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Abstract

Internal combustiorenginessubstantiallylose fuel energyin the form of heat without
contributing t o .tAbhoatathie bfthic Wasté energyetsorgleadefiom o n
the exhaust pipelineCatalysts recover thisnusedheat for their essential function to curb
emissions however,a fuel reformer catalystantake it further. An onboard fuel reformer
makeshydrogen and carbon monoxjdenown as syngasThe syngas and primary fuel

increaseguel heating value anchodify combustion characteristics towards low emissions

This study numerically investigateatalyst desigimpacts on its efficiencyl heprimarygoal
of this researchs to achieve higherhydrogenyield without altering the catalystimensions
Structural changesuch agell height, catalyst segmentation, arassivgpassageeemarkably
affect catalyst efficienc Meanwhile,key catalyst characteristicsuch asflow uniformity,

pressure drop, lighaff, andresidence timeemainunderconsiderabn during these variations

For this purposesgfter verifying the simulation against an exipeental studya successful
channel height reduction is achieved by employingtal foamas a support structure
(protrusion).Usually,the catalystcell wall contairs areactingmaterial layer. Putting this layer
on the protrusiomndelevating it to theniddle of the cell heighihcreases the hydrogen mass
fraction (H2 mf) by more than fifty per cenThenearbyfluid temperature for thipatternis 60

K higher than theonventional designwhichis the primary reason for the highgeld. This

modificationalso enables channel height variation without changing the cell height or shape.

The channel is then divided into inert and catalytic portions. This segmentation allows the
reactants to regain heat after passing over these inactive isotipamtsalThusfluid mixing

and higher temperature increase the reaction bbatere reactants readhe next catalyst
section.The length othesepatterrsis carefully keptequal to the reference design. As a result

of thesemodifications thehydrogenmf increased.1% furthet

Transverse floehannelgpermitinter-channeheat and mass transfer. The location and number
of thesepassive passageeedfurther investigationMetal foamexistenceat thesgpathscan
directfluid flow by varyingthe foampropertes. Directional porosity and permeabilihainly
affectthe flow pattern. In additionmnetal foam presence at Hegperforatiors enhances the

neighbouringgastemperature by 20 K and the hydrogenductionby 15%

Overall, numerical calculations showatrcompared to the conventional structure, cell height

and segmentation can increased by 50-80%, whereas passive passages increase it by 15%.
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Nomenclature

Symbols

A Pre-exponential factor, Area
a Temperaturelependent Seebeck coefficient
CO. Carbon dioxide

cc Cubic centimetre

CHs Methane

CH4P Methane partial pressure
cpsi Cells per square inch

Co Specific heat capacity

CO Carbon monoxide

D Diffusion coefficient, Down
D Binary diffusion coefficient

d Diameter

D¢ Darcy coefficient

E Activation energy

eta Porosity

f Contraction/expansion factor
F1 Cumulative factor of variables at local conditions
H2 Hydrogen

h Protuberance height

H Channel heightenthalpy

H Hole, High

H20P Water partial pressure

ht Heat transfer coefficient



iad Interfacial area density
I Iso

K1 andK>z Linear and quadratic combined constants

L Length

loss Resistance loss coefficient
M Molar mass

Mod Modified

a Mass flow rate

Ni Nickel

NOx Nitrous oxides

P Pressure

perm Permeability

Po Pressurelrop

ppmC Parts per million carbon percentage
ppm Parts per million

Pt Platinum

R Resistancgregion

Rh Rhodium

rate Volumetric reaction rate
Rate Suface reaction rate
Re Reynolds number

SO Sulphur dioxide

S/IC Steam to carbon ratio
SS Steadystate

T Temperature

T Transient
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U Up

Vv Voltage

u andv Horizontal and vertical components alocity
w Mass fraction

w Wall, Watt

x andy Horizontal and vertical axes

Z Figure of merit

Abbreviations

ATR Autothermal reforming
CCC Closecoupled catalyst
CHP Combined heat and power
Cl Compression ignition
CPHE Catalytic plate type heat exchanger
DPF Diesel particulate filter
DOC Diesel oxidation catalyst
EGR Exhaust gas recirculation
EU European Union

FC Fuel cell

FR Fuel eformer

GHG Greenhouse ga

GSA Geometric surface area
HC Hydrocarbon

IC Internal combustion

LNT Lean NQ trap

MF Metal foam

mf Mass fraction
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NEDC New European Driving Cycle

NPL Non-patent literature

OFA Open frontal area

OPEC The Organization afhe Petroleum Exporting Countries
ORC Organic Rankine cycle

PAHs Polycyclic aromatic hydrocarbons
PM Particulate matter

POX Partial oxidation

RC Rankine cycle

REGR Reformate exhaust gas recirculation
RG Reformer gas or syngas

SC Streamwise&oefficient

Sl Spark ignition

SD Standard deviation

SMR Steam methane reforming

TC Turbo compound

TCT Technology cycle time

TEG Thermoelectric generator

WGS Water Gas Shift

WHR Waste heat recovery
Subscripts

avg Average

f Fluid

h Hydraulic

[ P or Ntype semiconductor, Gas specieba@nel number

in Inlet

VIl



max Maximum

min Minimum

out Outlet

p Pore

S Superficial solid
S Strut

Superscripts
aandb Exponential constant for methane and water

Greek letters

= Thermal conductivitystoichiometricair to fuel ratio
) Flow uniformity
b Mass transfer coefficient

b and(d Stoichiometric coefficient of reactants and products
| Density

(04] Change in
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1 Introduction

This chapternintroducesthe importance ofossil fuds for the transport and power industries.
However, emissions produced from these sectorgributeto global warmingand are
hazardous to human life. These concempleasiseéheneedfor energy recovery and emission

reduction
1.1 Context

Fossil fuels are widely used in our dmyday life, releasing carbon dioxide (G sulphur

dioxide (SQ) and many other greenhouse gases (GH®Bgse pollutantsay contribute to

global warming, and frequent exposure of some species, e.g. benzene and toluese, cause
severe health concernSarbon dioxide is thprimary combustion pollutant and is regulated

by the carbon cyclePlants absorb atmospheCO, during photosynthesisRainalso brings

down CQ, which gets réeasedinto the atmosphere arltimately reaches oceans aisl
absorbed by living organisnssich aseashellsHowever, heavy dependence on fossil fuels is
disturbing thidlux (Pastore, @10)

Tablel-1: Eachpollutantspecie contributon to global emissiofrom the tansportsector
(Goldemberg, 2008)

Transport sector contribution

Pollutants
to global emission
Hydrocarbons (HCs) 50%
Carbon monoxide (CO) 70%
Carbon dioxide (COz) 19%
Nitrous oxides (NQx) 40%
Benzene 80%

Table 1-1 showsthe transport sector individual speciedntribution to global pollutants
emission.For exampleyearly worldwide CQ emissiors are nearly 23 billion tonnékewis
et al, 2009, and 19% comérom the transportation industglone (Goldemberg, 2008)in
addition,COzis the main contributor tglobal GHG emissioncontributing80% of the total

1



breathing problems and irritation tlee eyes and nostrils.

»

a
w Production = Discoveries

(Leunget al, 2018) Over time these pollutants can cause serious health problems besides
1189.8

Figurel-1: a) Oil productiorvs oil discoveries 2062018(OPEC, 2019p) proven global oil
reservegunits are in billiorbarrelg (OPEC, 2018)

b

The second isguis the finite nature of the fueleservesOil discoveries are reguldout the
earth resources are limitg&igure 1-1). From 20092018, 113.8 billionbarrelsof oil was
produced by OPEC (The Organization of the Petroleum Exporting Countries) nations
Meanwhile new reserve 0f186.2 billionbarrelsare found OPEC, 2019)According to OPEC

own estimation, the proveremaining global reserves are9Baillion barrels(OPEC, 2018)
1.2 Transporisector emissions

About 23% of the worlé emissiortomes fromtransportvehiclesacross the glob&he global
car sale crosses a 100 million figure 2020 (Figure 1-2). The COVID-19 pandemic has
reduced this number from the previous year, but a massiestill addsto the persistent
emission problem. Annual GHGs emitted B$ highwayvehiclesaccount forl.36 billion
tonnegBrady and Fath, 2009%imilarly, in the EU (European Union), light vehiclpsoduce
14.5% of totalCO, emissions(European R#iament and Council of the European Union,
2020) Eachlitre of burnt gasolin@lmostcreate< kilograms of CO». That isroughly4.5to 8
tonnes of CQ each yeafor an average vehicle usafigacala and Socolow, 2004)

1.3 Emission laws

Every developd country is making emissions laws stricter than ever. European Union
Parliament passedragulation 201831, whichadds &5 g CQ/km target figurefor 2020
2024 for all the new regired cars. The EU is looking for an additio@&k emission reduction

of 15% from 2025 andlater 37.5% further improvement after 2Q8uropean Parliament and



Council ofthe European Union, 20200he United States set the same emission taf@s g,
but the implementations delayed until 20250verall it is a global trend, and all the

governments worldwide are workingdontrolcarbon dioxide emissiofArnaudet al, 2014)

Failure to meet the EU target means penalties by the respective goverrffoemrsample,
until 2018 the penalty for exceeding the limit by one gram wasHoweverthe EU modified
the law and set a new limit of 95 euros for every excessive gramah@019Q The new rule
compels the manufacturer to reduce the; @@issions in one way or anotherhich may
increasehe sale price.
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Figurel-2: Number of vehicles produced around the world0d92020(Q1 = 1% quarter)

(2020 Statistics, 2020)
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1.4 Global warming

Carbon dioxide is part of the combustion prodGed. absorbs the large wavelength of infrared
light radiated back from the earth surface, acting as a greenhouse cover in the atmblghere
containment of heat causes global warmiRgcovering waste energy by any suitable device
will improve fuel consumptin, resulting in lowelgreenhouse gas emisssosuch as C&and
sulphur dioxide Sulphur exists as achemical compoundn fuel (gasoline, diesel) and
lubricants. During engine combustion, sulphur forms, S@ich then becomes part afe

atmospher¢Hoshinoet al,, 2015)
1.5 Clean energy options

In 2005, the annual global energgedwas 13 terawatts (TW) or 4x1.0?°J. Every country

needs power sources for its economic growth. By 2100, the world with new emerging



economies and a growing population will require an endegyandof around 46 TWLewis
et al, 2005)

All the sectors in society need energy, such as industries, commercial centrbsused
However, a majority of these depend on fossil fuels to theetenergy demandror example,

road vehicles heavily depend on oil for transportation, whereas public homesranrcial
centres need electricity and gas for routine operatloraidition, nost power plants use fossil

fuels for electricity generation. Hence, securing energy sources is a foremost challenge for
every country to maintain its quality of life. Engrgecurity is a term defined &areliable and

adequate supplyf@nergy at reasonable pricd8ielecki, 2002)IEA, 2019)

Solar radiation is the primary source of energy on Earth. It drives air and ocean currésts and
essential to animal and plant life. The total valusaheclean energy sources is not suitable
to sustain global demand. For instanoegam tides at any moment contain approximately a
total of 2 TW of energy Even maximum extractable wind power can only serveéf@he

world requirements. Similarly, acating to United Nationsestimatesthe remaining global
hydrostatic potentlais negligible (0.5 TW). Hence, fossil fuels still fulfil the global power

demand gap.

Annual calculated solar radiation on the earth surface is around 120 thousandst\by J
covering0.16% of the earth surface withLl0% efficient solar cedlcan generate 20 TW of
power. The main issue with solar cellgheir cost. To replace our electricity demaitds 5
10 times expensive than fossil fuels derived plants antd&aa timesmorecostly than fossil

fuels as a primary energy soultewis et al, 2005)
1.6 Fossil fueldependence

Though the oil demand declin@d 2020 due tdhe global COVID-19 pandemig¢IEA, 2020)
oil and gas willremainsignificantfuels for the transport sector. A 2B81nternationa Energy
Agency (EA) report,iiKey World Energy Statistics 2025 shows that the transport seésor
oil consumptionis close to 93%IEA, 2015)



Table1-2: Electric power plantdeed percentage for electricity generation in 2005
(Bhattacharyya, 2009)

Country Coal Natural gas Oll Nuclear Others
UK 40.6 36.7 - 19.8 2.9
Germany 43.5 11.0 1.7 26.3 17.5
Italy 14.4 49.2 15.5 0 20.9
Spain 25.0 26.9 8.3 19.6 20.2
The Netherlands|  23.5 57.7 2.3 4.0 12.5

Despite advancemesin solar paned nuclear power plastand wind turbine systems, even
western countries rely heavily on fossil fuels imports for their electricity generdtase

fuels include coal, oil and gallence, electric vehicles would still add carbon emissions by
using electricity from these powetants.Oil and gas prices are vulnerable to market and
political situatiors, so a constant consumer price is hard to maintain. The price fluctuation also
affects electricity cost. Overall, fossil fuel price affects inflation, import budget, and political
security. Spain power plantddble 1-2) have higher reliabilitydue to their diversified
resources (oil, gas, coal), but it requires a very active lguppain management
(Bhattacharyya, 2009)

1.7 Emission effects on human health

A 1997 study found that truck drivers are meusceptible to lung cancer than taxi drivers
(considering drivers smoking habits in the survey). The primary reason was more probable
exposure to polycyclic aromatic hydrocarbons (PAHS), such as benzene. Benzene is part of
fossil fuel present in diesel gime exhaust, diesel oil, lubes or any other heavydueh as
kerosene, naphthalene, tar and so farttlesehneavy hydrocarbons are also responsible for skin
and bladder cancefor example,requent exposure to environments containipgo1 pg of

benzne per cubic meter of ains considered risky for cancéBoffetta, Jourenkova and

Gustavsson, 1997)n addition, kenzenecauses blood poisoning at&l cancerous to both

animals and humar{gindstrom, AB., S. Waidg nat ha, K. Yeowell O6Conn



Harmful hydrocarbon (HC) emissions are not only related to compression ignition (Cl) engines
but also to spark ignition (SI)An experimental study of ra Sl engine operating at
stoichiometric conditionshows thatommercial fuel combustion produces ajdrocarbon
emissions.The engineexhaustcontains methane, ethyleneetylene benzene toluene and

other pollutantsTolueneand benzene constitute a large proportion of exhaust in part per
million of carbon percentgge (ppmC)Another concerris that these pollutants share increases

if their precursorsn the fuel increasesuch as ethylene formation from octane fiZrvas,
Montagne and Lahaye, 2004)

Naphthalene is another pollutant that is toxic when inhaled or orally taken. It also thks in
PAHs family and is watesoluble(Judth Olsen, 1984)Heavier carbon compounds burning
e.g.coal, wood, heavy oil, tar, etc., produce naphthalene. Road transport emissions, stubble,
fireworks and coal burning are the primary reaskmnd?AHs release in citieéruan et al,

2010)

1.8 Motivation

Heat is asubstantiabource ofnternalcombustion IC) engine waste energy. Fuel and osédi
are burnt in the combustion champesleasing combustion gases at high temperature and
pressureTheenginework is done by expanding gases to drive the crankgheatipropek the

wheels through thearious linkages and gears.

Intake Compression Combustion Exhaust
("Power")

Figurel-3: Working of 4Stroke(the Otto cycleliesel enginéMechanic, 2011)

Nearly 65%to 70%of fuel energy (enthalpy) input t@an IC engineis wasted(Bari, 2017)
(Stobart, Wijewardane and Allen, 2017The high inefficiency means recovering any waste
energy would significantly improve the fuel economy and reduce exhaust emisEens.
vehicle dissipates energy in radiation, heat @arious friction losses. Some unused energy is
recoverable, such as theakingenergy by the regenerative braking system. Similarly, Rankine
cycle (RC), turbecompound (TC), fuel reformer (FR), thermoelectric generator (TEG), and
fuel cells (FC) can rewer heat energy.



Using TC, RC or TEG, up to-B0% of the exhaust heat is recovergiflenaudet al, 2014)

This improvementcan increase the overall efficiency of the IC endiren 30 to 40%
Therefore, recovering any waste energy reduces fuel consumption, thus carbon dioxide
emissions and oil importstill, heat recoverwiill not limit other harmful emissions

5% radiation
loss

3% to drive the vehicle

100% fuel energy 30% by cooling system

35% exhaust

Figurel-4: Energy flow of a gasoline engine vehi¢kari, 2017)(Stobart, Wijewardane and
Allen, 2017)

1.9 Scope of the project

Waste heat recovery is not the ultimate goal though it can reduger@i€sions to meet the

EU laws (see section 1.3). However, other harmful emissions (uribyahricarbon, NQ etc.)

need different treatment and strateglégdrogen can increase fuel heating value to increase
fuel economy and oxidise harmful emissions to neutral chemical compounds. Therefore, its

addition to thduel mixture can serve both pugEs(more detailsarein section2.6).
1.9.1 Waste heat recovery

The dow development of clean energy technologies #malinability to give the same
perfomance asninternal combustioengine measthatthe ICenginewill lastuntil the end

of the 21st centuryFaber and Frenken, 2009he fuel share lost to the coolant and exhaust

system is nearly the same, but the coolant temperature is not high enough to be utilised by a
recovery deviceSo the exhausfasis the mossuitablecandidate from th aboveowing toits

higher temperatur@around775K (Wangetal., 2011)and higher share in waste ene(gigure

1-4). A typical Sl engine exhaust temperature varies according to the stoichiometric air to fuel
(®ratio. Theee varies from 1.1 to 0.9, and SB25mil ar |\
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975 K (Leunget al, 2018) A typical heavyduty Cl engine exhaust temperature varies from
775 K to 975 K(Bari, 2017)

1.9.2 Emission reduction

ReplacinghelC engine witha better power unisuch ashydrogerfuel cell can be promising
due to its40-60% efficiency. Ths valuemay exceed 90% if the wiasheatfrom the FC is
utilised A hydrogen fuel cell is alseearly pollutionfree releasingvater as the mai@mission
besidesome NQ. Though F@ BIOx emission is 1/2000f atypical diesel engine, and mainly

occurs if the peak temperature is notited (Balat, 2008)
1.9.3 Hydrogen merits

Its main advantage that it is nearly pollutioffiree In air-assisted hydrogen combustion, if the
temperature exceedS8@0 K, then nitrous oxides are formedsing it as part of fuel in IC
engines increasahe mixturé flammability limit and burning speeBue to its lower density
(0.09kg/n?), it has2.7 timesmore specific energy (12a)/g, lower heating value LHV) than
gasoline(44 kJg). However, hydrogers carriedin gas so heating per unit volume is lower
than liquid fuel like gasoline (72080 kg/nf) (Balat, 2008) For instance 270 litres of
hydrogen 5.4 kg tank stores the same amount of energg 88litres tank of gasoline fuel
(41 kg ( De mi r b aMoreoverQtlle pymping power to transport hydrogen is 4.5 times
higher than natural gas at standard condstchre to its lower densitfPastore, 2010)

There is a potential to produdé million tonnes of hydrogen per year by incorporating nuclear
and renewable power plants performing electrolysis and fossil feflsming. Talay, the
cheapest way to produce hydrogen is through steam methane reforming (SMR) (1.5 to 3.5
$/kg), as electrolysis is only economical if electricity is more affordable. Most of the hydrogen
comes from fossil fuels (96%), and the most common method B @8Pb)(Balat, 2008)

1.9.4 Hydrogen economy

Hydrogen(H>) is an energy carrier because it is not widely available as a free elemenabut in
compourl like water. So its extraction process consumes energy such as water electrolysis or
petroleum reforming. That is why the fuel term is not sometimes associated with hydrogen
(Pastore, 201Mut an energy carrier or sewary form of energyBalat, 2008) So hydrogen

economy means procuring methods of replacing fossil fuel with hydrogen.

Storing onboarchydrogen in a vehicle is another big problem. Due to its low density

compressed hydrogen solution will reduce the vehicle range, whereas carrying it as metal
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hydrides will increase the weightherefore, minly it is stored as a compressed gas in a

transport ehicle and as a liquid at storage s{teastore, 2010)
1.10 Onboard hydrogen production

Replacing conventional fuel with hydrogen is not feasible due to the requirement of a massive
network of production and supply plag&ngh, Singh and Gautam, 202Qpnversely, a 2005

study gives a realistic estimate that by 2040, widespread fuel cell vehicles can replace
conventiona cars. Moreover, onsidering FC efficiency to be 2.5 times more than the
traditional IC engines hydrogenpowered cars can reduce overall oil consumption. For
instance,to replace 6.68 billiorbarrelsof oil, annual production of 136 million tonnes of
hydrogen is neede@Armor, 2005)

Hence,an onboard hydrogen generation device that can recover heat to produce hydrogen is
the most suitable wayrurther,hydrogen utilisation can curb emisssaand partially increase
the fuel heatingzalug thus improvingvehicle efficiency. Similarly, a household FC can aid

fuel saving by providing both heat and electricity.

In summary, a fuel cell integrated with a fuel reformer can recover heat, increase the fuel
heating value and reduce harmful emissi(see sectio2.6.2 from an ICengineautomobile
(Leunget al, 2018)(Hoshinoet al, 2015)

a b
«— Reformer <+ H,0+ CH,
H, Heat dissipation
\ AN Anode -_E'
Load
Air —» Cathode 46_—

Figurel1-5: A simple description of integrated fuel reformer with solid oxide fuel(&#ttar,
Lebaal and Abboudi, 2018)) a fuel reformer monolith under test in a (&ani et al, 2011)

1.11 Thesis organisation

The introduction chapter highlights the importancewaste heat recovery (WHRgnd

emission reduction. Next, this study explains stringent emission laws and associated penalties,
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global warming, and pollutariseffect on huran health.Finally, the discussion favours

onboard hydrogen power units for low emission and as WHR dgvice

A short review of some of the heat recovery devices comes after that also explains the selection
processThe literature revieviurther emphasisdbe future of hydrogen and the importance of

fuel reforming, especially in automobildsalso highlights that catalystractural changes like

cell height, atalyst segmentation, andter-channelmass transfer enhandeR reactor

efficiency. The conclugin of this section converges on tiens and objectives of this study.

Reference design and some simplification incorporated in this study are explained in the
research methodology sectidhalso adds the importance of parameters like flow uniformity,
residence timeg and lightoff, which affectt he r e act o fFidafly, basedf dndheenc y .
literature review and research methodology, some new designs are presented.

After validating the simulations,ext in line are parametric studies. These studessal
important parametersnd patterns to proceed further, such as segmentationsapassible
configurations. Then comes some unique designs of this reseaothaswithout changing
the cell shapeor density the channel height iadjused by implementng metal foamas
protrusion This modificationbringshigh cell density monolitladvantages$o a standard cell

shapeOverall, it improves the hydrogen yield of the reformer.

Lastly, transiensimulation reveals that velocity and other parameters quitkiyogenise in
the catalyst volume after adding metal foam at the locations of the passive patbages.
factors are responsible for higher catalytic\atti Also, metal foam can act as a flow guide to
transfer heat and mass to adjacent channels asdiésBD model further endorses the above

observationsin the end, the thesis adnsion is presented with soraeggestions.

The appendix part describes some design proceduréSENM 181. It shows CFX 18.1
domains settings, CEL cod&me variables te#ments in the softwai@nd diagrams of tested

models
1.12 Chapter 1 summary

Fossil fuels may not meet the ewvecreasing energy demand the next centuryAlso,
emission laws can prohibit the widespread use of fossil fuels due to global warming and health
concerns.Therefore, mbracing clean and renewable energy resources is essential to meet
future enegy demand Hydrogencan meet both the energy demand and environmental

concerns for emissions; however, it requires a large generation and distributiorknetw
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2 Literature review

This chaptedescribesome highly researched WHR technologies with their advantages and
disadvantages. Fuel reformer catalyst is finalised as a preferred method, as its benefits in
automobilesalign with the IC engine efficiency and emission problems discussed in the
previouschapter. Three catalyst structural modificatiaeem toaffect the FR efficiency
significantly, and the aim i® incorporate these amendmewithout alteringthe catalyssize.

2.1 The dilemmaof adopting a new technology

Cuttingexhausemissions bgelecting a new methatbes not come eadyirst, here is always
a doubt in the market response and technology itself. For exampleufacturing a low
emission vehiclestill comes with a doubtwhether it can givdhe same performance as
conventional IC cars. Then uncertainty rises frameconomic perspective to environmental
considerationssuch asvhethercustomers buy a low emission but expenseficleto protect
the enviroment (Faber and Frenken, 2009%Bovernment policies like carbon tax on
petroleunmproductsor emission laws encourage cleaner energy solutldagever, strict rules
may promote substandard greener options imtaket as an alternative to Engines. In the
opposite direction, emissions cut by solutions like improving engine penficarand catalyst

efficiency hinder the industry direction towards clean energy powe(Bairieri, 2016)

Many forms of waste eneg and recovery techniques exist, such as a regenerative braking
system, heating theassengecompartment with engine heat, and many more. In the following

section, only highly researched devices are studied to recover heat. energy
2.2 Selecting the heat ergy recovery devices

The number of research papers on thermoelectric gereratsteadily rising.In the first
decadeof this century there is a sharp increase indicatirggearchesinterest in this
technology. Strict emissigooliciesand fuel prices can be part of this r{geng, 2008)
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Figure2-1: Number of research papers per year on the thermoelectriqZb@ng, D08)

In a patent landscape studied by Karvoeeal, three waste heat recovery technologies are
narrowed down(Karvonenet al, 2016) The authors have studied the statistics of patents
publishedu si ng the term Awaste heat r £8830w20l2y wusi n
Next, a landscape study of patents origins, such as their organisation, history and country, is

carried out.

= Japan = US = Germany = EU = China = Others

EU 11%

Figure2-2: Percentage of patents filed by countries in waste heat recovery technology from
19932012 (15755 patent¢iKarvonenet al., 2016)

After that, two indicators are defined to establish the most critical technologies. The first one
is technology cycle time (TCT) which depends on the patent cited age. It measures the
advancement pace of technology. Then comespadent literature (NPL) ation, which
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means the quality of references given in the pafBneé NPL value will be higher if the
references are of research papers, books, and other scientific firf@mtye other handf, the

TCT value is lower, it means technology is rapidly depmg.

= Japan = US = Germany= EU = China= Others | . Japan = US = Germany= EU = China = Others

P N
N

CN 3%

EU 16%

Figure2-3: Patents files by different countries in RC and TEG system (763 patents)
(Karvonenet al, 2016)

=

RC TEG

The landscape studshows that most patents are filed by developed countries like Japan, the
US and the EU. The leading companies owning patents are Mitsubishi, Toyota, Siemens and
General ElectrigFigure 2-2).

In TEG patent filing, the distribution is evamong thecountries, whereas Japan share in RC
patent is half of the other countries. Low RC shareholding means that Europe focuses on TEG

induction as &VHR system, holding around 32 &6 the patents in this field (Ger+EU).

Table2-1: TCT and NPL values of patents for TEG and R@rvonenet al, 2016)

Technology NPL (%) TCT

RC 16.0 9.7

TEG 6.7 4.9

Then the authors calculated the TCT and NPL values of these technologies. The data is given
in Table2-1. It shows that TEG technology is rapidly advancing as many patents appear in a
short period, and the refarce cited in these patents are mainly-scientific. The reason can

be that researchers have recently shown interest in it after B@0g2-1). Overall, TEG is

ahighly researchd technology systenbut it is still immature as its NPL value is very low.
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2.3 Technologies comparison

There are many methods to recover exhaushgassuch agurbo-compoundRankine cycle,
thermoelectric gnerator, @iel reformerand manymore. Thesetechnologiesshow several
advantages and disadvantages in terms of cost, size, efficiency and various othewtaictors

are explainedollowing.
2.3.1 Turbo-compound

Turbo-compoundtonsists of a turbintatis suitable tadecover energy frorhot exhaust gases
The gases expand in the turbine (shown in Fadure 2-4a) and drive it. The turbine is
connected mechanically the engine viaa gearbox (shownni green) and is calledturbo-

compoundWhen the turbine is connected to a compressor, the configuration is lasoan

turbocharger. If a generator replaces the compreiss called aturbogenerator.

Hot gas flow
a

To powertrain

Figure2-4: lllustrations ofa) turbo-compoundb) athreeunits TEG modulg c) Rankine

cycle engine

TC works on the princip of the kinetic energy ot fluid. So it works favourably durinthe
acceleration (sefeigure2-7, orange dots) phagkigh load) Turbo-compounds more suitable

for heavyduty vehicles

TC can recover energy from the exhaust system. However, its high back pressure may increase
fuel consumption, which reduces the work done by the exhaust stroke of the engine.
Conversely, automakers exploit thisack pressure when incorporating exhaust gas
recirculation (EGR).Using a short route EGR system makes it easier to achieve high EGR
rates to the engine inleln some cases, the EG§ystem is vitalto reduce nitrous oxides
emission(Greszler, 2008)As early as the 90s, some truck manufacturers installed the TC on
the engine andchieved-10 %lessfuel consumptionwhichmeans the turboompound is a

mature technologgArnaudet al, 2014)

2.3.2 Rankine cycle

Rankinecycle engine(Figure 2-4¢) is another commonly used technology in waste energy

recovery. It is more like a small steam power plant. RC system consists of a heat source (e.qg.
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heat from car exhaust), a suitable expar{@ey. piston, scroll or turbine), a condenser (to
disposeof heat) and aymp to drive the working fluid. The avking fluid can bewateror a

mixture of organidiquids.

Same as the case of turbompound, large vehicles are suitable for RC systenone study,
water is mixed with trifluoroethanol (50 % each by mole) as a working fluid for anARC
peak condition, the systeproduced26 kW of mechanical powefPatel, 1976)After 2000
many studietook place installinghe RC packageon a car. Endet al designed an innovative
evaporation devicthat couldextract heat from the cooling system andehgineexhaustAs

a result, he working fluidquickly reachedvorkingtemperature and pressufde axial swash
plate expandeattained 3 kW of maximum powamproving13% thermal efficiency\ehicle
had a constargpeedf 100 km/h)(Endoet al, 2007)

Each working fluid affects the performance drastically. For exartipdayater takes a lot of
time to reach & operaing temperature due to its higher heat capadibe organic Rankine
cycle (ORC)utilisesorganic fluids¢o overcome high heat capacity issues. These fluids include;
iso-butane, pentanehlorofluorocarbonperfluorocarbomixed with waterTheorganicfluids
havealow boiling point but these are unstable at high temperatidi@mmableand may cause

damage to ozon@arvonenet al, 2016)

A Rankinecycle assembly is suitable &vehicle has a lot addpacesuch agrucks,busesand
ships However, a8 working fluid needs some heat to become vapaaor RC system is
unsuitable for a smaller engine and low loads uniesses alow boiling point fluid mixture.

Sothe ORC systemis appropriatdor small cars.
2.3.3 Thermoelectric generator

The thermoelectric generatas a devicethat generateslectric energy when a temperature
differentialactsat both ends. Onggnificantadvantge of TEGis that it is a soliestate device
andcanproducepowerdirectly from exhaust gatroughthe Seebeck effectt consists oN-
type and Rype sentonductorpalletswhichare connected in seriéBwo pallets pair is called
a unit or thermocoupl@-igure2-5). These units arirther connected in seriagpto asuitable
number to form a modulegach module usually contains-80 unitg.

Each pallet is connected tize secondy an electric conductocommorty copper.A ceramic
insulator enclosesthe conductoron both hot and cold sidder insulation The operating
temperature determines the pallet matefaich as,tican be bismuth telluride (Bies) for

lower, and lead telluride (PbTefor higher temperature(Figure 2-6). The palletconsists
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typically of asingle material fom moderate temperature rang® K). However anoptimised
combination of different materiglallets givesa maximum outpu{Figure 2-5). For example,
for a temperature range 400 to 700 K apalletcontainingbismuthand lead telluride can be
used(Brownell and Hodes, 2014)

The Seebeck effect is a reversible effect which means a TEG can also act as a cooler or heater
if a current passes through the thermocouple (Peltier effect). The hot side repels the free
electrical charges (electron forthpe and holes for-B/pe) towardghe cold side because it

can bear excess electrical carriers on its Sitle. free charges redistribute themselves under

the temperature gradient (differentidi}e to thermal diffusionFigure 2-5). At equilibrium,

the electrostatic force balances this distribution which is a unique point for each material. The
difference in the number of charged particles creates a potential difference between the two
sides, and whereése sides are electrically connected, the current flows (closé)circui

Thot
_Ceramic Insulato Rl

b

E%EHE

Figure2-5: Seebeck effeatlustration(Wanget al, 2011) R is resistance

Mp ®°Yp 0 "y
Mp oY — Y

Equation2-1: Efficiency of the TEG uni{Pastore, 2010)

Mathematicallytheseeffects aredescribed a2 w ©'Q "Wherea is temperatur@epement
Seebeck coefficienY is voltage] is the type (P or N), andll is temperaturdifferential Most
of the new research in TEG is related to its segment optimisation and improving the figure of

merit (£) either by increasing pallet electrical conduityi, reducing thermal conductivityr
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developing a very high Seebeck coefficient mateRal total thermal resistance, R1, R2, R3

€, are added in series and similarly for

TheZ andT (ZT) product is often used as a criterion to compare different semicondurors.
example,Figure 2-6 shows thatPbTe gives a maximum ZT value from 600 to 800 K.
Meanwhile,Bi>Tes providesits peakZT value from340to 390 K Therefore, BiTez alone is
not suitable for a higher temperature region such as a gasoline engine exhabignogs.a
segmentegballetis preferableFor instance, if the hot side temperatur8d6 K and the cold
side is375K (Zheng, 2008)

12
1 .
08 |
06 4N
04 1
L Bi2Te3
0.2 -: PbTe
0 - Temperature

275 375 475 575 675 775 875

Figure2-6: TheZT graph of two materialvs temperaturéZheng, 2008)

TEG is not that efficient but has a longer operational life (30 y€besyis et al, 2005) Its
efficiencyis around 57% with current commercially available materié&ang and Zhao,
2015) Commercially available materials hav& avalue of 1 or lesuta ZT value of 23 is

required for a costffective TEG.

Besides materials properties, a TEG assemblyesamsny irreversibilitiego arise for heat
and electrical conductance. TEG pallesve electrical losses) ¢ 0 'Qi102) due tothe
current flowing through a conductor. It is calldw Thomson effegtwherel is an electrical
current and R is conductor resistance. Moreoyeeramic insulatocovering increasethe
thermal resistarecof the pallets. Adding a thermal paste betwéleaconductor and insulator
will further increase thermal resistar{&obart, Wijewardane and Allen, 201Hence a lot
of research focuses on optimising pallet size, height, thermal resistaaitesialsandpallets

guantityin each modul¢Brownell and Hodes, 2014)
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Thermoelectric generators aaitable forall types of cars due to their modular design. Several
studies show that it is installed emall vehicledo largetrucks, producing 200 W to 1 kW of
power(Arnaudet al, 2014) An eight modules TEG is install@meters away from the engine
in an experimental stugylepictingthe installatiorafter a real caexhaustThe TEG module
usedin the experimenhas aZT value of 0.6 and can produce ¥8 powerfor a 200K
temperature differentialhe engineTEG combiration proposes a 7.4% fushving for a bus
with apayback time of 6 yearsdf this laboratoryscaleTEG fabrication83$ are spent fot3

W output power)and for a carthe payback time would ldenyears Lastly, the authors have
neglected the pumpingork for coolant deliveryo TEG in the fuekaving analysi¢Stobart,
Wijewardane and Allen, 2017)
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Figure2-7: a) Different technologies workingegimeswith the speed profile of thdew
European Driving Cycle (NEDQArnaudet al, 2014)

2.4 A short review orthe studiedVHR systems

Recovering energy from an automobile improves-falingand CO; emissions, enabling a
car to meet the EU regulatioRurthermore, he exhaustgases are most suitable for heat
recoverydue totheir higher temperatur@75975K). However, gery technology has its pros
and consshown inTable2-2. Though TEG tehnology is an emerging candidate, it is stdt

widely adoptecasRC and TC. The main reasons #sehigher cost and lower efficiency.
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Table2-2: A comparison of these technologies summary from this ch@jteaudet al,
2014)(Medaet al, 2016)(Brownell and Hodes, 2014ptobart, Wijewardane and Afie
2017)(Karvonenet al, 2016)

Technology Rankine | Turbsompou TEG
Parameter
Cos$t kW medi um |l ow hi gh
Usage Truck Car, Tr TruckCar
Back Pres| medi um high very | o
W/ Rg/ kW 8. 75 6. 25 20. 4
Net -dawilng 31 % 5-1 % 0 .-5%
Chall enge size & back pre modul e ef
wor king | ow phiwghl <
Advant age commerse d compact s | dntf,e 1
commerci operate i
hi gh out of NED®®»
material s
array si ze
free

A turbo-compound gives maximum fushving, but it creates high back pressure. The back

pressure is not included in the fteglving calculationTable2-2). Moreover, this bacgressure

can also add a burden on engine performance as exhaust gas wenier idie combustion

chamber at the end of the exhaustlstroThis back EGR reduces N®ut may act as a

precursor to particulate matter (PM, fuel droplets adhered to solid particles). Also, it will reduce

volumetric and combustion efficiency. Overall, figalving is not the ultimate goals emission

reductionis also important. Also, the TC can only work during the acceleration phase when

engine exhaust pressure is higher upstream of the turbine inlet.
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For the Rankine cycle system, the major drawback is the size of the system. The evaporator
needs a high heat w@e like a truck exhaust line. The condenser must expel heat from the
working fluid, culminating in an oversized heat exchanger and more pumping load for the
pump.Besides that, the expander type varies like volumetric expandemsoaeesuitabldor

smal RC systers. The RC system is active 64% time of the NEDC (New European Driving
Cycle) run.

The most significant advantage of TEG is its durabdityl silent operatiodue to the lack of
moving parts, it is nearly maintenanitee. It works during the entire NEDC time, but the
power output is insufficientTemperature dependenoeeans TEG is independenf the
exhaust mass flow raté significant disadvantage of TEGtlee initial cost because of the low
weight to power ratiqW/P) and efficiency. Unless there is a widely available commercial
material with aZT value higher than 2, TEG is only suitable for special remote applications.
Due to higher reliabilityits usagéncludesdistant applications like@arawayradio towers, space
probes, etc. According to the size of the exhaust, a user can adjust the number of modules, so
this system gives the flexibility of installation from small cars to laxg@cles(Arnaudet al,
2014)(Medaet al, 2016)(Brownell and Hodes, 2014$%tobart, Wijewardane and Allen, 2017)
(Karvoneret al, 2016)

2.5 Fuel reformingprocesses

The fuel reformer offers several advantages besides capturing waste heat from an automobile.
Two of its products include hydrogen and carbon mongXdewnas reformer gas (RG) or
syngas.The details are in the following sections, but in shikt, RG increasefiel heating

value and chemically redas pollutant emissions. Hence, fuel reforming is selected as a

suitable candidate for a WH&ystem
2.5.1 The geamreforming

Thisprocess is widglused to obtain hydrogen from hydrocarlboal (Balat, 2008) The main
products ofhis processre hydrogencarbon monoxidéesideother poducts suclas carbon
CO,, and other intermediate radicalhe following equations can descriseeammethane
reforming and Water Gas Shift (WGSHere methane is used as a fuel and water as the

oxidising agen{Settaret al, 2018)
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Steam methane reforming | 6 'O 00 © dO 6 0 YOc mpH 11

Water Gas Shift 60 0000 60 YO Tt @EH T1

net chemical reaction 60 ¢O0GO TO 60U YOp b 11

Table2-3: SMR, WGSand net chemical reacti¢Bettaret al, 2018)

There areseveral more sub reactions taking plaea instanceXu (Xu and Froment, 1989)
presented eleven possible reactions durigr@nd concluded théte abovehreecouldfully
describeSMR. In this studyfor simplicity, only reaction @) is consideredl'he steam to carbon

ratio (S/C)is usuallykept at 3 to avoid carbon formation on the catalyst(¥itm et al, 2018)

Carbon formatiorcan completely cover the catalytic mate(r@acting materiaj)prohibiting
reactants from reaching the catalgfstuling, Figure 2-8). In addition, carborcan act as an
inhibitor and cease some processes such as water activation in the WGS reaction but does not
affect CO oxidation Nonethelessit will reduce the overall arount of hydrogen produced
(Hoshinoet al, 2015)

H2
Gnbh CH CO
\ O sQ
OH /' sq
FrestiABO; adsorption
Precursor

Accelerated carbon deposition

Figure2-8: Catalyst deactivation due to S@dsorption and carbon depositi@toshinoet
al., 2015)

At lower temperature the WGS reaction is favourable as it is exothermicwever, he
endothermic reactioproceeds d reactants when the operating temperatises. Steam
reformingis a highly endothermic reactigso the emphasis is put on the heat exchasteggn.

On the other handncreasinghe reformer size will increase its thermal inertia and reformer
activation time. Onerominentadvantage olteamreforming is that reactantsnter the
reformerin higher concentratiarlike fuel and stearmynlike partial oxidationwhich needs air

(gaseous mixturerith 21% oxygeronly) (Farrautoet al, 2003)
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An S/C value of 2 or less good forthermodynamic studgr research. Industrially up to 6.5
S/C is used to maintain efficiendyowever, sing higher S/C increases the reactor fz¢he
same output and fuel consumption to generate st€arbon formation occurs at temperatures
above 1400 Kdespitea steanrich environment(Dalle Nogareet al, 2007) For the $31R
reaction, the product composition varikst it is mainly hydrogef0i 75% on adry basisCO

(71 10%), CQ (61 14%), andincluding some unconverted GKRi 6%) (Balat, 2008)

2.5.2 Partial oxidation

Partial oxidation (POXis an exothermic reaction in which fuel is burnt with air over a catalyst
to produce CO and H As the patial oxidation process generates hesd internal heat
exchangeris omitted. The exclusion ofhe heat exchangezduces the reformer size and makes
it suitable for small scale applications. The POX reaction equation is given below.

6 0 m™mald a6l T EO
Equation2-2: General partial oxidation reaction equat{®astore, 2010)

The above equation shows thiée POX reactiods drawbacks the low H> to CO ratio. For
methane POX, the Ho CO ratio is 2:1Besidesthere is a chance abmplete oxidation of
the fuel(Fennellet al, 2015) Using airasanoxidantdilutes the product and makiegdrogen

separ#don harderfrom themixture (Pastore, 2010)
2.5.3 Autothermal reforming

Autothermal reforming (ATR)s a combination of steam reforming and partial oxidation

reforming. Theollowing equation gives the reactieqguation (Peterset al, 2018)
00 ™ &0l @ Va0 G000 ma TE O
Equation2-3: General atothermal reaction eqtian (Pastore, 2010)

Carbon can form by various methods in all ldrd fuel reforming. In an ATR studywo
reactions account for carbon formation by keeping the S/C ratio afThedfirst one is
dependent on the mutual oxidation of two carbon monoxide molecules and the second one is

pyrolysis of the feed fugPeterset al, 2018)
@c¢ob o O0,(MO60O -0 ¢60

Equation2-4: a) Boundourad reaction b) pyroly¢Reterset al, 2018)
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ATR catalyst is designed sthat POX reaction occurdirst, which raises the reactor
temperature. Down the reformehe catalyst type changés performthe steam reforming
reaction. Though no external heat is required as POX provides the necessastilheat
preheated steam mused theSMR reactor POX reaction batreleasgoperating temperature
1025 K) can integratavith the steamgenerationwhich otherwisanay getwasted ina simple
POX reaction(Pastore, 2010)

CHi+ O Partial Oxidation Steam reforming fele R

H2O
Figure2-9: A general description of theitothermal reforming proce¢Bastore, 2010)

Another substantial advantage of ATRt&sstartup time due to internal heat production and
less thermal inertia. Theoretically, by utilising heat to make steam in a dtoged

configuration, an ATR catalyst can achieve 80% efficigiixycter and Lamm, 1999)
2.6 Reformer gaspplications

2.6.1 In fuel cell

A fuel cell has the potential to replace IC engines, especially paséenges. The fuel cél
main advantage is its highesfficiency (4080%) than conventional combustion engines.

Compared to the Otto cycl&igure 1-3) machines, it is not limited by the Carnot efficiency
p —— asitis an electrochemical device that converts chemical energy to electrical energy.

Several fuels like methane can act as feed, andeheratectlectricity (output) may drive a

pure electric or hybrid car. Other advantages of bdeiéare:

1 No or extremely low emissions of pollutants

1 Silent operation

1 A simple process of converting chemical energy to electifgholucci, 2007)

1 Act as a stable continuous povgaurce if it is receiving fuel and oxidiser from the tank.
So itis not like a battery that stores energy and may give power fluctuation

1 Fuel flexibility (Song, 2002a)

The fuel cells vary in operating temperature, structure, fuel type, and efficiency. If a heat
recovery system integrates with the FC, the efficiency can reach 70 to 80 per cent. A summary

of different fuel cells igiven inTable2-4.
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Table2-4: Sone fuel cell types and their characteris(isng, 2002a)

Proton exchange ' . . .
Phosphoric acid | Solid oxide fuel cell

Parameter membrane fuel cell
fuel cell (PAFC) (SOFC)
(PEMFC)
Operating
345355K 455- 495K 10751275 K
temperature
Fuel H» H> H», CO
Charge carrier H* H* o*?
Poison Sulphur, CO Sulphur, CO Sulphur
Heat generation None Low High
Cell efficiency 40-50% 40-50% 50-60%
Catalysts Platinum (Pt) Platinum (Pt) Nickel (Ni)

Protorrexchange membrane fuel cell (REC) is 4850% efficienf and itsmost significah
advantage is its operating temperatl845355K). It can be added as a heat recovery device
to an IC enginasit doesr@ generate heat itselPEMFC is susceptible taarbon monoxide
(>10 pars per million (ppm))thatis poisonoudor its operation. Therefore a REEC cannot

be used alongside an FR catalysiess some CO absorption technique is ustte&R outlet.

Solid oxide fuel cell (SOFC) can use hydrogen and CO as itdbfutats operating temperature
is very high 10751275 K). Hence, SOFC can provide a heat source foMithéR devices.
Another advantage is itaickel catalyst which is way economicdghan platinum The
phosphoric acid fuel cell ianother fuel celwhosefeatures are similar to RE-C (Song,
2002a)

The major disadvantage of adopting an FC is thate is stillno widespread hydrogen
distribution networkThere is no suitable desulphurisation technique for the onboard hydrogen
generation that can remove sulphur to a practical input level of an FCdg). Scsulphur
removalfrom the fuel occurs at the refineAmother thing is the cost of theel cell, which is

considerably higher than IC engind$eoretically, fuel call can achieve-80% efficiency if
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the generated heat accompanies heat regaike in the case of SOF(Song, 2002ajSong,
2002b)

2.6.2 In IC engines and exhaust pipeline

2.6.2.1 Combustion control

The HCCI (lomogenous charge compression ignitiomethod reducedlOx and particulate
matter byoperating at lean engine conditgat a lower temperature. Diesel fuel is very reactive
thatauto ignitegduringhigh compression pressure produced in a compression igertgine
Mixing diesel with reformer gashanges the cobustion characteristics of this mixture. Hence
the RG ratian diesel fuel controls the HC@tgime which is needed as HCCI parameters vary
with engine speed and loaReformate exhaust gas recirculation (REGR) is a combination of
EGRandRG. A rich fuelmixture ofREGRand dieseleedsthe combustion chambtr prevent
knockby offering smoother combustigRrigure2-10b).

106 15 24
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100 4+ o
o
L © 2 no RG added
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L CO %
L Reformate HV% H2
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Figure2-10: a) Flame speed of different compougtdV heating valueJAshidaet al, 2015)
b) Effect of RG enrichment on HCCI operating reg(btosseini and Checkel, 2007)

Similarly, only EGR is usd for learer combustion Hz is a stable molecule, so reformer gas
slows down the heat release, which means smoother combustion for a long duration. Overall it
means that the reformer gasd EGRvariation (in the anfuel mixture) can control the HCCI

process effectivel({Hosseini and Checkel, 2007)

Hydrogenalsoimproves combustion speed (deigure 2-10a), resulting infast combustion
(closer to the ideal onéjshidaet al, 2015)(Hoshinoet al, 2015. The fast ignition is due to
hydrogerds high flammability as just 4% hydrogen by volume mixed with air creates a

combustible mixtur¢Balat, 2008)
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Figure2-11: LNT catalystregeneration and egulphation(Wetzel, Mccarthy and Griffin,
2010)

2.6.2.2 Catalyst regeneration

Hydrogen and carbon monoxidan de-sulphate [Figure 2-11) the Lean NQ Trap (LNT)
catalyst besides oxidising unburnt hydrocarPVetzel, Mccarthy and Griffin, 201@nd thus

regenerathe catalyst.

WhereasCO, from the syngaseduces combustion temperatuhee to higher specific heat
capacity,decreamg nitrous oxide formationCO reacts with already formed nitrous oxide
reduce NQemissionsas depicted icquation2-5 (Wetzel, Mccarthy and Griffin, 2010)

v omuw oo wu P

¢ou 00 c¢ou EU

Equation2-5: Carbon monoxide attack ointnogen dioxideg(Wetzel, Mccarthy and Griffin,
2010)

Hydrogen and carbon monoxide can aidliesel particulate filter@PF regeneratiorlsa In
a studyperformal (Hemmings, 2012hydrogenis introduced in the exhaust streamifprition
to raise the DPF temperatufiéne rise in temperature makes oxidation easy for the accumulated

carbon, ssupporting the DPF regeneration process
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2.6.2.3 Emissiongeduction

Hydrogen addition, before thediesel oxidationcatalyst (DOC), limits harmful engine
emissios. Astudyconducted oheavy HC specigg€arbon number varies frons @ Ci1) such

as isooctane, toluene, metimdphthalene, and so forttevealsthat hydrogen addition
improves thre-way catalyst efficiency. It is effectivéor heavier andoxidationresistant
compounds like naphthalene and methgphthalene. The catalyst achieves 100% efficiency
for theseHCs due to hydrogenation artdmperature riselhe quantity of hydrogen added is
2200 ppm for 1200 ppm of these PAfHasaret al, 2016)

In an older study, 80X reactowas used for a gasoline engine. Reformates generated from
the reformeroperating at equivalence ratipreduce 75% of the HEmissiorthan the baseline
gasolineengine fuel at the cold stgdKirwan, Quader and Grieve, 2002)he equivalence ratio

is the fuelto-air ratio divided by the fueio-air ratio at stoichiometric conditions.

Theeffect of REGR on PMmission is miscellaneous. For instartbe,introduction ofREGR

into the enginecaused oxygen dilution thgiromotes PM production due tprobable
incomplete combustiot the same timehehigher specific heatapacitieof wate and CQ
reduce the PM formation. OveraREGR reduces the PM emission more than EGR alone,
especially whenhe sootfraction is higher. Also, REGR reacts witM matter of all sizes,
whereas EGR reducesainly larger PMparticles and isess efficient than REGR. Overall a
40% reduction in PM emission is achieved dueh@physical (thermal and dilution) and
chemical properties of REGfBogarraMaciaset al, 2015)

2.6.2.4 Increasing fuel heating value

In a close loop onboard fuel refornsudy byl eunget al, rhodium (Rh) monolith catalyss

used with ceriunand zirconium oxides. Converting half of the fuel to RG and adding it to the
fuel supply, the authorshowtheoreticallythat9.4% of fuelsavingis achievabldat 1225 K)
(Figure2-12) as both CO and +havehigher energy content than the parent fuel. Staeies
arecarried out at loweengine rpm(revolution per minutebecausehe reformer efficiency

may suffer from higher exhaust gas velocity entering the refaatagh rpm
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Figure2-12: Percentage of reformate added in IC engine by converting that percentage of
fuel into reformate by an onboard fueiformer(Leunget al, 2018)

Figure2-12 shows the fuel economy improvement when a portiogasbline fuel is replaced
by reformers gas, produced at various operating temperatueeiiel reformer.There is a
higher conversin (reformate quality) to Hand CO with the temperaturese However, a
higher reformate quality is notecessaryor the fuelsaving applicationA critical part of the
experiment is thaheauthors haveised simulated reformatéesm gas cylinderso assess fuel

savinggLeunget al, 2018)

Similarly, for Cl engines, a reforming catalysisesdiesel fuel and EGR containing oxygen and
steam. The reformer is thermally integrated with the engindthe authors suggested that
improvement in design and fuel vaporisation will increase the reformer efficiency further.
Overall the reformer achieved38% fumigant energy fractiqriefined as the ratio of energy

provided by the reformates over total diesel fuel en@tyyang, Li and Northrop, 2017)
2.6.3 Miscellaneous usage

In summaryhydrogen is widely used in the industry besides in the auteengector. Nearly
half (49%) of the hydrogen produced worldwide is used to create ammonia to malgerfertili
For crude oil refiningalmost37% of the world hydrogen monsumedOtherhydrogenuses
includes

Hydrogenation reactigre.g. ofmineral and edibleils
Chemical and food industry

Medical industry

Gas to liquid (GTL), such as makitiguid fuel from methane
Fuel cell(Dupont, 2007)

= =2 =4 A
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2.7 Catalyststructure

Every chemical industry utilisesatalystssuch aghe food industry, treatment plantand so
forth. Nearly 8590% of the chemical products are formed through catalytic reactions
Chorkendorff, 2007) It assistsa chemical reaction in feasible temgteire and pressure
conditiors, thus offering a favourable energetic pathattomobilesseveraktatalystsare used,
such asDOC, to oxidise unburnt hydrocarimo Then come theLNT and SCR (selective
catalytic reductiongatalyss to reduce nitrous oxidemissions andn optionalFR catalyst to
provide syngasLast on the exhaust line isD¥PF that collects and oxidiss the accumulated
soot The catalystell shape, sizeand type vary according to application. Most of the catalysts
used in automobiles are heterogeneatere the catalystonsistsof solids and reactants are
fluids.

Heat and mass transfer to a fuel reformessisentiafor its endothermic reactions. There is no
single design for an FR catalystnd hence, theesearch on catalystubstratedesign for

reforming is very activTomas, 2006fTartakovsky and Sheintuch, 2018)
2.7.1 Basic catalyst functioning

A commercial catalyst should provide three functiossse of reactants flow, high catatyt
activity, and stability. The channed the cell extension along the length, normal to cell face (or
channel face). Itsize and shape are designed according to operating cosdikerfluid
speedmass flow rate, pressure dr@pc Catalytic activiy is governed by theeactingmaterial

and accessibility othe reactant to the catalyst site. Ceramic iearpore size changes the
surface ara, which should be higher for higher reactivity. The stability is depenaderihe
catalystresistace to;poisming (permanent adsorption of unwanted chemical compound),
sintering (largecatalystcrystal formation thus reducing surface area), and fouling (pores
blockage by a neutral element like carbon or carrRighardson, 1989%tabilityalso includes

themechanical strengtbf the structurémetallic or ceramic substrate).
Under tte right conditions, reactantsrim products through the following stefgler, 2020)

1 Reactant(s) movement éss transfgifrom the bulk fluid to the carrier surface through
the fluid boundary layer
Some pargof the reactants diffuse from the surface to the carrier pores
Chemisorption of reactants to the catalyst surface

Chemical reaction
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Desorption of the products from thatalyst surface
Diffusion of the products from pores to the carrier surface
Diffusion of the products into the bulk gas from the boundary layer gas present at the

carrier surface

Different pore sizes

Catalyst

Carrier _o Cando A

Substratee—

Channei length

Figure2-13: A typical monolith channel surface containing substrate (structure), carrier or

Channeél
— Cell face

washcoat, and catalyst crystdiote: Not to scalgl. Chorkendorff, 2007)

2.7.2 Substrate and washcoat

The whole assembly is known as the catalyst, althoughdhual material for catalysis has a
small fraction. A typical catalyst contains a substrate acting as a support structure where a
washcoat (also called 'carrier’) is adhered contaireagtingmaterial Monolith, foam, tube,
pallets, etg are types of quport structure Metal oxidesmainly serve as washcoaindtheir

primarypurpose is to act as a bindetweerthe substrateandreacting material.

The substrate can be ceramic or mefalceramic monolith is made froextruding ceramic
slurry from a mould and then dryinglin. contrastmetal monoliths are made by joining straight
and corrugated metal pan€el$iese panels are then folded and encapsulated in the cylindrical
container(l. Chorkendorff, 2007§Tomas, 2006jRichardson, 1989)

The washcoat or bindes usually made of ceramias.g alumina (AbOz3), ceria (Ce®), and
zirconia (ZrQ), to name a few. It increases the specific surface area besides atng
adhesive material. A typical monolith hag m?/g specific surface arg@omas, 2006)while
with a washcoatit grows more tham0 m?/g (Sanzet al, 2016) The monolith wall in bth
cases is noporous so nointer-channeimass transfer occyisut heat transfer. There are other
differences between these two materiaisich are explaineth thefollowing section
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2.7.3 Ceramic or metal substrate

Radial heat transfer in ceramic monolitcurs by conduction which is negligible as ceramics

are bad heat conductors. The brittle nature of ceramics makes it prone to cracking under any
kind of stess like thermal stressesiowever, ceramic monolithgan be ofvery high cell
density(cpsi, cells per square inchhe metallicmonolithswalls are thinner than ceramic

walls due to higher mechanical strength. Also, metalseacellentheat conducta; so both

radial and axial heat flow occur through conduction. Metal monoliths carhalsdpassive
channelsfor theinter-channemass flowabsentn ceramics monolithBbrmedby the extrusion
method(Tomas, 2006)

Table2-5: Properties of 400 cpsi Emitec metal and ceramic monolith catalystas, 2006)

Properties Ceramic Metal

Wall thickness (mm) 0./0.3 | 0.04/0.05
Geometric surface area (r¥Ym?) 2800 3700
Thermal mass at473K (J/kgK) 699 490
Open areapercentage 75.0 89.3

2.7.4 Dispersedrecious metal

Precious metals like platinum (Pt) and rhodium (Rh) are sometimes used in fuel reforming
processedo give a betteryield. Adding Rh increases the catalyst resistance to sulphur
adsorption(Fennellet al, 2015) Lanthanurmadditionimproves water activation for the steam
reforming reaction'Sulphur poisoningcan also be reduced by adding a silica solution binder
to prevent sulphur compountiem accessinghe catalyst sit¢Hoshinoet al, 2015)

As these catalysts contain rare earth elemémy ae dispersed throughout tlvarriersurface
for cost reductionFor instance, for a REGR reformer, Feneelal usea ceramicmixture of
220 egmni® density to paste it 08.144 dni of the plate. Thenixture containedust 4% of
reactingmaterial (Pt+Rhpy weight. Similarly in another study, 4% by weight Rh is used in
the catalyst/ceramimixture (Rh/Al20s3) for REGR(Hoshinoet al, 2015)

Anotherform of the dispersed catalyss small solid particlesembedied with thecarrier

containingreactingmaterial These particlesll i n acylinderforminga plug flow reactor. For
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example in a shell and tube reactor for methane steam reforming, differdeesof various
sizes (919 mmin diameter) are filled with small {8 mm) balls containing blend ofRhand
alumina(2% weight RhJ-AI2O3) (Yun et al, 2018)

2.7.5 Possibility of apurecatalyststructure

A completereactingmaterial can also be used for steam methane reformirngy as a thin Ni
metal layer Nickel is cheaper than precious me{@$ RH andis widely used as a catalyst in
reforming reactios, especially in petroleum refininglowever, omparedo noble metals such

as Pt, Rh, and Ru (rutheniummjickel is lessactive andproneto coke form#on. Still, Ni is
comparativelyabundant and economicdf the temperature of the reforming reaction is
increased 1000-1300 K), nickel sintering occurs, especially for a dispersed catalyst
(Richardson, 1989)

Sintering and coke formation are two main catalyst deactivation phenomena in reforming
reactions (Abdullah, Abd Ghani and Vo, 201 Hlowever,purereactingmaterial usage hasn't

been found in the literature review without any @arri

2.7.6 Metal foamsubstrate

Figure2-14: Macro patterned methane steam reformer with alternating inert (grey) and

catalyst (yellow) metal foarfPajaket al., 2018)

Metal foamcan also act assubstratelike Ni/YSZ foam (nickel and yttrisstabilised

zirconig. A macroepatterned catalyst is studied for methane steam reformvimgye alternate

steel and Ni/YSZ metal foams are ugedyure2-14). The upper reactor wall is at constant
temperature and equal to the inlet temperature of the reactants (1100 K). The lower wall is set

as symmetryThe detailof segmentatioare given inTable2-6.

32



Table2-6: Macropatterned catalyst with different number of catalyst and inert segment
(Pajaket al, 2018)

Design Length m Radius mm | Catalystseg Inert seg
Base 0.3 50 1 0
Case 2a 0.3 50 6 5
Case 3a 0.6 50 6 5
0.8 7 1100 7
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Figure2-15: a) Hydrogen mole fraction at the outlet of the mguatterned reactor, b)

average temperature along the reactor le(fghaket al, 2018)

The authors' results show theegmentation improves the hydrogen yield. Catalyst 2a outlet
mole fraction is 18.5% less than the base case even though halleridhieisinert. Catalyst

3a shows a 12.3% improvement than the base case while having the same amount of catalyst.

The asecase has a neaniform temperature increment, whereas it fluctuates around 20 K for
case 3aKigure2-15b). Variabletemperature can be detrimentalthe system life del to the
nonuniform formation of thermal stress@$e higher efficiencys attributed to the reactants
retainingheat especially at the start of the catal{Rajaket al, 2018)

This paper gives the importance of segmentation and heat transfer for the staammgef
reaction.Moreover, it shows that highly porous (0.8bgtal foamcan act as a substrate.
However, the authors have udedger lengthgo include the same amount of catalyst. This

option is sometimes not viable for contesting space in.a car
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2.8 Structural variation effect on catalyst efficiency

The size of the reformer varies according to application. Industrially, hydrogen is produced
from natural gas in the shell and tube refornfdre tubes containing niekcatalystranges

from 1012 m(Joneset al, 2008) Onboard fuel reformersan besmall such as 13 mnn

length (Hoshinoet al, 2015) Similarly, combined heat and power (CHP) systeme an
intermediate size like 428 90 mnt for household applicationsA CHP unit generates
electricity and heat from a fuel cell using hydrogeodoiced from a fuel reformé®igurdsson

and Keer, 2012)So structural variations can helgful but application dependent
2.8.1 The gap between the wall and the catalyst

Steam reforming reaction is highly endothermic, so efficiency is dependent on heat transfer.

Therefore, catalyst design becomes very critical.

H,+CO. Fuel injection plate

1 | /
Air > ! ! ’ 1mm T V_ Side view

/ Combustion plate

2
Figure2-16: An illustration of @mbustion channel of an integrated FR unit with catalyst

layer (1), protuberance (Nagancet al, 2002)

An integrated combustion and reformer unit is tested for methafmiming. The catalyst

layer thickness is 50 microns, containing 10% Pt in th®Alvashcoat. The catalyst is pasted

on the smalsinusoidal square substrate to improve the thermal efficiency and provide a surface
acting as a flame holder. The square is called protuberance, and this study terms this as a
protrusion After examining several heigh{k) of these protrusionsh equal © 0.75 mm is

found optimum for thermal efficiency. These squares also generate micro swirls for mixing the

combustion mixtureOverall, protrusion changes the cell or channel height (
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Figure2-17: A CPR catalyst descriptio@@anfir and Gavriilidis, 2003)

1+ e,
09 t
0.8 T
0.7 1

0.6 1

CH, outlet conversion
td

05 T \\\
0.4 + S

0.3 1
r Channel heightH) mm

0.2 . : . : : : . !

0 2 4 6 8

Figure2-18: Outlet methane conversion vs channel height at constant inlet veloaitfir
and Gauvriilidis, 2003)

The 95% combstion efficiency rangemproves from a 4 air ratiofor h equals 0 mmto a 2
10 air ratiofor 75% h. Here, the air ratio is defined as the air volume flow rate to the fuel
volume flow rate. Air ratio extension expands the combuségime The authorslao suggest

alternating catalyst layerirtg improve thermal efficiencfNaganocet al., 2002)

Similar observationsome fromanother catalytic plate react@figure2-17). Methane burns

in the lower channel at the combustion catalyst, and then heat travels to the reformer catalyst
by conductionthrough thein-betweenmetal. The channel height is changed by movihg

wall away from the catalysDue to equivalent inlet velocityy growth means tha large

mixture quantity consumes the same amount of(kégire2-18), turning the catalyst quantity
insufficient In addition, this decreases thalk mass transfer from gas to catalgssition

Overall, theH riseredu@sthe methane conversigdanfir and Gavriilidis, 2003)

The channel height will further be studied as it seems a significant felciaever, a method
would be soughtso that cell height remains unaffected. In this way, a channel height can
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change but does not affect the cell dendityeprotrusioncan bea viable optionfor the height

variation
2.8.2 Segmentation

In a catalyst segmentation study compared to a continuous catalyst, the authors show that 66%
of the combustion catalyst is savedeTmetal plate separates two parallel channels of fuel
reforming and cofoustion The ceramic catalyst thickness is 0.02 mm with its porous material
propertieMundhwa and Thurgood, 2017)

Inlet  Combustion catalyst
 Metalplate | |

Figure2-19: Continuous combustion catalyst vs segmented caf@hsetn)(Mundhwa and
Thurgood, 2017)

A similar study by Jeonet al showshat having a segmented catalyst reduces hot spots for the
combustion catalyst. The continuous catalyst offers nonstop comhbustiich raises the

temperature at the inlet side. However, breaking it to optimum numbers offers mgmero
combustion spotswhich in return distribute the heat. In this way, the localised temperature

remains below the dangerous leg@onet al, 2013)

a) Segmented b) Continuous

Figure2-20: a) Segmented catalyst lrtinuous catalygigreen), isothermalwalls are red)
(Settar, Nebbali and Madani, 2015)

Dr Sdtar and his team investigate tIsMR performancefor segmented and continuous
catalyss. The walls are isothermghavinga high enoughemperature for the SMR reaction.

The reaction rate increases as the fluid mixture regain heat from the isothermattseds a

result, he segmented model shows nearly 44% more methane conversion than the continuous
one. The authors also investigate the performance of the FR reactor by inserting metal into the
channel. Segmentation witmetal foansetting gives a sligly better yield than before. Any

coupling of metal foamwith the wall is not mentionedn short, segmentation drastically
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improves the reformer output compared to the continuous cat@gtsar, Nebbali and Madani,
2015)

This section has shown that catalyst segmentation overwhelmingly improves reactant
conversion. So segmentation will Bemust choicen this study. Moreover, Dr Settar and his

team successfully defragment the catalyst without chantfiaghannelength
2.8.3 Inter-channelmass and heat transfer

Compared to the previous cases where flow remains exclusively in a single channel, a 1.5 mm

high corrugated assembly is employed studyfor highinter-channelmass and heat flow.

Convective mass transfe

Figure2-21: The corrugate metal panels showing fluid movement through the structure and

passagegMucha, Gaiser and Kuehnle, 2008)

Corrugated metal foasheetsre stacked together to form this catalyst. The dreflween the
flow and the sheetdetermines the orieation. If this angleis 9C°, then the corrugate channels

are parallel to the flow. The fluid can flow throutie porous structure besides passing through

thein-betweerpassages, formed by the upper panel troughs resting on the lower panel crests
(Figure2-21).

Figure2-22: a) Outlet temperature at a defined load for ceramic monolith and metal foam

corrugate b) pathlines of fluid showing mixing of fl¢dMucha, Gaiser and Kinale, 2008)

This convective mass transfer through timetal foamcorrugate improves the reaction

compared to the conventional monolith catalyst, where only pore diffusion allows the fluid to
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reach theeactingmaterial. Thus this construction also emaltigher uniformity and residence
time (Figure2-22b). However, the tested ceramic monolith (3.6 kJ/K, 0.6 mm, 400 cpsi) and
metal foam corrugate (1.7 kJ/K, 1.5 mm,@Bi) have different thermal mass, cell height and

density, so lighoff, conversion efficiency, and pressur@ejpliare not standardised.

Nonethelessthe metal foamcorrugate attain a higher temperature than the ceramic monolith
for the same operating tinbecause of lower metal heat capacity. But the more important thing
is the uniformtemperature distributioacross thenetal foamcorrugated crossection Figure

2-222a).

The pressure drop for the monolith rises steadily with the mass flow rate, whereas it grows
slowly for the corrugate and remains lower uatiigher inlet flow rateAfterwards, it rises
rapidly and crosses the monolith pressure drop lifgufe 2-23a). CO conversion of the
ceramic monolith is reported Figure2-23b for variousengine conditions. It is higher for the
monolith due to higher cell density which means a higher surface area is available for the
reaction. However, the conversion behaviour favoonesal foamcorrugate at a higher flow

rate and temperatu{®ucha, Gaiser and Kuehnle, 2008)
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Figure2-23: a) The pressure drop vs mass flow rate b) CO conversion efficiency of a DOC

for different design¢$Mucha, Gaiser and Kuehnle, 2008)

The Emitec indusy has introduced several designs which improve echasnel flow. These
catalysts serve diverse applications. For instance, the LS (longitudinal structure) design is
suitable for a DOC catalyst, whereas the LSPE (longitugiegbrated) Metalit and MXPE
(mixing-perforated) Metalit assist SCR catalyst better.
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For the standard substrate, the flow is turbulent when it enters the channel but quickly gets
streamlined due to the channel boundary. The laminar flow acta tike dimensional flow

Hence, theltiid going downstrearmteracts less an@sswith the catalyst at the wall.

velocity

A Counter
-

qJ'c_, orrugation
A

J,

Turbulent
flow

Shovel

Figure2-24. a) Standard Metalit b) LS Metalit c) LSPE Metalit d) MXPE MetéRice et
al., 2007)(Subramanianet al, 2011)

Introducing a counter groove in the middle (LS Metalit) incredk®s mixing and cross
channel flow. The mass flow rate is directly prdpmoral to the fluid velocity for the
incompressible flow, which is highest at the middle of the channel. Catalysing rcounte
corrugation surface increasesfficiency as it receives the maximum reactant mass

concentration at that cresgction Figure2-24b).

Puncturing a hole in the channel laweall further increase thimter-channelmass and heat
transfer Figure2-24c). Now three channels (LSPE) can interchange heat and mass at positions

where counter corrugate and perforation are made.

Besides folding the corrugation, shovels like structures (MXPE Metalit) can also push the fluid
upwards or downwardg$-{gure 2-24d). Hence, these shovels can guide the flow to regions of
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interest Extending the perforation to the neighbouring channel allows the fluid to mix with the
sidechannels. These large holes enable the fluid starting from a single channel to travel all

along the catalyst crosection.

The LSPE substrate advantage for SCR is visiblegnre2-25a. NG is a crucial compound

for NOy conversion to N This substrate produces more than 24% M@n standard metalit,
aiding the NQ@s selective catalytic reductiohe perforations, counter corrugations and
shovels are optimized aatiing to the application. The increased efficiency means that either
a smaller catalyst or lessactingmaterialis appropriatdor the same performan¢Riceet al,

2007; Subramaniaret al, 2011)
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Figure2-25: NOo/NOx percentage d&73 Kat 100,000 1/lspace velocityRiceet al, 2007)

The inter-channel mass flow gives higherconversion efficiency, uniform temperature

distribution and longer fluid path. It will further be studied and included in the FR design.
2.9 Research path

Power plant@and transport sectoese still heavily dependent on fossil fuels. Though electric
cars do not release HCs emissions like an IC engine, yet these contribute to carbon emissions
by using electricity from those power plants. A WHR system cg@ndwe the fuel economy of

a car.

Some options like turboompound, Rankine cycle, thermoelectric generator, and fuel reformer
can be viable for such systems. However, a TC mainly works when a car is accelerating, which
is not always the case. An RC systequires more space, like a dedicated radiator, so it is not
suitable for small cars in general. TEG offers long operational life, but its higher cost to power

ratio hinders its widespread usage.
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An onboard FR recovers heat besides improving combustamacteristics and reducing
emissionsFurthermore, unlike a fuel cell, an FRRes not need good quality syngas in large
amouns, which removes any purification devices. Therefore, the FR is a preferred choice for
the WHR device.

Three structural changsmnificantly affect catalyst efficiency. First, it isarimel height which
needs to be smalléor higher efficiency. The challenge would be to vary it without touching

the cell design. Incorporating a protrusion in the channel can change the height.

Then comes the catalyst segmentation and its pattern. The protrusion choice has not been
finalised, but the segmented catalyst should not be longer than the base design. The engine
compartment is a tightly packed area with little extra room. If the new satalionger than

before, that may lead to compartment redesigning.

The flow guides like shovels and corrugation also allow fluid mixing and heat distribution,
increasing catalyst piermance. Protrusions can also act as flow guides. Howeweof the

three, the segmentation significantly improves catalyst efficiency.

Lastly, it is to introduce passive channels in an already existing design. Passive dilannels
perforatiors promoteinter-channelflow, thus improe; temperaturemass distribution and
caalyst performance. It also increases the mean fluid path in the catalyst that increases the
reaction probability. Overall, cross channel flow is beneficial, and the goal is to find an

innovative way to achieve this.
2.10 Aim and objectives

This study aims tocrease the fuel reformer efficiency by modifying the geometrkéeping

the catalyst dimensions, reacting material type and quantity unchanged.

Hence these changes can be applied to an existing design without redeshgningrall shape
of the catayst andengine compartmentherefore from theindustrypoint of view, it offers
quick adaption and installation.

Every reacting material has its unique reaction rate equation. Therefore, for standardisation, it
IS necessary to use the same reacting mahfer all the tests t@olely observe the effects of

structural changes.
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The specific objectives are as follows to address the stated aim

I.  To find a suitable reference design and experimental data to practise and validate the
simulation.

II.  To investig&e structural variations effects on primary catalyst parameters responsible
for the higher efficiency. Also, to findausedehind these parametgrsoducingthe
higher yield.

lll. To find methods and materials to incorporate studstdictural changeslike
segmenation, channel height andter-channelmass flow. This study will resulh
novel design suggestions for the fuel reformer.

IV.  To calculate optimum values of structural features resuhihggher efficiencyfor the
suggested designs in objective lll

V. To demonstrate that physical changes implementedjectivelV improveFR yield
by conducting qualitative and quantitative analysis of methods and materials found in
objective lll. Theimprovement explanation will come from tharametersarrowed
down n objective II.

VI. To carry out a transient study to analyse #welution of the variablesound in
objectives Il toV. It will add further reasons and importancEnew FR structures
proposed in this study

VII.  To carry out2D and3D inter-channelfluid flow simulatiors to observe its effects on
the H conversion efficiency.

2.11 Chapter 2 summary

Fossil fuels consumption has been increasing in the transportation sector, power plants and
houses. There are numerd&iR technologiesike Rankine cycle, fuel cell andél reforming
to ease tis fossil fuel dependencélowever, aopting a clean energy solutiemgoverned by

efficiency,emissions laws, benefits, casand more.

The fuel reformer catalyst the WHR choice of this studyCatalyst structural changes like
channel height, segmentation and passive channels increase reformer efficiency. The task is to
find methods to incorporate these changes in an already existing design. As a result, cell shape,
density, catalyst quantity and length remain unaffected. Hanaghange in catalyst length or

diameter occurs and thus in the engine compartment.
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3 Method and materials

This section narrows dowthe reference design along withodelling simplifications and
assumptions. Then sonessential catalysts parameters and the factors affecting ahem
identified and discussedrinally, based on the discussion on parameters and factors, some

innovative designs are presented.
3.1 Introduction

For an accurate simulation as close to the expatinaecomplete model includinghysics,
mathematicaind chenstryis neeadto explain the chemical reforming reaction. For instance,

a correction would be required in equations developed for low porosity medium if applied to
high porosity metal foaniBhattacharya, Calmidi and Mahajan, 2008pwever, going into
lengthy details is sometimes not required. For instance, a detailed SMR model was developed
by Xu and FromenfThe authors stated thdiree out of 11 reactions adminant and direct

the kinetic reaction rate<u and Froment, 1989)

Rate equations are developed from experiments involving various elementary reactions. The
equations variables are different for each set of operating conditions and catalyst. Generating
a model incorporating all the elementary reactions is possibtét will take a lot of solver

time. Moreover, it is difficult taneasue theaccurate surface area of the catalyst. Hence, many
researchers exclude elementary reactions and use an overall rate equation deduced from an

experimen{Lin et al, 2013)

Fuel reforming reactions are mainly heterogeneous, where reactants react faster in the presence
of catalyst than anywhere else in the system. In sgelug, reactants diffuse into catalyst sites

from bulk gas. These absorb and form the products, then the products desorb and renter into
the bulk fluid.

3.2 Fuel reformer design

3.2.1 Reference design

In a studysupervisedy Dr Kyaw Lin (LIN et al, 2012) both experiment and simulation are
carried out of a fuel reformer channel. For simulatibay have used experimental conditions.
The reformer length is containemlsave computational power and is sufficient for the variables
to develop fully before the outleThe 2D geometry depictgéFigure3-1) is 20mm longand

is 3.1mm high. A constant temperature is appliedtwetop wall, whereaghe lower wall has
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two adiabatic boundaries from®mm andl5-20 mm. The catalyst is coated fromrlS mm,
and its thicknes$0.15 mm)is neglected in simulatip so diffusion ismissingwithin the

catalyst layer.

A total of 9600 hexahedra elements are usdusistudy. All the reactioneccuratthe catalyst

surfaceand hence any gaseous reaction is neglected.

The two vertical lines irFigure 3-1 are interfaces between two different domains: adiabatic
and catalytic regions. Overall, reactants@-and CH) enter from the left, react at the catalyst
layerto produce Hand COand leavehe outlet in different proportions.

Vin 0.1ms,Tin 793K, Isothermal wall

P 1 bar, wcrs 0.07, _ “ Outlet

,V
Wi200.29, W2 0-64 X, Uy oo avic Catalyst layer Adiabatic

bl <

Figure3-1: FR geometry with boundary conditions and inlet condition (left). The outlet is on
the right sidgLIN et al, 2012)

3.2.2 Rate equation development

The authors have developdéde rate equation from their experimental data. They have
modelledthe rate equation as if the reaction is occurring in the bulk gas. Howevdrg as
reactionoccursonly at the catalyst surfactiey call itthe pseudebulk model The following

expression gives the overall rate edqurat

P+ <gd Q7 6@ 0060
Equation3-1: Volumetricreactionrate equation foBMR (LIN et al, 2012)

Whereo0 is the pre-exponential factorQ is the activation energy of SMR reactiovi,is the
universal gas constarilyis temperaturejdandwexponential constant§, ‘@ andO 0 Dare
thepartial pressure for methane and water. Units and valugsthese variables are given in

Table3-1 for various operating pressufleiN et al, 2012)

The volumetric rate equation uistgenerally irmol/m?s. Dr Lin does not mention the catalyst
loading (g/n) and similarly does not specifyre-exponentialA) units but derived from the
surfacereaction rate units mentioned in Dr Lin paper. The same method is adopted by Dr Settar
team This study uses 0.4 ghof catalyst loadingandsection4.4 will elabarateits calculatio

(Settar, Lebaal and Abboudi, 2018)
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Table3-1: Rate equation variable values for different operating pressuré g 6 i s

guantity in gramg¢LIN et al, 2012)

Pressure MPa a b A mol/g/s/P&46 E kJ/mol
0.1 0.47 -0.01 0.392 432
0.2 0.32 0.16 0.131 42.1
0.3 0.37 0.15 0.148 482
04 04 0.18 0.062 487

Multiplying catalyst loading withthe volumetricrate equationgives units of the rate as
mol/mé/s. It is now a surface reaction rafRatd and is appropriate tmcludeheat and mass

fluxes at the catalyst surfa@@NSYS® Academic Research, 2017)

3.2.3 Boundary conditions

The boundary coritions for the channel showin Figure 3-1 are given inTable 3-2. The

variables directiomare acording to the axes given the figure

Table3-2: Boundary conditions summaglIN et d., 2012)

u[ms?']  v[ms? T [K] wi [-]
Inlet 0.1 0 793 WH20=0.29 Wehs=0.07, wn2=0.64
Outlet Qs Ox= 0 o G Gvi/ GR
Upper wall 0 0 793 Qvi/ G§
Lower wall 0 0 al G¢ Qvi/ G§
Catalyst 0 0 O Gyyooea Gv/ Gyydmab- b )

Whereld andUbarethe stoichiometric coefficient of reactants and products feegresult is
-1 for CH: & H20, 1 CO for and 3 for K'Y @ ds@hesurfacereactionrate w is the mass

fraction,} is densityD is diffusion andeis the thermal conductivity
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3.2.4 Adjustment factor

The authors have used an adjustment factor to match their 2D simulation results with their
experimental values in the studjhe stated reason is a lower catalyst temperature than the
gas's bulk temperaturdence, the reaction rate developed from the experiment may not always
be appropriate for the simulation. Therefore an adjustment factor is used to scale Aipltheir
other words, it is like using a new pegponential factor of the rate equatidine auhors have

found some suitable factors for various operating pressure of the SMR reaction with some

trials. The factors values are givenTiable3-3 (LIN et al, 2012)

Table3-3: Adjustment factors for differemperating pressur@IN et al, 2012)

Pressure 0.1 MPa 0.2 MPa 0.3 MPa 0.4 MPa

Adjustment factor 3.25 2.3 2.25 2

3.3 Simplificationand assumptions in this study

Flux termsare usedas suggested by Irani and Paj#ani et al, 2011)(Pajaket al, 2018)
(Equation3-2).

GOIMNIO® - -2 YOOD O MIAY 6 wYHo YO o
Equation3-2: a) Species generation and consumpés flux at catalyst b) heat loss or gain
during the reaction as flux at the catalfystni et al, 2011)(Pajaket al, 2018)

So heat is addeat catalyst surfacasheat flux and is negatie for SMR(enddhermic) and is
positive (exothermic) for water gas shift (WGS) reactiffis reactiontype; SMR or WGS.
Meanwhile, methane and watmnsumptior{negativeflux) producs (positiveflux) hydrogen

and carbon monoxid&omesimplifications taken intis study are:

1. Inthepaper WGS enthalpy is added asource term ithespecistransport equation.
The method to add WGS source in the species equation is unclear as the WGS source
unt(Wm? di ffers from t h@&shsHeece hed\SS sogreedst i on 0
subtracted directly from the overall enthalpy (28=165 kJ/mol). It is according to
Hess 6s | aw Theheatdhangreaatitioe aspecific reaction is equal to the
sum of the heats of reaction for any set of reactions whisbrimare equivalent to the
overall reaction Cohen, 2020)

2. Diffusion flux is negligible as convectiotiominateghe flow.
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3. TheReal Gas Combustion model is chasen

4. The flow is steadyand compressiblelt is consideredaminar due tahe Reynolds
number being less than 70.

5. Lewis number is taken as unity.

6. Radiation and bodforces are neglected.

7. Catalyst thickness is negligiblgloreover, hesurfacebased approadk moreaccuate

than volumetriebased modellindirani et al, 2011)
3.4 Fuel reforme integration with power units

Numerous studies show the integration advantages of fuel reformers with a power unit like fuel
cell, diesel or gasoline engine. Solid oxide fuel cell generates substantial heat during its
operation where the temperatureatees more than 1000 K (see secfahr ). A fuel reformer

can be integrated with such a higgmperature fuel cell as an internal reforming device. Dr
Settar and Isi team have proposed this concept and conducted simulafieéhe reformer
(Figure 1-5). The boundary conditions used are similar to a typical industrial SMR reformer
(Settar, Lebaal and Abboudi, 2018; Seéhal, 2019)

In an experimental study for trucks, a fuel reformer is installed after the IC eoginseining

heat and oxygen from exhaust gases. The primary reason for the leading installation is to
provide syngas from the reformer to the downstream catalysts. This type of reforming is called
exhaust gas reforming, where high reformate quality is not requimsever, he reformer's
average conversion was more than 80% for a 650 kgiir mass flow rat€Armanini and
McCarthy, 2010)

— Diesel 7
Fuel pul——— e Controllr
Doser A Fuel Pressure =

Control & Shut-off = 7_7 = Module

Reformel

Pipe/mixer
assembly

Sensors

Reformer LNT DPF SCR

Figure3-2: a) Exhaust treatment system for a Troéformer section is 760 mm long)
(Wetzel, Mccarthy and Griffin, 201®) exhaust gas reformir{@shuret al, 2007)
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For a similar study, a cylindrical (101.3 n#n 300 mm) reformer is used to provide syngas
for a combined catalyst package systéfgire 3-2a). The system includes FR followed by
LNT, DPF and lastly, an SCR cataly8Vetzel, Mccarthy and Griffin, 2010)

Similarly, an annular exhaust gas fuel reformer around a TWC catalyst isftestieghsoline

engine cafFigure3-2b). The annular part receives-20% of the exhaust gas, containing heat

and water vapour. The engine operated at a 1.1 air to fuel ratio, and the exhaust gas temperature
reached 623 K. The hydrogen yield produced was more than 9 per cent by yakheet

al., 2007)

3.5 Primarycatalystdesignparameters
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n 86 +4
[ Thermal mass r Temperaturg 75K
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Figure3-3: Limiting factors for catalyst efficiency for a heterogenecaislyst a) general
catalyst efficiency trend vs temperature, b) HC conversion efficiency of a catalyst vs catalyst
diameter, c) pressure drop across catalyst vs catalyst diameter at constant volume, d) the mass

transfer coefficient vsycht variouscpsi(Marshet al, 2001)
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Various parameters should be considered to design a catalyst. The importance of these
parameters variegccording to the application. For instande;an be the lighoff time for a
threeway catalystas most (80%) of the HC emission occurs at the cold @ftshet al,

2001) Whereas for @ industrial fuel reformer, efficiency overshadows the ligift
performanceOverall the important parameters for a catalyst are; flow uniformity,-6éht

time, pressure drop, and residertitne.
3.5.1 General catalyst design factors

Several factors affect these parameters, such as cell density, catalyst size, substrate thickness,
hydraulic diameter, andther general parametef©m Ariara Guhan, Arthanareeswaren and
Varadaajan, 2015 Matrtin et al, 198) (Marshet al, 2001)(hydraulic diameter = cell cross

Figure 3-4: A simple illustration of reactants concentrat{oed)at the a) inlet and b) the

section area/cell perimeter).

b

outletof a channel

3.5.1.1 Catalyst reactions regimes

At the start of the reaction, the catalyst efficiency is governed hyichekinetics and pore

diffusion (Figure 3-3a). The easier it for reactants to diffuse through washcoat layers to
adsorb/desorb at the catalyst site, the higher isdluestart efficiency. Then comes heat energy

which is essential for any endothermic reaction. It takes some time for a catalyst to heat up as
every material has some specific heat capatity.e r eact ant s mass trans

controls he eaction rateat the higher end of reaction temperature.

Theconcentration of reactantiecreases along tithannelength, especiallpear the catalyst
(placed at the walljlue to continuous product formation. Laminar flow is another retdwsan

makes redaants reluctant to diffusieom the centre to the channel wafigure 3-4b).
3.5.1.2 Mass transfer coefficient

The mass transfer coefficiela b ——. D is the binary diffusion coefficientShis the

Sherwood numbeandds is the channel hydraulic diameter. The Sherwood number depends

on the Reynold number(Re) which means the mass transfer coefficient increases with
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velocity. The reasoffor this increasecan be turbulence which is dominant at hgpeed
Increasing the catalyst diameter will decrebsas fluid velocity slows down for eonstant

mass flow rat€Marshet al., 2001)

3.5.1.3 Catalyst diameter

There is a optimum valuafter whichchanginghe catalyst diametelecreasgthe efficiency.
Figure3-3b shows that catalyst has maximum efficiency at around a diameter of 70hism.
fall in performanceas due to several factgrsuch ah r e d u c thelawsspea/fiow for
higher diameterDecreasing ibelow 70 mmreduces reactants residence time in the channel,
so the efficiencyalls. The mass flow ratand thecatalyst lengtrare constanfMarshet al,
2001)

3.5.1.4 Cell density

At constant catalyst volumihe possibility to further increase the efficiency isngdifying
the geometrysuch as increasing cell denswhich increases geometric surface afemure
3-3d). Increasing cell density alstecreasethe hydraulic diameteand in returpb increases.
The pressure drop increases with cell density falls with the catalyst diameter. It is an
essentiaparameter agressure drop consumes enefigyn the fluid flow (Figure3-3c). These

are somaeneral characteristics of a catalfigarshet al, 2001)

The int to be noteds that it is ageneratrend. For instare; in one studywhen the hydraulic
diameterreducedo 361 um from 1065um for the methaneteforming, the reactor efficiency
decreasedy 14 % Though theb increasesthe efficiency reduces because the thermal

conductivity decreases duehimhercell density(Sanzet al., 2016)
3.5.2 Flow uniformity effects

The flow uniformity allowsmoreuseof catalystvolumefor the chemical reaction. It helps to
achieve higher conversion efficiency, lower pressure ,degserflow lossesand uniform
temperatue distribution(Morton, Hall and Radavich, 2013flow uniformity is crucial for
even fuel distribution in FR catalgstGenerally, it is defined as the difference between local
velocity in a single channel and tlagerage velocity of gas in the catalyst crosection

(Wetzel, Mccarthy and Griffin, 2010Dverallflow uniformity formula s:
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Equation3-3: Flow uniformity parameter, adopted BNVetzel, Mccarthy and Griffin, 2010)

Herev; velocity in cell i,vaigaverage velocity in particular cressction A cell areaAwtal area

of thatspecificcrosssection

3.5.2.1 Improved mixing

When Iquid hydiocarbonsare usedthesemust be vaposed andmixed to create a uniform
exhaust gas/hydrocarbon vapanixture for the onboardfuel reforming catlyst to ensure
proper operation. The temperatureeghaust gagaporses the hydrocarbowhereaghemass

flow rate helpsfluid mixing. Therefore each engine working condition has its effect on gas
mixture vaporgation and mixing. In additigpmechanicamixerssuch as mixing tab@igure
3-5b) or baffles can aith mixing gas/fuel mixture at the expensehigher backpressure

Reforming
N Catalyst
Mixer 1 Low Velocity
Region

Mixer 2 \LL‘

Figure3-5: a) Eaton exhaust line with FR b) flow stall region even after installing mechanical
mixers (Wetzel, Mccarthy and Griffin, 2010)

3.5.2.2 Uniform temperature distribution

Flow nonuniformity can lead to localised overheating at specific parts of the catalyst
Overheating can cause failudee to thermal stresses. It atkegradsthe catalyst performance

by favouring unwanted reactisiat a differenttemperaturehan the suitable temperature for
the desired reactionHence, catalyst geometry is carefully designed to msanflow

nonuniformity(Sigurdsson and Keer, 2012)

Similar results are shown Windmannet al (Windmannet al, 2003. A uni form f | ow
1) at the inlet causes a steady temperature rise and high conversion of pollutants for a circular
threeway catalyst simulatian The test shows that uniform floweldys the lightoff
temperature by two seconds. However, after the-bfhtuniform inlet conditions enable the

catalyst to have a higher conversion efficiency.
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Figure3-6: Dueto nontuniform flow at the inlet, the neaniform a) emperatureontoursat
the outlet of the monolith 49 afterstartup b) temperature profiles along axial coimate for
the regions 1, 2 & BWindmannet al,, 2003)

The main reasorfor the inefficiencyis the noruniform temperature distribution inside the
catalyst Figure3-6a and b)The nonuniform flow condition leads to early liglaff, but it fails

to utilise the entire catalyst volumEence, it cannot achieve higher efficien@is uneven
distribution alsocauses hotspotshich compromigsthe catalyst durability. Moreover, if a
nitrous adsorbing catalyst comes aftez threeway catalystLNT will lose absorbed nitrous
oxide due tancominghigh-temperature flofWetzel, Mccarthy and Griffin, 2010)

3.5.2.3 High catalyst efficiency

Figure3-7 shows flowuniformity effects for a vehicle's DOC. A 1600 cc engine is operating
according to NEDC and for different uniformity indexes. Cumulative HC emissions are
recorded from the car exhaust. It is visible that flow uniformity does not improve emissions at
the old start. However, the effect of uniform flow appears near 200 s. Higher HC conversion
efficiency is achievabléor highero valuesby the DOC(Martin et al, 1998)
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Figure3-7: Cumulative HCemissionsduring NEDC (Freshcatalysj (Martin et al., 1998)

3.5.3 Methods to improve flow uniformity

Overall, flow nonuniformity can lead to hot spots, hydrocarbon slip, higher pressure drop, flow
reversal, and neaniform flow distribution. This maldistribution means some channels are
receiving excessive flow, and some are starving. Flow uniformity dispaponexhaust
manifold inletdesign cone design, substrate dimensi@shapeand configuratiorof the

exhaust line. Modification ahe monolith front shapalso increases flow uniformity.

3.5.3.1 Monolith shape

In an experimental study, differeinontalforms like conical and sphericaite testetb evaluate
this parameterThe sphericabr the domeshaped (Contua) turns out to be mosisefulto
increase flow uniformity and reduce pressure drop compared to the standard n{Brgnlith
3-9). The flow simulation shows thatdm low to high Re, the uniformity index fostandard
substrate decreasts51.5from 66.9 compared to 72.1 fro@l.2 (percentage) for the dome
substate(Wollin and Benjamin, 1999)

The dome monolith utilises sommortion of the diffuser voluman comparison withthe
standard monolithbut overall volume is kept constant for compari@éigure3-8). The author
states thatthe flow distributes due tilve shap@ndnot because dhe elongatecchanneht the

domeds middl e part
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However, heat loss and ligbff performance are not invegéitedof the body, which is also
important As flow is directed outward ithe dome monolith, more heat flows to the container

wall and then to the surroundings, especially at the stald(\Wollin and Benjamin, 1999)

7 e
AN S

Figure3-8: a) the standard monolith b) the desteped (Contufa) monolith (Wollin and
Benjamin, 1999)

P -
AN =

Figure3-9: Predictedparticlespathlines for a) the standard monolith and b) the dehaped

monolith

3.5.3.2 Variable cell density

A varying cell density monolith is used to distribute the flow to the catalyst's entire cross
section uniformly Compared to a conventional 460si monolith, a new monolith design is
proposed. This new monolith has the same amount of catdlystver, the centre regios

600 cpsjandthe surrounding structure is 400 cpEhe surface area of the higher cell density
channels is the same as theface area of outer region channels, which determines the diameter
ratio. The simulation shows that the fluid flows spread more evenly in the radial diréantion

the variable cell design. The small hydraulic diameter of the central region can basie re

for this uniformity as flow slows down there compared to adjacent channels.
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Figure3-10: a) Variable cell density where inner monolith has 600, go&l outer monolith
has 400 cpsi (Volume 700 cc), b) a conventional monolith with 400 cpsi (volume 900 cc)
(Yoshidaet al,, 2017)

The new monolith is tested for DOC abNT catalyss. Thesimple amendment shows that
compared to the conventional catalyst, the news design can treat aflogheate Eigure
3-11a) and givebetterlight-off performance by 10 KFigure3-11b). Thus the new monolith
can be installed for a bigger engibet with a smaller volume anagtill performbetter at the

cold start.This model was adopted in actual vehicles by Toyota in 0d@shidaet al, 2017)

50 T New monolith 100
45 1 @ Conventional monolith o0 £ b
40 1 80
FO
35 + £ 70 £ ¥
Q.
30 42 60 £ &
S 2
25 1@ 50 £ 9
L é c
20710 40 1 8
O o>< .
51T 301> New monolith
10 4 20 Conventional monolit
5+ . 10
ol Air intake g/s 0 Temperature K
0 10 20 30 40 550 575 600 625 650 675

Figure3-11. a)HC emission vs engine air intakeg) b) NOx conversion vs catalyst
temperaturdtes) (Yoshidaet al, 2017)

3.5.3.3 Changing porous material profies

A wire mesh catalyst is used as another unique ddsigthe combined heat and power
reformer unit in a catalytic plate type heat exchanger (CPHE) configurbtguré¢3-12). Flow
nonuniformity is measured by the standard deviation (SD). A higberlue stands for higher
nonuniformity. The research shows that the low friction coefficient (case 1) of wire mesh shows

higher nonuniformity than case 2 when the foctcoefficient is higherTable 3-4). As flow
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increases from 1610 to 6420 Re, @B increases from 67 to 133% for case 1, and for the

similar flow rate range of case i2 grows from 8 to 30%Higure3-13b).

Higher inlet velocity causes local depression and reduces the pressaeemanifold This
pressure drogauses the flow toeturnto the manifoldfrom the top channelgFigure 3-12).
However, increasing th&ire mesh friction in top channglsase 2) prevents this flow reversal
but permitsa low mass flow rate than beforEhe low mass flow rate is advantageoushas
auhors report thaat full loadfor case 1the last channel receives four times less average mass

flow than the top one.

This trend suggests that a restriction increases the flow uniformity but at the cost of pressure
drop. For example, 84850 Re, the pssure drop for case 1 is 152 Pa, whereas 248 Pa is
observed for case Figure3-13a) (Sigurdsson and Kaer, 2012)

manifold

AN

& e &« 2 <«

©

Vb

Figure3-12: A rough side view description of a 60 channel CPHE reformer. Inlet manifold

(blue), catalytic wire mesh channels (crd&igurdsson and Keaer, 2012)

Table3-4: Ky andK: are Inear and quadratic combined conssdat pressure dropysis the

superficial velocityL is channel length(Sigurdsson and Keer, 2012)

K1 K> Pressure drop per length
Casel 959 75.2 Yoo .. ..
5 VL ub

Case2 @ 6870 4730
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Figure3-13: a) B and b) SD of case 1 and case 2 v§{&gurdsson and Keer, 2012)

3.5.4 Pressur@rop

Pressure drogPp) is the pressure logsr energyloss in afluid flow. The gessure is lost in
catalyst channels by substrate frictionfluid viscosity and sudden channel

expansion/contraction.

3.5.4.1 Average velocity effects

Overall pressure drop in catalyst channels is given by

Yo Y0 Y0 Y0
0 8 Q0 (q)
0 6 (b)
0 60 0 ©)

Equation3-4: Some correlation for pressure drdpiller-haas and Rice, 2@), fis the

expansion/contraction factor

All these equatiosiimply that pressure drop is dependenttioe local velocity of acatalyst
channel. Hencehe pressure drop will be a minimum in a uniform flow distribueisreven
flow distribution meangqualvelocity in each channdEquation3-4a and c also depend on the
area available for fluid flow. @ldenchange ircrosssectional areat themonolithinlet and

outet causes pressure loss. The contraction and expansion factors are measured
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experimentally Otherwise, a good approximation isOFA2. OFA depads on cell density,
wall and washcoahickness.
YO & "0 ooniQd i COE o & Q

YE OA@ i €ii @w OCEKIED) O WE Q

Equation3-5: OFA is the open frontal aréMuller-haas and Rice, 2006)

3.5.4.2 Hydraulic diameter effects

Equation3-4b describes the pressure dnggsulting fromfriction between gas and substrate
surface Metallic substrates faa typical DOC have #il thicknessof 50 mwhereaseramic
productshave a wall thickness up t@20 & m This wall thickness reduction for metal foil
increases the OFA (varies from-B0%) and hydraulic diametdn return, the pressure drop
due to friction reduces, but the mass transfer coefficisaidecreasesMoreover it is easier
for the ceramic substrate to achieve higher cell density than the metallic monolith.

Due to fear of pollutasiplugging the catalys#t00 cpsior lower cell density is usualpdopted
Monolithic catalyst substrates are made of ceramics or meéatamic substrates
(honeycombs) usuallyave square cell profiles/hile most metallic substratese sinusoidal
in form (Muller-haas and Rice, 2006)

3.5.4.3 Cell shape effects

Cell shapes also affect the pressure dspgh adriangular,hexagonaltrapezoidaland so

forthh. The pressure |l oss is calculated wusing Dar
square cell shapd&quation3-6). The catalyst is cylinder havinga diameter and length of

100 mm for all the cell shapes. The wall thickness and cell density are varied to calculate the
pressure drop at different veloeisi. Figure3-15 shows sme of the results of this study. The

study shows that a square ceilltline offers a minimum pressure drdpr increasing cell
density.The fricion factor isminimum for the triangular shape, but its hydraulic diameter is

the lowestwhich increase®riction (Enomoto, 2006)

g

Figure3-14: Cell shapes used for pressure drop calculgimomoto, 2006)
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Table3-5: Properties of cell shapéSnomoto, 2006)

Cell shape dn Dc
Circle a 64
Square a 57

Triangle (3°%3)a 53
n n  ©OO0A "0jg

Equation3-6: Equation used to calcula®e. Dc is darcy friction coefficientL is length, and
is the velocity(Enomoto, 2006)
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Figure3-15: Pp vscpsiof various cell shapgsvall thicknes€.051 mm (Enomoto, 2006)

Since the 180s, ICI (Imperial Chemical Industries) Billingham was using ring type pallets for
its reforming catalyst until 1980 when a fdwle shaped catalyst was launch&dl{e 3-6).

Then came the Quardraldbepallet (2001), which offers a 20% improved catalytic activity
with better heat transfer and lower pressure drop than theh&der Next, the Catacel
Corporationintroduced CATACELw, another innovative design (owned lmhdison Matthey
now). The fins of this model are coated with nickel catalyst for the reforming reaction.
Compared to pallets, the tube fill€AATACEL;wm offers way higher yield, lowegressure drop

and higher heat transf@vlurkin and Brightling, 2016)
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Table3-6: Different catalystell/channel shape or a pal{®urkin and Brightling, 2016)

Cross-section . o e % *

Form Cube | Cylinder Cylinder  Cylinder | Cylinder+foll
Shape Square = Ring @ 4-hole  QuadralobE | CATACELjm
Type Cell Pallet Pallet Pallet Channel
Relative activity 1.0 1.3 1.6 2.0 3.0
Relative pressure drop 1.0 0.5 0.6 0.4 0.3

The pressure drop requirgamping workto recover the fluid kinetic energy. It can be
minimised but cannot be eliminatesb optimisedcell, monolith, and inlet cone desigme

essentiafactors.
3.5.5 Light-off temperature

The catalyst lighbff may not beascrucial for an industrial reformeibut it does matter for
onboard fuel reforming for fuecells andHCCI combustion It is defined aghe minimum
temperature necessary to initiate the catahgaction.The initiationtemperatures the value
at which50% of reactants convert to produg¢igure3-16a).

For a closecoupled catalyst (CCQpr HC emission, lighoff performance is tested for 600/4,
900/2 and 1200/thonoliths(A, B and C respectively) The first number represents cpsi, and
the second signifies substrate thickndsstly catalyst light off means faster conversion of
reactants to products amainor fuel penaltyto warm it up. Manufacturinfeaturedlike cell
density, wall thickness and waat layers all affect catalyst light oHowever, to evaluate
the CCC lightoff performance,three factors are tested independentiyermal mass, heat

transfer,and mass transfer.

Under the test conditionthe mass transfer effeappears to bthe mast dominant factor in
catalyst activation. The geometric surface area and the mass transfer coefficient increase due

to higher cell density.

The study showthat thermal mass behavidor B monolithis the bestThe high performance
is due togreater GSAhanA monolith On the other hand, tl@monolithis better than A but
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equivalent toB due toits morethermal mass, which overwhelrise higher GSA advantage
(Figure3-16b). Overall a95% efficiency is achieved by model: Cin11s,Bin12s,and A
18 s(Watling and Cox, 2014)

100 + 100 -+
3 [ >
[ © a 871§ b
e e
o015 a8
2 %1 G
L © B C_G
60 1 g 92 + &
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Figure3-16: a) Catalyst lightoff temperature blPredictedbverallcontribution to the
improvement in pos€CC HCemission with substrate 600£00/2 or 120 (Watling and
Cox, 2014)

3.5.6 Residence time

The residence times the time spent by the fluid in the reactor to form the produdts. T
definitionincludesthetime for; a chemical reactioto occur porediffusion of moleculesand
traveling from the inlet taheoutlet. A chemical reaction time varies for every reaction where
bond breaking occurs in picosecondsd reactants separation from the catalyst occurs from
microseconds to minutes. The pore diffusialso has a variable timesuch as from
microseconds to minute$he durationdepends upon the catalyst shape, particleslipas,

carrier thickness, washabporosity, and so forth. So overdlhe residence time varies from
microseconds to minutes and can reach infinity if reactants permanently adhere to the catalyst

site in the form of unwanted produ¢tsChorkendorff, 2007)

3.5.6.1 lts dfects on efficiency

A shell and tubeonfigurationfor a methane steam reformsfrowsthat decreasing the reactant
flow rate t00.067 m¥min from 0.074 m*min (S/C is constant)ncreaseshe efficiency
Therefore, lgdrogen concentration increases by 4.6%, CO concentration increases by 0.74%

and the average temperatuises 20 K more (Yun et al, 2018) Furthermore, dr an
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autothermal reformer installed in a large vehicle, a stidyws that reactants' short residence

time leads to &igher unreacted fuel amount at the reformer o(ileang and Chan, 20Q4)

3.5.6.2 Improving it by a longer flow path

In another experiment, the hot gases oREdse passed around the catalyst in one loop instead
of uni-directionallypassing over it. The heat transfer from hot gases teetbemerwall thus
increases. ThitubereversalFigure3-17) saves 50% energy to operate the system during the
reformer starup. Another advantage of such configuration is that reformer operation is less
affected by the pulsating engine flow. Additadly, the exhaust gadias already transferred
heatto the reformersaving work for the EGR cooler or the radiatdihereforeit maintains
thevolumetric efficiencydue to coldeEGR (Zheng and Asad, 2007)

Mechanical devices like flow guidesn increase the mean path of the fluid alarigngth
(Figure 3-18). For a methanol steam reformer, baffles are used in the shell to indrease
residence time anldeat transfer between oil and tubas.aresult, nethanol and steam react
inside the catalytic tubes by absorbimgre heat from the oil (Sahlin, Andreasen and Keer,
2015)

P ——
Reformer

Figure3-17: Loop of the EGR pipe around tleatalyst(Zheng and Asad, 2007)

Oil in

Methanol |\ | ... S b H rich
+H20 5 5 5 5 5 5 5 5 : : : : gas

Oil out t

Figure3-18: Oil heated methanol steam reforng®ahlin, Andreasen and Keer, 2015)
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3.5.7 A short review of catalyst parameters

In conclusion a catalyst should integrate methods to embrace thaseparameters such as

flow uniformity, minimum pressure drop, higresidence time and quick catalyst ligift.

These parameters depend on several factors such as wall thickness, cell height, monolith shape,
metal foamproperties, to name a fewhese factors, however, may oppose each pittech

means armptimised saltion is required.

For instancehigher cell density constitutes more thermal mass, more surface area and lower
hydraulic diameter. ineansatalyst lightoff delaysdue to highthermal mas<On the contrary,

lower hydraulic diameter and high@SAresult in higher heat and mass transfer from bulk gas

to the catalyst, reducing the ligbff time. However, both low gland high GSA can increase

the pressure dropé€ction3.5).

The objective ighat neither catalyst nor cell shape would change, so catalyst diameter and cell
density will remain the same. Howevarprotrusion can provide the same benefits to mimic a
higher cell density or low cell height near ttetalyst(Emitec designs isection2.8.3. This
additionwill increase mainly the mass transfer coefficier. That is the reason why channel

height has shown pitiwe effects on efficiency isection2.8.1

Insertingmetal foamin the channel caalsoact as a flow guideModifying its propertiegan
control the amount and direction of flow in a particular channel to increasenesitme.
Moreover,metal foamcan aid to attaiflow uniformity in a multichannel configuratignas
shown in sectior8.5.3.3 In this way, the whole catalyst volume is utilisedhd reformer

efficiency increases

In summarymetal foamas aprotrusionwill change channel heighoreover,it can allow
fluid mixing within a single channehs a mechanical mixerSimilarly, by changing its
propertiesmetal foamwith perforations can act as a flow guide inter-channel mass flowo

attain flow uniformity and higher residence time.
3.6 Proposed dsigns in this study

For a heterogeneous catstl heat transfer and fluidixing hold a crucial role in the catalytic
reaction. Nonetheless, mass transfer from the bulk fluid to the catalystthigdimiting factor
at the high end of the reaction ca@hs.
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3.6.1 Metal foam as heat enhancement medfamxer)

Metal foam is a highly porous metal structure that can offgallationflexibility. In addition,
its porous structurprovides a large ratio of hetinsfer area to volume or weigtts fibres
disturb the boundary layer and promote mixing. The same metal struts also transfer heat to the
ertire structurgBianchiet al, 2012) This heaenhancement afetal foamis helpful for fuel

reformes working everatlow opeaating temperature

3.6.1.1 Metal foambetween concurrent shells

A study utiliseshot reformatéheat from an autothermal reaction region to fetsamfor the
SMR stageThis steam is then fed to teeeam reformer inlet with methanerasctans. For
such concentric shgjl water passeghrough the annulavoid between two shellgFigure
3-19a). The authors argue thatmetallic structure like a wire mtesr metal foam should fill
the gap to enhance the heat transfer from the reformate shell to the Agateresult, lie
pressure drop will bslightly higherdue tothe structure's high porositlgut heat anser will

beway higherthanthe clear configration (Peterset al, 2018)

3.6.1.2 Metal foamaround tubes in a shell

For a similar shell and tube structure, Yetral suggest adding inert granulesg3nm) only

at the inlet parof reactants (or the exit part of the hot gases) improves reformer efficiency.
Adding the granules at the reformate exit of (or the inlet part of hot gases) reduces the overall
efficiency, as the granules absorb unnecessary heat from the hot gasedeshardufitted
(Figure3-19b, blug in ashell of hot gasseReactants flow in the tubes, extracting heat from

the hot gasses in a counter flow configuration. Theasthlso suggest adding a doughnut
baffle around the tubes to enhance the heat transfer from hot gases to theGéupipésil,

2018) Replacing metal foam with baffles would be an interesting investigation.

out CH,+Steam

RCEENS] S Inert
Reformate Hot gases Granules

Steam Out

Figure3-19: a) Inconcentricshells reformate and steam are passing ro-currentdirection
(Peterset al, 2018) b) in a shell and tube structureactant§steam+methanegnd hot gases

arerunningin a counter flow directiofYun et al, 2018)
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3.6.1.3 Metal foamin tubes

In another experimental study, a highly porous metal foam is inserted in the catalytic channel
to increase the heat transiara packed bed reactor between the fluid and catalyst pallets
(Figure 3-20). The channel has a cylindrical shape of 28 mm in diameter. Helium (He) and
nitrogen (N) are the fluigs, whereag=eCRAIY and Al 6101 alloys metal foams are used. After
inserting the metal foam (bare foam), the channel is then filled witbsApheres of diameter

0.3 mm (packed foam)Packing the channel with onlglumina pallets is a packed bed
configuration. These inert spheres will resulviscouslosses and heat transfer but offer no
chemical reactior-However, thermal conductivitgffectsthe heat transfewhichis 16 W/mK

for the iron alloy whereas it is 218 W/mK for the aluminium alloy

'BARE FOAM.*:

A
\

Figure3-20: From the left, the cylinder with openetal foammetal foamplus alumina

sphericapallets, a close shot of alumina sphdkésconti, Groppi and Tronconi, 2016)
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Figure3-21. Heat transfer coefficient afpen/bare foagropen foam plus alumina pallets
(packed foam)and cylinder filled with only aluminpallets only(packed bed)Visconti,
Groppi and Tronconi, 2016)
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The effective heat conduction occurs through pallets' bayr{dphere, cylinder, etc.) and the
metal foam structure. Conduction througtetal foamincreases radial heat transfer and is
independent of fluid flow. The former directly depends on the fluid velocity, raising the overall
heat transfer coefficient witthé flow rate Figure 3-21) (Visconti, Groppi and Tronconi,
2016)

Several other approaches ammpared to packed bed and honeycomb mondiitiue 3-22)
(Schwiegeret al, 2016) Their advantages and disadvantages are summariseble3-7
(Busse, Freund and Schwieger, 2018)

-

Figure3-22: Starting from the left, packed bed reactor, honeycomb monolith, open metal

foam, open cellular structei{Schwiegeet al, 2016)(Busse, Freund and Schwieger, 2018)

Table3-7: A summary of catalyst technology and its pros and (Buasse, Freund and
Schwieger, 2018)

Opencellular
Packed bed Honeycomb Open foam
structure
State mature mature developing research
Radial mass transfer high none high high
Radial heat transfer low high high high
Pressure drop high low low low
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3.6.2 Metal foam agrotrusionand passive channeiedium

Following the literature review and experimental study, this study presents a few innovative
designs. These desigase not increasing the catalyst quantity and overall dimensions

All models consist
A W@ of a single channel

E

1

L

Figure3-23: Models proposed in this study wigothermalchannel walls (red)netal foam

(black maze) andatalyst (green) at various positigisee Appendix D for all designs)

[ ] Five
L Outlet
Inlet I channels

y

Figure3-24. Metal foam (blue boxes) as arter-channeimass and heat transfer medi(see

Appendix D for all designs)

The first seriesf singlechannel design@-igure3-23) increasgroductivity due to better mass

and heat transfer between the catalyst and the fluid. The heat transfer occurs from the walls to
the catalyst through fluid and metal foahte metalfoam protrusionshould push the fluid to

the clear region despite high porositcreasing théocal reactant concentratioasdb. Hence,

this experiment can help to narrow down an optimum protrusion hé&igatcatalyst in these
settings will be continous. Later, its segmentation is incorporatedthin a fixed length by

employing top and bottomrotrusions

a b c d

Figure3-25: Simple description of fluid mixing betweathannel b) witltop channel c)

with top and bottom channels d) with all adjacent channels compared to a) standard
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The second suggested desigiig(re 3-24) offers inter-channel(5 chanmels) mass and heat
transfer by allowing passive flothiroughmetal foanflow guides Its usageas a flow guide is

possible by changing theetal foandimensions, properties and porosity direction.

The study will then compare the performancenetal foamplus perforation configuration to
holes only pattern. Later, this desigiil be tested for transient analysis. This test can highlight
the variable evolution with time. Next, this desigill be extended for a 3D model to
emphasise the importance of masmsfer from one channel to the entire catalyst volume
(Figure3-25d).

Hence, this study will test designs wharetal foancan act as mechanical mixemprotrusion,

and medium for passive flogflow guide)

Figure3-26: Copper (left) and nickel foams (middle) with different magnificati(@ettaret
al., 2015) and sketch used in this study to illustrate metal fGaght)

3.7 Chapter 3 summary

A reference model of DKyaw Lin is chosen for this study. It is a 2D rectangular channel for
modelling methane steam reforminig. addition, sme suggestionBy other authorsuch as

Pajak and Iranfior boundary conditions ansidered for the simulation

Several parameters ate be taken care of in designing a catalygstch as lighoff, flow
uniformity, pressure drogesidence time, etdMoreover, actors like cell density, catalyst
diameter and length, cell shape, wall thickness, and substrate thickness affecttheters

above

Flow uniformity is necessary farniform mass and heat distribution, increasing thealgat
efficiency and durability. Variable cell density, pressdrep, andfrontal catalysshape can
control this parameter. Any catalyst will requareninimum pressurdrop as it extrastenergy
from the fluid. Fluid velocity, ®ll6 shape, cpsichanrel length and diameteigovern the
pressurarop. For a quick catalyst functioning, an early lgfitis necessary. The lighuff is

ahighly materialdependent property. After thatall thicknesscell density crosssection and
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washcoathickness rulé. The residence time varies from microsecond to minutes for a reactor.

The goal is to raise it without extending the reactor length.

Changing the channel height without increasing the cell density is an innovative solution. Any
obstruction likesolid or metal foanprotrusioncan change it, which increase chemical activity.
Thus it offers a similar solution like higher cell density but with lower pressure drop. Allowing
the cross channel flow permits heat and mass transfer to neighbouring sharambting

greater reactivity, uniformity, higher residentme and lower pressure dr@figure2-24).
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4 Model validation

This chapter moves around the validation of the reference ddSigh. mesh sensitivity
analysis is performed, and theame input parameters are adjusted for a good quality match.
Next, A factor F1 is proposed to fill the quantitative g#fter analyshg the reactor
performance, the factor need arid®s putting each rate equation term as an exact input
boundary condition. Later, the evaluation of the rate equation terms and thdingamn
contribution conclude that F1 is a net contribution valuematgng from each term of the rate

equation.
4.1 Mesh sensitivity

By incorporating all the assumpti®backed byariouspapergsection3.2), the SMR reaction
is simulded usingthe software Firstly, geometry and meséregenerated using ICENIS8.1,
and therthereaction is simulated using CF28.1 More details are given in Appendix A and
B. Plots for reaction rate, average hydrogen mass fraction and temperattwenpegedvith

the(LIN et al, 2012)paper simulation.

NN

QD
FHOTITITH

10 mm 3 - - 10 mm

20 mm

§
|

10 mm 10 mm 20 mm

Figure4-1: a)theICEM geometryand interfaces bound the small domains (boXed)

mode| 42 total domainy b) BO model witlthreedomairs

The geometrynadeis 40x 3.1 x 1 mmi (length, height and widthThe front and back surfaces
are symmetrical to make the geometry a 2D doniEne length is sufficienso that all the
variables haveonstantxial gradientsieartheoutlet The catalyst is placed from 10 to 20 mm.
However, he profiles are plotted frof to 25 mm but dubbed as 0 to 20 mm for consistency
with the paperSome different models need more domains in the resesoeh42 domains

model ismade(B1).
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Figure4-2: Difference between averaggdragenprofile betweerB1 andB0O domains

geometry

Every domainhas a boundaryand it can exchange mass or energy with the surrounding
domains depending on the interface between them. Both geometries are tested under the same
conditions (BO and B1, B meabhasc mode). The error between the hydrogen mass foacti

at the outlet is negligible. Fdaterplots t he daveraged prefix befor
removed, and all the mass fractions are average mass fractions unless they are local values at a
surface Contours values are generally local values of variablesiperature and rate profiles

are extacted at the channel's lower wall, and average values are calculated at discrete numbers

of the channel'scrossect i on, so Oc Hoathexexis | engt hé i s wuse

The Figure4-2) hydrogen profiles show th#te hydrogen production for B1 and BO models
arethe samethroughout the lengthAll other profiles and contours of B1 and BO match with

the same accuracy.
4.1.1 Finemesh

The mesh quality for the model is 1,@hd atotal of 34902hexahedralements are useat
the surfaceThe mesh near the wall and boundary transition is refindteteast value of 1E
5. A growthratio of 1.2 is usedwhich meanghe next elementeightis 1.2 tines the first

element and so on. Thtype of mesh is called hypeil in the software.

71



m

Figure4-3: a) Thehyperboic mesh useth this study(34902 elementd)) mesh generated by
settingtwice edge elements for mesh sensitiatyalysig(B0) (2 x 34902 elements)
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Figure4-4: Mesh sensitivity analysi®r H, mf profiles

Table4-1: Difference between various quantities using differaash sizeand number of

domains
Quantity Bl BO BO 2x(fine)
Tmin 69535K 695.37K 695.36K
H2 avgmax 3.539e03 3.538e03 3.538e03
CHaavgmin 6.061e02 6.061e02 6.062e02
H20avg,nin 2.795e01 2.795e01 2.795e01
COavg,max 1.639e02 1.639e02 1.639e02
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All the RMS (root mean squared) residuals met the convergence criteriecBoHIdvever, the
energy residual remains below -bEbut above 18, which is also sufficient. More details

about mesh quality and convergence are in Appendix A and C.

The end difference between the chosen mesh size and double of it is insignificant. Overall, both

profiles match well with each other.
4.1.2 Coarser mesh

Two new mesh are generated to fmdsh dependency for coarser meshath a convergence

limit set the same asefore One mesh is generated using the refinement at the boundaries
(hyperboic mesh) and the second adopted mesimtainsnearly similar size cellguniform

mesl) throughout the domain. Both meshes are coarser than baftyal of 9600elements

are used for the coarse meshes.

_
m

Figure4-5: a) hyperboic coarseb) uniform coarse megiB0)

After the secondignificant value between results, a differesbews that the mesh will not
cause issues and is sufficieBb B1 model with fine hyperbolic meshused as a standard
designfor all the other models in this studpless specified.

Table4-2: Difference between various quantities values using fine and coarserste3h

Quantity BO BO hyperbolic coarse BO uniform coarse
Tmin 695.37K 695.27K 695.28K

H2 avg,max 3.538e03 3.548e03 3.556e03

CHaavg,min 6.061e02 6.059e02 6.057e02

H20avg,nin 2.795e01 2.794e01 2.794e01

COavg,max 1.639e02 1.643e02 1.647e02
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4.2 Basecase
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Figure4-6Compari son between this study and Lino:
methaneand d) hydrogefB1 model)

The next step is to compare each parameter mentioned in Lin paper to this study results. The

obtained resul ts diagnituderonhff. r om Linds results i

The profiles for temperature, rate, and methane and hydrogen mass fractions are reported in
Figure4-6. The discrepancy between all the profiles is ovatwing, i.e. more than fifty per
cent. Thanf profiles for water and carbon monoxide are not stated as the reaction is conserved.

So simpleone reactant (CHl and one product (Bl profiles are reported.
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Figure4-7: a, c, e) CH, H2 and temperature contou81 mode] default D, b, d, f)Lin et al.
CHs, H2 and temperature contours

Next, contours for temperaturmethane and hydrogen mass fractions are compared.
4.2.1 Diffusion coefficient

The contours show that there is a qualitative maittbwever, acloser look reveals that
parameters i i n 6 s @ mdreomidespread. For instanc#je local methane mass
fraction is more prevalent from catalystttee entire domain lflue is more dominant). This
prevalencean be due ta higher value of diffusionThe samelogic appliesto hydrogen and
temperature contou(gigure4-7).

The diffusion coefficient (D) valués variable and for the temperature rangeHigure 4-7e,

the difusion coefficient varies from 6:8.2 E-5 m?s!. A constant value of diffusion
coefficient is used until there issaitable match between contours, qualitatively. A constant
value of 10.3&-5 for D is reasonabl¢o givecomparableontourdike the pger.The results

look like thefollowing.
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Figure4-8: a, c, e) CH, H2 and temperature contoussth constanD value 10.3&-5 (B1

model) b, d, f)Lin et al CHs4, H2 andtemperature contours

The difference between variables values for def&udjure4-7) and constant DRigure 4-8)
is evident. After setting a constant D value, the parameters diffuse more in the .déonain
instance, the maximum hydrogen mass fraction for the dédasl0.00462, andonstait D is

0.00434.

Thetemperature and othprofiles (Figure4-9) for constan{black)and default Dmatch each
other. Though mass fraction ones nearly overlap at the end of the catalyst (15 mm), it seems
due to he higher diffusion value, the mass fraction profiles for confastart a little earlier.

This trend is noticeable as black lines are leading dotted lines for both mass fractions.
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Figure4-9 Comparison of profiles with constant and default value of D for a) temperature b)

rate c) methane and d) hydrog@&1 model)

4.2.2 ldeal Gas vs Real Gas

As a next step, the ideal gas library is selected for the SMR reaction, from materials, for the
following simulation(for more detailssee Appendix A)All the other conditions arthesame.

The ideal gas extends tloeal mass fractions profiles more, but the average values are nearly
identical Figure4-10c & d comparamass fractionsandFigure4-11 highlights thdocal mass
fraction differene at the wall

The temperature profilr idealgas remains higher untihe end of the catalyst near 13 mm,
and the rate profile follows titemperature trend.ater, thetemperature drop causasower
rate value andeducesreactant consumption and gt generation. Thepread ofmass

fractionsplots, in Figure4-11, can be explained bgifferent diffusion values. The diffusion
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expression i — (see Appendix C)By comparingthermal conductivity, dersity and

specific heat capacity at constant press WA I #A of Ideal Gas and Real Gawe can

determineD value
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Figure4-10 Comparison of profilesdiween ealgas anddealgas for a) temperature b) rate

¢) methane and d) hydrogédal model)
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Figure4-11 Differencebetweerideal lo@l gas andealgas profiles for a) methane, b)

hydrogeratthelower wall (B1 model)
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Figure4-12 Contours fod ¥ A 1 mfor a, c, e) ideal gas and b,fiireal gagB1 model)

The higherthermal conductivity valuetor real gas meanthat the diffusion value will be
higherthantheideal gas value. Thidifferenceexplains the profile shapes Bigure4-11 for

ideal gass Therefore, he higher diffusion valuenakesreal gas diffuse rapidlyreducingthe

local valle of mass fraction (at the lower wallNonetheless, thealiffusion does not
significantly change the outlet's net yi¢klgure4-10c & d).
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4.2.3 Velocity inlet vs mass flow inlet
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Figure4-13: Velocity profile at 20mm length for mass flow rataelet (mdot) and velocity

inlet condition(B1 model)

Velocity should change accordingttee inlet pressureAlternatively, the mass flow rate can
be evaluated at 1 bar to be used as the inlet condition for the higher pridgguee operating

pressure constitutes higher densitytreflow speed reduces for the constant mass flow rate

First, density is caldated using théormulagiven in Appendix C. The measured density value
is 350.28847 gm, and the mass flow rate is 1.08593Kkgs’. Both mass flow rate inletnd
velocity inlet conditionsgive the same velocity profile at 20 mm of channel lengthis
equivalenceensurs that the calculated mass flow rate for the velocity inlet condition is a

suitable boundary condition for high operating presétiadle3-1).
4.3 Setting paper plots valuessboundary conditions

Falure to reach the profile as in the papetact data points of the profiles are fed in the
software in the next ste@his method determines which variable is causing the error and

propagates to the others as the reaction is conserved.

Therate eqgation determines the reactiand botHluxes. For instancdor heat flux, only rate
changes and enthalpy of the reaction is constant. Simitadyrate portion changes for mass
fluxes andthe molar mass of speaés constani{Equation4-2). Overall if the rate profile is

the same, then both heat and massg$hould produce the same results.
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The ate equdion weakly depend®n partial pressure term&dquation4-1) as exponential
indexes are smala = 0.47,b =-0.01) Hencetemperature isnainly governing rate profile, so
thetemperatur@rofile is extracted from the papaot through a digitizer tooAfter extracting

the data a€SV (commaseparated valudile, it is loadedn the simulation
4.3.1 Temperature profile asninput boundary condition

The results for putting the exact temperature profile as paper are repdfigdred-14. The
temperature profile is now independent odaon as the software justapsdata from the
spreadsheelow, thetemperature profile values are lower thia@ base cassothe rate profile
diminishes As a result of reduced rate valuesethane and hydrogen's average mass fraction

conversiondave fallen Equationd-2).
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Figure4-14: Comparison between temperature profileasimputd Li nds pr o
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Overall above discussion means that the rate equation is strongly dependent on temperature.

Therefore, fithe temperature profile becomes accurate, the rate profile dhewlorrect.
YOO QT 6@ 000 OO0 OaHHRNEQ
Equationd-1: Surface reactiomate equation for steam methane reforming
GRIMDIO® - -@ YHoD OMEO6 wYNd YO o

Equationd-2: a) Species generation and consumption as flux b) heat loss or gain as flux at

catalyst (repeated)
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Figure4-15: Comparison between with rate and temperature ps@denputand Li nd s
profiles of a) temperature b) rate ¢) methane and d) hydi{&jemodel)

The temperature profile as input does not deliver the desired rdsaoitsver, having an

accurate rate profile means that the reacitoould producéhe same amount of products and
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consunethe same amount of reactants as the pdperresults are reportedfigure4-14. So

as a next step, both temperature and rate profilesetiges input through CSV files
4.3.2 Temperature and rate profiles as input boundary conditions

Even setting both temperature and ratdilg@appears thathe paperfails to givethe desired

mass fractions of reactant (@QHand product (B (Figure4-15).
4.3.3 Rate profile agninput boundary condition

The mass fractions increase for setting rate profile as irfaigu(e4-16), butthe temperature
falls more than the base caséglire4-6). This trend is expected as a higher rate translates to

higher fluxes (heandmass).

800 Lin Temperature 9-016

Lin Rate
780 ......... Temperature 0.014 b Ve Rate
760 0.012 |
740 § X 0.01
(O]
5 n
720 § & 0.008 +
o °
700 + & 0.006 © €
[} L
................ ©
680 = 0.004 + @
660 0.002
Lower wall mm Lower wall mm
640 +——— e ey 0 e 0 0 ———
0 5 10 15 20 0 5 10 15 20

0.07 -
e, e 0008 £ d
0.06 T 0.007
O N 0.006 ¢ _
[ 5 S
= 0.005 § 5
0.055 1 @ g
[ 0004 £° /e
L@ @
0.05 & 0.003 § £
[T 0.002 T Lin H2 mf
ooss £© T F T H2 mf
: 0.001
[ 7~ Channel length mm
0.04----:'C'han']e:”?ngthmrp'"': 0+ "':"":"g":"":
0 5 10 15 20 0 5 10 15 20
Figure4-16. Comparison between rate profileasunp, and Li ndés profil es
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4.3.4 Mass profiles as input boundary conditions

However,by setting mass fractions profiles as inpliiglire4-17), both rate and temperature
touch lower values than the base c&3gure4-6). The rate is directly proportional to reactants
partial pressure, so lower methane concentration mewames partial pressurgalues.Though

the rate $ weakly dependent adhe pressure termthe high consumption of reactants (three
timesmf conversiorthan the base case) causesdbissideral® fall. Moreover, it achieves the
lowest temperature, which is the primary reasdry whe rate profile ighe lowest. The
minimum temperature is due to the highest methane consumption, meaning higher is the

endotlermic reaction.
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In general, sectiod.3 shows conservation among temperature, mass fraction and rate. It also

explains that each of the single terms changes the overall reaction.
4.4 Catalyst loading calculation

Catalyst loadings calculated assuming no reactioncurs butonly at the catalystsurface
Thus, themass fraction and temperature valaethe catalysstartareconsideredhe same as

theinlet conditions.

0.05

550 ——

At 5mm = 0.4 MPa
‘:, 0.04 |- - £ b (leading edge) . 500 - C \’! 0.3 MPa b=
: £ ; o T : 0.2 MPa
é 0.03 | 4= 2F QESEE R 0.1 MPa %
2 H g | - Artom | 2 400} x%gx ]
'; 002 2 CH4 _ _g At 13 mm é 350_
£ HO ] g 1| At15mm 78 [ Inlet temperature : 520 °C 7]
Z 0011 27 45 (trailing edge) [ Total flow rate : 50 ml/min
&~ L

o
=)
S

(

co

o

1
5 10
Channel length (mm)

15

20

4 300

L 250

0.04 0.05
CH4 mass fraction

0
0.02 0.03

0.06 0.07

S/C:3.74 & N/C: 5.27
1 1 L 1 L 1

0

5 10 15
Channel length (mm)

20

Figure4-18: Plots for a)ocal surface reaction rate, ljcal methane mass fractipand c)
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Figure4-19: lllustration offactor &16and adjustment factdor CHs at 1 bar

At 5 mmdown the channetate, methane mass fraction and temperature values are extracted

through a web digitizer tool These valuesare 0.01521 molm?s?, 0.061, and 7 K,

respectively, andre very differenfrom the inlet conditionsThe reasons aréufd mixing and

diffusion, which reducethese temperature and mass fractions valae$ mm So catayst

loading is calculatedfom the rate equatiofor both conditionsthe firstassumes maximum

85



mass fraction and temperature values, and the sexmrgiderdocal temperature and mass

fractionsvaluesfrom the plotgat 5 mm) Theroughcalculations are as follasy
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T WCTEI TP B X &
A more accurate values entry is given in the followliadple4-3. This upstream effecthould

correspond to thactwal value of the rat (Figure4-18a) at 5mm. Sq, if local conditions for

mass fraction and temperature are yseégure4-18b and clat5 mm, then calculated catalyst

8

loading is 0.866858 g This variance gives a scal@ value of 5

¢® YAlso, local

values seem more plausible as the simulaticteiadystate.

Table4-3: Catalyst loadingalculated for maximurand localconditiors (bold valuesht 5

mm of catalyst

Cat load Rate CH4P H-OP T gE/RIT Pressure| A F1

0.398563| 1.52E02 | 75.82213 | 0.900069| 793 | 0.001426684 100000 | 0.392| 1

0.866858| 1.52E02 | 71.24573| 0.900117| 715 | 0.000698057 100000 | 0.392| 2.1749

In summary, considering the inlet conditions at the catalyst start gives calculated catalyst
loading to be 0.3980.4 gm?from the rate equatiorElse, these variable values at the exact

point produced.86gm of catalyst loading
4.4.1 Variables proportionality

From Figure4-14to Figure4-17 plots it is already cleathat matchingonly a single profile

does not help tagree withthe rest of the profileSimilarly, it is safe to assume that catalyst
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loadingcamotbesolely responsibldue to two different catalyst loadings in the rate equation,

the scaleupis calledfithe cumulative factor of variableslocal conditions or FL.

For the sake of argumenét us assumthat Flentirdy originaeseitherfrom partial pressure
or catalyst loading or temperaturEhenits contribution from the rate equatio calculated
accordingly It is observablehat echterm@ contributionis not inear, hough all the terms are
directly proportional to the rate equation.
YOO MO O & RIQH I QA (%P 0
Equationd-3: Rateequatiorrelationto its variables

Now aupposethat from each variableg constanC is responsible fothe factorF1. So its

contributionis evaluatecasfollows from the rate equation
&p 6@ 8 x;Ho 8 6 6@ 8 6 uvo 8
68 &p

Equationd4-4: FactorF1is originatingjust from partial pressure terms

& Q Q
Ve

. .. P Y
o) ae&p,o p

Equationd-5: Factor F1 isoriginatingjustfrom exponential term
&P MO VA HHAND XWHo Oa LHRQE Q
0 &p

Equationd-6: Factor Flis originatingjustfrom catalyst loading
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Figure4-200Compari son between this study, modifi ec

rate ¢c) methanend d) hydrogefmodifiedB1 model)

So F1lis introduced into mass flux, temperature flandpre-exponetial constantin even
proportion to CEL expressiondgpendix B. Theassignedraluesfor each termare such that
the net value comes out b the same a$1. Theae will always bediscrepaniesin reading

slightly differenttemperature and mass fractiorauesfrom the plots [Figure4-18).
YHo®p 6 Q7 6@ 000 OO0 OaHHBNE Q
Equationd-7: Modified (Mod)surfacereactionrate equation

442 Modified rate equatioand fluxegesults

It can be seen that using facttt he v al ues mat ch T™etenmperaturet h L i |

plot for modified results deviates after aBn. The constandiffusion valueis dominant after
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F1 and allowsthefluid mixtureto regain heat quickr than thedefaultD value Thereaction
lasts till 15mm, so no change rate or mass fractions plassobservedThe modified values
of the profiles match over96 of L i gsitnulation Some maximum anchinimum valuesare
givenin Table4-4 (modified B1 model)

Table4-4: Differencevalues for variouguantities fothe modified andLin et al

Quantity B1 (modified) Lin et al. Mar gin
T min 646.0 K 646.0K ~0
H2 avg, max 0.008859 0.008829 ~0. 34
CHaavg, min 0.04690 0.04663 ~0.29
HZOavg, mn 0.2636 0.2647 ~0. 42
COavg, max 0.041(3 0.04027 ~1.85
0.30 — — 03 1
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Figure4-21: All four average mass fractions profiles a) (inN et al, 2012)b) this study
(modifiedB1 model)

Average mass fractions plots are al dlee compa
modified rate equation ploshow an agreemenggardingguality and quantityFigure4-21).

Contours for such input conditionBigure4-22) also match well for 0.1 MPa pressure.
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Figure4-22: a, c, eModified CHs, H2 and temperature contours b, dCHs,H)andLi n o s
temperature contoufieight is 3.1Imm for all B1 mode) (LIN et al, 2012)

The next step is to use the adjustment factor as a neexpomential factor to match simulation

with experimental methane consunopt values.Overall, there is an agreement between
methane consumption results at various fuel reformers' working predsgree(4-23).
Furthermore,ie overallconience i nterval between this stud

pressure, is more than 97 per cent.

A high factor value (of 2.2 and more) does not scale up methane consumption twice or more.

It shows that the factor is a complex contribution from #te equationt might havebehave

differently due to the higher diffusion value and Real Gas adopted in this study. High values

like F1 can amplify these differencéherefore a difference of less than 3% is considered a
validation betweenthisstudpad Li nés experi mental st,seby ( Ad]j
Table3-3).
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Figure4-23. CHs consumption at various operating presgeréor Lin, + is for this study
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The temperature profileat differentinlet pressure also agree with birsesults. The 0.1 and
0.2 MPa profiles are closekikewise,0.3 and 0.4 MParofilesshow a smaller gap between

them A similartrendwasobservedor the paper profiles.

This studyd salues (dotted lines) match well with the paper values (continuous lines) till the
end ofthe catalyst (15mm). The lowest temperature occurs atrigh; after that though the
reaction is still inprogress, the temperature remains nearly constant due to the flat rate profile
(until 15 mm).The temperature rissuddenly aftethe catalyst athewalls are adiabatiSo

in the absence of wall conduction, tieenperature risis sharp.

As cited befoe, due to the higher value of diffusion coefficiénthan the default valyghe
gas mixture regains the heatickly, so it deviates from Li sesults after reaching the lowest
temperature regiorNonetheless, at higher pressure, the difference betweeamd this study
results keeps fading. Thisendcan be seen as black lines (8#a, continuous and dotted)
haveasmaller gap thaarangdinesafter 15 mm(0.1MPa, continuous and dottedhe smaller
gapmay be due thigher density alhigher presste. Similarly, in this study, gatemperature
values before 5 mrare lowerbecause it igasierfor thefluid to transfer heat frorthewall to

its bulk (at higher pressure)

45 Di f ference between this study a

There are few differences betwekin et al. and this study approach. The most noteworthy
difference is that this study has not added the WGS contribution in the species transport
equation. The WGS enthalpy is subtracted fro
(see sectioB.3). The significant consumption of reactants has a considerable effect on rate and
temperature profile, as shown in sectibB.4 Hence, WGS omission in the species transport
eguation might have led to the sizeable initial discrepancy between this aatdlimesults

(see sectiod.2).

However, after the catalyst loading calculation at local conditions, the factor F1 emerges. This
factor is divided among the rate equation varialaled boundary conditionso that the net
valueequalsh e same as F1 after e a(sebtiont.£F. Hebee,ther i t h m
WGS contribution in the species transport equation is compensated by the FE \aatthtibn

in each term.The resultant boundary conditions and rate equation are therefore modified,
havi ng 0 Mo d dhemfere, this tudypproedes ar alternative method of using factor

F1 instead of adding WGS contribution in the species pahgquation
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The other difference is that this study has used real gas as opposed to the ideal gas used by
Linbs study. 4B.2shoevsthatthis choe catisesmmeffect on thet yield of
products

Overall, this study model gives similar experimémaueswith a maximum difference of 3
per cent. The experimental values are calculated using adjustment factors proposeétby Lin
al. Both simulationsagree with each other for more than 99 per cent, as shown by temperature

profiles inFigure4-24.

The modified boundary conditions and rate equation are used for the rest of the designs and
working pressurdFigure 4-20 and Table 4-4). However t h e p dwllfbe cropped]
from the literature for the coming simulation as it is ustieyd that all the new results include

the modified rate equation and fluxes
4.6 Chapted summary

After finalising the reference designs, two models are built. The first one is BO, which is the
same as Liet al but with extended length. Model B1 has 42 dims as it is needed for future
designs. Incorporating all the parameters, boundary conditions and assumptiomsptiels

agree with each othe®o for further simulations, the B1 model is preferred.

After examining the contours, it appears that thiudibnvalue is different in the papédfience,
a constant value of 10.38kis placed as input which matches the contuutts thereference

However, overall it does not affect the net reaction values at any given length.

From the paper plots, the dateeidracted through a web digitiser tool@$V files. This data

is then fed as a boundary condition to teguiredsurface At first, the temperature boundary
condition is applied in the form of exact data points. In return, the rate profile goesataivn,

the mass fractions profiles also diminiflom the base caséVhen both the rate and
temperature profiles are set as the boundary condition, the mass fractions profiles improves
just one per cent than thasecase. However, setting masadtions profes as input givea

closer temperature profile match but a highly deviated rate profiledittatesthat there is a

high interdependency of variables.

The catalyst density is calculated using two conditions. The first assumption is no reaction
before he catalyst's startyhich keepsconcentrations and temperatuilee the inlet. This

assumptioneads to the catalyst density being 0.4%gtowever, due to the upstream effect at
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the catalyst strat, the local conditions areydfferent from the inletThese local valuegeld

a very highcatalyst loading.87 gni? or 2.18 times than before.

However, this value is added as a resultant tereaoh variableontribution The reason is
that the local reduction of temperature and concentrations is ndugisd the catalyst loading
butoriginaesfrom each of the interdependent variabo this net value is calledcumulative

factor of variables at local conditions or.F1

After putting the factofF1, the results agregellwi t h  Li nds remenuekiénds.
for higher operating pressure too. For #tgustment factorthis $udy simulationmatchegshe

experimeral values The overall confidence interval is more than 97%.
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5 First step design

This part provides mixed resulshowing the effects of varying parametens catalyst
performance.The inlet and boundary conditiorzse the same as before unless specified.
Similarly, catalyst configuratiors identicalexcept few cases which are stated before carrying

out the simulatino.
5.1 Parametric studs

The next step is to determine the effect of different operating conditions on fuel reformer
efficiency, methane consumptioand hydrogen productionFurthermore, @me parametric

studiesareconducted, and thenesults forvariousparameters are presented.

5.1.1 Adiabatic vs isothermal walls

0.07 T . — — Mod iso CH4 mf | 00171 -
[ Mod CH4 mf b /
ARt \ A Mod adia CH4 m I
00651 0.008 1
[ = L
006 1 s ) e
:é 0.006 -:‘8
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0.05 1T o
[ O : — — Mod iso H2 mf
[ 0.002 1 Mod H2 mf
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0.04 - 0
0 5 10 15 20 0 5 10 15 20

Figure5-1: Profiles @mparisorof a) methane and b) hydrogbatweerall isothermé(lso
B1), Mod B1 model (or B1 modelandall adiabatiovalls model
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Figure5-2: Temperature contours for all a) adiabatic and b) isothermal (isdl81)

The all aiabatic wallsmodel decreaseshe fuel reformerefficiency dramatically. Thisest
emphasisethe placement dieat source nearthe reacting materiaHence,isothermal wab

near reacting regiorhew better resultsasthe surroundingemperature isigher than before
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An alternativesolution can be ytting a heat transfer materidror instancea high porosity
metal foamthat heas the gas mixture giving a minimum temperature gradient acrdabe
channel Otherwise,channel heightreduction can increaseheat transfer from the upper

isothermal wall to gasedoser tothereacting material

5.1.2 Velodty variationeffects
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Figure5-3: Contours for hydrogemf for inlet velaity a) 01 ms? b) 0.4ms? (B1 model)
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Figure5-4: Comparison betweanass fractions against various inlet velocities a) methane
and b) hydrogefB1 model)

It seemshat, from the contours and plots abouwgreasing the velocit0.1 to .4 ms) reduces

fuel reformer performancéncreasing the velocity at a constant mass flow rate will reduce the
methane conversidmecause afhe gas mixture's low residence é&nThe residence time is the
time spent by fluid in the chann@dection3.5.9. Another effect ofsmall residence times
visible by the contour for 0.#s™: hydrogen emerging from the catalyst (redhnotspread in

thechannebut is swept byheincominghigh-speed flow(Figure5-3b).

However, aghe inlet velocity increase so doesthe mass flow ratdt means, at any given

instant a higher amount of reactantspresent in the channel for conversion (by mass). In the
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table, mass fractiononversionsare multiplied by the mass flow rate to give an equivalent

comparison.

Table5-1: Values for various quantities forleeities 0.1, 0.2, 0.3 and Oms?* (B1 model)

Quantity v0.lms!  v0.2ms! | v0.3ms!  v0.4ms?

[0 in kgs?! 1.09E07 2.17E07 3.26E07 4.34E07

H2 avg, max 8.86E03 5.05E03 3.69E03 2.96E03

CHaavg, min 4.65E02 5.66E02 6.02E02 6.22E02

(H2avg, maxHz2,inlet) O in kgs? 9.62E10 1.10E09 1.20E09 1.29E09
(CHaavg, mirCHa,inlet) O inkgs! = -2.55E09 -2.91E09 -3.19E09 | -3.41E09

It is clear from the table that higher velocity increases the mass flow rate. Taking the

difference between outlet and inlet mass fractions gives the gassspaoersionfractions

Multiplying that difference with mass flow rapgovidesthe mass conversioamount(kgs?).

However, theeconversions' ratdecreases with speedhich meansthe curveis reaching a

maximum valueafter which increasing the velocity furth&ill not changeheconversion rate

(Figure5-5). In the case of the integrated reformer, the mass flow test gives an idea about the

efficiency when the car engine is working at a high Igaderating higher exhaust flow rates.

Note: The prefixdvioddis not used any furthehough thebourdary conditions and the rate

equdion are the same as finalised in sectloh 2

3.5E-091
3.0E-09
2.5E-09
2.0E-09-f
1.5E-09+

1.0E-09+

Masg cconversion kgs

5.0E-10F

CH4 consumption
H2 production

Inlet velocity ms!

0.1

0.2

0.3 0.4

Figure5-5: Massconversion oSMR reaction vs different inlet velocit§B1 model)
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5.1.3 Inlet methane mass fractiaffecs

Increasing the methane inlet mass fraction increases methane consutptitnits higher
concentrationAs methane is lighter than water and nitrogen, increasirgiase atheinlet
decreaseshe densityfor the samemass flow rate Nonetheless, increasingice the inlet

methanemass fraction increases methane consumption by 2depéer
2.8E-091
2.7E-09—§
2.6E-09—§

2.5E-09+

CH, mass cconversion kgs

2.4E-094

2.3E-09¥

CH, inlet mass fraction

2.2E-09+ .
0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14

Figure5-6: Mass conversionateof methane at different inlet fractisof it (B1 model)

The conversion rate ®ightly decreasingas evident by the gradient of the plot. Algwr the
0.14 methane mass fraction, the revitay water mass fraction is 0.22methane mass fractio
keepsincreasingthen after a point it will disturb the stoichiometric balance of tB&R
reaction, and the conversion will decrease drastic8llyit may not reach some asymptotic

value.
5.1.4 Inlet watermass fraction effest

Changing thewaterinlet mas s f r act i o na signifieast reffetton theniethane
consumption rateThis trend validatethatthe rate equation shows weak dependence on the
water partial pressure terralso, the molecularweight of steamis higher than methargut
lower than nitrogenso when is sharencreasest the inlet, densitydecrease$or the same
mass flow rateOverall, three times more steam is used to prevent carbon formiation
chokingthe channelTherefore, mcreasing its fraction further isnergy consuming and not

neededThe following plotillustrates the methane conversion rate vs imiedf steam.

The minimum possible inlet steam fraction must be used as water has a very high heat capacity.
When the mixture's heat capacity is minimum, gases heat up quickly to the reaction

temperature.
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Figure5-7: Mass conversion of methane at different inlet fractimirsteam(B1 model)

5.1.5 Inlet temperature effest

For increasing the inlet temperature, methane conversion rises linearly. For &adse0

there is nearly a four per cent increase in methane conversiergas thermal conductivity

also increases at a higher temperature, which will increase theréfyadf the reformeAs

the inlet mass fractions are unchanged, the temperature increases the reaction rate, increasing
methane consumptioifherefore, maximum heat transfer between exhaust gases and the FR

is needed as temperature decreases at lowareelugids.

43
41
39
37
35
33
31
29
27

25 +
743 793 843

CH, cconversion %

Inlet temperature K

Figure5-8: Mass conversion of methane at different operating tempesd&tanodel)

5.1.6 Segmentation ankdeat enhancemehy metal foam

Increasing the inlet temperature is energy consuming andheatght choice forhigher
reformer yield Another way is to increase the heat transfer from the wall to the fluid using
high porosity metal foamsVietal foams aréepicted assieve in figuresand it isnot aproper
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presentation of an irregulpattern metal foarmrhegreen barsepresenteacting materialand

arenotdrawn toactualscale

A new catalyst configuration is tested to gauge tle¢ahfoam's most suitable positionthe
reformer Instead of having a long continuous catalyst, a eeg@ad catalyswvith isothermal
regionsis tested. Th Abdelhakim Settar team has already proposed this desighglpubdel

does not useetal foamandther inlet conditions are differer{Settaret al, 2019)

Catalyst
— Isothermal walls
Isothermal i i
- Catalyst region Isothermal region Outlet
nie region
MO
e ——
5 mm 11 mm
T T T T L T
MF1 MF2 MF3
e . e . = .
T T T T T el
MF4 MF5 MF6
—— P —— S

Figure5-9: Segmented catalyst widhdifferent configuration of high porosity metal foam
(MF) as heatonducting materig|Settaret al, 2019)

In this configuration, each catalyst segmentns long with a 2nm gap between themhus,
atotal of 8 mmlong catalysis usedThe catalyst region starts from 5 mm and ends atrhl
Metal foam is a porous materiahdit occupiessomespace at thevall according to its porosity
(metal foamproperties,Table5-4). It meansmetal foampositionedat the catalyst site MIF2,
MF4, MF6) cease$s | ui d 0 ssoraecpadgmfsthe catalgst.The source terms in such cases
are multiplied by the porosity taddthis deactivatiorphenomennin the simulationreducing

the usefureactingmaterial available for SMR reaction.

Continuous catalystMFC, Appendix D compared tdhe segmented catalys(MO) gives 35
percent less hydroger{gure5-10c). Thus, t showssegmentation is the dominating reason
for the higher performance of the catalyst tithe metal foam Although metal foanmreduces

the available catalyst site, it is vilrnoticing that it slightly increases hydrogen production
than the M model Figure5-10). It means metal foam enhances heat and mass transfer from

walls to the bulk bthe fluid, and theotherreason can be lower velocity in the metal foam
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region Figure5-12). Low speedenables the gases tegainmore heat after losing over the

first catalyst site effectively
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Figure5-10: Peformance of continuous catalyst, segmented catalyst and, metal foam

segmentedor a) temperature, b) GHnf, and c) H mf

The hydrogemf rise due tanetal foam is negligible, 1.6% on(iigure5-10c). Theexciting
part is the temperature dr@gigure5-10a). Firstly, the temperature gradienthe samefor all
the modelsNext, the émperature drop favIF6 is the minimumFor the clear channel clear
configuration(MO model), the temperature drop is @Tompared to 7DK whenthe metal
foam is usedNIF6 model). Despite this significdpthigher temperature, theydrogen yield is
not substantial, which means the deactivation portiothefcatalyst (by metal foamis

cancellingthe higher temperatureffect.
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The metal foam optimum location studwestigateshe netal foam's most effective position

to increase SMR catalyst efficiency. In this waither optimum directional porosity can be
incorporated, meaning Her porosity is employed where needed, or metal foam is used only
in the region of maximum interest. The comparison for metal foam location is gVl

5-2.

Table5-2: Different values olarious quantities for different metal foam position

Quantity MO MF6 MF1 MF2 MF3 MF4 MF5 MFC

H2 avg, max 0.0124] 0.0126 0.0124 0.0121 0.0125 0.0120 0.0124 0.0093
CHa avg, min 0.0371 0.0365 0.0371 0.0378| 0.0369 0.0383 0.0371 0.0453
Tmin [K] 694 707 694 697 695 695 695 654

It suggests that havingetal foam between catalyst¥lf3) gives similar results as having
metal foam irthe entire catalyst regioM6). The MF3 modelis betterthanMF6 to avoid a
higher pressure drofod® is minuscule anyway for given inlet condition ananetal foam
properties, 0.3296 Pa)letal foam is not a suitable method to increase fuel reformer efficiency
for this model Neverthelessmetal foam enhanc€Bigure 5-13) heat tansfer fromwalls to

fluid or vice versaNIF6, Tmin), SO it can be useith an applicationwhere the heat transfer is
preferred over the chemical reactidvioreover these models are different from each other.

Otherwise, moréemperature drop meaashigherendothermic reaction
Velocity measuring location

0.0000 0 oant 0.0822 ‘0.\233 01644 0.0000 0.0412 0.0823 04235 01647
h ‘ ‘ A

Velocity [m s?-1] Velocity [m s?-1]
Figure5-11: Velocity comparisometween(left) MO and (right)MF6 models

The plots also reveal other informatidAidure5-10), such as most of the reaction occurs at

the first catalyst site. This considerable variation is seen in the mass fraction profile, where the
hydrogen production is more after the first catalyst site (61%) than the neXB86pes It also
highlights the gap length choice to have a similar yield at the following catalyst sites-The in
between isothermal length can be increased so that the gas mixture can attain sufficient energy

before reacting the second time.
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Figure5-12: Velocity comparison between MO aMf6 models(taken athe midway of two

catalyst sites
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Figure5-13: Metalfoam temperature for mod®IF6 (Ni is nickel)

5.1.7 Metal foans asmechanical mixexr

Another attemptor optimummetal foam location study is carried out to see if it can increase
hydrogen yieldDr Settar develops this pattern usmed withoutmetal foam(Settar, Nebbali

and Madani, 2015)

L L P L L] L
H1 + HH ++

SO SMFI SMF2
Isothermal walls

R s S = S = = N ' = (. u w
5mm 15 mm
——ﬁr_m:

SMF3

B e

Figure5-14: Settar sgmented catalyst withdifferent configuraton of high porosity metal
foamsasmechanical mixeréSettar, Nebbali and Madani, 2015)

In the previous case, the velocisyowsdown when there is a metal foamross the channel
increasing the residence time. &ssttime the porous material (metal foam) is patall across
the channelbuttheheight is kept at 1.Bhmand the lengtho 2 mm. This arrangemenshould
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force the flow to the catalyst site using metal foara amchanical mixerThe flow deviation
will alsoincreasethe fluid residence timas it isnot going straight from inlet to outlefThe
catalyst region starts from 5 mm and lasts till 15 mm. Each catalygstrisn long(green)
having a2 mm gap(isothermal)betweeneach otherandfive segments are used this time.
However, htroduéng metal foam in this case also gives no particular advaraagéheresults
arementioned belowThe inlet conditions are the same as the base Dasdo the low Re and
loss model fometal foam no turbulent model has been used for the simulation,hathizy
give different results.

Table5-3: Different values olarious quantities for different metal foam position

Quantity SO  SMF1 | SMF2  SMF3

H2 avg, max | 0.0150 0.0150 0.0142 0.0150
CHsavg, mn | 0.0302 0.0303 | 0.0323 0.0303
Tmin [K] 696 696 698 697

Table5-4: Metal foam propertiefHugo, Brun and Topi, 2011)

_ ) area N loss
Properties | dppm | dspm | porosity ) permeability o
density coefficient
Ni10 4429 409 0.92 680 m! 7.63E8 n? 248 mt

WhereNi10 is a ickel alloy, dp is pore diameter, and b strut diameter
Velocity measuring location

~ e — <

0.0000 0.0418 0.0837 0.1255 0 1674 0. 0000 0. 0461 0. 0922 0.1382 0.1843

Velocity [m s" -1] Velocity [m s?-1]

Figure5-15: Velocity contour forS0O (left) andSMF1 (right)

The velocity contour shows thahe maximum speed ahe SMF1 model is higher than SO
which corresponds talower residence time in the channidbwever, ashefluid moves in a

sinusoidal fashion, it takes a longer path to exit the catalgsganing residence tim@verall
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it seems these two effeatan canceeach other because of thetchinghydrogen yield for

most casesl@able5-3).

.
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Figure5-16: H2 and temperature contouia SO andSMF1models
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Figure5-17: Velocity comparison between S1 a8MF1alongchannemiddle line

The clear channel (S0) maximum velocity occurs near the outlet, whéreasSMF1

configurationoccursinsidethe catalytic regior(5-15 mm)(Figure5-17).
5.1.8 Metal foam properties effext

This section signifies the effect of changing metal foam propedresnf conversion
efficienciesby acting as dlow guide These properties are porosity (eta), interfacial area
density (iad), permeability (perm), resistance loss coefficient (loss), heat transfer coefficient
(ht) and streamwise coefficient (SCMF is an isotropic metal foam, whereasM> (down)
means an anisotropic foam with primary flarectional vector coordinates {B,0) (see
Appendix D for all designsIn directional porosity, transverse directions are assigned a factor

of 2which means, the transverse losses are two times the stredossisge More details about

SC are given ilppendix C.
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Figure5-18: Mass fractions forlearconfigurationvs with metal foaminserts ofa) methane
and b) hydrogerkffect of lower values afnetalfoam properties on mass fractions of c)
methane and d) hydrogen. Similarly, the effect of higher valtisgetal foanproperties on

mass fractions af) methane ant) hydrogen(B1 mode}
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5.1.8.1 Effect on catalyst efficiency

Two conditions are analysed firkty decreasing a property value (L, low condition) and the
second, by increasing it (H, high condition) compared to the standard Vahie%-5). Each
parameter is sepately altered while others are kept at sh@ndardvalues. Thus any change

that appears in the output is the result of varying just that parameter. For these changing

parameters, thedMF is used for both high and low conditions.

Althoughmetal foandeactivates some padf the catalyst, metal foam still improves the rector
yield. Figure5-18a and b show the improvement in mass fractions of channelswtti foan
insert. This enhancement is bettéalfle 5-7) than previous resultsiF6 design in section
5.1.6 Table5-2) using a segmented pattern wahmetal foaminsert. In addition, the aw
simulation shows thametal foamassists in producg 8.4% moe hydrogen than the clear
channel (withoumetal foan). Thus,the continuous catalyst layer shows better performance

through the metal foam insert compared to the segmented designs
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Figure5-19: Methananf (closer look)usinghigh metal foanmproperties value@1 model)

The low condition Figure5-18c and d) does not change mass fractions, although parameter
values are Haed or moreExcept for eta and SC, where e&tgetto 0.82 from 0.92, and SC is
increased 2.5 times. The eta profiles show a fall in yield as lower porosity means less catalyst
availability. Similarly, there is a decreasenii conversion for iad and lfoverlapping plots

The rest of the parameters showsnbstantiathange compared to the standarVib profiles.

This analysisndicates that eta, iad and ht values change the reaction behaviour.
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Table5-5: D-MF properties using high and low conditions vs standard conditiago, Brun
and Topi, 2011)

N _ area permeability ht
Condition | porosity _ loss m?
density m m-1 W/m?2K
Standard 0.92 680 7.63E8 248 50 2
Low 0.82 340 7.63E9 124 25 5
High 0.72 2040 7.63E7 744 150 10

Table5-6: Mass fractions values #te outlet using high and lovaluesof metal foam

propertiegB1 model)

Variable eta iad perm loss ht SC

CHaL 4.65E02 4.61E02  4.46E02 4.45E02 4.61E02 4.45E02
HaL 8.85E03 | 9.03E03 | 9.58E03 | 9.60E03 9.03E03 @ 9.61E03
CHasH 4.86E02 4.03E02 4.44E02 4.45E02 4.03E02 4.45E02
Ha2H 8.08E03 | 1.12E02  9.64E03  9.60E03 1.12E02 @ 9.63E03

Table5-7:Mass fractions at the reactor outlet with and without metal f@imodel)

Variable Clear I-MF D-MF

CHa 4.65E02 | 4.45E02  4.45E02
H2 8.86E03  9.60E03 9.60E03

The values are increased three times or more for the higher condition except for eta (0.72 from
0.92). As before, lower porosity leads to loweroutput(16% reduction) and the rest of the
parameters do not change the productivity except the iad amtigasing ht and iad values
three times give % more hydrogen than the comparing case-®0fi2 In addition, both B

MF and FMF give the same resul{$able5-7).
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In summarymetal foamincreases the efficiendy.4%)compared to the clear configuration.

Threemetal foamvariables, which are et@d and ht, govern the reaction output.

The heat transfer between solid and fluid is give®@hy "®QwQ"Y Y . The interfacial
area density presents porous medsurface area per unit volumad and ht profiles overlap
becauseheat transfer Q) linearly depends on these parametedNSYS® Academic
Research, 2011biHence, increasing any dfdse two by a factor causes the same heat transfer,

producing similar mass fraction profiles.

5.1.8.2 Metal foamas a flow guide

The velocity profiles Eigure5-20a) show the dference between a clear configuration and a
domain filled with MF inserts. Unlike theMF6 model Figure 5-12), the I-MF channel's
velocity profile is not symmetri¢aThe reason can be tltenstanttonsumption of reactants

due to thecontinuouscatalystat the single wall (the bottom ond)he uninterrupted reaction
changes density and concentrations near the catalyst layer, and thus velocity varies
asymmetrically acrss the height.The I-MF and DMF velocity profiles overlap each other
because the streamwise coefficient is small (SC=2). However, changing SC to a higher value
(10) does not change the central section's veledier(Figure5-20c). The reason is that for

both the SC conditions, porosity and permeabaitgthe sameThereforevelocity remains

similar (at 10 mm) unless porosity and permeability are changed.

Figure 5-21 shows velocity contours for some of the modelgells that though velocity
variation at the middI¢at 10 mm,Figure5-20) is not high (for SC H,-MF and DMF), but
changes rapidly at the fluishetal foamboundary. It also reveals that theetal foamshould

start before the catalyst for very high directionalgsty (SC H). Otherwise, it creates a low
velocity region at the start of the catalyst. Typically, the reaction rate is maximum at the catalyst
strat, so any fluid void must be avoided at this locat@therwise, it reduces both productivity

and catalystisage.
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Void at catalyst start

0 mm 20 mm
Figure5-21: Velocity (top) and temperature (bottomdntours for somef theconfiguration

(B1 model)
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5.2 Chapter 5 summary

After finalising the design and validation, some parametric studies have shown exciting results.
Isothermal walls near the catalyst improve its efficieftaythe endothermic reaction. In the
absence of adjacent isothermal walls, a medium that can transfer heat from a hot side towards
the reaction zone can improve its performance. Increasing the inlet velocity allows more mass
flow rate to enter the FR react increasing the hydrogen yield. After surpassing the peak, the

high-speed flow would not improve the output anymore.

Doubling the inlet methane mass fraction increases its consumption (21%) but its rate of
consumption decreases. It may continue growingl the S/C ratio drops too much that
methane starts encouraging coke formation. Changing the water inlet mass fraction does not
significantly affect reactor production. Inlet temperature increases the reaction linearly, thus

changing the reaction rats the inlet mass fraction is constant.

Catalyst segmentation increases the conversion for the same amount of reactants and catalyst
guantity. The reason is the isothermal walls which raise the gas temperature after the
endothermic reaction. Increasing ttistance between the two catalysts would further improve

output, which is another factor besides decreasing the segment length.

Essentially, metal foams decrease the surface available for reaction, improve the residence time
and increase the heat tragisfrom walls to the channel cresection. Hence, the positive
effects nearly balance out the negative impact, which equals some improvements. Metal foam
can effectively act as a flow mixer and flow guide. However, the mechanical mixer patterns do
not imgrove the output, though it adds a longer path but decrease the residence time. So both
factors negate each other without changing the overall reactor effectiveness. Metal foam
parameters affect the flow pattern, especially porosity and permeability. $Shefréhe
parameters show no significant effect on flow behaviour despite changing their values to half
or double. At the same time, interfacial area density and heat transfer coefficient affect heat

transfer between fluid and metal foam.
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6 Results anddiscussionof innovative designs

In the light of parametric studies, new designs are tested, and any improvement is presented,

elaborated and discussed.
6.1 Catalyst position

In this section, metal foans used as a catalyst support structrgrotusionbecause the
catalyst is a very thin materidlhe porosity is uniform overall, but a low porous foam at the
catalyst side is appropriate for providing the necessagngth Also, the metal foam will
expose both sides of the catalystit porosity would determine the bottom side exposure
However, only one side is activated (opposite rtietal foam to see the catalyst position's
effect on the reactiorlhe catalyst region lasts from 5 to 15 mm for all the mosi@ging

from Iso B1 to A3(see Appendix D for designs)

5mm 15 mm
Iso B1 Al Al MF-side
e e e
e
PR T, e e
S1 A2 = A3
cHHH A A T

Figure6-1: Various models tested for different catalyst posgiamd segmentati@n

In the A1 model, the catalyst is positioned in the middle of the chahhelreason ishie
velocity profile of theB1 mode] whichreveals thatKigure4-13) maximum \elocity occurs in
the middle part of the channel. So to take advantage of this highest mass flow rate region, the

catalyst is placed in the central location.
6.1.1 Yield increment due to fifty per cent protrusion

Compared to Iso B1, model Al produces nearlyp&i7cent more hydrogefigure6-2d). It

could be more if both the catalyst sides were considered active for the chemical reaction. The
higher catalyst temperature (@verage, 60 K more) is the main reason for higher
conversion because of additional heat transfer from the metal foanFgidee6-2a). Heat
conduction minimiseshe temperature drop along the length the catalyst is a thin

nickel/Al,Oz material with minimal heat capacity
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6.1.1.1 A discussion on channel height effects

Initially, the mass fraction profiles seem lagging for model Al because of thaégi flow

at thetop of the catalyst. On the other hand, rate and temperature profiles for the Iso B1 model
have very high gradients. These sharp growths are there because of the isothermal walls (at 793
K) before and after the catalyst. This difference in temperatures#ues profiles to reach the
maximum value at the watlatalyst transition. As rate follows temperature profile, so that is

why it forms maxima at the exact locations.

Temperaturgrate and mass fraction conversi@iues for the Iso B1 modatelower than AL
As mentioned beforea higher temperature drop means greater reactant consumption (for

endothermic reaction) but for the same model and conditions.
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Figure6-2: Al andisothermal B1 comparison pfofiles for a) temperature b) rate c)
methane and d) hydrogésee Appendix D for designs)
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6.1.1.2 Determining catalysts layer thickness effects on efficiency

The thermal conductivity of catalyst material may affect catalyst efficiency. Hence, concrete is
choseras an interface material instead of nickel. This material selection is approximately valid
for a dispersed catalyst in a ceramic washcoat. Still, to confirm the heat conduction effect of a

metal catalyst, it is necessary to choose a low thermal condyctiaierial.

Having concrete as interface material causes no change in the reaction outcome. The primary
reason is that despite having lower thermal conductivity up to 50 times (Ni 93KW/m
Concrete 1.7 WK™, CFX library), the catalyst thickness (B.m) is insignificant to cause

any change in temperature along its length in such atbigberature environmenth&refore,

the plots are not reportgout contoursKigure6-3) as these two configuration results overlap

L ———.
— —— — ——

00000 00640 04280 04920 0.2559 0.0000 0.0640 04280 04919 02559
| ¥ | _— X o
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1168580 1358935 1540290 1730045 1930000 76767 7358213 5a88A0 1730424 7930000

; X ] _— - =
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F 7
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E | _— ¥

H2.Mass Fraction H2.Mass Fraction

Figure6-3: Velocity (top), temperature (middle) and mf (bottom) contours for (left) nickel
(right) concrete interfaces (A1 modéee Appendix D for designs)

6.1.2 Determining optimum protrusiomeight

5 mm 15 mm
Ala

Alc Al

R RERERERERE=E=E=E=E

Figure6-4: Two new models tested of A1, having catalyst at diffelnent

Two more configuratiomof A1 models are tested. In one settitigg catalyst is placed at
h=75% (Ala) and in the other at 25 pegnt (Alc).The reason is to se¢ke besfprotrusion
height forthe maximum conversion of the reactafigure6-3 velocity contoursndicatethat

metal foam, even having high porosity, pushes the fluid towards the clear region, where there
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is no metal foamMoreover it will increase the fluid speed due to creextion contraction,
which will reduce the residence time and, thus, reactor performance. Hence, it is worthy of

investigaton which factor is dominant.

6.1.2.1 A general comparison between protrusion heights

It appears from contouF{gure6-5 bottom) that model Ala produces the most hydrogen mass
fraction owing to the minor gap between the catalyst and upper isothermal wall. A closer
isothermal wall means eas€heat transfer from wall to fluid, which is highly favourable for

the SMR reaction. As soon as fluid loses heat, it gains heat quickly and further down the length,
the endothermic reaction overcomes, and then the temperature drops aghin niii).

Noneheless, the reaction continues at the entire catalyst Iefigtir€6-5 bottom).

— Ly —
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0 0000 o 0399 o 0798 0. 1197 0 1596 0 0000 0. 0529 0. 1087 0. 1586 02115
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Temperature Tarnperaturs K]
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H2 Mass Fraction H2.Mass Fraction

Figure6-5: Velocity (top), temperature (middle) and hydrogen (bottom) contours for models
(left) Ala (right) Alc(see Appendix D for all designs)

However, the contouH{gure6-5 top left) shove that Ala velocity is nearly uniform and the
lowest among the three in the entire crssstion. Hence, it means that most of the fluid passes
through metal foam without interacting with thetadgst. Overall, this configuration obtains

the higtest localhydrogen mass fraction over the catalyst.

Model Alc velocity contour shows that most fluid passes over the catatysotthrough the
metal foam. This shares even higher than the Adonfiguration Figure 6-5 top right).
Nonetheless, the hydrogen contour shows that the hydrogen mass ffaiciior 6-5 bottom
right) is thelowest among the thre8till, its spreads the highestin the domain (orange, after
the catalyst). ius, he mass fraction contours show only maximum valuedanbt accurately

representeactants conve rsion.
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6.1.2.2 A deeper look into protrusion influence on fluid behaviour

For a detailed analysis, let us see the profiles of these varidbleshree models' plots are

shownin Figure 6-6, confirming the contours quantitatively. Interestingly, velocity near the
wall (at catalyst) is higher for the Ala model, whereas it is near zero for A1 and zero for the

Alc modelHowever, he wall velocity seems nexero because just 100 line points are chosen

for plotting the data. Hence, these plots are not adequately registering the wall velocity.
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Figure6-6: Comparison between Ala and A, and Alc models profiles of a) temperature b)

methane and c) hydrogen d) velodisge Appendix D for all designs)

The velocity profiles (extracted &40 mm length) show why model Alc performs best. Most

of the fluid (0.75 t8.1 mm, red dashed line) passes over the cat&ligaire6-6d) for the Alc.

The overall velocity is lower than the A1 model, meaning the fluid has tinogdo spend over

catalyst. It has been shown previousgdtion5.1.2, a higher mass flow rate means higher
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conversion. Henceforth, the hydrogerass fraction of Alc is maximum because of this high

mass flow rate over the catalyBigure6-6c).
6.1.3 Activating catalyst on th#®IF-side

One last simution of A configuration is tested &xploit the lower velocity region of the A1
model (61.55 mm,Figure6-6¢). So, in this case, the catalyst is plhagside the metal foam.

Now the fluxes are multiplied with the porosity as metal foam covers some of the catalyst parts.
So,t he new confi gMFatdea. i €omphblt e dfFSidedobwsl Al

that activating catalyst onfyjom beneatheduces the reactor efficiency.
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Figure6-7: Comparison between Al and MF-side models profiles of a) temperature b)

methane and c) hydrogen d) velodisge Appendix D for all designs)

The main reamns are the lower mass flow rate passing through the metal foam region and the

catalyst deactivation by metal foam placement. Otherwise, as proved in the MF6 configuration
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(Figure5-10) and sectio®.1.8 metal foam increases the reactor efficiency despite deactivating
somecatalyst portionsRate profiles are excled astherate is dependent on tempena, so

the temperature profile is sufficient.

6.1.3.1 Discussindhydrogen evolution for A1 MiSide configuration

The peculiar behaviour for average mass fractions profiles (rise and thH} software takes
average valugeacross the crosection Figure6-7b and c). In the case of the MF-side,a

lower mass flow rate passes through the metal foam regigh5® mm, Figure 6-7d).
Generally, it means the catalyst receives fewer reactéfiten the catalyst ends at 15 mm,
overall mass fractions suddenly change their valbesinstaice, the average of three values

of 19, 20 and 21 wil/ be 20, but of 19, 20
for modek Al or Alc aghehigher mass flow rate passes over the catahygti(e6-6).

Therefore, this trend is due to mass fraction summation, e.g. methane, of fluids having low
concentration (from reacting region) with a higher concentration(@acting region)Kigure
6-7b and c).

6.1.4 Finalising optimum protrusion height

Though other designs are not taken into account, if both sides of the catalyst are considered
active, t hKmRsimbeé | mabgstigae to theolowest and uniform flow

speed (green dashed likggure6-6d). However, assuming that low porosity metal foam is
required to support catalyst from leath thefoam side reaction is neglecttt every

configuration Hence, this study adopts the Alc pattern for the following models.

T - 3

0.0000 0.0065 0.0131 0.0196 0.0262 735.9682 750.2264 764.4845 778.7427 793.0000

H2.Mass Fraction Temperature K]

Figure6-8: Contours for a) hydrogen mass fraction and b) temperature fMFAdide(see

Appendix D for designs).

6.2 Segmentation

After narrowing down the favourable catalyst position (Alc), the next step is to test different

segmentation of the continuous catalyst.
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6.2.1 Choosingcatalyst segmergatterns

This placement of catalysts depends on the previous results. For instance, the A2 model utilises
the Alc position of therotrusion(Figure 6-4). The middle catalysf(Figure 6-1) keepsthe
guantityequal As proven by the A1 model, itilisesthe maximum mass flow regipwhich

is the middleportionof the free stram Thecentralcatalyst is active from the bottonas only

with its porosity contribution in the fluxe#nother reason to putetal foamn the middle is

to attain a higher hydrogen yie({d@able 5-2) by adopting theMF3 model In addition, the

highest gap observation appears after comparinglB@and MO modelRigure5-10a, section

5.1.6. Hence, lhe top and bottormetal foans catalysts layers have the maximum pussi

distance between them.
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Figure6-9: a) Temperature, b) methane, and c) hydrogen profiles for models S1, A2 and A3

along the channel leng{see Appendix D for designs)
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Similarly, the A3 model only offers maximum distance between the segmented catalysts at the
bottom layer, sdluid regains heat loss from previous catalyst sikegure6-1). On the other
hand, the middle catalyst keeps the quantity similar for standardisation. Also, thed centr

catalyst is fully available for the reaction compared to the A2 central one.

The S1 model originates from the Dr Settar model (S0), where the reactor wall incorporates
the catalysts. So in this instance, catalyst layers are elevated to 25% h frondeaufttise

reactor wall. Overall, this pattern makes S1 a new design (sé&clioh
6.2.2 Segmentation results

Figure 6-9 shows the average temperature and mass fractions profiles. The temperature drop

for A2 and A3 is 1K more than S1 because of the two parallel catalysts.

BetweenA2 and A3, A3 gains more heat after the first catadites (79 mm). From 911 mm,

the temperature drop of these two models is smaller. Still, mass fractions profiles variation (for
the same range) suggests that the catalyst vaffikgently (Figure6-9b and c). So this minor
temperature reduction is due to the singgatralcatalyst layer. Thehird temperature drop

(13-15 mm) corresponds to lesser conversion to products; due to reactants lower concentration
than eaiiker and starting from a small peak temperature (779 K) just before the re&igore(
6-9a).Higher concentration and temperature causighereactants conversion at first catalyst

sites Figure6-9b and c)(49% of B mf). For the S1 case, the minimum temperature drop is
higher than in A1 and A2 cases. Ithemate pattern provides smooth profiles for the
temperature and mass fractions. Despite the higher temperature, the S1 model gives the same

amount of hydrogen. In fact, it is slightly less from both A1 and A2 modelsi¢6-1).

6.2.2.1 Investigating local temperature and rate profiles

To investigateS1 higher temperature but similar yigldts us compare the local temperature

at the surfaces of the catalyst. Line 1 is dratvmpger catalyst layers (h = 75%), and line 3 at
lower catalyst layers (h = 25%) along th@xs. SoFigure6-10 shows that the temperature

drop for the A3 and A2 motkeis similar to the S1 model (first catalyst position). Hence, the
abovementioned average temperature values indicate a general FR performance trend.
Therefore, it shows that despite S1 having a minimum average temperaturieiguopc-9a),

it yields nearly identical mass fraction conversibig(re6-9b and c).
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Figure6-10: Temperature for S1, A2 and A3 at (a) upper and (b) lower catalysslayer

The overallcatalyst layetemperature tren¢Figure6-10) is similar for all three models (S1,
Al and A2). It drops during the reaction and then increases to n&4l I8 after it. It rises
6-8 K furtherif there is no catalyst (A3 lowdaslyerandA2 bothlayerg and falls again at the
next catalyst position. The temperature di@pue reduces with the length, indicating the

diminishing conversion of the reactafgémilar toFigure2-15b).
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Figure6-11. Rate for S1, A2 and A3 at (left) upper and (right) lower catalysts walls
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Figure6-12: Contours of (top) temperatur@iddle) hydrogen mass fraction and (bottom)
velocity for model (a) S1, (b) A2, (c) A3

The rate profiles show a similar trengiqure 6-11). Like, temperature, the reaction rate is

falling along with the catalyst layer. The gradient of mass fraction profiles from 9 to 11 mm, is

nearly the same for all the modelRdure 6-9b & c). Nonetheless, the third catalysts site's
reactant consumption lswer than the firstor both A2 and A3 models. It will be interesting
to exclude the middle catalyst and tremluate the performance of all three designs.

However, compared with the Iso B1 model, keeping a 10 mm catalyst length is necessary

(Table 6-1). Another way to deal wh it is to use four 2.5 mm catalysts (with 5 mm gaps)

instead of five 2 mm ones, but to make everything standard, except the pattern, 2 mm catalyst

length is used for all the moddlsee Appendix D for all designs)

6.3 Catalystposition and segmentati@ondusion

A3 model produces the highest hydrogen mass fraction. As much as 81% more hydrogen is

attained in this configuration than in the Iso B1 model. The average temperature variation is
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not severe (@K) to cause substantial thermal stresses. Model A2 athieves the lowest

maximum velocity, which signifies separate merit. So a composite model of A2 and A3 will

serve as the best possible solution.

Table6-1: Average mass fractions at the reactor otleeé Appendix D for all designs)

Model H2avgmt | CHasavgmf | H20avg mf COavgmt | H2,avgmtY%
Iso B1 9.839E03  4.390E02 2.607E01 @ 4.557E02 -
Al 1.546E02 | 2.891E02 2.441E01 7.132E02 57.1
Alc 1.678E02 2.537E02 2.406E01 7.683E02 70.5
S1 1.768E02  2.311E02 2.373E01 8.187E02 79.7
A2 1.771E02  2.302E02 # 2.372E01 8.202E02 80.0
A3 1.784E02 2.268E02  2.369E01 8.261E02 81.3

6.4 Heat and mass transfer acrdsschannel

Metal foam can be used as a medium to transfer heat and mass across different channels. The
advantage of using metal foam is that thetal foamcan direct the flow according to need

using a directional porous foam. Compared to feet{on5.1.7) previous study whemnetal

foam serves as mechanicamixture its properties variations will make it a flow guide like

shown in sectio®.1.8

12 mm 26 mm

P2 Outlet

. Inlet

0-12mm 32-42mm

Figure6-13. Metal foam(dark blue boxesasinter-channeimass and heat transfer medium

(green bars aneacting materia)gsee Appendix D for all designs)

Metalfoam location, porositycharacteristicand numbeare adjustablaccordingo the mass
flow rate, catalyst shape, and other parameters. In this study, howelean initial idea is
presented Then, dfferent corigurations are tested to illustrate that metal foammisre

effective for interchannel mass and heat transfer tharforations oholes
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Suchinter-channeltransfer mechanisms abeneficialfor differentapplications, as explained

in section2.8.3 In this example, &hchannel height is 0.775 mrandthe overall height of

the crosssection is 3.875 mpand the widths 1 mm The channelengthis 20 mmwith a 10

mm diffuser section and 2 mm straight section before channstisrt At the end of the
channels, there is D mmstraight section before the outl€atalysts are placed from -12

mm (Catl) and 226 mm (Cat2)The inlet height is 1.55 mmhe& topmost channel number is

1, and the bottom channel is numbeiret and catalyst surface conditions Hresame ashe
modified base casandall the walls are adiabatexceptthe lower 12 and 10 mm portions,
which areset assymmety. This configiration can share mass with top and bottom channels
like Figure3-25c.

6.4.1 Steadystateanalysis

Different models are tested to compare velocity, temperature and hydrogen yield at each
channel. The first simulation is about wiadrannels have straigiialls (W). Next,2 mmholes
arepuncturedn channed number 2, 3 and 4 starting from 22 n{R8), 18 mm (P2)and 14

mm (P1), respectively(H). P1, P2 and P3 are positions wheitherholes or metal foanwith
holesexist Then the holes are covered with metal foam (dark blue rectanahesylifferent
directional porosities are applied. In the first inst&, porosity is kept isotropi@), then
directional porosity is applied with @ictional vector coordinates (3, (U) and with (3,-1,

0) (D). Thestreamwisdosscoefficientis 2 (see Appendix D for all designs)

Table6-2: Hydrogen and temperaturetheend of catalystl and 24 at channel exit

(W=wall)
] H2,avg mf H2,avg mf Tavg Tavg O E-8
Properties
Catl Cat2 Catl Cat2 kgs?

Channel1 = 0.00935  0.0118 @ 591[K]  528[K] =~ 1.03
Channel2 | 0.00914  0.0116 | 588[K] @ 527[K] = 1.06
Channel 3~ 0.00892 = 0.0113 @ 585[K] @ 526[K] = 1.10
Channel 4 = 0.00872 = 0.0111  583[K] @ 525[K]  1.07

Channel 5 | 0.00852 = 0.0110 | 579[K] @ 523[K] = 0.997
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Table6-3: Hydrogen and temperaturetheend of catalystl and 24 at channel exit

(H=holes)
. H 2,avg mf H 2,avg mf Tavg Tavg O E-8
Properties
Catl Cat2 Catl Cat2 kgs?

Channel 1 | 0.00944  0.0115 | 590[K] @ 528[K] = 1.07
Channel2 | 0.00917 = 0.0114 | 587 [K] @ 527[K] = 1.11
Channel 3 | 0.00879 = 0.0114 | 585[K] @ 526[K] = 1.13
Channel 4 | 0.00872 = 0.0113 | 583[K] @ 525[K] = 1.02
Channel 5 0.00866 = 0.0113 = 580([K] = 523[K]  0.921

Table6-4: Hydrogen and temperaturetheend of catalystl and 24 at channel exit

(I=isotropicfoam)

H2,avg mf H2,avg mf Tavg Tavg O E-8

Properties
Catl Cat2 Catl Cat2 kgs*

Channel1 = 0.00971 = 0.0129 @ 596[K] @ 550[K] =~ 1.06
Channel 2 = 0.00946 = 0.0129 = 593[K] @ 548[K]  1.07
Channel 3 = 0.00913 = 0.0128 @ 592[K] @ 546[K]  1.12
Channel 4 | 0.00907 = 0.0126 | 591[K] @ 544[K] = 1.05

Channel 5 0.00900  0.0125 @ 587 [K] 542[K] = 0.956
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Table6-5: Hydrogen and temperaturetheend of catalyst1l and 24 at channel exit (U=up

(3,10)
. H 2,avg mf H 2,avg mf Tavg Tavg O E-8
Properties
Catl Cat2 Catl Cat2 kgs?

Channel1 = 0.00972 @ 0.0129 @ 596 [K] @ 550 [K] 1.07
Channel 2 | 0.00947 0.0129 | 593 [K] | 548 [K] 1.07
Channel 3 = 0.00913  0.0128 @ 592 [K] = 546 [K] 1.12
Channel4 | 0.00907 = 0.0126 @ 591[K] @544 [K] 1.04
Channel 5 = 0.00900 @ 0.0125 @ 587 [K] @542 [K] 0.955

Table6-6: Hydrogen and temperaturetheend of catalyst1l and 24 at channel exit
(D=down, (3;1,0))

H2,avg mf H2,avg mf Tavg Tavg O E-8

Properties
Catl Cat2 Catl Cat2 kgs*

Channel1 =~ 0.0071 @ 0.0130 @ 596[K] @ 550[K] = 1.04
Channel2 = 0.0046 = 0.0129 @ 593[K] = 548[K] = 1.06
Channel 3 = 0.0014 = 0.0129 @ 592[K] @ 546[K] = 1.13
Channel 4 = 0.0008 @ 0.0126 @ 591[K] @ 545[K] @ 1.06

Channel 5 0.0002 = 0.0125 @ 587[K] 543[K] @ 0965

6.4.1.1 Passive flow effect on hydrogemass fraction

Metal foam as a medium of heat and mass transfer increase$otineerés efficiency by 9 to

14 per cent. This trend is visible for all three metal foam typable6-2 to Table6-6 or Table

6-7). The second column entry is the average hydrogen mass fraction at the end of the first
catalyst site. For W and H, there is a significant hydrogen yield rise after the first catalyst site.

However, after the second catalyst siteptftonet hydrogen yield is the safeboth models
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it is more evenly distributed for H. This uniformity indicates adequate reactants conversion in

each H channgpossibly due to mass transfer between channels

Table6-7: Hydrogen mass fraction improvement due to metal foam in each channel

Properties H W H H H | H U H D | Improvement

2,avg mf 2,avg mf 2,avg mf 2,avg mf 2,avg mf

Channel 1 0.0118 0.0115 0.0129 0.0129 0.0130 9-13%
Channel 2 0.0116 0.0114 0.0129 0.0129 0.0129 11-13%
Channel 3 0.0113 0.0114 0.0128 0.0128 0.0129 12-14%
Channel 4 0.0111 0.0113 0.0126 0.0126 0.0126 12-14%
Channel 5 0.0110 0.0113 0.0125 0.0125 0.0125 11-14%

Figure 6-14b also reveals the same storylmfmogeneity(red region, wherethroughout the
crosssectiongeven distribution of hydrogeae observable after the secaratalyst. There is no
significant tenperature difference between these two configurations at each po5itjome(
6-14, Table6-2 andTable6-3). The identical temperatugFowthis due tahe balance between
temperaturemass flow rate and reactants consumpt®m.the model with or ithout holes

makes no difference for temperature distribution.

6.4.1.2 Comments on higher hydrogen production using metal foam

After each catalyst position, the average temperature and hydrogen mass fraction for I, U and
D models are nearly identicalhe reasoffior this analogous developmestthe same ht and

iad values for these three models, as concluded by séctiéhl For instanceghemetal foam
hasavery high porosity (0.92gffecting mass distribution slighthAs a result, een | and H
models havaearlyidenticalvelocity vectors, although the H mglchas nanetal foam(Figure

6-18). Section5.1.8.2shows the same result.

The lower inlet velocity (0.1 m¥Y can be another reason, so the H model's full potential is not
apparent . However, this studyds primary focu
a mass and heat transfer medium. For this role, the metal foaes $kee purpose because of

the high hydrogen yield produced.
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Figure6-14: Contours for (top)elocity, (middle) temperature and (bottom) hydrogaifor
(@ Wand (b)H
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Figure6-15: Hydrogenmf contoursfor (top) I, (middle)U (3,1,0) and(bottom) D(3,-1,0)
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Figure6-16. Temperatralistributionfor (top) |, (middle) U (3,10) and (bottom) D (31,0)

Velocity [ms*1]

Figure6-17: Velcoity contours for (top),(middle) U(3,1,0) and (bottom) D (31,0)

6.4.1.3 Passive flow #ects onthevelocity distribution

Changingmetal foamparameters, such &C, can divert the flow tahe desired channel to

receive the optimum flow ratéke channel 5 ofll modek. Therefore, due to this minimum
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mass flow rat€Table6-2 to Table6-6), the appropriatanetal foamparameters adjustment at

P1 can evenly distribute flow from chah@o 4 and 4 to 5.

P3

0.0000 0.0297 0.0594 0.0891 0.1188 26 mm

Velocity [m s2-1]

Figure6-18: Velocity vectors for(top) H and (bottom) | imdels

0.0891 0.1188

0.0000
\
Velocity

0.0297 0.0594

[m sh-1]

Figure6-19: Velocity vectordan the diffuser section

Higher FR efficiency is not due to mass distribution, as showigure6-20, Figure6-21 and
Figure 6-22. At the beginning (before P1), channel 1 and 2 of model W attain the highest
H 6 sFigurd6-20). Bimilarly,lchaansd, 2
model

velocity while model

4 5
has a variable correlati@ndincreagsor decreasswith the velocity (columr8 Table6-2 and

and of W velocity is |l ess than

Table6-3). The same comparisdor catalyst site 2 is not reasonable due to mass
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exchange. To better understand, the study will investigate the masdigtoution effectsat

the channel 6s exi t.

6.4.1.4 Temperaturalistribution

Next, the temperature range and valuethatcatalyssite are compared in column Zgble
6-2to Table6-3). The temperatre rangdetween channelsaries9-12 K after the first catalyst
siteand 58 K atthesecondor all the modelsAs dl the walls are adiabatiso there is no heat
transfer between channels except through hmesetal foamDespite thiscondition bothW

and H have similar temperature range and values.

Figure6-22: Velocity contours while entering the chann@g.1 mm, Plane Zpr a)H b) I,
and exiting the channe{81.9 mm Plane 3for ¢) H d) | models

However, temperature values for models I, U and D are higher from snddahd H. After

the first catalyst site, it is 6 K higher, but at the end of the second, it is 20 K higher. This trend
meansmetal foamretains the heat and distributes it to the passing fluid after losing it at the
first catalyst site. The same observatappearsn chapters.1.6whenthe metal foammodel

(MF6) achievedhe highest minimuntemperature. It i42 K more than thelear (M0) model.
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It means FR's highezfficiency (9% more H mf) for models I, U and D is due to tlimgher

temperaturen catalyst surroundings

The contours Kigure 6-22) show fluid speed while entering and exiting | and H models’
channels. Velocity distribution is uniform at both ends for the | model. For the H model, it
somewhat reverses from the inlet te thutlet. Nonetheless, owing to the higher catalyst

temperature, more hydrogen produces for all the foam configurations.

6.4.1.5 Interchannemassdistribution

The mass flow rate profiles reveal the complete picture of uniform mass conversion in the case
of the Hmodel againsthe W. The velocity profiles are extracted at 25 mwihereaghe mass
flow rate is calculated at 32 migtill,i t s houl dnét make much differ

areonly adiabatic walls without any perforation.

1.15 7

mdotW ----- mdot H ——— mdot | mdot U ------- mdot D

1.1 +
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1 2 3 4 5

Figure6-23. Average mass flow rate calculated at the channel exit (at 32 mm)

The velocity profiles Eigure6-21) match the mass flow rate ten Figure6-23). Therefore,
the velocity proportionally increases with the mass flow rate for each nibtmeéver, a direct

comparison between H anaetal foanmodels is not accurate.
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Mass flow distribution explainthe nonuniformity of Ho mf in the W model. W's channel 5

has thehighest mass flow raté-igure6-23), butveloc i t y i s similar to the
5 (Figure6-21). These conditions make channel 5 of the W model cofewsr reactants to

products hence, th@on-uniformity rises between channelagure6-14). The D model shows

a slight improvemeni n channel fiveds mass métdl bam r at e

configuratiors, indicating that changingetal foanproperties can successfully divert the flow.
6.4.2 Transientanalysis

In order to sedhe evolution of hydrogen mass fraction and velocity with time, transient
simulations are performed. As FR cataligssometimes installed oa car with a pulsating
incoming flow, transients simulation can help identifigich channel and modeln quickly
adapt to these variatienlt will also highlight the time to reach steadystate solution,

especially for hydrogen pduction.

A total simulation time of 1.4 s is selected for this simulation. phrsodis sufficient forthe
| modelto reach theequilibrium statetthe first catalyst siteOverallto getatotal steadystate
solution will require a longer time.This trend is olsenable fromFigure 6-31, where the
transient solution has not reached the stesdie for model WSo 1.4 stime is sufficient to

prove that metal foam hedto achiewe a fully developedolutionfaster.

6.4.2.1 Hydrogen masfractiondevelopment

Figure6-24:. hydrogen mass fraction @t03 sed (top) vs W (botton)
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Figure6-25: hydrogenmass fraction at 0.06 sé¢top) vsW (bottom)

Figure6-26. hydrogen mass fraction at 0.09 $€top) vsW (bottom)

Figure6-27: hydrogen mass fraction at 0.8dc | (top) vs W (bottom)

Figure6-28: hydrogen mass fraction at 0.48c | (top) vs W (bottoin
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Figure6-29: hydrogen mass fraction at 0.8&c | (top) vs W (bottoin

Figure6-30: hydrogen mass fraction at 1.38éc | (top) vs W (bottoin

Figure6-31: hydrogen masBaction at 1.4ec | (top) vs W (bottoin
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Figure6-33: Steadystate vs transient solution for W model (SS stestdie, T transient)

The hydrogen contourd-igure 6-22 to Figure 6-32) and plots for thd model show that
hydrogenis readily produedin areactor with metal foanOn the other hand, contours and
profiles for model W(Figure6-22to Figure6-31 andFigure6-33) show slow progress. At the
end of 1.4 s, the hydrogen ssafraction lins (for T) arenearlyflat, indicating a longer timt®

reachequilibrium.
So this showthatmetal foam increases the fuel reformer yield and helpshieve it quicky.

It would beaninteresting studyo usedifferentinlet andboundaryconditions. Thisvay, these
modelscan fully describe the pros and cons of using metal foam in chalftrislsvorthy to
point out thatthe solution fully converges but has not reacttezl equilibriumstate as the

second catalysts site (26 mm) does not shosgignificantprogress.
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6.4.2.2 Velocity development

Figure6-34: Velocity at 0.03sec | (top) vs W (bottm)

Figure6-35: Velocity at 0.06sec | (top) vs W (bottm)

Figure6-36: Velocity at 0.0%ec | (top) vs W (bottojn

Figure6-37: Velocity at 1.4sec | (top) vs W (botton
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Similar to mass fraction transients results, velocity develops faster for the | model. The vertical
(white) lines at 0.03 s for the W model are interfaces. These quickly vanish after some

iteratiors. Unlike hydroge mass fraction, velocity quickly stabilizes itself after 0.09 s.
6.5 3D steadystate results

A 3D model is also simulated to emphadizeimportance of heat and mass transfer. In the
event of channel blockage by carbon formation during SMR reattiemter-channelmass

transfer can ensure fluid mixture distributimnthe adjacent channels

Figure6-38: A 3D quarter model of FR catalyst

The 3D model is an extensiontbE previous2D mode| andaquarter model athe3D catalyst

is tested. The blueegionsare symmetricasurfacesandtherestof the surfaces are adiabatic
walls. Reactor mlet size is four times the size thfe channel inletAll other dimensions are
identicalto the previous 2D modelust a 35 channels stack is tested with the same inlet and
catalystsurface conditions used before in %@ model This configuration can share mass
with all adjacent channels likeigure3-25d.

So in case of any blockage by foreign materiatake formation, cross channel flow can
overcome this blockageAs already proven in 2D simulatiometal foam placemein the
cross channel region increasls efficiency so just Iseporous metal foam (I3D) and channel
with holes (H3D) models are tested.

6.5.1 Flow exchange during channel blockage

First of all flow distribution from one channel to the rest is shadfnadl other channels inlst

are closed The distribution pattern ighe same for both models. The inlet velocity is not
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changedso there isa very highspeed flow at the working channel inlétence,only that
channel will be available for reaction in case ofpassive passagebusexperiencingvery

high velocity and low residence time.

Figure6-39: Velocity pathlinesfrom one chanel to the rest of thehannelqI3D)

In such a cross channgtuation Figure6-39), the first catalysts site, from 124 mm, will be
inactive for the rest of the channelsthe first series of catalystendbefore the crosow
passageThen, lowever, the second catalysts sifeall the channeldrom 2426 mm will be

available for the reaction.

Figure6-40: XY Plane 2 at 14 mm and Plane 3 at 31 mm
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6.5.2 Hydrogen distribution

Next, simulation is performedind all the chamels inles are openContours ér velocity,
hydrogen mass fractipnremperatureand velocityare extractect two plans (Figure 6-40),

Plane 2 at 14 mm and Plane 3atmm.

| foot1s

0.0112

wall
0.0108

Symmetry h

Symmetry

Figure6-41. Hydrogenmf comparisorat Plane 2 for (a) I3@nd (b) FBD (same scale)

Themaximumhydrogen mass fraction is found in the top right channel. The lower left channel
has symmetry before its inlet.

Like previous 2D cases, maximum hydrogen mass fractionsformegions surrounded by
containerwalls. Both 2D and 3Ddesignsshow uniform hydrogen distribution after the first
and second catalystBigure 6-41 and Figure 6-42). Neverthelessmodel I13Doffers a better
yield than the H3D modeRAfter the second catalysFigure 6-42), the 13D hydrogen mass
fraction value is 0.018ompared to 0.8 of the H3D model15% higher) Moreover, the
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uniformity is higher after the second catalyst, as the difference between maximum and
minimum hydrogen mass fraction at Plane 2 is higher, @#seit is nonexistent at Plane 3.

0.0147

Figure6-42: Hydrogenmf comparison at Plane 3 for (a) I3D and KI3D (local scale)

6.5.3 Temperature distribution

The higher hydrogen mass fraction originates from the elevated channel temperature, which is
greater for the 13D.
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