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ABSTRACT

MODELING OF AN AUTOTHERMAL HEAT-INTEGRATED WALL
REACTOR FOR SIMULATION OF HYDROGEN PRODUCTION
FOR FUEL CELL APPLICATIONS

An autothermal, heat integrated wall reactor model for hydrogen production for
vehicular fuel cell applications is investigated using computer-based simulation techniques.
The two dimensional reactor model is based on a hollow cylindrical tube enclosed in a
bigger one, where different catalysts for exothermic partial oxidation and endothermic
steam reforming reactions are deposited on the inside and outside surfaces of the tube. The
reaction system is developed for catalytic conversion of methane with one step chemical
kinetics. Reactor operation at different feed ratios and with different catalyst configurations
is analyzed under steady state conditions. Results show that reactor efficiency is higher

when the catalysts are placed closer as well as at high air-to-fuel and water-to-fuel ratios.



OZET

YAKIT PiLi UYGULAMALARINDA HiDROJEN URETIiMi
BENZETIMI ICIN OTOTERMAL, DUVAR-ISI ENTEGRASYONLU
REAKTOR MODELLEMESI

Tasitlarda yakat pili uygulamalari i¢in hidrojen iiretimine yonelik ototermal, duvar-
11 entegrasyonlu bir reaktdr modeli bilgisayar destekli benzetim yontemiyle incelenmistir.
Iki boyutlu reaktér modeli, i¢ ve dis yiizeylerinde ekzotermik kismi oksidasyon ve
endotermik buharli reformlama reaksiyonlari i¢in farkli katalizorler kaplanmis ve daha
biiytiik bir silindirin i¢ine kapatilmis silindirik bir tiipten olusur. Reaksiyon sistemi, tek
asamal1 kimyasal kinetiklere dayal katalitik metan doniisiimii i¢in olusturulmustur.
Reaktoriin denge durumundaki ¢alismasi, farkli besleme karigimlari ve katalizor
konfigiirasyonlari i¢in incelenmistir. Sonuglar, reaktor veriminin katalizérlerin birbirine
yakin oldugu durumlar ve yiiksek hava-yakit ve buhar-yakit oranlari i¢in daha fazla

oldugunu gostermistir.



vi

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt ettt ettt et st sbe et e il
ABSTRACT ...ttt ettt et ettt ettt e et e e b e e st e s aeenbeentesseenseenseeneenseenes v
OZET .ottt v
LIST OF FIGURES ..ottt ettt ettt sttt viii
LIST OF TABLES ... .ottt sttt sttt ettt nae e X
LIST OF SYMBOLS/ABBREVIATIONS ..ottt Xi
1. INTRODUCGTION ..ottt sttt ettt sttt ettt e bt estessteteeneesseeseeneesaeeseeneenneans 1
2. LITERATURE SURVEY ...ttt ettt st enneenea s 2
2.1 FUCT CRIIS ..ttt st sttt et 2
2.1.1. Fuel Cell Operation..........cccueeeiueieeiiieeiiieeeiieeeieeesieeesiieeesiteeeereesnreesaneesseeessseens 2
2.1.2. Types and Applications of Fuel Cells..........cccovureviiieriiiieniieeeee e, 2

2.2. Driving PEM FU@l CellS ......cocuiriiiiiiiiiiiicieictce e 4
2.2.1. ON-b0Ard STOTAZE .. .ceveeeurieiieeiieeiie et eeite et siee et et e ete et e e bt essaeebeessaeenseesnneenseas 4
2.2.2. On-board Fuel CONVETSION. .......cceecuiruieriirieniieieeie ettt 4

2.3. Autothermal RefOrming...........coocivieiiiiiiiieeieeee et 6

0 B R ) 1<) F SRR 6
2.3.2. CatAlYSES ..eieiiieiie ettt et et b et eebe e abeenbeeenreenseas 8
2.3.3. Integrated Reactor CONCEPLS......ceviuiieriiieeiiieeiiieeieeeieeeieeeeireeeieeesaeeeeaeeeennee s 9

3. MATHEMATICAL MODEL.......coiiiiiiiiiieeseeeee ettt 12
3.1. Problem GEOMELIY .......cocuiiiiriiiiiiienieeie ettt 12
3.2, GIId SHUCTULE ..ottt ettt et st e bttt nae e 12
3.3. Species Mass CONSEIVALION ........cecvieeiieriieeiieniieeieesteeeteesseeeteesseeesseesseesseesseessseenses 14
3.4, ENergy CONSEIVALION. .....uueeeuieeeiieeiiieesteeestteeesteeeesteeesseeesseeesssaeensseesnsseesssseesseeennnes 16
3.5. Boundary Conditions .......c.cceoueeierienieriinienieeiese ettt ettt 17
3.5.1. Species Mass CONSEIVALION ......cc.eeruieriuieriieeiieniieeteenieeeteenteesveesseessseeseessneesees 17
3.5.2. ENergy CONSEIVALION. ......ccouieieiierieeiieeiieeiieeteesteeeseesseeeseesseeesseesseessseenseessseensens 19

3.6. Calculation Of Gas Phase Species Properties.........ccceevveeeiiieeciieeeciieeeiee e 22



vil

3.6.1. Calculation of Pure Species Properties.........ccccevvvieriieeriieeiiieeieecee e 22
3.6.2. Calculation of Mixture Averaged Properties........ccceceveeverieneriieneeneenieneenn 24

3.7. Chemical KINETICS .....ccutiiirieiieieiiiesieeie ettt sttt 24
3.7.1. Ox1dation REACLION .....cc.eeiiiiiiiiiiiiiieiieet et 24
3.7.2. Steam Reforming Reaction............cecviiiiiiiiciiieciiecciee e 25
3.7.3. Water- Gas Shift Reaction ...........cccceeiiiiiiiiiiiiiiiiice e 25

4. COMPUTER MODELING ....ccttttiiieiiniieiteiesiteeee sttt sttt st st 28
4.1, Grid GENEIATION ...ueiieiieiieiie ettt ettt ettt st e sttt et e bt entesetebeestesaeenteennesneens 28
4.2. Discretization Of DErTVATIVES .......ceruiiiiiiiiieiiieiie ettt 29
4.3. Discrete Form Of Species Conservation EQUation ...........ccccceceevervienienenncnecnennns 33
4.3.1. Discrete Form of Energy Conservation EqQuation..........c..ccceevevieeiiienieeninennen. 33

4.4, ALOTTENIM.....oiiiiiiiiecie ettt ettt et e et e et e e sbe e teeenseesseessseenseeensaens 34
5. RESULTS AND DISCUSSIONS ...ttt ettt st nae s 39
5.1. Simulation Of Autothermal Hydrogen Production For Fuel Cells...........cccccccecn.ee. 39
5.2. ConVergence HiStOTY .....cceiiiiiiiiiiieeiiienie ettt ettt ettt e sae b e e e beesaaeeseaenne 39
5.3. Temperature And Species DiStribUtions..........c.cecveeriieiiierieeiieenie e 40
5.4. Effect Of Feed Rati......ooouiiiiiiiiiiieee e 46
5.5. Effect Of Catalyst SUITaCeS. .....c..coueriiiiriiiieiiiicceeceee e 50
5.5.1. The Surface Area of Catalysts ........cceecuieriieiiieiiieiieeeie e 50
5.5.2. Relative Positions of the Catalysts.........cccueevieriieriieiiieeiieiiecie e 53

6. CONCLUSIONS AND RECOMMENDATIONS ..ottt 57
0. 1. CONCIUSIONS.....eiiutieiiieiie ettt ettt et ettt et e et e bt e sabeesbeeesbe e st e sabeesaeeenseeees 57
60.2. ReCOMMENAALIONS .....cuviiiiiiiiiiiiieeiieieete ettt ettt et 58

7. REFERENCES ....coiiiiiiiiii et s 59



viil

LIST OF FIGURES

Figure 2.1 Simultaneous, symmetric and asymmetric operation for the coupling of

exothermic and endothermic reactions (Kolios e al., 2000)..........ccceeeeiieeiiieeciieeciieeeieeens 9
Figure 3.1 Geometry of Problem .........cccooiiiiiiiiiiiniiiiiieccceeee e 12
Figure 3.2 Clustered grids near Walls ...........ccoeiveiiiniiniiiiieieeeeeeeee e 13
Figure 3.3 Different regions in the domain............ccceverrieriiniininierieeeeeee e 17
Figure 3.4 External Boundaries for the Species Conservation ............cccceeeeveeeciveesveeennnnn. 18
Figure 3.5 Internal Boundaries for the Species Conservation .........c..ceceeeeveevienieneeneennne 19
Figure 3.6 External Boundaries for the Energy Conservation............cccoccueeevieniienieenivennenne 20
Figure 3.7 Internal Boundaries for the Species Conservation ............cecceeevereerieneenieeniennan. 21
FIigure 4.1 Grid SPACING.....ccccviiiiuiieeiiieeiie ettt eiee et e et eesteeeaaeeesaeestaeesseeessseeesssaesnsseens 29
Figure 4.2 Main Program FLOW........ccc.ooiiiiiiiiiiiee e 35
Figure 4.3 Detailed Program FIOW .........cccccooiiiiiiiiiiiiiiiieceeeeteese e 36
Figure 4.4 Flowchart for z- sweep of temperature field ............ccooveviiiiiiiiiieniiciicieee 37
Figure 4.5 Flowchart for r- sweep of concentration field...........c.ccooevveeviieenciiiniieiiee, 38

Figure 5.1 The observed maximum difference of the Y value of any species between
tWO CONSECULIVE TEETALIONS ......veuvitieitieireireiteitete et et ettt ettt st ae et et e naesaenae 39

Figure 5.2 The observed maximum difference of the T values between two

CONSECULTVE TEETALIONS ...c.ueeiuiieiieeitie ettt eit ettt et e et e it e et e sate e bt e sateebeesabeenbeessbeenbeesareabeeans 40
Figure 5.3 Reactor Geometry and Catalyst DepoSItion ...........coceevueeierienernienicneenienieneens 40
Figure 5.4 VeloCity Field .......cooouiiiiiiiiiiiieiie ettt 41
Figure 5.5 Methane Mass FTaction ........c.coocueiviieiiieiiienieeieccee ettt 41
Figure 5.6 OXygen Mass FraCtioN.........cccvieriiiiiiieeiiieeiiieecieeciee e eteeesvee e reeesveeesavee s 41
Figure 5.7 Carbon dioxide Mass Fraction .........cccccoceeveiviiniinieiiinienieeicneesieeieeecsieeeseene 42
Figure 5.8 Water Mass FTaCtion .........ccocueeiuiiiiieiiieiiieiiecee ettt ens 42
Figure 5.9 Carbon monoxide Mass Fraction ...........ccccccuerviiiiiieiiieniienieeieeeieeiee e 42
Figure 5.10 Hydrogen Mass Fraction ..........ccceeeiuiieeiiiieeiieeciee ettt e 43
Figure 5.11 Temperature Field (K)......ooooiiiiiiiieie e 43

Figure 5.12 Concentration profiles at center along the reformer length................c.cccoeee. 44



X

Figure 5.13 Concentration profiles at r = 1 cm (center for the inlet stream)
along the reformer Iength...........cocooiiiiiii e 44

Figure 5.14 Concentration profiles at r = 3.5 cm (center for the outlet stream) along

the 1eformer IENGth........coooiiiiii e e 45
Figure 5.15 Temperature profiles at various locations along the reformer length .............. 46
Figure 5.16 Change of H, (dry) output with feed ratio...........ccceeciiniiiininieninicniceee 48
Figure 5.17 Change of CHy (dry) output with feed ratio...........ccceecveeiiienieeiieniieieeieee 48
Figure 5.18 Change of CO (dry) output with feed ratio ..........cccceevieriieiieniieiecieeeeee 49
Figure 5.19 Fuel Conversion EffiCIenCY .......ccoeeiiieeiiieiiiiecieeee e 50

Figure 5.20 Effect of Catalyst Deposition on Molar Concentrations when

both catalysts are INCTEASEA. .........ccuuiriiiriieiiieiie ettt et saee e e seaeenneens 51
Figure 5.21 Effect of Catalyst Deposition on Efficiency when both catalysts

ATE TNCTEASEA ...ttt ettt ettt ettt be et eae et et sae e 51
Figure 5.22 Effect of Catalyst Deposition on Molar Concentrations when only steam
reforming catalyst iS INCTEASEA ........ccuieriiiiiieiiieiieeieee et ens 52

Figure 5.23 Effect of Catalyst Deposition on Efficiency when only steam reforming

CAtAlYST 1S TNCTEASEA ...vveeeevieeiiie et eit ettt et e e et e e et e e aaeeessbeeessseeesseeersseeennseesnneens 53
Figure 5.24 Effect of Relative Catalyst Positions on Molar Concentrations............c...c...... 54
Figure 5.25 Effect of Relative Catalyst Positions on H, Concentration............ccceveeuennen. 54
Figure 5.26 Effect of Relative Catalyst Positions on Residual Fuel Concentration............ 55
Figure 5.27 Effect of Relative Catalyst Positions on Residual CO Concentration.............. 55

Figure 5.28 Effect of Relative Catalyst Positions on Efficiency ........cccccoceveeviinicncnncnnne 56



LIST OF TABLES
Table 3.1 External Boundary Conditions for the Species Conservation ..........cc.ccecceeveneee. 18
Table 3.2 Internal Boundary Conditions for the Species Conservation ...........ccccceeeuennene. 19
Table 3.3 External Boundary Conditions for the Energy Conservation.............ccccecveenenn. 20
Table 3.4 Internal Boundary Conditions for the Energy Conservation.............cccceeevveennenn. 21
Table 3.5 Species Considered..........couiieiiieeiiieeiieeee e e e eaae e e es 22
Table 3.6 Thermal Conductivity COeffiCIents .........ccceeviiriiniiiiiniinicieeeeeece e 23
Table 3.7 Fitting Coefficients for the Heat Capacity Calculation ............ccccceevuveeieeniennnn. 23
Table 3.8 Kinetic Parameters..........coveiuieiiiieniieiesiieiceeeeeecee et 26
Table 3.9 EqQuilibrium CONSLANES .........ccccueiiiiieeiiieeriieesieeesieeesieeereeeveeeseveeesaeeesneeeneeeas 27
Table 3.10 Adsorption CoetfICIENtS. ......ccueruiiriiriirieiieicece e 27
Table 3.11 Effectiveness Factors for the Reaction Rates ...........cceeeeviinieniniiniincnienne, 27
Table 4.1 Calculation of Radial Grids ..........eceriierieiiiiiiiieiees e 28
Table 4.2 Calculation of AXial GIidS.......cccueeiiiiiiiiiiiieeeee e 29
Table 4.3 Coefficients in the Differencing Calculations ............ccceoeeviiniinenninienenicneene 32

Table 4.4 Discrete Form of the Species Conservation Equation with respect to Regions ..33
Table 4.5 Discrete Form of the Species Conservation Equation with respect to Regions ..34

Table 5.1 Different Feed Rations used for analysis..........cccccveeriieiniieeiieeeiiee e 47



- n

4

rk,s

cat w;

T N

!

LIST OF SYMBOLS/ABBREVIATIONS

Temperature

Net rate of production of species k mass per unit volume

Net rate of production of species k mass per unit surface

Diffusivity of species k into the mixture
Mole fraction of species k in the mixture
Mass fraction of species k in the mixture
Lewis number of species k

Mixture molecular weight

Heat capacity of species k

Enthalpy pf species k

Universal gas constant
Pressure

Partial pressure of species k in the mixture
Catalyst surface coverage active for reaction j
Kinetic rate constant for reaction j
Adsorption coefficient for species k
Activation energy for reaction j

Mass Flux vector

Unit normal vector

Bulk fluid velocity vector

Diffusion velocity vector for species k in the mixture

Diffusive mass flux vector

Heat flux vector

x1i



m

Stretching parameter

Density of species k
Conductivity of species k
Conductivity of gas mixture
Conductivity of solid

Effectiveness factor for reaction j

Xii



1. INTRODUCTION

The PEMFC requires hydrogen to operate, but since hydrogen gas is difficult to store
and transport, it should be generated close to the final user. As a result, attention has been
focused on the on-board conversion of more readily available hydrocarbon fuels to

hydrogen in a device called fuel processor.

A fuel processor is a chemical device which converts hydrocarbon fuels to hydrogen.
The fuels include petroleum-derived liquids, petroleum-derived gases, such as methane and

propane, and other fuel such as methanol and ethanol.

In steam reforming process, steam reacts with the fuel in the presence of a catalyst to
produce hydrogen, carbon monoxide, and carbon dioxide. The primary SR reaction is
strongly endothermic, and reactor designs are typically limited by heat transfer, rather than
by reaction kinetics. Consequently, the reactors are designed to promote heat exchange and

tend to be large and heavy.

Partial oxidation reformers react the fuel with a sub-stoichiometric amount of
oxygen. The initial oxidation reaction results in heat generation and high temperatures. The
heat generated from the oxidation reaction raises the gas temperature, and by injecting an
appropriate amount of steam into this gas mixture, steam reforming reaction can take

place. The oxidation step may be conducted with or without a catalyst.



2. LITERATURE SURVEY

2.1. Fuel Cells

2.1.1. Fuel Cell Operation

Fuel cells are electrochemical devices which convert the chemical energy stored in a
fuel into electrical energy, with heat as a by-product. Higher efficiencies and significantly
lower emissions than conventional technologies in addition to their quiet operation and
modular construction make fuel cells attractive for a wide range of applications like

combined heat and power (CHP), distributed power generation and transport.

A fuel cell is comprised of an anode, an ion conducting electrolyte in the center, and
a cathode. Fuel is oxidized at the anode, liberating electrons which flow via an external
circuit to the cathode. The circuit is completed by a flow of ions across the electrolyte that

separates the fuel and oxidant streams.

Practical cells typically generate a voltage of around 0.5-0.9 volts and power outputs
of a few tens or hundreds of watts. Cells are therefore assembled in modules known as

stacks of varying sizes, depending on the amount of electricity required.

2.1.2. Types and Applications of Fuel Cells

Typically, fuel cells are categorized according to their electrolytes. The electrolyte
may consist of a liquid solution or a solid membrane material. There are basically five fuel

cell versions.

Phosphoric acid fuel cells (PAFC) are suitable for stationary installation due to their
large size and weight. They operate at moderate temperatures (453-473 K) and can use
natural gas as fuel. These types of cells employ phosphoric acid electrolytes which are

widely available.



The overall efficiency improves above the 40-50% range if the installations are used
as cogeneration plants, and the waste heat is used to make hot water and/or steam. The
advantage of PAFCs is that they are tolerant of reformate impurities. But they require the
use of expensive platinum as catalyst. Power output is as much as 200kW. (Merewether,

2003).

Alkaline fuel cells (AFC) were first developed for spaceflight applications. These
types of cells employ alkaline solution (potassium hydroxide in water) as the electrolyte.
They operate at moderate temperatures (333-393 K) and do not require noble metal
catalysts. But they are highly sensitive to CO, impurities and require pure hydrogen and

oxygen as the fuel supply which make them unsuitable for mobile applications.

Molten carbonate fuel cells (MCFC) are suitable for stationary applications, power
stations and industrial uses. They employ a molten carbonate salt as the electrolyte and
operate at high temperatures (903-973 K). The high operating temperatures enables high
efficiency and flexibility to use different types of fuels and inexpensive catalysts. They can
produce power as much as 2 MW. Their main disadvantage is the corrosion enhanced by

high operating temperature.

Solid oxide fuel cells (SOFC) are suitable for stationary applications, power stations
and industrial uses. They use a solid metal oxide as the electrolyte and operate at high

temperatures (1073-1273 K). They can produce power up to 100kW (Merewether, 2003).

PEM fuel cells are suitable for mobile applications due to their high power densities,
compact dimensions, low weights, fast dynamic response and modular structures. They use
a solid, polymer film as the electrolyte. They operate at moderate temperatures (333-363
K) and require pure hydrogen as the fuel. In addition to the vehicular applications, PEM
fuel cells find application areas in small- scale CHP facilities and portable devices. Their
main disadvantage is the low tolerance against impurities like sulphur and carbon

monoxide.



2.2. Driving PEM Fuel Cells

Automobile manufacturers have decided that, given the state of the technology, the
PEMFC has the best potential to replace the internal combustion engine for propulsion
power due to the previously mentioned advantages including ability to fit (size and weight)
the power plant under the hood of the car, the ability to start up quickly, the ability to meet
the changing power demands (dynamic response) typical in a driving cycle, and cost. With
the exception of cost, the PEFC would meet these requirements today if it could operate on

hydrogen (Ahmed and Krumpelt, 2001).

2.2.1. On-board Storage

Hydrogen storage has been the subject of intensive research for many years.
Hydrogen contains more chemical energy per weight than any hydrocarbon fuel, but it is
also the lightest existing substance and therefore problematic to store effectively in small

containers (Pettersson and Hjortsberg, 1999).

Vessels can be fuelled with hydrogen as a cryogenic liquid, low temperature
compressed gas or ambient temperature compressed gas. Another method, which has been
rigorously studied, involves the use of metals and alloys where the solids are reacted with
hydrogen to form metal hydrides (Pettersson and Hjortsberg, 1999). As another method,
compact, lightweight carbon adsorbent materials have become potential candidates for use
in a hydrogen storage system. Of particular interest are the “engineered” nanostructured
carbons such as carbon single-wall and multi-wall nanotubes and graphitic nanoparticles or

cages (Dillon et al., 2003)

But these hydrogen storage technologies are expensive and combined with the low-
energy density (implying a shorter driving range) (Ahmed and Krumpelt, 2001), and safety

concerns, far from satisfying ideal vehicular performance.

2.2.2. On-board Fuel Conversion

An alternative is to convert hydrocarbon fuels to a hydrogen-rich gas (reformate) via

an on-board fuel processor.



Conversion of hydrocarbon fuels to hydrogen can be carried out by several processes
such as thermal cracking, steam reforming, carbon dioxide reforming, partial oxidation and

autothermal reforming (Avci, 2003)

CH,=C+2H,  AH},=74.8kJ mol’ (2.1)

Direct decomposition of methane described in reaction (2.1) has several penalties in
terms of heat requirement and carbon formation. Although carbon monoxide is not
produced, thermal cracking is not considered to be a promising way of conducting on-

board conversion. (Avci, 2003)

CH,+H,0=CO+3H,  AH},=206.2kJmol’ (2.2)

Steam reforming (Reaction 2.2) run on Ni based catalysts is a well known and
cheapest method for large scale hydrogen production. These reformers are well suited for
long periods of steady-state operation and can deliver relatively high concentrations of

hydrogen (70% on a dry basis).

The carbon monoxide can be removed from the reformate gas stream by the water-

gas shift reaction (Reaction 2.3).

CO+H,0=CO,+H,  AH%,=-41.2kJ mol’ (2.3)

However the primary steam reforming reaction is strongly endothermic and reactor
designs are typically limited by heat transfer. Consequently, the reactors are designed to
promote heat exchange and tend to be large and heavy. In addition, indirect heat transfer
(across a wall) makes conventional steam reformers less attractive for the rapid start and

dynamic response needed in automotive applications (Ahmed and Krumpelt, 2001).

Partial oxidation reformers react the fuel with a sub-stoichiometric amount of

oxygen. The initial oxidation reaction results in heat generation and high temperatures:



CH,+20,=CO,+2H,0  AH}, =-802.3kJ mol’ (2.4)

The heat generated from the oxidation reaction raises the gas temperature to over
1000 °C, whereby it is relatively easy to steam-reform the remaining (usually methane and
other pyrolysis products) or added hydrocarbons or oxygenates, by injecting an appropriate
amount of steam into this gas mixture. The oxidation step may be conducted with or

without a catalyst (Ahmed and Krumpelt, 2001).

Autothermal reforming combines the heat effects of the partial oxidation and steam
reforming reactions by feeding the fuel, water, and air together into the reactor. This
process is carried out in the presence of a catalyst, which controls the reaction pathways
and thereby determines the relative extents of the oxidation and steam reforming reactions.
The steam reforming reaction absorbs part of the heat generated by the oxidation reaction,
limiting the maximum temperature in the reactor. The net result is a slightly exothermic
process. But in order to achieve the desired conversion and product selectivity, an

appropriate catalyst is essential (Ahmed and Krumpelt, 2001).

The lower-temperature process provides many benefits for automotive applications
including less fuel consumption at startup to heat the reformer to its operating temperature,
wider choice of reactor materials ad less insulation required which in turn enables compact

size and weight.

For kinetic considerations, practical reformers usually operate at temperatures above
600°C. Since carbon formation is not predicted at 600°C and O=C = 2, the ATR reaction is
more attractive wherever size and weight constraints are acute (as in automobiles).

2.3. Autothermal reforming

2.3.1. Fuels

A number of fuels such as LPG, natural gas, methanol and gasoline are considered

for their conversion into hydrogen. Fuels which can be stored in liquid form attract special



interest since it is a highly desired feature for vehicular applications. Coke formation is

another concern in the selection of the fuel.

Methanol has advantages in terms of low impurities and ability to be stored in liquid
form at ambient conditions. However, availability problems, lack of a widespread
distribution network, and most importantly, its high toxicity makes it less attractive for

vehicular applications. (Avci, 2003)

Gasoline is another fuel which can be stored in liquid form. In addition, it is a readily
available fuel which has a widespread distribution network. However, it is a complex fuel
and includes a number of aromatics, which may lead to coke formation easily at the

reforming conditions. (Avei, 2003)

LPG, which is a mixture of propane and n-butane, is also advantageous since it can

be stored in liquid form. It is an available and cheap fuel.

Natural gas, where the main constituent is methane, accounts for almost half the
world’s feedstock for hydrogen. It is an available fuel. But, the main difficulty for use of
natural gas is that the methane is a very stable molecule and considerable energy input is

required to trigger its conversion.

It has been found that longer chain hydrocarbons are most reactive and only small
amounts of catalyst are required to initiate oxidation at low temperatures and provide the

heat needed for steam reforming. (Ma et al., 1996).

In addition to hydrocarbons, autothermal ammonia decomposition provides an
especially effective way to supply H, for use in the proton exchange membrane (PEM) fuel
cell systems. This technique combines endothermic heterogeneous NH; decomposition
reaction (into H, and N, on a supported catalyst) with the exothermic homogenous

oxidation of ammonia (into N; and water) in the gas phase (Raissi, 2002).

Autothermal ammonia reformation is accomplished over a wide range of reformer

temperatures. Furthermore, no NOx or any other undesirable species such as unreacted



oxygen is detected in the reformer effluent over a wide range of operating conditions
(Raissi, 2002). However, the main disadvantage of autothermal reforming of ammonia is
that the effluent stream needs be cooled down to a temperature compatible with PEM fuel
cell operation. In addition, the scrubbing of the residual NHj (at ppm levels) in the effluent
stream may also be necessary. (Raissi, 2002, Ogden, 2001). Its extreme toxicity and

adverse health effects is another major drawback for its use in vehicular applications.

2.3.2. Catalysts

Although all reactions can be promoted by one catalyst, it has been found that use of

separate oxidation and steam reforming catalysts are more effective (Ma and Trimm 1996).

Ni-based catalysts offer an appreciable catalyst activity for steam reforming reaction,
in addition to a good stability and low price. This type of catalysts available in commerce

is composed of NiO supported on ceramic materials. (Freni et al., 2000).

The catalysts based on the use of noble metals seem to be more active, but they are
100-150 times more expensive. Among different noble metals, activity of various noble
metals for methane steam reforming has been found out to be Ru =Rh > Ni > Ir > Pd = Pt

>> Co = Fe. . (Freni et al., 2000).

It has been found that Ni is a less effective catalyst than Pt in promoting the
oxidation of light hydrocarbons. (Ma et al., 1996).

Catalysts can be deposited on the same support (one bed system) or on different
supports (two bed system). Previous studies for the autothermal reforming of light
hydrocarbons revealed that a bi-functional catalyst Pt-Ni/6-Al,O3 is the most efficient
system for hydrogen production by both oxidation and steam reforming in comparison to
either a dual bed of Pt/5-Al,03; and commercial Ni based catalyst (Ni-com), or a single bed
of physically mixed Pt/6- Al,O3 and Ni-com. (Ma and Trimm 1996).



2.3.3. Integrated Reactor Concepts

Many concepts have been conceived and realized industrially of how the endo- and

exothermic reactions can be reasonably combined.

The three main concepts are simultaneous, asymmetric and symmetric operations.

(Kolios et al., 2000)

a) Simultaneous operation

air Lgf T
4
—
==y
| | IT
l CH, arr
HA0
b) Asymmetric operation
HO
R
| |
—i
I |
CH,
air

¢) Symmetric operation

HO
l CH, heat T
I 3 |
— - \ ! r_.n- —
- - : v ow—
|l o

heat HED

CH,

Figure 2.1 Simultaneous, symmetric and asymmetric operation for the coupling of

exothermic and endothermic reactions (Kolios ef al., 2000)
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Under simultaneous operation the reactants for both (endo- and exothermic)
reactions are mixed and all reactions run more or less in parallel. The rapid combustion
results in a distinct temperature peak which is followed by the temperature decrease caused
by the endothermic steam reforming. The length of the active catalyst zone and the
residence time had to be properly adjusted to prevent excess temperatures, back reaction

with decreasing temperatures or coke formation at temperatures below 750°C (Kolios et

al., 2000)

It has been shown (Hoang and Chan, 2004) that by this operation it is possible to
convert, on a molar basis, 98% of the CH4 supplied. For a cylindrical reformer shape where
feed enters at one end and leaves at the other, the reformer temperature first increases
along reformer length and reaches a peak within the front half of the reformer and then
decreases a little in the rear half which indicates that the oxidation reaction dominates in
the front half of the reformer, generating thermal energy for heating, while in the rear half,
the endothermic steam reforming reactions take over and marginally cool down the reactor.
The conversion behavior of the reformer strongly depends on A/F and W/F and to a lesser

extent on the space velocity of the feed gas.

In order to better control the endo- and exothermic reaction zones, an alternative
reformer configuration can be obtained by enclosing the cylindrical reformer mentioned
above in a larger tube of low thermal conductivity. Catalyst is deposited on the inner and
outer surfaces of the inner tube. This design offers the flexibility to deposit different
catalysts on the inner and outer surfaces of the tube. The feed enters the inner tube, where
the exothermic reaction takes place. A large fraction of the heat generated on the wall is
transported across the tube wall towards the outer surface where the endothermic reactions
take place. The hot effluents leaving thorough the annulus heat up the cold feed. It has
been shown that the overall efficiency of the reformer strongly depends on the feed flow

rate, furnace temperature and catalyst loading. (Ioannides and Verykios, 1998)

Under asymmetric conditions the feed for the endothermic reaction always comes
from one side and the feed for the exothermic reaction comes from the opposite side. Fuel

gas mixed with air for the combustion reaction and process gas for the endothermic
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synthesis reaction are fed counter currently through separate adjacent channels of the

reactor.

This operation enables heating of the cold feeds by the respective hot effluents on
both sides of the countercurrent reactor. Thus, a high temperature region is developed in
the middle of the reactor with a high degree of conversion for the endothermic reaction and

minimum fuel consumption for the combustion (Frauhammer ef al., 1999).

The internal heat exchange plays the most important role for the optimization of the
process. Through inert reactor zones a decoupling of chemical conversion and local
temperature is possible which is necessary for an optimization of the temperature and

conversion profiles.

It has been shown (Frauhammer ef al., 1999) for the methane reforming that
increasing the fuel gas flow rate until the total conversion of the fuel gas is obtained,
increases the peak temperature, which favors the steam reforming such that 100%
conversion of process gas can be achieved. But at the exit it drops due to the reverse
reaction to a value of 74 %. With further increase of the fuel gas flow, no adequate
increase of the peak temperature is obtained, but the amount of reverse reaction increases.
A measure to prevent the detrimental reverse reaction is to limit the length of the active

catalyst where total conversion has been obtained.

Under symmetric conditions, the feed for the endothermic reaction comes from both
sides as in simultaneous operation and the necessary heat of reaction from the exothermic

reaction is supplied directly or indirectly in the middle of the reactor.

In the present work, autothermal reforming of methane, which seems to be one of the
promising alternatives in the context of non-stationary hydrogen generation for PEMFC, is
studied. A dual bed system is selected where a platinum based catalyst is considered as the
best active metal for fuel combustion and a Ni based catalyst is the preferred choice for the
steam reforming of the remaining hydrocarbon. The reformer is modeled as a hollow

cylindrical tube enclosed in a bigger one and operating under simultaneous operation.
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3. MATHEMATICAL MODEL

3.1. Problem Geometry

The model reactor consists of a hollow ceramic tube with its inside and outside
surfaces coated with a metal catalyst film. The ceramic tube is enclosed in a larger ceramic

tube of low thermal conductivity.

S
Cutflow :: * N
__ T
—
R1 I R2
—
Feed ——- [ e e e e e e e e e S e B e e e S e e \-—-—
€ \
Ohurtfla —
( A
| L1
| L2

Figure 3.1 Geometry of Problem

3.2. Grid Structure

Non-uniform grid spacing is used in both directions with refined meshes near
boundaries. In order to obtain a grid structure clustered near two wall surfaces, the

following transformation (Andersen ef al., 1984) is used:

S )

h{ﬂﬂ}
£-1

y=a+(1-a)

(3.1)



/: Ll
“ X

=

Figure 3.2 Clustered grids near walls

: . 1 . .
Inverse transformation with o = 5 gives clustered grids near y=0 and y=h

J’=h(ﬂ+2a)ﬁ,§tjﬂlaﬂ:2a
(2a+1) J{gtg =
L (ﬂ+1)m+jﬂ2m—ﬂﬂ
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(3.2)

3.3. Species Mass Conservation

The rate of accumulation of species k within the volume will be equal to the sum of
the net mass flux into the control volume and the net production rate of species k as a result

of the chemical reactions.

% [pav + [ iida=[irdv (3.3)
vV S

14

Dividing by V and passing to the limit V-> 0, and for steady state conditions:
Vom! =7" (3.4)

The total mass flux of species k will be the sum of the convective and diffusive mass

fluxes. The convective flux of species k being p, u, and the diffusive flux ]k being equal

to o, ¥, , the total mass flux 2 of species k can be expressed as:

’;113 =Pt Py 3.5)

If pressure and thermal diffusion are neglected, the diffusion velocity is related to the
species gradients according to the mixture-averaged-formulation as follows (Kee et al.,

1996):

Replacing the molar fractions with mass fractions, diffusion velocity becomes:
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7, :—{D—"’K}V(Y,(M) (3.6)

Assuming Le, = as constant and including the steady state continuity,

pD,,c,
—6(1@]\7)}:@”’ (3.7)

Then the species mass conservation equation in 2-D axis symmetric polar

coordinates for steady state neglecting pressure and thermal diffusion can be expressed as:

2 2 Lec Lec Lec m
A A I e

where ¢ =V (111]\7[ ) and g=V [ln {iD being the auxiliary vectors;

¢p

Cs =gz¢z+gr¢r+%+%+i
or o0z r
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3.4. Energy Conservation

The most general form of energy conservation in temperature form (Shadid et al.,

1996) can be expressed as

D . Dp KK KK _ KK
pe, ==V g+ oy + 0+ o &+ 2 WY =2 bl (39)
Dt Dt k=1 k=1 k=1

The viscous dissipation term, i/ , and reversible change of mechanical energy into

internal energy term (D% y ) are dropped since they are small for low Mach number

applications (Shadid et al., 1996). The body-force source term is omitted since the gravity
vector is equal for all species k. Assuming no heat source or sink other than chemical

reactions, the final form of the energy conservation equation in steady state becomes:
~ - KK . KK
pe, (@-VT)==V-§"+ Y hV-j =) h" (3.10)
k=1 k=1
Neglecting the radiation, the diffusive heat flux can be expressed as:
§'=—-AVT +> hj, (3.11)
k=1

Then, using Eq. (3.6) and (3.11), Eq. (3.10) becomes

= 1 = _ 1 & ] Al = —\ 1 & "
i-VT=—V (VT )+——Y —| = | =V (4,M) Vi +—> hr  (3.12)
pc, pc, o Le\c, M pC, i

Then the energy conservation equation in 2-D axis symmetric polar coordinates for

steady state neglecting the radiation can be expressed as:

S (3.13)

o°’T o°T peu, |oT peu, |oT
+ +| ¢, - —+|c, - —=
A |or A 0z

or’ ?



where

1 104

c,=—+——
r Aor

104
c, =——
A Oz
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KK KK
5=y L L\ Ly Ty Tl LS pap
or oz | Ao

iwtLe, c | Or Or 0Oz Oz

P

3.5. Boundary Conditions

3.5.1. Species Mass Conservation

Different boundary conditions, namely, inflow, outflow, symmetry, wall with no

reaction and wall with reaction should be specified in the domain. All surfaces are assumed

to be impermeable, and surface reactions take place only on the inner and outer surfaces of

the separating internal wall.

8

Figure 3.3 Different regions in the domain

A uniform mixture profile is specified at the inlet (region 1), while Zero-Neumann

boundary conditions (7 - ﬁYk =()) are valid for the outflow area (region 2) and the

symmetry axis (region 8).
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On boundaries corresponding to solid walls where no reactions are occurring

(regions 7 and 3); the net flux of species is set to zero, 7 - ( pYii+j, ) =(. On boundaries

corresponding to solid walls where surface reactions maybe occurring (regions 12 and 13),

the flux of species k from the wall is equal to the net production rate of species k on the

wall surface, 7- ( pYii+ ]k) =r," , where 1" is the net rate of production of species k per

unit wall surface. With no slip condition for bulk velocity next to the walls, equations are

reduced to diffusive flux only.

Impermeable Wall

« L 1

Outlet | « Impermeable

« Wall

Syrumetry Axis

Figure 3.4 External Boundaries for the Species Conservation

Table 3.1 External Boundary Conditions for the Species Conservation

Region Type Boundary Condition Specified
Region 1 Inlet Y, given(k=12..KK)
. 0Y,
Region 2 Outlet > =0 (k =1, 2...KK)
z
: . 0Y,
Region 8 Symmetry Axis i 0 (k=12..KK)
r
Region 7 Right Wall —,OY;(Vk,Z =0
Region 3 Top Wall pYv, . =0




r

L.

Figure 3.5 Internal Boundaries for the Species Conservation

Table 3.2 Internal Boundary Conditions for the Species Conservation

Region Type Boundary Condition Specified
Region 12 Separatisrllﬁf\a&ézll Inner _ ka Ve, = ’}k”,’s
Region 13 Separatisnugl,r f\:iaell Outer pY, Vi, = I;'k”,’s

Region 6 Separatislzﬁf\;\(f:aell Right ka Vi, = 0

3.5.2. Energy Conservation

A uniform temperature profile is specified at the inlet, while Zero-Neumann

boundary conditions (7 -VT = 0) are valid for outflow area and the symmetry axis.

External walls, where no surface reaction takes place are assumed to be adiabatic

19

(g" =0), while for the internal separating walls where surface reactions may take place,

an energy balance should be calculated.
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Figure 3.6 External Boundaries for the Energy Conservation

Table 3.3 External Boundary Conditions for the Energy Conservation

Region Type Boundary Condition Specified
Region 1 Inlet T given
. oT
Region 2 Outlet —=0
oz
oT

Region 8 Symmetry Axis . =0
r
oT

Region 7 Right Wall —=0
oz
oT

Region 3 Top Wall =0

P




Gas

)

Heat Fluxg.
from surface to solid

N/ Solid

Heat Flux
from surface to gas

21

Heat Flux,,
Jrom gas to surface

[from solid to surface

Figure 3.7 Internal Boundaries for the Species Conservation

On the inner surface of the separating wall, the heat flux from surface to solid will be

the sum of the net heat flux from the gas to surface and the net production of heat on the

surface as a result of chemical reactions. On the outer surface of the separating wall, the

sum of the heat flux from solid and the net production of heat as a result of chemical

reactions are transferred to gas. On the right surface, since no reaction will be occurring,

the flux from the solid to the surface will be balanced by the flux from the surface to the

gas.
Table 3.4 Internal Boundary Conditions for the Energy Conservation
Region Type Boundary Condition Specified
KK
. Separating a T m or
2,95 2N pY by R I
Relgzlon Wall Inner . Z P k.r Z Vs o |,
Surface Heat Flux in Heat Produced Heat Flux out
KK
. Separating S | o= 6 T " Y. h
—A,— v
Reig;on Wall Outer Z Khs . Z PV
S+
Surface Heat Flux in Heat Produced Heat Flux out
) Separating oT 5 T KK
Reglon | wal Right | =AS +ZpY v, .
Surface Z s 5* .
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3.6. Calculation of Gas Phase Species Properties
3.6.1. Calculation of Pure Species Properties

7 different species are considered in the mixture. Table 3.5 shows molecular weights

and assumed constant Lewis numbers.

Table 3.5 Species Considered

Molecular
Compound | Weight Le

[kg/kmol]

CH4 16.04 1.00

O, 32.00 1.11

CO; 44.01 1.39

H,O 18.02 0.83

CcO 28.01 1.00

H, 2.02 1.00

N> 28.01 1.00

The individual species thermal conductivities and heat capacities are calculated
according to the following formulas where fitting coefficients obtained from Chemkin-II

Transport Property Fitting Package are shown in Table 3.6 and 3.7 (Kee at al., 2003).
A =a,+b T +c (InT) +d, (InT)’ (3.14)

cp,k:ak+ka+ckT2+dkT3+ekT4 (3.15)



Table 3.6 Thermal Conductivity Coefficients

23

Thermal Conductivity
Compound [W/em.K]
a b c d
CH4 -4.68E-01 1.08E+00 1.59E-01 -1.48E-02
0, -2.13E+00 2.99E+00 -2.87E-01 1.24E-02
CO, -1.40E+01 7.06E+00 -7.44E-01 2.89E-02
H,O 1.63E+01 -5.89E+00 1.09E+00 -5.51E-02
CO 5.82E+00 -4.80E-01 2.11E-01 -1.14E-02
H, 1.32E+01 -2.25E+00 3.81E-01 -1.57E-02
Na 7.60E+00 -1.18E+00 3.03E-01 -1.54E-02

Table 3.7 Fitting Coefficients for the Heat Capacity Calculation

T Compound a b c d e
<1000 CH4 7.79E-01 | 1.75E-02 | -2.78E-05 | 3.05E-08 | -1.22E-11
<1000 (0)} 3.21E+00 | 1.13E-03 | -5.76E-07 | 1.31E-09 | -8.77E-13
<1000 CO, 2.28E+00 | 9.92E-03 | -1.04E-05 | 6.87E-09 | -2.12E-12
<1000 H,O 3.39E+00 | 3.47E-03 | -6.35E-06 | 6.97E-09 | -2.51E-12
<1000 CO 3.26E+00 | 1.51E-03 | -3.88E-06 | 5.58E-09 | -2.47E-12
<1000 H, 3.30E+00 | 8.25E-04 | -8.14E-07 | -9.48E-11 | 4.13E-13
<1000 Na 3.30E+00 | 1.41E-03 | -3.96E-06 | 5.64E-09 | -2.44E-12
<5000 CH,4 1.68E+00 | 1.02E-02 | -3.88E-06 | 6.79E-10 | -4.50E-14
<5000 (0)} 3.70E+00 | 6.14E-04 | -1.26E-07 | 1.78E-11 | -1.14E-15
<5000 CO, 4.45E+00 | 3.14E-03 | -1.28E-06 | 2.39E-10 | -1.67E-14
<5000 H,O 2.67E+00 | 3.06E-03 | -8.73E-07 | 1.20E-10 | -6.39E-15
<5000 CO 3.03E+00 | 1.44E-03 | -5.63E-07 | 1.02E-10 | -6.91E-15
<5000 H, 2.99E+00 | 7.00E-04 | -5.63E-08 | -9.23E-12 | 1.58E-15
<5000 N, 2.93E+00 | 1.49E-03 | -5.68E-07 | 1.01E-10 | -6.75E-15
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3.6.2. Calculation of Mixture Averaged Properties

Mixture conductivity can be evaluated (Shadid et al., 1996) according to:

1| & 1
A == > XA +—— 3.16
‘mix 2 — k%k KK& ( )

k=1 ﬂvk
Mixture density is calculated from ideal gas law,
— 11

=PM —— 3.17
P RT (3.17)

3.7. Chemical Kinetics

One step chemical kinetic models are employed for the reactions. Three different

catalytic reactions are occurring on the surfaces of the separating internal wall.

3.7.1. Oxidation Reaction

According to the Langmuir-Hinshelwood model, reaction rate of methane oxidation

(2.4) on Pt/3-Al,03 catalyst is given (Ma et al., 1996) in kmol as
kg.ca h
kP, P
R, = 17 CH,” 0, =X1, (3.18)

(1 +KGy Py +KS P )

2

) . mol
Then the surface reaction rate can be expressed in { } as
cm” s



1/2
kIPCH4P02 catw,

c ¢ p1/2\? I 3600
(14 K&y Py, + K5, P

R =

3.7.2. Steam Reforming Reaction

According to the model developed by Xu and Froment (1989) the rate of steam

reforming reaction (2.2) can be expressed in __kmol_ as
(kg.ca) h

k Py o | 1
R, :P_;{PCH4PH20 - X—5 X1,

H,

where

KHZOPHZO
O, =1+ Ko Feo +KH2PH2 +KCH4PCH4 LI —

H,

. ) mol
Then the surface reaction rate can be expressed in { } as

k P;ZPCO 1 catw
R, :E%(PCH‘,PHZO IE— xQ_fXﬂz X 36002

3.7.3. Water- Gas Shift Reaction

25

(3.19)

(3.16)

(3.17)

(3.22)

According to the model developed by Xu and Froment (1989) rate of water gas shift

reaction (2.3) can be expressed in __kmol_ as
(kg.ca) h

k PHZPCOZ 1
R, :P—3(PCOPH20 - % xaxm

(3.23)
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where O, is again calculated according to Eq. (3.21)

) ) mol
Then the surface reaction rate can be expressed in { 5 } as
cm” s

k PH PCO 1 catw
R,=—-|P P, ———2 |x—xn,X 3 3.24
3 PHZ( cotm,o 1% Qrz 7; 3600 ( )

e3

In all three rate equations, the kinetic rate constants &, and adsorption coefficients

K, are calculated as (Hoang and Chan, 2004)

)

kj :koj x e
(-aH,)
K, =K, xe 47

and the necessary kinetic parameters and constants are given in Table 3.8 through 3.11

(Hoang and Chan, 2004).

Table 3.8 Kinetic Parameters

ky, E,
Reaction
kmol/kg.cat h kJ/kmol
(2.4) Oxidation 5.852x 10" bar 204000
(2.2) Steam Reforming | 4.225 x 10" bar % 240000
(2.3) Water-Gas Shift | 1.955x 10° bar ™' 67130




Table 3.9 Equlibrium Constants

Reaction K,
(2.2) Steam Reforming | 5.75 x 10" exp(-11476 / T)
(2.3) Water-Gas Shift 1.26 x 107 exp(4639 / T)
Table 3.10 Adsorption Coefficients
Species Ko i
(/bar) kJ/kmol
CH, (Combustion) 4.02x10° 103500
0, (Combustion) | 5.08 x 10* bar®’ 66200
CH,4 6.65x 10 -38280
CO 8.23x 107 70650
H, 6.12x 10” -82900
H,0 1.77 x 10° bar 88680

Considering the intraparticle mass transport limitations, the following effectiveness

factors are suggested in the literature (Groote and Froment 1996).

Table 3.11 Effectiveness Factors for the Reaction Rates

Eff;c;i\t/s:ess Reaction Value
n Combustion 0.05
1, Steam Reforming 0.07
7, Water-Gas Shift 0.7




4. COMPUTER MODELING

4.1. Grid Generation

Using the input value of number of cells in the inner cylinder along the radial
direction, the required numbers of cells along the separating wall and in the annulus are
calculated in relation with the lengths. Then for each separate region with known number

of cells together with lower and upper boundaries, r; is calculated using the Eq. (3.2).

Table 4.1 Calculation of Radial Grids
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Region Grids

Formula

2j- 1} ]
JI/2

(5, +1)

j:

Inner
Cylinder

1——JJ

ol +z>[( -

}[

—p+1

iJJ—>
2

Wall i y
4

Annulus | =JJ > JJ

2

2j-sC-IW)-1]_,
Joc

(
(

B +1)

_1)

1+

{ }{

A

In the axial direction, using the input value of number of cells and a given clustering
location, z, is calculated according to the below formula. Here, the grids are clustered at

the end of separating wall.
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Table 4.2 Calculation of Axial Grids

Region Grids Formula

Along '~ 3 Z'=L_1(ﬂz+])[(ﬂz+1)/(ﬂz—1)][$;}_1_lgz+1
| 1+ [+ 1)/ (.- 1)) )

the Wall | /1 > ZU

Rest iII N LI+ LB (8. +1)[(ﬂz +DIZ _1)] {2(1-_11@—1}1 o
4 I+[(ﬂz+1)/(ﬁ2_1)] 10C

4.2. Discretization of Derivatives

Second order accurate discretizations are employed according to variably spaced grid

configuration.
Lo b,
ij20
H A7
Figure 4.1 Grid Spacing
Az, = Zivm,j ~ %y > ALy = Vi jam T
AZ =2~ Ziom,j ; Ay =15 =13 jom

Forward or backward differences for boundaries, and central differences for interior
grid points are used, while for convective terms, upwind difference is employed. In order
to avoid repeating the same geometry dependent arithmetic operations for coefficients,
they are calculated once and stored in arrays. The corresponding equation for each can be

found in Table 4.3.



First Order, Forward Differences

aa_ljj :_(ﬁ’cj )Ej +(ﬁ’nj )FLN —(frnnj )E,j+2 +k(Ar)2
g

aa_Fj B _(fZCi)E'j +(fZ€l-)F;+1’j _(fzeei)E“»J +k(AZ)2
z

i
First Order, Backward Differences

Z—I:j = (brcj)F,j —(brsj)Fi’j_] +(brssj.)ﬁ;’j_2 +k(Ar2)
i

First Order, Central Differences

(Z—I:j =(chj)F,-,j +(Can)Fi’j+1 —(Crsj)}?;’j_l +k(Ar2)
ij

aa_jj = (CZC,')F;,j +(CZei)F;+],j _(CZWi)F;_I’j +k(AZZ)

i
Second Order, Central Differences

O’F 2
P j = —(crrc_/.)F;,_/ +(crrn_/.>F;’j+1 +(crrs_/.)F;,_/.71 +k(Ar )

i

2
68 Ijj = —(czzci)FiJ +(czzel.)Fi+]’j +(czzwi)F L +k(Azz)
4

i—
i
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Convective terms, Upwind Differences

oF
Ejy = I:E,j—l iy ]/I:rf _rj_l]
oF
EJ, =B = 1301

) L5, 5 oo

oz i

a_Fj =[Fuy=Fy 7 2]
7

azi

u, >0

u, <0

u, >0

u <0

31



32

Table 4.3 Coefficients in the Differencing Calculations

Differencing Method
Forward Backward Central
fre= (Ar, +Ar,,) bre = (Ar,, +Ar,,) e (Ar,, —Ary)
Ar, Ar,, Ar, Ar,, Ar, Ar,,

fin= Ary brs = A% crn = Ay

Ar,, (Ar,, —Ar,,) Ar,, (Ar,, —Ar,) | Ar,, (Ar, +Ar,,)

N - - ,

frnn = ary brss = fas crs = A%

Ar,, (Aru2 A”m) Ar, (Ar,, = Ar,) | ArdI(Arul +Ard1)

2
crre =
Ar,,Ary,

fZC — |:(Azu1 +AZ:42)j|
AZu]AZuZ AZdIAZdZ

fze = Az, bzw = { Ay, } crrm = 2

AZul (AZMZ _AZul) AZdI (AZdZ_AZdI) _Arul (Arul +Ard1)_
Jzee = Az, bzww = { Ay, } crrs = 2

Az, (Azuz _AZuI) Az, (Az,, ~Az,,) | A7y, (Arul +Ard1)_

_|:(AZMI _Azd]):|
czec=|———m
AZMIAZ(/I

cze :{ Az, }
AZul (AZu] + AZd])

[ ; :|
CZW
Azd] (Azul Azdl)

czzc=| ———
AZMIAZdI

czze :|: 2
AZMI (AZuI +Azd1)_

CZZW =|: 2
AZd] (Azu] + Azdl)
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4.3. Discrete Form of Species Conservation Equation

The conservation equation, Eq. (3.8) derived before, is discretized according to the

methods given above so that it obtained the following generic form:

aY, +bY., ve ¥ +dY . ve ¥ 4 fY., +g Y, thY, LY, =S

i H—]j i lj+]

Table 4.4 Discrete Form of the Species Conservation Equation with respect to Regions

Region Discrete Form
1 and 9 a,Y ; _S,
2 and 6 . +bl/ gt I 1+2J:S,-j
3and 12 a Y, +eY  ,+1Y =S,
7 azY; + ¥ +8;%2;=5;
8 and 13 Y +dY ,+hY =S,
10 Y +bY, ,  +c¢Y , +d)Y . +eY, =S,

4.3.1. Discrete Form of Energy Conservation Equation

The conservation equation, Eq. (3.13) derived before, is discretized according to the

methods given above so that it obtained the following generic form:

5,1 S +d;T

z11+1/ i, j+1 i, j—1

+e.T fu oyt +h

z i, /+2 ij=
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Table 4.5 Discrete Form of the Species Conservation Equation with respect to Regions

Region Discrete Form
1 a;T, ; =S,
2 +blj]-l'+]j+ yz+2/: i
3 a, T, +eT ., +IT , ,=S,
6 a;T, +bUT,+,] +fu T.,,+&71 ,;=S;
7 a Y ;e X, +g¥ =S,
8 +du l]+,+hy 2 Sl.j
9 and 10 rL,+b,1,,,+¢; T, ,+d.T . +eT ., =S,
12 and 13 T,+dT,, +eT , ,+hT +1T =S,

4.4. Algorithm

After an initial composition and temperature field guess for the domain, gas mixture
properties, species mass fractions, reaction rates and temperature field are calculated.
Using the updated T and Y fields, new mixture properties and reaction rates are computed,

and this procedure is continued until a satisfactory convergence is met.
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i MAIN PROGRAM B,

PROGRAM MAIM

GRID

CALL
SET CONSTANTS

CALL
INITIAL FIELD

CALL
CALCULATE PROPERTIES

- 1

k|

CALL
Z BWEEP(Y&T)

|
|
|
|
L

-5

WRITE
QUTPUTS

Figure 4.2 Main Program Flow

Gas properties, species mass concentration field, temperature field and reaction rates
are swept in both directions. Species mass conservation and energy conservation equations

are solved using Line-Gauss Siedel iteration.
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Figure 4.3 Detailed Program Flow
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SUBROUTINE Tloop Z

SUBROUTINE T LOOP z
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Figure 4.4 Flowchart for z- sweep of temperature field
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Figure 4.5 Flowchart for r- sweep of concentration field



5. RESULTS AND DISCUSSIONS

5.1. Simulation of Autothermal Hydrogen Production for Fuel Cells

An autothermal, dual catalyst, fixed bed reaction system under simultaneous

operation for hydrogen production from methane is mathematically investigated.

A Pt/6 -Al,Oj catalyst is considered for oxidation reaction and a Ni/MgO- Al,O3

catalyst for the reforming reactions.

Effect of different feed ratios and the effect of catalyst deposition on the hydrogen

output are analyzed.

5.2. Convergence History

Below data is presented as an example for the conditions of A/F : 3.5, W/F: 1.5,

Catalyst deposition between 2.5—> 7.5 cm, feed flow rate of 30 cm3/s.

1.E+00

q 500 1000 1500 2000 2500
1.E01 A
1.E02 ~
1.E03 -

1.E04 ~

Max Error (LOG)

1.E-05 -

1.E06 -

1.E07

lteration

Figure 5.1 The observed maximum difference of the Y value of any species between two

consecutive iterations
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Max Differencein T

1.E+00

q 500 1000 1500 2000 25

1.E01 -

1.E-02

Max Error (LOG)

1.E-03 -

00

1.E-04

Iteration

Figure 5.2 The observed maximum difference of the T values between two consecutive
iterations

5.3. Temperature and Species Distributions

For the inlet conditions of A/F : 3.5, W/F: 1.5 the resultant species and temperature

profiles are analyzed.

Both catalysts are deposited over the surface from 2.5 cm from the inlet to 7.5 cm.

Figure 5.3 shows the geometry and positions of the catalysts.

5 25 5 75 1o 1
Z

Figure 5.3 Reactor Geometry and Catalyst Deposition

Feed flow rate is 30 cm®/s and resultant velocity field is shown in Figure 5.4.
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z

Figure 5.4 Velocity Field

Figure 5.5 through 5.10 show the contour plots of the mass concentrations of
different species as a result of the given configuration. It can be seen that the relative

concentration changes are directly related with the catalyst deposited area.
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Figure 5.5 Methane Mass Fraction
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Figure 5.6 Oxygen Mass Fraction



Catalyst Deposition Area

Figure 5.7 Carbon dioxide Mass Fraction
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Figure 5.8 Water Mass Fraction

Catalyst Deposition Area

Figure 5.9 Carbon monoxide Mass Fraction
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Figure 5.10 Hydrogen Mass Fraction
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Figure 5.11 Temperature Field (K)

Figure 5.12 through Figure 5.14 shows the percentage of molar concentrations of the

species at three different “r” positions of the reformer along the reformer length.
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Concentration Profiles along the Reformer
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Figure 5.12 Concentration profiles at center along the reformer length
Concentration Profiles along the Reformer
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Figure 5.13 Concentration profiles at r = 1 cm (center for the inlet stream) along the

reformer length

As can be seen, from Fig. 5.14 that the CO; and H,O concentrations start to increase,
while CH,4 and O, concentrations start to decrease after z = 2.5 cm, where the catalytic

oxidation reaction starts to take place. The concentration of H;O and CO, reaches their
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maximum and CH4 and O, to their minimum after catalytic reaction zone is passed, and

stay approximately stable in the back part of the reformer.

Fig 5.15 shows the similar trend. The only difference is, since the measurements are
taken at a position much closer to the reactive surface, concentration changes are much

sensitive to the catalyst deposition area.

Concentration Profiles along the Reformer

@r=35cm
7c 70% ~
U | Measurements
BC B0% 4 taken
z
50 50% 4
E & —CH,
B 4R 40% 4 0,
E £
3 & —C0,
5. % ~—H:0
2 - 30% A —Co
] —H,
2C 20% - R
1C
10% -
c e —
0% I,

z(cm)
Figure 5.14 Concentration profiles at r = 3.5 cm (center for the outlet stream) along the

reformer length

Fig. 5.16 shows the axial distribution of species at r = 3.5 cm, which is above the
separating wall so that effects of steam reforming and water-gas shift reactions can be
seen. Following the flow of gas, in the right most part of the graph the product gas
concentrations after oxidation reaction is shown. Moving to the left, once z =7.5 cm is
reached, the catalytic region starts which is accompanied with a rapid increase in H; and
CO concentration while a decrease in H,O and CH4 concentrations. Concentrations reach

a constant value towards the outlet (z= 0).

Fig. 5.17 shows the temperature variation along the reformer length. At the center, at

r=1and atr =2 cm, temperature rapidly increases due to exothermic oxidation reaction.
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Atr =3 cm and above temperature values show small differences and almost constant.

The product gases leave the reformer at 874 K.

400
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Figure 5.15 Temperature profiles at various locations along the reformer length

5.4. Effect of Feed Ratio

Effect of feed ratio on the product gas distribution is analyzed by changing only the

molar air-to-fuel (A/F) and water-to-fuel (W/F) ratios while keeping the other parameters

the same, namely, catalyst deposition according to Figure 5.5 and feed flow rate of 30

cm’/s. Totally 35 different feed ratios are analyzed for A/F ratio varying between 2.0 and

4.0 and W/F ratio varying between 0.0 to 3.0. Inlet data is shown in Table 5.1.



Table 5.1 Different Feed Rations used for analysis

g:fi‘i W/F | A/F
21 | 2.00 | 2.00
22 | 200 | 275
23 | 2.00 | 3.50
24 | 2.00 | 4.00
25 | 2.00 | 450
26 | 2.50 | 2.00
27 | 250 | 2.75
28 | 250 | 3.50
29 | 250 | 4.00
30 | 250 | 450
31 | 3.00 | 2.00
32 | 3.00 | 275
33 | 3.00 | 3.50
34 | 3.00 | 4.00
35 | 3.00 | 4.50

g:fi‘i WI/F | A/F
1 0.00 | 2.00
2 0.00 | 2.75
3 0.00 | 3.50
4 0.00 | 4.00
5 0.00 | 4.50
6 0.50 | 2.00
7 0.50 | 2.75
8 0.50 | 3.50
9 0.50 | 4.00
10 | 050 | 4.50
11 1.00 | 2.00
12 | 100 | 2.75
13 | 1.00 | 3.50
14 | 1.00 | 4.00
15 | 1.00 | 4.50
16 | 1.50 | 2.00
17 | 150 | 2.75
18 | 1.50 | 3.50
19 | 1.50 | 4.00
20 | 1.50 | 4.50

Figure 5.16 shows the dry H, concentration in the product gas for different feed
concentrations. In the figure, each spline represents the change of H, concentration with

air-to-fuel ratio for a constant water-to-fuel ratio.
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As can be seen, increasing the air-to-fuel ratio over a certain extent negatively affects

the H, output for all W/F ratio selected since more of the fuel is being consumed in

oxidation reactions.
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Figure 5.16 Change of H, (dry) output with feed ratio

Similarly, the dry CH4 concentrations in the product gas can be seen in Figure 5.17,

and CO in Figure 5.18.
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Figure 5.17 Change of CHy (dry) output with feed ratio
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Figure 5.18 Change of CO (dry) output with feed ratio

The CH4 concentration in product gas is almost linearly decreasing as the A/F ratio is
increased. For the selected feed ratio range, the fuel concentration in product gas mixture
is in the order of 10™ %. On the other hand, CO concentration change in the product gas is

not sensitive to the A/F ratio but, decreases dramatically as the W/F ratio is increased.

The overall fuel conversion efficiency can be seen in Figure 5.19 where the
efficiency has been calculated as the H, obtained per mole of CH,4 fed. As it can be seen,

with increasing A/F ratio, efficiency dramatically increases.
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Figure 5.19 Fuel Conversion Efficiency

5.5. Effect of Catalyst Surfaces

5.5.1. The Surface Area of Catalysts

Figure 5.20 shows the molar concentrations of species in outlet stream and Figure
5.21 the resultant efficiency for different lengths of catalyst depositions where both
oxidation and steam reforming catalyst surfaces are increased at the same time. The results

are for inlet conditions A/F 3.5 and W/F 1.5.

According to the results, although the outlet CO concentration is decreased,
increasing the catalyst surface had a negative effect on H, concentration as well as
efficiency. This is because; the limiting condition for the given feed ratio is the
consumption of fuel in the oxidation reaction. As the surface of Pt/3-Al,0; catalyst which
is active for the oxidation reaction is increased, the amount of fuel consumed during
oxidation increases, which in turn results in a decreased reactant concentration for the

steam reforming reactions. So, the H, output and efficiency of the reformer decrease.
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Figure 5.20 Effect of Catalyst Deposition on Molar Concentrations when both catalysts are
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Figure 5.21 Effect of Catalyst Deposition on Efficiency when both catalysts are increased
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Figure 5.22 and 5.23 show an alternative case, where for the same feed ratio, only the
steam reforming catalyst surface is increased, while oxidation catalyst surface is kept at the

initial length.

As can be seen, this time there is no decrease but a negligible increase in H; output
as well as efficiency. Increasing the steam reforming catalyst surface could not have a
significant effect on output since this time heat and H,O supply limits the steam reforming

reactions.
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Figure 5.22 Effect of Catalyst Deposition on Molar Concentrations when only steam

reforming catalyst is increased
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Figure 5.23 Effect of Catalyst Deposition on Efficiency when only steam reforming

catalyst is increased

5.5.2. Relative Positions of the Catalysts

In order to see the effect of relative catalyst positions, four different cases were
selected, where the oxidation catalyst is kept at a position while the steam reforming

catalyst is moved from left to right.

Figure 5.24 shows the outlet concentrations together, 5.25 through 5.27 show each

species in detail and Figure 5.28 shows the efficiency.
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Figure 5.24 Effect of Relative Catalyst Positions on Molar Concentrations
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Figure 5.25 Effect of Relative Catalyst Positions on H, Concentration
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Figure 5.26 Effect of Relative Catalyst Positions on Residual Fuel Concentration

9.10%

9.00%

8.50%

8.60

=®

8.70

S

Outlet Composition (Molar)

8.60%

8.50%

B8.40%

Fosition 1 Fasition 2 Pasitian 3

Relative Catalyst Positions

Figure 5.27 Effect of Relative Catalyst Positions on Residual CO Concentration




56

114.00%

113.00%

112.00%

111.00%

Efficiency

110.00% & .
<—Efficiency

109.00%

108.00%

107.00%
<

106.00%
Position 2

Relative Catalyst Positions

Figure 5.28 Effect of Relative Catalyst Positions on Efficiency

As the catalyst surfaces are moved apart from each other, H, output and efficiency
decrease, the residual CHy in the outlet mixture increases, while CO is decreasing. The
reason why moving the catalysts apart affects the reformer performance badly but CO
removal positively is that, relatively weak heat transfer from combustion region to the
steam reforming catalyst affects the steam reforming reaction negatively, but since water-
gas shift reaction is not sensitive to the heat supplied, the more readily available H,O

favors the CO removal process.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

The major objective of this research was to simulate the performance of an
autothermal heat-integrated wall reactor for hydrogen production by computer based
modeling. The reactor model is analyzed for methane reforming and effects of certain
parameters like air-to-fuel and steam-to-fuel ratio in inlet stream, and amount and

configuration of the catalyst surfaces were investigated.

The results indicate that as the air-to-fuel ratio in the inlet stream is increased from
2.00 to 3.50, dry H, concentration shows a rapid decrease while after 3.50 increasing A/F
ratio has no important effect on the amount of H; obtained. The same behavior is observed
for CO left in the outlet stream. However, increasing the A/F decreases the amount of
residual fuel (CHy) in the outlet stream more rapidly as the amount of air is increased. As
a result, conversion efficiency based on mole of hydrogen obtained per mole of fuel fed,
increases with increased A/F ratio. Increasing A/F ratio from 2.00 to 4.50 results in an

increase in the efficiency in the range of 28% to 39% for different water-to-fuel ratios.

Increasing the water-to-fuel ratio in the inlet stream from 0.0 to 3.0 causes a decrease
in the outlet H, concentration. The effect is more dominant at low air-to-fuel ratios. Similar
trend is observed for CH4 and CO concentrations. Increasing W/F ratio from 0.00 to 3.00
results in an increase in the efficiency but effect is not strong as increased A/F ratio does.
Increase in the efficiency is between 5% and 18% for different air-to-fuel ratios. Based on
conversion efficiency, the optimum operating point is found out to be at air-to-fuel ratio

4.50 and water-to-fuel ratio 2.5.

Increasing both catalyst surfaces along the reformer axis from 37.5 % of the
separating wall length to 50.0% causes a dramatic drop in H,, CO and CH4 concentrations
in the outlet stream as well as efficiency. Increasing the surfaces more to 62.5 % of the
wall length has no effect on H, and CO concentrations and efficiency, but decreases the

residual amount of CHy4. If only the steam reforming catalyst surface is increased, no such
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drop is observed except for CH4. The highest conversion efficiency is reached when the
oxidation catalyst was deposited over 37.5 % while the steam reforming over 62.5 % of the
wall length. For the same inlet conditions, changing the catalyst surfaces increased the

conversion efficiency from 97.9 % to 113.6 %.

It has been observed that the placement of the catalyst surfaces with respect to each
other also has a strong effect on reactor performance. As the catalyst surfaces are placed
apart from each other on the relative sides of the separating wall, conversion efficiency

exhibits a drop from 113.2 % to 106.5 %.
6.2. Recommendations
Under the light of the results of this study, future work is needed to determine the
effect of varying feed flow rate. Feed flow rate will have a critical effect on formation of

hot spots as well as overall reactor performance.

In addition, increasing the reactor length and diameter will have an effect on the

results as well as it will allow trial of more catalyst configurations.
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