increasing flow rate in CC.
Therefore, the temperature and methane conversion are enhanced in RC. However, in
the larger channel width (> 5 mm), the effect of mass and heat transfers becomes
important, and therefore methane conversion is reduced. As shown in Figure 4.10b,
increasing the wall thickness leads to lower methane steam reforming conversion and
outlet temperature. Methane conversion is decreased by increasing thermal resistance
when the wall is thickened. For reformer length, the methane conversion increases
when the length is increasing. The reactions in both RC and CC have more residence

times in the longer reformer, so the methane conversion is enhanced.
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CHAPTER V
EFFECT OF FLOW ARRANGEMENT ON
MICRO MEMBRANE REFORMING FOR H, PRODUCTION FROM METHANE

For micro membrane reformer (MMR), the effects of the parallel arrangement
and the checked arrangement on reformer efficiency were investigated via three
dimensional computational fluid dynamics simulation. Reactor performance and the

advantage of the checked arrangement are revealed in this chapter.

5.1 Micro structure configuration

Parallel Checked
arrangement arrangement

Sweep gas
channel (SC)
Reforming
channel (RC)

EE Ni/MgALO,
-------------------------------------- catalyst
- Palladium

membrane

Figure 5.1 Micro reformer configuration of TMR in the parallel arrangement and the

checked arrangement
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In this study, square channel monoliths are employed (Figure 5.1). The reformer
contains two channel types which are reforming channel (RC) and sweep gas channel
(SQ). Reactions and separation occur specifically in RC, thus only the wall inside of RC
is coated with a catalyst and a membrane. The palladium film is deposited on the
inner wall as a hydrogen selective membrane, and Ni-MgAl,O,4 is applied over the
membrane layer as the catalyst. For SC, nitrogen sweep gas is flowed through SC as
carrier gas. The arrangement of both channels is shown in Figure 5.1 is the parallel
arrangement and the checked arrangement. In Table 5.1, the dimensions of a monolith

reactor use for the base case study are presented.

Table 5.1 Monolith reactor dimensions for base case study

Parameter Value (unit)
Channel width 1 (mm)
Reformer length 20 (mm)
Catalyst loading in RC 0.04 (kg m™?)
Wall thickness 0.1 (mm)
Gas hourly space velocity in RC 6000 (hr)
Gas hourly space velocity in SC 16000 (hr')
Outlet pressure 1 (atm)
Inlet temperature 773 (K)
Steam to carbon ratio in RC 1.5

The center volume of the 2x2 unit channel is selected as the study domain

due to the symmetry condition as indicated by the dotted lines in Figure 5.1. The
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thickness of the membrane reported from Kim et al. (2009) was extremely thin at 8
MM, so the thickness is neglected in the calculations. In the case of the catalyst, Irani
et al. (2011) suggested that simulation that excluded the thickness of the catalyst
provided result which was close to the experimental data. Therefore, the catalyst and
membrane thickness in Figure 5.1 are neglected in the calculation with the

configurations and the reaction is considered as a surface reaction.

5.2 Modeling description

5.2.1 Governing equations

Three dimensional computational fluid dynamic simulation of the system is
conducted with the steady state governing equations, i.e., mass, momentum and
chemical species conservation equations, which can be written as Egs. 5.1 - 5.3,
respectively. As an isothermal study, the temperature is assumed to be constant along

the length of the reactor so the energy conservation equation is excluded in this study.

p(V-v)=0 (5.1)
p(7-V7)==Vp+V | (V7 + V7T )|+ 5 (5.2)
pV(Va),)= pV-(Di,effVa)i )+Q (53)

The gravity term in Eq. 5.2 is neglected. The last term in Eq. 5.3 which is a source term

(Q) appears on the inner surface in RC. The source term of this equation is calculated
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from the hydrogen flux and the surface reaction rate. The hydrogen flux (Eq. 5.4)
adopted from Gallucci et al. (2004a) is employed. The mechanisms and kinetic models
of methane steam reforming reaction were reported by Xuan et al. (2012).
- —29.16\kJ/ mol
1.12e 5(mol/m S Pao's) #)
0.5 05

f . Ro*T . —
Hzﬂ ux . e s (PHZ Jretentate iy Ho ,permeate )
Membrane thickness

(5.4)

The gas mixture density is a function of gas composition, temperature and
pressure at each point along the reformer according to the ideal gas law. Data of Perry’s
Chemical Engineers’ Handbook (Green and Perry (2008)) is employed to compute the
gas viscosity. Diffusivity in the gas phase is calculated by Fuller correlation and the

diffusivity of gas mixtures (D is computed using Stefan and Maxwell theory. In the

i,mix)
solid phase, the effective diffusion is calculated by:
-1

i,mix Di KA

where e and r are the porosity and the tortuosity, respectively, of the solid phase.
The porosity is fixed at 0.4, and the tortuosity is specified at 4.0., The Knudsen diffusion

coefficient, DIM, is computed by:

T
D = 4850(:1/D E—

i,KA
MW. (5.6)
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where C/p , the pore diameter of the solid phase, is fixed at 1 X 10 " cm (10 um) (Welty

et al. (2007)).

Methane conversion and hydrogen separation factor are used as the indicators
of the reactor performance. The methane conversion is computed using Eq. 5.7, and

the hydrogen separation factor is calculated by Eqg. 5.8:

. FCH4,inlet _FCH4,outlet
Conversiong, = X100 (5.7)
FCH4 ,inlet
i, sc
. 2,SC outlet
Hydrogen separation factor = X100 (5.8)
FH 2,SC outlet W FH 2 ,RCoutlet

5.2.2 Boundary conditions

As shown in Figure 5.1, the symmetry condition is applied for all lateral
boundaries inside the area within the dashed lines. The velocities and the mass
fractions are specified at the inlet, while atmospheric pressure is specified at the outlet.
The no-slip condition is assumed at the walls of the insides of both RC and SC. In RC,
the surface reactions and the hydrogen flux are applied at the inner surfaces of the
walls of the reformer, which are coated with the membrane and the catalyst. The

boundary conditions are described in Table 5.2
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Boundary Conditions
Composition: @, = @ ,
Inlet ’
Velocity: V=V,
ow, Ov
Zero flux: ——=—=0
Outlet Oz Oz
Pressure: P=P,,
ow, v
Symmetry: ——=-—=0
Lateral Ox Ox
oo, 0V .
Oy Oy

Inner surface

wall of RC

No-slip wall condition:

V=0
Source term:  Q, =2 (rj/\/IW).
j !
Qy, = Z(rj/\/lW)Hz — H, flux
J

Inner surface

wall of SC

No-slip wall condition:

v =0

5.2.3 Simulation method

COMSOL  Multiphysics® version 4.4 was employed to solve numerical

simulation by the finite element method. The simulation step are described in Figure

4.2. Tetrahedral mesh was fixed at 2.56 X 1O6 elements, which were specifically finer

at the inner wall surfaces to accommodate the surface reactions and the hydrogen

flux. The validation of the methane steam reforming simulation was mentioned in
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chapter IV. The computed conversions are acceptably close to the experimental data

of Shu et al. (1994); thus the model accuracy is ensured.

5.3 Results and discussion

5.3.1 Base case study of MMR

In this section, the parallel arrangement and the checked arrangement were

studied by using the base case parameters tabulated in Table 5.2.

70 25
g 60 1 Q\Ezo
§ 50 |
% © -
) i <15 -
e 0 9
530 - £10
7]
% 20 4 Parallel qc_) Parallel-RC
% ——Checked 3 5 Parallel-SC
2 10 4 o Checked-RC
I - - o= - |
0 ‘ ‘ ‘ ‘ 0 ¢ ‘ ‘ ‘ Check‘ed SC
00 02 04 06 08 1.0 00 02 04 06 08 1.0
a) Dimensionless reformer length b)  Dimensionless reformer length

Figure 5.2 Methane conversion (a) and hydrogen mole fraction (b) of the parallel

arrangement and the checked arrangement (in percentage)

The methane conversions and hydrogen mole fractions obtained from this
simulation are shown in Figure 5.2. In Figure 5.2a, the gray and black lines are the
methane conversions for the parallel arrangement and the checked arrangement,

respectively. The methane conversions of both arrangements are increased along the
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reactor length. At the outlet, the methane conversions are 54.93% for the parallel
arrangement and 59.28% for the checked arrangement. Under this condition, the
methane conversion in the checked arrangement is about 4% higher than that of the
parallel arrangement. The hydrogen mole fractions for both arrangements in SC and
RC are shown in Figure 5.2b. The hydrogen mole fractions of the checked arrangement
is higher in SC but it is lower in RC when comparing with those from the parallel
arrangement. Therefore, hydrogen transfer is better in the checked arrangement.
Moreover, the hydrogen separation factor of the checked arrangement is 77.75%. This
is 5% higher than that of the parallel arrangement (72.83%). It can be seen that the
larger contact area of the checked arrangement results in the increase in hydrogen

separation, which consequently enhances methane conversion by equilibrium shift

forward given in the step-wise mechanism (Egs. 2.8 — 2.10).

20

15

10

Figure 5.3 Hydrogen mole fraction profile (in percentage) in base case MMR study for

a) the parallel arrangement and b) the checked arrangement

In Figure 5.3, the hydrogen mole fractions for both arrangements are reported

as sliced profiles in three dimensional configuration. In the case of the parallel
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arrangement (Figure 5.3a), the accumulation of hydrogen appears inside the reformer

walls between RC. On the other hand, hydrogen is transferred smoothly in the checked

arrangement (Figure 5.3b) and accumulation is not present.

x107*
20

Figure 5.4 Hydrogen flux (in mole m? s™) in base case MMR study for a) the parallel

arrangement and b) the checked arrangement

As shown in Figure 5.4, hydrogen flux appears only on the surface between RC
and SC in the parallel arrangement (Figure 5.4a). Thus, the effective area for hydrogen
transferred to SC is only a half of the membrane area; hence hydrogen accumulation
occurs. In the case of checked arrangement (Figure 5.4b), the hydrogen flux is present
in the entire contact area so the entire membrane area is utilized for hydrogen
separation. Hydrogen flux along the reactor is average at 3.69 and 4.65 mmol m? s
for the parallel arrangement and the checked arrangement, respectively. As a result,
the hydrogen production rate and the hydrogen permeation rate in the checked
arrangement are 6.49x10* and 5.05x10™ mol h™. On the other hand, lower hydrogen

production rate and the hydrogen permeation rate are reported at 5.76x10* and

4.20x10™ mol h™ in the parallel arrangement.



75

Based on these results, the checked arrangement in the base case study
provides a higher methane conversion and hydrogen separation factor in a monolithic
membrane reformer. All areas in contact with the membrane are effectively used for
separation, and the hydrogen accumulation in the reformer wall, which causes cracking

by hydrogen embrittlement, is not present in the checked arrangement.

5.3.2 Operating parameter study

In this section, the temperature and the GHSV of both channels were studied
to find the influence of the parallel arrangement and the checked arrangement on the
performance of the monolithic membrane reactor. As an isothermal study,
temperature is specified at a constant value between 673 and 823 K. GHSV in both

channels are fixed within the same range of 6000-16000 h™.

5.3.2.1 Effects of reaction temperature

In Figure 5.5, the effect of varying the temperature on the methane conversion
and hydrogen separation factor at the predetermined range are presented as straight
and dashed lines, respectively. Increasing the temperature increases the rate of
reactions and hydrogen flux is promoted. Thus, the methane conversions and
hydrogen separation factors are enhanced for both arrangements. The methane
conversions from the checked arrangement are higher than those from the parallel

arrangement at all temperatures and the differences are over 4% beyond 773 K. With
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increased hydrogen flux and reaction rates, hydrogen separation factors of both
arrangements also increases as the temperature increases. The checked arrangement
provides 4% higher hydrogen separation factors due to the larger separation area. The
effects of the arrangement are more apparent at high temperature because the

separation is significantly promoted.
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Figure 5.5 Effect of temperature on methane conversion and hydrogen separation

factor (in percentage)
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5.3.2.2 Effects of reactant gas feed rate in RC
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Figure 5.6 Effect of GHSV in RC on methane conversion and hydrogen separation factor

(in percentage)

Increasing GHSV increases the gas flow rate and the gas velocity, all of which
affects the performance of the reactor. Figure 5.6 shows the effects of GHSV on the
performance of the reactor. Increasing the flow rate of the reactants in RC leads to the
decrease of the methane conversions and hydrogen separation factors in both
arrangements. The reactant flow rate, which is raised by increasing GHSV, dilutes
hydrogen in RC. Thus, the driving force for the separation (Eqg. 5.4) is weakened and

results in a lower hydrogen flux. The methane conversions and hydrogen separation
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factors are higher in the checked arrangement because of its better hydrogen transfer.
Hydrogen separation of both arrangements is decreased significantly at high GHSV in
RC. Therefore, the effect of the arrangement becomes less significant when GHSV in

RC is increased.

5.3.2.3 Effects of reactant gas feed rate in SC
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Figure 5.7 Effect of GHSV in SC on methane conversion and hydrogen separation factor

(in percentage)

The effects of GHSV in SC on the performance of the reactor are shown in
Figure 5.7. The methane conversions and hydrogen separation factors decrease with

decreased GHSV in SC. A lower sweep gas flow rate leads to an increased hydrogen
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concentration in SC. The hydrogen flux drops with a decrease in the driving force (Eq.
5.4). Thus, the reactor performance of both arrangements is lower. The checked
arrangement with a higher exchange ability provides higher methane conversions and
hydrogen separation factors. The effects of the checked arrangement and the parallel

arrangement are weakened by a lower hydrogen flux when GHSV in SC is decreased.

In section 5.3.2, the effects of the operating parameters, i.e., temperature and
GHSV, were also compared. The checked arrangement provides higher methane
conversions and hydrogen separation factors in a monolithic membrane reactor at
various operating parameters. The hydrogen separation is 4% greater from the checked
arrangement within the studied operating parameters. Thus, the larger contact area in
the checked arrangement is important since it significantly improves the performance
of the membrane reactor. Moreover, the effects of the arrangement are enhanced with

an increase in the temperature and GHSV of SC or a decrease in GHSV of RC.
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The design parameters including the reactor length and the channel width for

both arrangements were investigated. Reactor lengths between 10 to 50 mm and

channel widths between 0.5 and 1.25 mm are used in this study.

5.3.3.1 Effects of reactor length
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Figure 5.8 Effects of reactor length on methane conversion and hydrogen separation

factor (in percentage)

In determining the effect of the reactor length, all other parameters are fixed

as in the base case study. Increasing the length results in an increase in the flow rate

of the reactants and the sweep gas in both channels as fixed GHSV. The methane
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conversions and hydrogen separation factors at different reactor lengths are shown in
Figure 5.8. Increasing the reactor length leads to enhanced hydrogen separation factors
by increasing the surface area of the membrane. Furthermore, the hydrogen separation
factors raise sharply with the increased reactor length up to 15 mm. A further increase
in the reactor length results in only a slight increase in the hydrogen separation factors.
This phenomenon is attributed to the changes in the hydrogen concentrations of both
channels, which is the driving force for the separation. The hydrogen concentrations
are largely constant at reactor lengths of 15 mm and beyond. Therefore, increases in
the hydrogen separation factors and methane conversions only occur in a relatively
short length. However, increasing the velocity in both channels results in decreases in

the methane conversions after a length of 15 mm.

The checked arrangement provides higher reactor performance in terms of
methane conversions and hydrogen separation factors as shown Figure 5.8. The
increased contact areas between RC and SC promote the reactor performance. The
effects of arrangement reported in terms of the differences in hydrogen separation
factors between both arrangements are shown in Figure 5.9. The hydrogen separation
factor differences decrease sharply at shorter lengths, i.e. 10 mm to 30 mm, and are
almost constant at around 3% beyond 30 mm. At a longer length, the hydrogen
separation factor increases slightly and reaches a constant value in both arrangements.

Thus, the effects of arrangement is suppressed as the reactor length is increased.
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Figure 5.9 Differences in hydrogen separation factor between the parallel arrangement

and the checked arrangements
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5.3.3.2 Effects of channel width
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Figure 5.10 Effects of channel width on methane conversion and hydrogen separation

factor (in percentage)

The effects of channel widths on the reactor performance of both
arrangements are reported in Figure 5.10. The methane conversions and hydrogen
separation factors are both decreased with the increase of channel width for both
arrangements. Increasing the channel width leads to an increase in the reactant flow
rate at a fixed GHSV and increases the mass transfer resistance inside both channels.
When the methane conversions drop, the hydrogen concentrations are also decreased

and dilute by the reactants. Consequently, the hydrogen separation factors are
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reduced by dilution. The parallel arrangement and the checked arrangement provides
nearly identical methane conversions and hydrogen separation factors at a small
channel width (0.5 mm), but the checked arrangement offers slightly higher reactor
performance. As the channel width is further increased, the methane conversions and
hydrogen separation factors become significantly higher in the checked arrangement
because of the larger surface area. The arrangement effects are stronger when the
channel width is larger than 0.5 mm. As the channel width is increased, the hydrogen
separation factor drops sharply in the parallel arrangement. Thus, the checked
arrangement increases hydrogen separation and suppresses the effects from increasing

the channel width.

The performance of the reactor is affected by the length and width of the
channels. The hydrogen separation is promoted at short channel lengths and reaches
a nearly constant value after 15 mm. On the other hand, increasing the channel width
results in a sharp decrease in the reactor performance. The checked arrangement
provides higher methane conversions and hydrogen separation factors in this micro
membrane reactor. In conclusion, increased contact areas of the checked arrangement
significantly promotes hydrogen transfer, which is affected by the reactor length and

the channel width.
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MODELING OF THERMALLY COUPLED MONOLITHIC MEMBRANE REFORMER

FOR HYDROGEN PRODUCTION IN VEHICULAR APPLICATION

Thermally coupled monolithic membrane reformer (TMMR) is a monolith

reactor which integrates three processes of hydrogen production, combustor, reformer

and separator, within a single unit. The simulation of TMMR using Aspen Plus is

described. The results including preliminary study, thermodynamic based study, TMMR

design and the flow arrangement effect are reported. These results lead to the final

design of TMMR and the recommendation is in this chapter.

6.1 TMMR design using Aspen Plus

Hydrogen production using TMMR in vehicle is studied by simulation. After

production, H, product is converted to electricity by PEMFC. Residues from PEMFC and

reformer in TMMR are recovered and fed to combustor in TMMR as shown in Figure

6.1. The PEMFC is specified efficiency at 50%; hence, half mole of H, product is

consumed in PEMFC (Ersoz et al. (2006), Yun and Ted Oyama (2011)).

TIMMR
Combustion steam Exhaust gas
Combustor >
Reforming steam Residue
> Reformer
H,
Purifier PEMFC —L

Recovering steam

Figure 6.1 Hydrogen utilization system in vehicle
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As in Figure 6.1, the TMMR model is simplified into three units which are
combustor, reformer and purifier. In combustor, the reactants, input fuel, recovering
steam and air were fed excessively at 3 mol/s. Combustion is approximately complete
conversion at inlet according to fast reaction rate of catalytic combustion
(Deutschmann et al. (2000), Hayes et al. (1996), Karagiannidis et al. (2007)). The hot
combusted gas supplies heat to reformer of the TMMR. Overall heat transfer coefficient
between both sections is specified at 132.6 W m? K In the reformer, fuel and water
are heated and reacted based on the thermodynamic equilibrium and the kinetic
model. After reforming, H, in product is separated through Pd membrane to the
purifier. H, permeation rate is expressed by Eq. 4.5. Membrane thickness is fixed at 8
um according to the experiment of Kim et al. (2009). Pressure in purifier is kept at
atmospheric pressure atm. Hydrogen permeates specifically from the reformer to the

purifier without reversing.

Square channel monolith structure is used as reactor model. Surface areas of
the structure depending on the design and the flow arrangement are calculated for
exchanging heat, separating hydrogen and calculation of the catalyst weight within the
reformer. The parallel arrangement and the checked arrangement are employed as
shown in Figure 6.2. The area ratio between reformer, heat exchanger and separator is
0.5:0.125:0.125 and 0.5:0.25:0.25 for the parallel arrangement and the checked

arrangement, respectively. According to higher surface area, the checked arrangement
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provides advantages over the parallel arrangement as reported in previous chapters.

As a consequence, the checked arrangement is selected as the base arrangement of

this study.

2) |l JO| | |
|:| L Combustion
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Figure 6.2 Flow arrangements of the TMMR when a) The parallel arrangement and b)

The checked arrangement

6.2 Aspen simulation

Aspen Plus is a commercial program generally used in process simulation. In
the simulation, Peng—-Robinson equation is conducted as the equation of state and
TMMR is set as adiabatic and isobaric. Since the model of the TMMR do not exist in
the program, a sequential modular approach is employed to simulate the TMMR
process. This method has been conducted in several Aspen Plus simulations (Jin et al.
(2010), Ye et al. (2009)). As illustrated in Figure 6.3, TMMR is divided into sub-
combustors, sub-reformers and sub-purifiers. Sub-combustors perform as heat
exchanger units and supply heat from the combusted gas to the reforming stream. The

reforming stream is reacted in sub-reformer and then product stream is separated
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hydrogen in sub-purifier. The hydrogen permeation is calculated based on Eqg. 5.4 by

FORTRAN code in calculator section of the program.

Combustion Exhaust gas

stream
........ > -] o r oo oo M rooo o oo P pPoectccccees]
. > Combustor » Combustor » » Combustor
Reforming
stream * * +
1st erd mm
Reformer Reformer Reformer

v v

d

+ Residue

mm >

cccap Purifier teetecadiaa »
stream

lst "

Purifier L eee _> Purifier b/l & _>

Figure 6.3 Sequential modular simulation diagram of the TMMR

In the simulation, hydrogen energy and energy efficiency are considered as
indicators of the TMMR performance. Hydrogen energy is computed from hydrogen

consumption as defined in Eqg. 6.1, and energy efficiency is calculated followed Eq. 6.2.

[ ~0
Hydrogen energy (kW) = FH2 . AHC,HZ (6.1)
oo AR
- 2 cHyp
Energy efficiency (%) = o X100 (6.2)
Ffuel ’ AHc,fuel

The simulation consists of two studies which are thermodynamic based study and the

TMMR design. Both simulations are described in the following sections.
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6.2.1 Thermodynamic based study

This study is a preliminary investigation for designing TMMR based on the
thermodynamic equilibrium. At each sub-reformer, the Gibbs reactor model in Aspen
Plus is employed and free energy minimization is calculated to determine the
equilibrium products at operating conditions. The total Gibbs function for the system
is expressed by Eq 6.3.

FG =z (FGY)+ RTZ£Fi In ”f—'%‘PJ (6.3)
1

Methane, methanol and ethanol which are considered as green fuels were
examined to operate in the TMMR. The possible products of these fuels steam
reforming are specified in the Gibbs reactor. From the experimental study, by-products
such as formaldehyde, dimethyl ether, acetaldehyde, ethylene and acetone were
produced by methanol steam reforming and ethanol steam reforming. However, these
by-products are not thermodynamically stable; hence they are excluded in the
simulation (Faungnawakij et al. (2006), Lima da Silva et al. (2009), Lwin et al. (2000),
Rabenstein and Hacker (2008)). Therefore, only CH;OH, C,HsOH, CH,4, H,0, H,, CO and

CO; are the possible products in this model.

In this study, the monolith design has 100 mm of diameter, 200 mm of length
and 300 cell per square inch (cpsi) of cell density. Green fuel and operating condition

are selected to use in the design section. Operating conditions including reforming
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pressure (3 - 5 atm) and molar flow rate of reforming (0.1 — 0.5 mol/s) and combustion
(0.01 - 0.05 mol/s) are investigated. Steam to carbon ratio is specified at 2.0 for

methane, 1.0 for methanol and 3.0 for ethanol according to their stoichiometry.

6.2.2 The TMMR design

In this section, plug flow model is used for the reformer. Catalyst weight is fixed
at 0.04 kg/m?. The surface area is calculated from monolith structure. The selected
green fuel and proper operating condition are adopted from the thermodynamic based
study. Methane which provides the highest efficiency is chosen as the fuel and used
for designing the TMMR based on the kinetic model of methane steam reforming as

reported in section 2.3.1.

The TMMR is designed by using a commercial monolith structure. Corning
Incorporated presents material attributes of monolith, and the configuration is
reported in Table 6.1. Therefore, cell density of monolith is specific at 200, 300 and

400 cpsi. Monolith diameter and reformer length are varied between 100 and 200 mm.
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Property Standard Thin-wall
(uncatalyzed) 200/12 300/8 a00/7 400/4 | 300/5

Cell density

(cpsi) 200 300 400 400 300

(cpcm?) 31 47 62 62 a7

Cell shape Square Square Square Square | Square
Wall thickness

(in) 0.0120 0.0080 0.0070 | 0.0040 | 0.0055

(mm) 0.3 0.2 0.12 0.1 0.14
Open frontal area (OFA)

(%) 69 74 74 83 82
Geometric surface area (GSA)

(in*/in’) a7 60 69 73 63

(m*/V) 1.85 2.36 272 287| 247
Hydraulic diameter

(in) 0.059 0.050 0.043 | 0.046 | 0.052

(mm) 1.50 1.27 1.09 1.17 1.32
Porosity

(%) 35 35 35 35 35
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6.3 Results and discussion

6.3.1 Model validation via Aspen Plus

The thermodynamic and kinetic based models were validated with
experimental results from literatures. The experiments of methane steam reforming
which were extensively studied with membrane reactor were employed in the
validation. The number of sub-units (m) is varied from 1 to 40. Methane conversion is

used as an indicator to determine the reasonable value of m.
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Figure 6.4 Effect of number of sub-units (m), a) methane conversion and b) methane

conversion difference

The increment of m leads to the constant value of methane conversion as
shown in Figure 6.4, as the model could represent the reformer. When m is equal to
40 in both models, the system offers the low variation of methane conversion within

0.0005 %. Therefore, the value of m of 40 is employed in both model studies.
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The simulation results were compared the experimental data including
traditional reactor (TR) and membrane reactor (MR) is adopted from the experimental
of Shu et al. (1994) and Gallucci et al. (2004b). In the thermodynamic equilibrium
model, comparison between the simulation and the data of Shu et al. (1994) are shown
in Figure 6.5a. The kinetic model results and the experimental data of Gallucci et al.
(2004b) are reported in Figure 6.5b. The simulation results of TR and MR could well
represent the experimental data and therefore, the models are employed for further

studies.

=== TR, Simulation

60 MR, Simulation
/\ TR, Experimental data from shu et al.
50 4 O MR, Experimental data from shu et al.

40
30
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Methane conversion (%)
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=== TR, Simulation

MR, Simulation

60 +
/A TR, Experimental data form Gallucci et al.

50 4 O MR, Experimental data form Gallucci et al.

40
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Methane conversion (%)

10

Temperature (K)

Figure 6.5 Experimental data and results of a) thermodynamic simulation and b) kinetic

model for traditional reactor (TR) and membrane reactor (MR)

6.3.2 Preliminary study of TMMR

In this preliminary study, TMMR using nitrogen as sweep gas is evaluated the
reactor performance indicated by energy efficiency and methane conversion. The
TMMR configuration is adopted from the thermodynamic study. At the base conditions,
the system is operated at 1 atm with 0.6 mol N,/s, and 0.03 and 0.20 mol CHg/s for
the combustor and reformer, respectively. The TMMR is compared with a conventional
monolith reformer with external membrane separation as shown in Figure 6.6 at the

same specific volume.
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In Figure 6.7, TMMR achieves higher methane conversion and efficiency about

4% higher in average. Membrane integration in TMMR shifts reaction equilibrium

forward and enhances the performance. Therefore, TMMR improves the conventional

process of monolith reformer. Furthermore, TMMR was investigated to determine the

influence of operating parameters. The ranges of variation are summarized in Table

6.2.
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Table 6.2 Operation condition of preliminary TMMR study

Parameters Combustor Reformer Separator
CHg (mol/s) 0.01-0.05 0.10-0.50
H,O (mol/s)? 0.20-1.00
Air (mol/s) 3.00
N, (mol/s) 0.20-0.20
Pressure (atm) 1.00 1.00-5.00 1.00
4S5/C=2

The variation results are shown in Figure 6.8. The increase of the fuel to the
combustor and reformer results in higher reforming temperatures. As the temperature
of the reformer increases, the efficiency decreases because of the reverse water gas
shift reaction and energy from the exhaust gases. The highest efficiency can be
achieved at 0.02 and 0.15 mol/s for the combustor and reformer, respectively. At the
highest efficiency, the reforming temperature is obtained appropriately in the range of
823-973 K. When the sweep gas flow rate is increased, the H, permeation increases,
leading to the increase of the efficiency. However, the excessive sweep gas flow rate
(more than 1.6 mol/s) reduces reforming temperature and the efficiency as a result of
low methane conversion at low reforming temperatures. To increase the driving force
for separation, the operating pressure is increased. It was found that higher pressures
cause significant enhancements in H, permeation and efficiency. The highest efficiency

at 43.6% was obtained at 5 atm.
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Figure 6.8 Operating parameter’s influence in preliminary study of TMMR when a)
methane flow rate in RC, b) methane flow rate in CC, c) sweep gas flow rate and d)

reforming pressure

In this preliminary study, increasing nitrogen sweep gas and reforming pressure
promotes driving force of H, separation, resulting in increasing energy efficiency.
However, nitrogen sweep gas also suppresses the TMMR performance by decreasing
reforming temperature, increasing energy loss in exhaust gases and reducing purity of
H, gas product. Presence of sweep gas in H, stream also reduces performance of

PEMFC. Consequently, nitrogen sweep gas is excluded in the further study of TMMR.

6.3.3 Thermodynamic based TMMR study

In this study, the suitable operating condition was investigated at a specific
configuration of monolith. Methane, methanol and ethanol were examined with the

feed flow rate for reforming and combustion. The range of fuel flow rate is
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0.01- 0.05 mol/s for combustion. In the case of reforming, methane and methanol are
fed at the same range from 0.10 - 0.50 mol/s. Due to higher hydrogen content of
ethanol, the flow rate of ethanol is from 0.10 to 0.30 mol/s. Reforming pressure is

between 3 and 5 atm.

6.3.3.1 Effects of feed flow rate of green fuels

The reforming pressure is specified at 4 atm in this case study. The steam
reforming of ethanol and methanol reaches nearly 100% conversion in 1°" sub-reformer
due to their thermodynamic properties at equilibrium state (Lwin et al. (2000),
Faungnawakij et al. (2006), Lima da Silva et al. (2009), Rabenstein and Hacker (2008)).
Energy efficiency of green fuels which is limited at 50% by the efficiency of PEMFC is
reported in Figure 6.9. When increasing flow rate in reforming and combustion, the
temperature profile of the TMMR is raised; hence, the reaction rate and the hydrogen
separation are enhanced. The conversion of fuel and hydrocarbon by-products is
increased, leading to higher energy efficiency. After complete conversion, further
increase of the flow rate promotes reverse water gas shift reaction. Hydrogen product
is reduced in the reforming side; consequently, the energy efficiency is decreased.
Therefore, the TMMR effectively performs when operates at high temperature with less

presence of reverse water gas shift reaction.
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Figure 6.9 Energy efficiency of green fuel when reforming at 4 atm at various molar

flow rate of a) Methane, b) Methanol and ¢) Ethanol

When comparing the efficiency between green fuels, the highest energy
efficiency is provided from methane (Figure 6.9a) followed by ethanol (Figure 6.9b) and
methanol (Figure 6.9¢). Since conversion is complete at inlet, methanol and ethanol
mainly convert to methane and hydrogen. When reforming temperature increases
along the reactor, methane steam reforming and reverse water gas shift reaction occur.
After complete methane conversion, the reverse water gas shift reaction strongly

presents, resulting in lower energy efficiency. Therefore, methanol and ethanol which
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are sensitive at high temperature are not suitable for large surface of the TMMR.

Methane is proposed to be the green fuel for the TMMR.

6.3.3.2 Effect of reforming pressure
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Figure 6.10 Energy efficiency at various flow rate of methane when reforming at a) 3

atm and b) 5 atm

As shown in Eq. 5.4, increasing reforming pressure enhances the driving force of
hydrogen separation. Energy efficiency of the TMMR when operates at reforming
pressure of 3, 4 and 5 atm is shown in Figure 6.10a, Figure 6.9a and Figure 6.10b,
respectively. At each reforming pressure, the highest efficiency is 39.1% for 3 atm,
43.0% for 4 atm and 45.1% for 5 atm operation. When operates over 4 atm of reforming
pressure, the increase of efficiency is insignificant. Thus, reforming pressure is selected

at 4 atm.
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When reforming at 4 atm, hydrogen energy produced from the TMMR system
is reported in Figure 6.11. Hydrogen energy is higher than the target (100 kW) after the
flow rate is beyond 0.30 mol/s for reforming and 0.01 mol/s for combustion. The
highest efficiency at 43.0% provides excessive hydrogen energy at 160.9 kW when using
0.40 mol/s for reforming and 0.02 for combustion. The lower condition which is close
to the objective is performed at 0.30 and 0.03 mol/s for reforming and combustion,
respectively. This appropriate condition provides 126.1 kW with 42.9% of energy

efficiency.
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Figure 6.11 Hydrogen energy of methane steam reforming at 4 atm

In thermodynamic study, methanol and ethanol reforming strongly presents
reverse water gas shift reaction, leading to decreasing hydrogen production after

complete conversion. Therefore, methane which provides higher energy efficiency is
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the suitable green fuel for the TMMR. The increase of feed flow rate of fuel results in
increasing operating temperature of the TMMR. The energy efficiency is increased with
the temperature, but increasing temperature after complete conversion decreases the
efficiency by the presence of reverse water gas shift reaction. Moreover, the efficiency
increases with the reforming pressure. As a result, the operating condition using
methane fuel is suitable at 4 atm for reforming and the feed flow rate is reasonable

at 0.30 mol/s for reforming and 0.03 mol/s for combustion.

6.3.4 TMMR design

To design the TMMR, the selected operating condition from the
thermodynamic based study is employed. The configuration of monolith is specified
as follows. The values of cell density are 200, 300, 400 cpsi and the diameter and
length are between 100 and 200 mm. The checked arrangement is chosen and the
area ratio is 0.25:0.25:0.50 for exchange heat, hydrogen separation and reaction,

respectively.
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Figure 6.12 Temperature profiles (a) and molar flow rate (b) in reforming of small

surface area monolith (100 mm diameter, 200 mm long, and 200 cpsi)
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At small surface area monolith, the temperature profiles and the molar flow
rate of reforming product are shown in Figure 6.12a and Figure 6.12b respectively. The
small surface area monolith (100 mm diameter, 200 mm long, and 200 cpsi) provides
low heat transfer, leading to losing energy in exhaust gas at the outlet. Reforming
temperature slowly increases along the reformer length. Due to the low temperature
at inlet, the reaction dilatorily occurs, leading to low hydrogen content and absence
of hydrogen separation. When hydrogen partial pressure is higher than 1 atm at
65 mm of the reformer length, hydrogen separation appears and the reaction rate
shifts forward. Consequently, methane conversion is about 82% at the outlet of the
TMMR. The incomplete conversion and low hydrogen separation lead to the low

energy efficiency at 32.8%.
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Figure 6.13 Temperature profiles (a) and molar flow rate (b) in reforming of high surface

area monolith (200 mm diameter, 200 mm long, and 200 cpsi)

Monolith with high surface area, the temperature profile and the molar flow

rate of reforming product are shown in Figure 6.13a and Figure 6.13b respectively. The

high surface area monolith (200 mm diameter, 200 mm long, and 200 cpsi) is

employed. In Figure 6.13a, the combustion gas temperature sharply decreases; hence

heat is efficiently transferred to the reforming gas. The reforming temperature rapidly

increases and approaches the combustion gas temperature when the reactor length is

beyond 100 mm. According to the increasing reforming temperature, the reaction rate

increases and the methane conversion is complete after 85 mm of the reformer length.

Hydrogen separation starts at 15 mm long. After complete conversion, the reverse
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water gas shift reaction strongly occurs at the high temperature, leading to lower
hydrogen partial pressure which limits the separation. As a consequence, the energy

efficiency of this design is moderately high at 43.6%.
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Figure 6.14 Energy efficiency versus exchange area of monolith

The design of the TMMR apparently depends on the monolith exchange area.
The efficiency versus the exchange area is shown in Figure 6.14. The energy efficiency
is increased sharply and reaches the highest at 1.5 m? of exchange area. However,
further increase of the exchange area leads to slight decrease of energy efficiency by
the influence of reverse water gas reaction from the excessive heat for reforming. At

the best condition, 200 cpsi monolith with 150 mm of diameter and length is
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performed and produces 129.0 kW of hydrogen energy with 44.0% efficiency.
Therefore, this monolith design is the most appropriate design of TMMR in this study

and the design requires small space which is only 2.65 liters of volume.

6.3.5 Effect of the flow arrangement on the TMMR

Table 6.3 Energy efficiency and hydrogen energy production of the parallel

arrangement and the checked arrangement

Methane Hydrogen Energy efficiency
Flow arrangement
conversion (%) production (kW) (%)
Parallel arrangement 77.1 88.19 30.01
Checked arrangement 99.7 129.16 43.96

The effect of flow arrangement at the specific configuration of the TMMR and
the suggested operating condition is investigated. The exchange area in the parallel
arrangement is lower than that in the checked arrangement. Energy efficiency and
hydrogen energy production rate of both arrangements are reported in Table 6.3. The
parallel arrangement provides energy efficiency at 30.0% and 88.0 kW of hydrogen

energy. Thus, the parallel arrangement apparently decreases the reactor performance.
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Figure 6.15 TMMR temperature profiles (a) and hydrogen permeation (b) of the parallel

arrangement and the checked arrangement
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The TMMR temperature profile and hydrogen permeation of both arrangements
are shown in Figure 6.15. As shown in Figure 6.15a, heat transfer in the parallel
arrangement is poor, leading to lower reforming temperature and higher combustion
temperature. Moreover, hydrogen separation rate is slow and the reforming stream still
contains high hydrogen content as shown in Figure 6.15b. More area is required to
complete the separation. The hydrogen permeation in the parallel arrangement is 0.62
mol/s which is 0.28 mol/s lower than that in the checked arrangement. Low heat
transfer and slow separation rate lead to the decrease of the shift of equilibrium.

Hence, methane conversion is reduced to 77%.

Since the checked arrangement provides more efficient heat transfer and higher
hydrogen separation than those of the parallel arrangement, and produces 40 kW
higher hydrogen energy with 14% higher the energy efficiency. Thus, the check

arrangement is preferable for the TMMR.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this thesis, commercial multi micro-channel structure monolith which has
been used typically in vehicle as a catalytic converter has been developed to be a
compact reformer. The monolith is designed as heat and membrane integrated

reformer.

Hydrogen production units are integrated within a monolith structure. Two feed
flow configurations of the parallel arrangement and the checked arrangement are
considered. Both arrangements are examined for their reaction performance of
thermally coupled reformer (TMR) and micro membrane reformer (MMR). The results

of the TMR (1 - 5) and the MMR (6 - 9) can be concluded as follows:

1) In the base case study, cold spot appears at the inlet of the parallel
arrangement. Meanwhile the checked arrangement which has higher exchange
area offers smooth temperature profile along the reformer.

2) For both arrangements, the co-current flow provides slightly higher reactor
performance than the counter current flow due to higher temperature range in

the co-current flow.



3)

4)

5)

6)

7)

8)
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According to high heat transfer ability of micro-channel reactor, both
arrangements shows unnoticeable results when varying Inlet temperature,
steam to carbon ratio, methane composition for combustion, gas hourly space
velocity in reforming channel and combustion channel, wall thickness and
reactor length.

Channel width is only the major parameter that influences the effect of flow
arrangement in TMR. When increasing channel width, the temperature
difference between hot and cold spots increases because heat and mass
transfer resistance became dominant at larger channel width.

The parallel arrangement which has lower contact area between channels
appears high temperature difference between cold and hot spots at channel
width larger than 5 mm. Consequently, the checked arrangement is
recommended for large channel width reformer to avoid the cold and hot spot
problems.

The checked arrangement apparently presents 4% higher methane conversion
and 5% better hydrogen separation in the base case study of MMR.

Total membrane area in the checked arrangement is fully utilized, leading to
higher hydrogen flux and significantly lower hydrogen accumulation in the
reformer wall.

In the operating and design parameters variation, the MMR performance of

checked arrangement is greater than that of the parallel arrangement.
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9) The effect of the arrangement is increased with the increase of temperature,
gas hourly space velocity of sweep gas channel and channel width. Meanwhile,
increasing gas hourly space velocity of reforming channel and reactor length

weaken the effect of the arrangement in MMR.

According to the better performance of checked arrangement in the study of
TMR and MMR, the thermally coupled monolithic reactor (TMMR) is designed using the

checked arrangement. The conclusion is as follows:

10) Methane is selected as the appropriate fuel for TMMR, since methanol and
ethanol fuels usage apparently presents the reverse water gas shift reaction
lowering the hydrogen production.

11) The reasonable flow rate of methane is 0.30 and 0.03 mol/s for steam reforming
and combustion, respectively. The reactor performance achieves over 40%
energy efficiency when performed steam reforming reaction at 4 atm.

12) For designing TMMR, it was found that the performance of TMMR depends on
the exchange area of monolith. The highest energy efficiency is given by
monolith with 1.5 m? of exchange area.

13) The design is 200 cpsi monolith with 150 mm of diameter and length and it
requires only 2.65 liters of volume. This final design of TMMR can efficient
produce 129 kW of hydrogen energy with 43.96% efficiency and it is applicable

for vehicular system.
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14) In TMMR, the checked arrangement offers 13.96% higher energy efficiency than

the parallel arrangement.

7.2 Recommendations

1)

2)

3)

a)

5)

This thermally coupled monolithic membrane reactor is an ideal design based
on a monolith structure. Feed flow distributer at the inlet and product collector
at the outlet are required and they should be designed to combine with the
TMMR for application in a vehicle.

The study of TMR, MMR and TMMR was explored via modeling simulation. They
should be constructed and investigated by experiments to verify with the
simulation results in the future work.

For hydrogen energy production using TMMR and PEMFC, the recycling line also
needs to recover hydrogen and syngas residues achieving the high performance.
Therefore, TMMR, PEMFC and recycling line must be designed for vehicles.

For vehicle application, dynamic control of feed in the TMMR should be
studied. Moreover, battery must be applied for storing excessive electrical
energy from PEMFC.

Operation of the TMMR including start and stop steps must be concerned. For
example, coke can be formed at low temperature operation which may occur
in start step. In stop step, gases inside the TMMR should be released because

condensation of water might deactivate the catalyst.
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6) Combustion and reforming catalysts and membrane present inside the TMMR.
Coating technic of these catalyst and membrane layers must be considered.

7) The TMMR performance using ethanol fuel must be studied, since ethanol fuel
which is easily available will become the main green fuel on near future.

8) Metallic monolith is proposed as a ready-made catalyst for vehicular
application. Preliminary study revealed that the steam reforming activity
appeared over Hastelloy after oxidation at 1273 K for 2 hours in APPENDIX C.
However, this structural catalyst should be improved. This study will be

investigated in future.
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APPENDIX A
KINETIC MODEL OF METHANE STEAM REFORMING

Methane steam reforming was considered in this thesis. Kinetic model was
adopted from Xu and Froment (1989). Mechanism of this reaction was steam reforming
and water gas shift as shown in Egs. 2.8 — 2.10 and the reaction rate expressions are

shown in Egs. A1-A3, respectively.

3
K 41 y P, Pco
25 | PcHy Pryo
pHZ egAl
a1 = 5 (A1)
Kh,0PH,0
1+ KeoPco T Ky, P, T Keny Pen, T
Py,
Kaz o P, Pco,
PcoPH,0
P, egA2
Ta2 = 5 (A2)
Kh,0PH,0
1+ KeoPco T Ku, P, T KengPeny, T
PH,
4
Kaz 2 _szpcoz
5.5 | PcHg PHy0 p
_ Ho egA3
laz = 5 (A3)
Kh,0PH,0
1+ KeoPco T K, P, TRep Py ¥
Pu,

where Keq are the equilibrium constants of reactions in Egs 2.8 - 2.10. The reaction
rate constants are expressed in Egs. 2.6 and 2.7 and the kinetic parameters are reported

in Table A.1.
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Table A.1 Kinetic parameters of methane steam reforming reactions (Xu and Froment

(1989))
Darameters Pre-exponential factors E, Ab
(A) (kJ/mol) (kJ/mol)

Ky 4.225x10" 240.10 _

K 4o 1.955x10° 67.13 B

K 53 1.020x10" 243.90 ;
Keo 8.23x107 - 70.65
K, 6.12x10° i 18290

KCH4 6.65x10™ - -28.28

K/—lzo 1.77x10° - 88.68




Table B.1 Exchange area of monolith configuration for TMMR design

EXCHANGE AREA OF MONOLITH CONFIGURATION

APPENDIX B
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Monolith configuration

Exchange area (m?)

Cell density Diameter Length Parallel Checked
(cpsi) (mm) (mm) arrangement arrangement
200 100 100 0.2325 0.4650
200 100 150 0.3488 0.6975
200 100 200 0.4650 0.9300
200 150 100 0.5231 1.0463
200 150 150 0.7847 1.5694
200 150 200 1.0463 2.0925
200 200 100 0.9300 1.8600
200 200 150 1.3950 2.7900
200 200 200 1.8600 3.7200
300 100 100 0.2985 0.5969
300 100 150 0.4477 0.8954
300 100 200 0.5969 1.1938
300 150 100 0.6715 1.3430
300 150 150 1.0073 2.0145
300 150 200 1.3430 2.6861
300 200 100 1.1938 2.3876
300 200 150 1.7907 3.5814
300 200 200 2.3876 4.7752
400 100 100 0.3379 0.6758
400 100 150 0.5069 1.0137
400 100 200 0.6758 1.3516
400 150 100 0.7603 1.5206
400 150 150 1.1404 2.2808
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Monolith configuration

Exchange area (m?)

Cell density Diameter Length Parallel Checked
(cpsi) (mm) (mm) arrangement arrangement
400 150 200 1.5206 3.0411
400 200 100 1.3516 2.7032
400 200 150 2.0274 4.0548
400 200 200 2.7032 5.4064
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APPENDIX C
OXIDATION PRETREATED HASTELLQOY

For Hastelloy, oxidation pretreatment condition was optimal at 1273 K for 2
hour. This condition was used to evaluate the catalytic activity of methanol steam

reforming. The results are showed as follows.

C.1 Catalytic activity of Hastelloy

50
—a— Pretreated Hastelloy

— —m— No Hastelloy
¥ 40
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Figure C.1 Methanol conversion after one hour reaction for different systems

As shown in Figure C.1, the untreated Hastelloy and the thermal decomposition
without Hastelloy in the system provided similar results respectively at low methanol
conversion. Meanwhile, higher methanol conversion was apparently achieved with the
oxidation pretreated Hastelloy at 1273 K for two hours. Thus, the oxidation

pretreatment potentially improved the catalytic activity of Hastelloy.
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Table C.1 Gas products from reaction at 1023 K for no Hastelloy, untreated Hastelloy

and pretreated Hastelloy after an hour reaction

Rate of gas production (#zmol/s)
H, CHq CO, CcoO
No Hastelloy 5.19 0.02 0.00 1.27
Untreated Hastelloy 4.34 0.26 0.00 1.19
Pretreated Hastelloy 16.18 0.10 1.81 4.95

To evaluate the reaction performance, the gas production rates from the
reaction at 1023 K for one hour is reported in Table C.1. In the study of thermal
decomposition, H, and CO were mainly produced in the product stream with low
methane production (0.02 pmol/s of CHg). However, the large amount of CH, (0.26
pmol/s) appeared in the outlet product stream for the untreated Hastelloy. The
untreated Hastelloy was obviously active for the methanation, converting syngas to
methane. The H, and CO production rates slightly decreased. On the other hand, the
oxidation pretreated Hastelloy produced much higher H, and CO production rates with
higher CO, and lower CHg4 selectivity. According to Eqg. 2.11, the presence of CO,
showed that the steam reforming activity occurred, and the H, was highly produced.
Consequently, the methanol steam reforming only occurred over the oxidation

pretreated Hastelloy, while the untreated Hastelloy is active for the methanation.



134

The oxidation pretreatment apparently activated Hastelloy as the catalyst for
the methanol steam reforming reaction. After oxidation pretreatment, the methanation
reaction which was active in the untreated Hastelloy was suppressed, while the
methanol steam reforming activity of Hastelloy was significantly promoted. Therefore,
the Hastelloy with oxidation pretreatment at 1273 K can be potentially used for

methanol steam reforming.

C.2 Morphology of the oxidation pretreated Hastelloy

Figure C.2 shows SEM photographs of the untreated Hastelloy and oxidation
pretreated Hastelloy for a magnification level of 1,200 times. The appearance of the
untreated surface was clearly smooth as shown in Figure C.2a. However, scratches also
appeared, probably during its production and compression steps. After oxidation
pretreatment, the small scales were formed over the surface as shown in
Figure C.2b-d, leading to the increase of the roughness on the surface. A linear
correlation between roughness and surface area is generally assumed (Fischer et al.
(2008)). Thus, the oxidation pretreatment relatively increased the surface area of

Hastelloy, resulting in catalytic activity improvement.

The elements on the surface were analyzed by EDS and the results were
reported in Table C.2. The metal compositions of the untreated Hastelloy were 57.1%
of Ni, 11.9% of Cr and 17.0% of Mo, similar to the bulk composition of the commercial

Hastelloy. After oxidation pretreatment at 1273 K for two hours, Ni which is the main
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active component was reduced to 11.4%, while Cr and Mn increased up to 60.1 and

19.9%, respectively.

Figure C.2 Scanning electron micrographs for a) Hastelloy and the oxidation pretreated

Hastelloy for two hours at b) 1073 K, ¢) 1173 Kand d) 1273 K

At this oxidation temperature, most of metals except Mo were reactive and
movable according to Tamman temperature which was approximately 0.51 of melting
point (Baker (1982)). Cr and Mn strongly moved to the surface, so the main metals of
Hastelloy surface after oxidation pretreatment were Ni, Cr and Mn. In several studies,
Cr and Mn are usually promoters of steam reforming and water gas shift catalysts which

provide several advantages. The addition of Cr increased dispersion of the active site,
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resulting in the improvement of the stability and activity of catalysts (Casanovas et al.
(2010), Cheng (1995), Cheng et al. (2003), Faungnawakij et al. (2008), Lindstrom et al.
(2002), Sekizawa et al. (1998)). Moreover, Mn promoted the catalytic activity and the
oxygen vacancy of catalysts which reduced the coke formation and increased the
selectivity of CO, (Bampenrat et al. (2010), Cheng (1995), Faungnawakij et al. (2008),
Sekizawa et al. (1998), Tanaka et al. (2003), Zhou et al. (2011)). Therefore, the presence
of Cr and Mn on the surface of Hastelloy improved the activity of steam reforming and

water gas shift.

Table C.2 EDS analysis of untreated Hastelloy and the oxidation pretreated Hastelloy

(1273 K, 2 hours)

Weight (%)
Metal
Untreated Hastelloy Pretreated Hastelloy
Cr 16.99 60.11
Mn 1.44 19.87
Fe 6.68 5.42
Ni 57.12 11.38
Mo 11.95 1.27
G AL Zr, Sn 5.82 1.95

Figure C.3 presents the XRD patterns of the untreated Hastelloy and the

pretreated Hastelloy. Ni metal which is active for methanation reaction (Mills and

Steffgen (1974), Yan et al. (2013)) was the main peak of the untreated Hastelloy.
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Therefore, methanation followed by non-catalytic thermal decomposition strongly
occurred when using the untreated Hastelloy. After oxidation, the Ni peak was smaller,
and the several unknown peaks appeared at 26 between 55 and 70 degree. Thus, the
unknown peaks were possibly the peaks of Ni alloys which controlled the oxidation
state of Ni. Tagawa et al. suggested that Ni formed with other metal oxides such as
NiMoO, NiMoSiO and NiMoFeO from lower angle diffraction pattern (Tagawa et al.
(2013)). The formation of these Ni species should result in the increase of steam

reforming activity and the decrease of methanation.
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Figure C.3 XRD spectra of a) the untreated Hastelloy and b) the oxidation pretreated

Hastelloy (1273 K, 2 hours)
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