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Abstract

The aim of this Ph.D. 1s to develop and evaluate a compact ‘fast response’
hydrocarbon fuel processor with integrated control software and novel design
concepts for use with both stationary and transportation applications using PEM fuel
cells. A multi-function compact chemical reactor designed for hydrocarbon steam
reforming was evaluated. The reactor design 1s based on diffusion bonded laminate
micro-channel heat exchanger technology. The reactor consists of a combustor layer,
which is sandwiched between two steam reforming layers. Between the two function
layers, a temperature monitoring and control layer 1s placed, which 1s designed to
locate the temperature sensors. The combustor layer has four individually controlled
combustion zones each connected to a separate fuel supply. The reactor design offers
the potential to accurately control the temperature distribution along the length of the
reactor using closed loop temperature control. The experimental results show that the
vanance of temperature along the reactor 1s negligible. The conversion efficiency of
the combustor layer is approximately 90 to 100%. The heat transfer efficiency from
combustion layer to reforming layers is 65% to 85% at 600°C and 400°C,
respectively. A sulphur tolerant catalyst, designed for use with LPG, was washcoated
on to the reforming layers. The reformer was tested over a wide range of reactor
temperatures, steam to carbon ratios and fuel flow rates. To increase the reformer
performance a second nickel-based catalyst was added to the rear of the reformer. The
multi-zoned combustor enabled the two catalysts to be operated at differing
temperatures as required. The reformer was tested over a further range of operating
temperatures, steam to carbon ratios and feed rates whilst using the fuels, LPG, C;Hs
and CHy The performance of the reformer whilst using C;Hg and LPG showed good
agreement suggesting that the performance of the reformer was not adversely affected
by the presence of sulphur in the fuel. 98% conversion of C;Hg was achieved at a

predicted fuel cell power output of 1.98kWe.
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1 Introduction

1.1 The Case for Hydrogen

It can be argued that the move from conventional fossil fuels to the wide spread use of
hydrogen is inevitable. There are two arguments that lead to this conclusion. Firstly,
there is depletion of economically viable fossil fuel sources, and secondly, there are
the environmental arguments, particularly the effect of carbon dioxide on the
environment [D.S. Scott (2004)]. The first argument concerns itself with finding a
renewable energy source coupled with a clean efficient energy-carrying vector. In this
case the energy vector 1s hydrogen Hydrogen can be produced by electrolysis of
water usmg electricity generated from renewable sources The second part of the
argument concerns the production of CO; as by products of human usage of fossil
fuels CQ; is a greenhouse gas, which if its production is not hmited will lead to
climate mstability that if left unchecked could be catastrophic Figure 1.1 shows the
predicted rate of CO; production and the theoretical limit of CO, in the atmosphere to
mimmise chimate change as set by the Intergovernmental Panel on Climate Change
(IPCC). Stabilisation of the CO; content of the atmosphere requires a 50% reduction
in emissions by 2050. The current trends of CO; emissions coupled with increased

energy demands require that a clean energy source be found.
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Figure 1.1: Atmospheric Carbon Dioxide Trends [Ref. M. Conte (2002)]

Renewable hydrogen production 1s free from CO; emissions. Additionally, even if 1t
was possible to capture the CO; produced at stationary power plants, 1t would still be
necessary to have a clean energy vector, with which to provide energy for mobile
applications. Because of this and other political considerations there 1s a concerted

effort to move towards a hydrogen economy.

The 1dea of the hydrogen economy has been established now for 30 years. The system
behind 1t can be summed up m Figure 1.2 [Ref. T N. Vezirlogu (2000)]
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Figure 1.2: The Hydrogen Economy for Sustainability

Figure 12 shows a cychcal sustainable process for energy generation based on
hydrogen as an energy carner. Primary energy sources are used to produce hydrogen,
a secondary energy source, by electrolysis of water, or reforming of fossil fuels. The
hydrogen then acts as an energy carrer, or vector. Hydrogen can be used in two main
areas of power generation. It can be used as a fuel for an mternal combustion engine
(ICE), or as fuel for a fuel cell In both cases the product of each device 1s water,
though there 1s the potential for NOx production by the (ICE) The fuel cell offers
higher practical efficiencies than an ICE. This 15 because a fuel cell does not have to
be able to cope with the ligh combustion temperatures required by a heat engine to
run at maximum efficiency. It 1s not practical, due to matenal constraints, to build an
ICE capable of runming at such temperatures [Ref A.E Lutz (2002)] A fuel cells

performance 1s not constrained m this way.

The goal of a hydrogen economy 1s closest in Iceland. This 1s because of the countrys
natural geothermal and hydroelectric resources Approximately 58% of Icelands
resources are met 1n this way, with the remainder bemg provided by imported fossil
fuels. The Icelandic Government supports the goal, and The Icelandic New Energy
Company Ltd. has been founded with industrial partners such as DaimlerChrysler
AG, Norsk Hydro ASA, and Shell International BV They envisage a 5 phase plan to
produce the worlds first hydrogen economy before 2040 [Ref B Amason (2000)]



Phase 1: A demonstration fuel cell bus project in Reykjavik.

Phase 2: Replacement of Reykjavik bus system with fuel cell buses
Phase 3: Introduction of methanol fuelled solid polymer fuel cell (SPFC) cars.
Phase 4 SPFC vessel demonstration

Phase 5: Replacement of fishing fleet with SPFC vessels.

The importance of Iceland leading the way 1n this respect is that it sets a standard and
shows that the technology is viable. It is an important step 1 the acceptance of the

technology 1n the eyes of not just the public but other govermments

If hydrogen 1s to be adopted as a fuel by industry successfully, 1t will need to be
accepted by the public who will have to come to terms with the change of routine and
technology that such a move would entail. There are three main factors that influence
acceptance of a new technology. These are risk, the perception of risk, and
satisfaction with the technology. In order to reduce the perception of risk and increase
the potential satisfaction of the technology there are three areas that can be worked on.
These are education, marketing, and exposure to the product. If the public 1s well
enough informed about the benefits of the technology and convinced that the nsk
from such technology is no greater than current technology, and allowed access to the

technology, the chance of acceptance 1s more likely {Ref. L. Schulte (2004)].

1.2 Fuel Source

Hydrogen is a secondary fuel. That 1s to say that it is not naturally occurring and has
to be produced using an intermediary process of some kind. There are many available

feedstocks for the production of hydrogen A short description of some of the most

common feedstocks shall be attempted here.




1.2.1 Water

Hydrogen 1s produced from water using electrolysis. This 1s the opposite process to
that which produces electricity inside a fuel cell The drawback of the electrolysis
process is that 1t requires a source of electricity. Currently the majonty of electricity
production 1s from fossil fuels. A study of well to wheel (WTW) costs for SPFC
vehicles found that greenhouse gas emissions from direct hydrogen, produced by
average US electric vehicles are not significantly less than conventional ICE powered
vehicles. In addition they actually consume more energy WTW than ICE powered
vehicles [Ref. M. Wang (2002)]. For electrolysis to be of real benefit, renewable
sources of electricity need to be employed 1n the process. Renewable electricity
sources include solar energy [Ref. P Hollmuller (2000)], hydroelectnc power [Ref
A.G. Dutton (2000), Z. Yumurtac1 (2004)], and wind power [Ref. K. Agbossou
(2001)]. These methods use hydrogen as an energy storage method, which can then be

utilised with a fuel cell to produce electricity.

1.2.2 Hydrocarbons

Hydrocarbons are attractive as primary fuels because they are readily available. They
can be reformed to produce hydrogen nich gas, which can then be utilised by a fuel
cell. The issues surrounding the choice of appropnate hydrocarbon for a given fuel
cell application are well covered in the literature The issues include; hydrogen yield,
cost, fuel infrastructure and safety [Ref. L.F.Brown (2001). The majonty of these
discussions concern the use of fuel cells in vehicles This 1s because there 1s no
current hydrogen supply infrastructure available for vehicle users, and until that time
the smtability of the intermediate fuelling optron 1s of importance to make any transfer
of technology as smooth as possible. In the case of DaimlerChrysler they are
developing a gasoline fuel processor for use 1n an automobile because the
infrastructure for fuel supply is already there [Ref. S. Springmann (2004)] The use of
gasoline also allows the end user to make the switch between technologies smoothly,
as he would already be used to filling his car with gasoline However, 1t can be argued
that the use of gasoline 1s not a big enough step forwards in terms of the

environmental benefits of using a fuel cell. PeugeotCitroen have investigated the




reforming of bio-ethanol, which as will be discussed 1n section 1.2.3, 1s CO; neutral
and therefore a more environmentally favourable chowce of fuel [Ref. V. Klous

(2002)]

For the stationary fuel cell market, the situation is different Large-scale plants make
use of high temperature fuel cells, which can intemally reform hydrocarbons and are
not affected by impunties such as CO At the domestic scale, there is already a natural
gas infrastructure that a fuel cell system can make use of. In remote areas where there
is not a pipe line infrastructure, fuels such as bottled LPG can be used as a feedstock

to provide a remote power source.

1.2.3 Biomass

Biomass 1s the name given to a substance made of organic components onginally
produced by fixing carbon dioxide in the atmosphere. One such example are the waste
products of the sugar cane refining process [Ref. D. Delleprane (2003)], bagasse and
barbojo. As long as the original biomass species are reintroduced, cyclical flow of
carbon dioxide can be attained keeping the concentration of carbon dioxide 1n the
atmosphere constant. For this reason, btomass is hikely to play a part in a sustainable
energy future [Ref. Y. Matsumura (2004)]. There are different methods that can be
employed to produce a hydrogen nch gas from biomass One such method is by
gasification of the biomass [Ref. C.N. Hamelinck (2002)], though the biogas produced
requires further refining before it is suitable for use in a SPFC. Another methed 1s

through the use of anaerobic bactena, discussed briefly in section 1.5 7.2.

1.3 Whatis a Fuel Cell?

The fuel cell concept has been around since 1835. Wilham Grove a physics professor
at the London Institute based his experiment on reversing the water electrolysis
process. The term fuel cell was coined in 1889 when an attempt was made to make the
first practical model. Fuel cells have since been investigated for use in a number of

different applications, automotive, combined heat and power (CHP), space fhght,




aviation, MW scale generators, and portable battery sized fuel cells. A fuel cell can be
seen as analogous to a battery. The major difference 1s that a battery carries 1ts fuel
internally, whilst a fuel cell uses external fuel. This means that provided there 1s a

supply of fuel to the cell, electricity will be produced.

The six most technically advanced types of fuel cells are shown in Table 1.1. These

are.

« Sohd polymer electrolyte fuel cell (SPFC)
= Alkaline fuel cell (AFC)

» Phosphoric acid fuel cell (PAFC)

= Molten carbonate fuel cell MCFC)

»  Solid oxide fuel cell (SOFC)

» Direct methanol fuel cell (DMFC)

The solid polymer fuel cell utilises H; as its fuel, which it combines electrochemically
with oxygen (from air) to produce electricity, heat and water [Ref. J. Larminie
(2000)]. This can be seen 1n the equations for the reactions at the anode and cathode

below (equation 1.1 — 1 2 respectively).

H,—»2H" +2¢ Equation 1.1
% 0,+2H* +2¢ -» H,0 Equation 1.2

A simple hydrogen/air fuel cell consists of an electrolyte with a porous anode and

cathode on erther side (see figure 1.3).



Fuel Cell Type SPFC AFC PAFC MCFC SOFC DMFC
Operating 40 - 80 80-100 200-220 600 — 650 800 — 1000 40- 80
Temperature
Current High High Moderate Moderate High
Density
Charge Carrier H* OH" H' COy” [} H
Prime cell Carbon based Graphite based | Stainless Ceramuc Carbon
components Steel Based
Catalyst Platinum Platinum Nickel Perovskites Platimum/
Ruthenium
Product Water Evaporative Evaporative Gaseous Gaseous Evaporative
Management Product Product
Product Heat Process gas + Process gas + Internal Internal Process gas
Management mdependent independent | reformung + | reformung + +
cooling medum cooling process gas | process gas | independent
medmum cooling
medium
Stage of Prototypes and Space Early Field demo | Laboratory Early
Development field demo commercial demo Prototypes
applications
Likely Electric Uthty, | Military and | Electnic utility Electric Electnic Portable
applications portable power space and utility utility
and transportation
fransportation
Advantages | Low temperature High High High High Low
Quck start performance | efficiency for efficiency efficiency | Temperature
Solid electrolyte cogeneration Flexibility Flexibility Sehd
reduces Can use of fuels of fuels Electrolyte
corrosion and 1mpure fuel Sold Liquid fuel
management electralyte
problems reduces
corrosion
and
management
problems
Disadvantages | High sensitivity Expensive Low current High High Methanol
to fuel impurities | removal of and power temperature | temperature | Permeability
Requires CO, from | Large size and enhances enhances through
expensive fuel and air weight COITOS10N corrosion Membrane
catalysts supphies and break and break
down of cell | down of cell
components | components
Prospect for Good Good Good Good Good Good
high efficiency
Prospect for Good Good Famr Farr Fair - Good Good
low cost

Table 1.1: A Comparison of Fuel Cell Technologies
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Figure 1.3: A Schematic of a SPFC [Ref. Y.M. Ferng (2004)]

Hydrogen is fed to the anode where it diffuses through the diffusion layer to the
catalyst. The hydrogen dissociates to protons and electrons via the reaction shown 1n
Equation 1.1. At the same time oxygen 1s fed to the cathode where 1t diffuses through
the diffusion layer to the cathode catalyst. The oxygen reacts with the protons via the
electrolyte membrane and with the electrons via the extemal circuit as shown n
Equation 1.2. Current will contmue to flow for as long as the fuel and oxygen are
supplied to the fuel cell and the electrodes are connected across a load. The power
generated 15 a direct result of the chemical energy of the reaction and as there 1s no

combustion, the only chemical product 1s water

The theoretical operating voltage of a fuel cell is 1.223v. However, fuel cells are
typically operated at 0.7v with a theoretical peak efficiency of 80%

The reason for this can be seen by looking at a typical polansation curve (Figure 1.4).
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Figure 1.4: A typical polarisation curve

The activation losses are due to the activation energy of the reaction. A high catalyst
surface area 1s important for fuel cell performance here The ohmic loss 1s due to
resistances in the matenals The main losses here are due to 10n conduction 1n the
polymer electrolyte and contact resistances between different fuel cell layers. The
concentration overpotential 1s the region where the reactants can not be supplied to
the catalysts at a sufficient rate. Water buld up at the cathode can also lead to
flooding 1n this region This cuts off the supply of oxygen to the cell and reduces the
performance This means that the operatng voltage of the cell 1s determined as

shown by Equation 1.3

Vier =Vaux —H4 = Ho — U¢ Equation 1.3

Where V,., = actual cell voltage, V,,,, = theoretical cell voltage, u, = Activation

Losses, u,=ohmic losses, and .= concentration losses.

The fuel cell performance can be influenced by various operating factors. These are
cell temperature, anode hurmdification, and operating pressure [Ref. L Wang (2003)].
Developments m membrane technology that allow the SPFC to run at higher
temperatures (120°C — 140°°C) would allow steam produced by the fuel cell to be
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recycled for use mn a steam reformer, and would increase the system efficiency
Investigations 1nto membranes capable of operating at up to 200°C are also being
investigated but will need an uncertain technological breakthrough to become reliable

[Ref. T Kosug (2004)].

1.4 Fuel Cell Applications

The possible applications of fuel cell technology are vaned but they all have the
potential for efficient, clean methods of supplying electricity for a variety of needs.
The applications of fuel cells can be divided into two marn groups; stationary power
generation, and portable power generation Within each of those groups different
types of fuel cell technology are implemented so that a wide range of power needs are

catered for.

1.4.1 Stationary Power

Stationary power systems can be split into two main groups; Large scale power
generation, and smaller scale units for use in homes as combined heat and power

(CHP) systems perhaps connected to a distnibuted gnd.

1.4.1.1 Combined Heat and Power

Fuel cells as the basis of combined heat and power (CHP) systems are an interesting
alternative to the conventional separate natural gas and electricity supphes commonly
employed in homes today. The idea being that given a natural gas supply to the house,
the CHP system is used to generate any electricity when required. The “waste” heat
from the system can be employed to heat water [Ref T. van der Does (1996)]. SPFC
systems are ideally suited to home CHP applications. A companson of different
technologies shows that SPFC (proton exchange membrane, PEM) systems offer the
best package overall (Figure 1 5) [Ref. W Colella (2002)].
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Figure 1.5: A Technology Comparison for CHP Applications

It can be seen that fuel cell solutions out perform the other technologies on an
environmental basis. This 1s important for the reasons given above m section 1 1.
Another advantage that a fuel cell system has over other CHP technology options, 1s
potentially better performance when considering the heat to power generation ratio of
the system The heat to power generation ratio 1s tmportant to consider because the
heat to power ratio demands on the system will vary over ime By careful system
control 1t is possible to control the heat to power ratio of a fuel cell system so that the

users demands are met 1n an efficient manner [Ref. E Entchev (2003)].

1.4.1.2 Distributed Generation

Distributed generation 1s the decentralised generation of electricity, interconnected to
a distribution network The size of generator can range from large 100 MW systems
to small domestic CHP systems 1n the order of 1-2 kW [Ref P. Dond1 (2002)]
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1.4.2 Portable Power

Fuel cell systems are well suited to portable power generation. This is because

hydrogen provides an efficient solution to the energy vector problem

1.4.2.1 Man Portable Power

With the advent of ever more complex portable computers, users demand increasing
battery life. A miniature fuel cell can provide the extra lifetime between charges that
the latest rechargeable battery packs can not. Research into liquid fuelled direct
methanol fuel cells for applications such as mobile phones [Ref. C.K. Dyer (2002)]
are being mvestigated, whilst hydrogen fuelled SPFC systems fed by metal hydnde
storage systems are proposed for larger equipment such as laptops. [Ref. K. Tuber
(2003)]

Military applications for portable fuel cell technology include a mobile personal
power source for modern infantry [Ref. J.W. Raadschelders (2001)]. This application
envisages the use of a direct methanol SPFC to replace the soldiers current battery
packs. The 1dea 1s to consolidate the soldiers power needs to a single fuel cell source.
Another method uses a mimature methanol fizel processor to generate a hydrogen rnich
gas to feed the fuel cell [D.R. Palo (2002)]. An ambient pressure fuel cell stack is also
being developed to be used as a portable generator for recharging the soldiers battery
packs. This 1s seen as an intermediate step between conventional methods of powernng
the soldier and the use of personal fuel cell power packs. The reason being that there
1s a lot of work to be done on ruggedising fuel cell technology to make it suitable for
the battlefield [Ref. J.M Moore (2002)].

1.4.2.2 Transportation

Vehicle manufacturers have been investing heavily in fuel cell technology to develop

fuel cell powered cars or hybnd fuel cell vehicles. The reasoning behind fuel cell
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vehicles is that they offer the opporturuty to reduce emissions and increase the

efficiency of the vehicle.

To decrease 1ts dependence on overseas o1l the U.S. Government set up the
Partnership for a New Generation of Vehicles (PNGV). It was established in 1993 as a
partnership between The Federal Department of Energy (DOE) R&D program and
The United States Council for Automotive Research (USCAR) which represents
DaimlerChrysler, General Motors, and Ford. The partnerships long-term goal 1s the
production of a stx seater family saloon which can achieve 80mpg, whilst matching
Government safety and emissions regulations. The PNGV has led to DOE mnvestment
into SPFC technology as a means to produce a low to zero emussions vehicle. This is
the DOE fuel cells for transportation program [Ref. S.G Chalk (2000}].

Fuel cell hybrid vehicles could use conventional batteries as a secondary power
source. The battery would be used to store energy under braking and to supplement
the fuel cell under acceleration [Ref. H.S. Lee (2003)]. Depending on the source of
the hydrogen used to fuel the fuel cell, such a vehicle could have zero emissions In
the case of a system with an onboard fuel processor, hybridisation can be a solution to
the cold start problem, as well as improving the load following of the system,
something that 1s especially important in a vehicle [Ref. G Pede (2004)]. There has
been interest 1n the public transportation field as well. Buses are well suited to fuel
cell implementation. As fleet vehicles they can fill up with hydrogen at a central
refuelling station simplifying the question of how to provide the fuel cell with
hydrogen [Ref. .M. Viduerra (2003), A. Folkesson (2003)]

The flexibility of fuel cell technology with regards to transportation applications is
demonstrated by a 300W electnc bicycle prototype developed at ENEA Casaccia
Research Center 1n Rome, Italy (Figure 1.6)

14




fuel cell

Figure 1.6: A Prototype Fuel Cell Powered Bicycle [Ref. L. Cardinali (2002)]

Other applications include the use of fuel cells to power motorcycles [Ref. J.H. Wang

(2002)], and even submarines [Ref. A. Psoma (2002)].

SPFC technology from the 100 W range to the 250 kW range can be used in a variety

of transportation applications with the power solution tailored to the application.

1.4.3 Summary

It has been shown that the solid polymer fuel cell (SPFC) is seen as a potential clean
power plant for a number of applications. The application that the fuel cell is used for
is an example aside from the initial obvious cost issues. Although the automotive
sector has invested significantly in the development of SPFC systems over the past
decade, technology costs are still at present uncompetitive compared to those for the
internal combustion engine (ICE). Near term costs for SPFC systems have been
reported to be approximately an order of magnitude greater than the ICE on a $/kW
basis. The current cost of fuel cell technology is running at $200/kW, the goals of the
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PNGYV state a $50/Kw aim. In the long term 1t may be possible to reduce the cost to
$10/kW [Ref. I Bar-On (2002)].

Whilst a consideration of technology improvements and volume production will assist
in reducing SPFC costs in the mid to long term, a more cost competitive market for
SPFC technology is now seen as the stationary power market and distnbuted
generation 1n particular. Stationary systems use the same SPFC stack technology that
is used 1n automotive fuel cell systems As such they need a hydrogen stream with a

high level of punty (low sulphur and CO levels) to operate effectively.

1.5  Fuel Supply for the SPFC

For the SPFC, there are essentially two methods of supplying Hj; to it.
= Direct (pure) H; storage and supply
= Storage in the form of hydrocarborn/alcohol carrier using chemical processing to

liberate the H,.

Table 1.2 shows the energy density options for some methods of hydrogen storage.
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Gravimetric Volumetric Gravimetnc
Energy Energy Energy
. Density of .
Fuel Density of Fuel and Density of fuel
Fuel MJ/m3 Contamer and Contamer
(kWn/1y (WD) (kWh/1)
Petroleum
(0.8ke/l) 12.2 95 110
Methanol
(0 72kg/l) 6.4 44 53
Compressed
Hydrogen Gas 39.7 1.0 16
(0.016kg/1)
Liqud
Hydrogen 397 1.5 438
Carbon
Nanofibre 30 138 138
Fe-T1 Hydnde
(5.8ke/l) 0.84 4.0 0.55
Lead-acid
Battery - 006 003
(2 8kg/l)

Table 1.2: A Comparison of Hydrogen Storage Methods

1.5.1 Pure Hydrogen Storage or Supply

The first option for fuelling the fuel cell is that of pure H, storage. The major
advantage of this 1s the fuel cell will be zero emission. This 1s probably the desirable
future for fuel cell technology. But currently, clean H; production is costly and
inefficient, and there are also drawbacks with stonng and handling pure H,. These
drawbacks are seen in the hydrogen embrttlement process [Ref. V I. Schavchko
(2000)]. At high temperature and pressure hydrogen molecules decompose 1nto atoms
and small quantities penetrate into the metal. Usually these atoms are able to pass
right through the metal and out the other side. However if they build up inside a micro
crack, they can accumulate and reform molecules. The molecules can not penetrate
the metal and so the partial pressure mside the crack increases and the crack
development 1s promoted. The use of preventative coatings may slow hydrogen

permeation down but does not provide a long-term solution, and may exacerbate the
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situation 1n some circumstances [Ref. V.V. Panaysuk (2000)]. Mechanisms for
hydrogen embnttlement at lower temperatures have also been proposed [Ref AN
Kuzyukov (2002)]

1.5.1.1 Pressurised Storage

The major drawback of this method is the weight penalty incurred by the cylinder
However, for bus applications the cylinders can be stored on the roof using
conventional technology. Current research and development 1n this field is addressing
the development of composite cylinders utilising very high pressures to increase

energy storage density.

1.5.1.2 Liquid Storage

It can be seen in Table 2:1 that onboard storage of hquid hydrogen produces good
vehicle range and gravimetnc energy density. The difficulty comes with the cryogenic
storage of the liquid. Hydrogen becomes a hiquid at —253°C and would have to be
maintained at this temperature inside the vehicle. There 1s also the question of
refuelling. Currently BMW and Ford have test hiquid hydrogen refuelling stations,
with BMWs being open to the public [Ref. K. Pehr (2001), Ref. 6]. These currently
require special training and permits to use and have some way to go before they are

suitable for wider use.

1.5.1.3 Metal Hydride

Metal Hydrides allow good volumetric energy density but are compromised by their
gravimetric energy density, The refuelling process is also more time consuming than
the other methods considered here. If used in a vehicle it would be necessary to
replace the storage container to refuel the velicle. Owing to the weight of the metal
hydnde system this is impractical However for stationary applications they hold more

promuse. This 1s because the weight is less critical. The rate of hydrogen release is
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dependent on the heat transferred to the metal hydnde [Ref. S. Levesque (2000)]
Metal hydnde storage methods provide a means of creating a hydrogen buffer inside a
fuel processing system that can be activated to help with the transient response of the

system.

1.5.1.4 Carbon Nanofibres

Another option 1s to use carbon nanofibres to store the H,. Impressive claims have
been made for this technology but so far these claims have not been venfied [Ref.
Yu.S. Nechaev (2003)]. If this technology does become viable 1n the future it will free
up the H; economy by allowing compact dense H; storage. For this reason there 1s a
lot of ongoing research 1n this area [Ref. C. Gu (2004), D.V Schur (2003), L Zhou
(2004), Q. Zeng (2004), X Chen (2004)]

1.5.2 Fuel Processing

The last option and the one that will be investigated the most thoroughly i this
chapter, 1s the use of hydrocarbon fuels, which can then be reformed to produce a
hydrogen rich gas stream. This is an attractive solution to the hydrogen storage
problem, because 1t overcomes some of the difficulties mentioned above and the

technology (at a large scale) 1s well tested.

Firstly, 1f the hydrocarbon 1s chosen carefully there 1s no need to create a new fuel
supply infrastructure as the existing infrastructure will already be useable. This is an
advantage n a stationary power market as well as the transportation market.
Secondly, most hydrocarbons are more easily and efficiently stored than H; making
them more suitable for transportation applications. Thirdly, the heat generated by the
reformer can be thermally integrated with the fuel cell to increase the efficiency of the
system. This has benefits for use in the home. The generator needs to have a quick
start-up time and follow transtents m fuel demand well. Certain applications confer
space restraints on the installed system. Therefore a compact fuel processor design

coupled with the compactness of SPFC technology can be advantageous
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1.5.3 Fuel Cell Operating Requirements

Before discussing the required components of a fuel processor it 1s necessary to
understand the demands of the fuel cell with regards to the output of the fuel

Processor.

For the purposes of this work I will concentrate on the requirements of the SPFC. This
is because the SPFC has particular benefits, which have meant that 1t has become the
favoured fuel cell for a vanety of uses These are transportation, distributed
generation and other portable small-scale applhications. It has a high current density
(>1 A/ecm?) and a low operating temperature (<80°C) This means that the stack will
have fast start up times and be compact enough to be used for mobile applications.
Also because 1t uses a solid electrolyte the fuel cell will operate in any onentation and

there is no chance of spillage or corrosion making them safe to handle.

Impurities such as CO, CO; and sulphur in the fuel will decrease the fuel cells
performance. Small amounts of CO will poison the fuel cell anode by preferentially
adsorbing onto the platinum electro-catalyst instead of H. Typical reformate contains
>1% CO by volume. This is considerably higher than the fuel cells tolerance of
10ppm (0 001% by vol.) and thus the concentration of CO has to be reduced [Ref. K.
Ledjeff-Hey (2000)]. Development of catalysts to produce CO resistant anodes is
being investigated [Ref. J -D. Kim (2001)] CO; 1s significantly less of a problem than
CO, although it does affect anode performance slightly through the reaction of CO;
with adsorbed hydrides on platinum. In an acid electrolyte, such as that used in a

SPFC, the CO; predominantly acts as a diluent.
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Figure 1.7: A Schematic of a Typical Fuel Processor

Figure 1.7 shows a simplified schematic of a fuel processor system. In order to
address the fuel purity requirements of the SPFC the fuel processor 1s a multi-stage
system. Briefly the system can be sphit into four sections. The desulphurisation
reactor, the fuel reformer, the water gas shift reactors, and the CO removal stage. This
work is concemned with the reforming stage of the fuel processor, but a brief over
view of the balance of the fuel processor will be included, in order that the reformers
place in the system is understood, and the implications of reformer design on the

remainder of the fuel processor can be seen.

The reforming of hydrocarbons is a well-tested technology at the industrial scale. The
difficulties arise 1n adapting the technology to the constraints of the small scale for
use with a SPFC. The fuel processing approach and its incorporation into the fuel cell
system has a major effect on the SPFC systems effictency [Ref. J.M. King (2000)].

The requirements for a fuel processor can be summarnsed as follows:

»  High Hydrogen Yield

= High Level of Product Purity
v Rapid Start Up

* Low Weight and Volume

»  Short Transient Response Times
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The above constraints mean that several competing technologies are being considered

as each fair better on different aspects of the demands These are:

» Steam Reforming

* Partial Oxidation Reforming
* Autothermal Reforming

= Novel Methods

1.5.4 Steam Reforming

In this process the hydrocarbon fuel is reacted with steam to produce a hydrogen rich
product gas Carbon 1n the fuel 1s converted into CO by oxidation with oxygen in the
steam. Hydrogen from the fuel and steam is released as a gas. The reaction 1s
endothermic. Below is the theoretical equation (Equation 1.4) that describes the steam

reformation of a typical hydrocarbon [Ref. J. Larminie (2000)].

CH,+HOo (% + IJH2 +nCO Equation 1.4

This is an endothermic process and so heat needs to be apphed to the reformer to keep
it at the required temperature. The temperature is critical because 1t determines the
composition of the reformate. A catalyst 1s used to increase the reaction kinetics,
which will lower the reforming temperature and reduce the reactor size. Because of
the endothermic nature of the steam reforming process 1t is necessary to supply a
continuous supply of heat to the reformer This 1s usually done by the addition of a
combustor to the reformer system. Traditionally steam reformers offer lower transient
performance than partial oxidation or autothermal methods of reforming. However,
the thermal mtegration of the combustor and reformer is an area where improvements
can be made. A well integrated combustor can decrease transient response times by an
order of magnitude [Ref M. Sundaresan (2003)] It 1s possible to utihse unused
hydrogen from the fuel cell to partly fuel the combustor. This can recover up to 55%
of the LHV of the fuel [W.G. Colella (2003)].
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A steam reformer can be seen in figure 1.8. It is made by IdaTech and consists of 15
tubular reactors arranged around a combustor. The tubes receive their heat via
radiation from the combustor flame and conduction from the combustor flue gases
The reformer reactants are distibuted equally between the tubes by the inlet manifold
[Ref D.G. Loffler (2003)].

Figure 1.8 The IdaTech Steam Reformer

Carbon 1n the fuel is converted into CO and so is always present 1n the reformate. This
poses problems for the use of such a fuel with a SPFC as the low temperature of
operation (80°C) means that there is competition for electro-catalyst sites 1n the fuel
cell between CO and H; molecules. This results in the fuel cell efficiency being
drastically reduced Although this poisoning 1s reversible, there 1s still a requirement

for treatment of the reformate stream before it reaches the fuel cell.

To reduce the formation of CO it 1s possible to increase the steam to carbon ratio This

has the effect of suppressing the reverse water gas shift reaction [Ref. J. Agrell
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(2002)]. However, the addition of excess water at the reformer stage has to be
balanced with the system design The additional water will quench the reactor and
lead to the production of CO; via the water gas shift reaction. In addition, although
hydrogen production increases with steam to carbon ratio, it 1s not possible to raise the
hydrogen yield above 1ts theoretical Irmit [Ref* Y. Lwin (2000)] Adding oxygen to
the reactants also suppresses the formation of CO. This leads to autothermal
reforming discussed in section 1 56 Reducing the required operating temperature of
the reactor will also reduce the amount of CO produced. This will however,
accompany a reduction in hydrogen yield To produce the highest possible hydrogen
yield from a steam reformer 1t i1s necessary to operate at low pressure, high

temperature and relatively high steam to carbon ratio [Ref. F. Joensen (2002)].

1.5.5 Partial Oxidation Reforming

There are two types of partial oxidation (POX) reformers, catalytic and non-catalytic:
Non-catalytic reforming is described in Equation 1.5. The hydrocarbon 1s partrally
oxidised to produce the products of hydrogen and carbon monoxide, although in
practice some carbon dioxide is also produced. Catalytic partial oxidation reforming 1s
similar to autothermal reforming except that instead of oxidation taking place 1n the
gas phase, it takes place catalytically and no flame is produced [Ref. D.K. Liguras
(2004)].

POX systems rely on the reaction of the fuel in a hmited amount of oxygen to prevent
complete oxidation. It allows for simpler design by removing the need for external
heat and water supplies, such as those required with steam reforming Also, since no
external heat mput 1s required, potentially better transients (start up times and
responses to changes in demand) are available There is also little or no soot produced
which allows the use of heavy fuel oils. However, the reaction produces fewer moles
of hydrogen for 2 given fuel than steam reforming. Additionally, the air also has to be
pressurised to fuel cell operating pressure, which counts as another loss of energy
from the system. Since the reaction is exothermic it is not possible to use unutilised
fuel from the fuel cell in the way that it can be used with a steam reformer, and thus

lower system efficiencies result. It might also be necessary to extemally cool the
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reactor to prevent the reaction from running away In a practical system air 1s used to

provide the oxygen for the reaction This leads to dilution of the product gas with
nitrogen. This has the effect of lowering the partial pressure of the hydrogen at the
fuel cell anode, which in turn leads to lowering the efficiency of the fuel cell [Ref. J.
Larminie (2000)].

CH, +20,+ 2N, |21, +nco+ 22N, Equation 1.5
2 21 2 221

1.5.6 Autothermal Reforming

This is a combination of steam reforming and partial oxidation reforming. It uses the
exothermic partial oxidation reaction to supply the heat required to support the
endothermic steam reforming reaction. Vaporised hydrocarbon fuel, air and water are
fed to the reactor. This allows the system to be started as a POX reformer for fast start
up times, before operating m the thermally neutral state to gain the benefits of the
higher H; production rate of steam reforming. It ideally runs 1n a thermally neutral
state, However in practise a near autothermal operating pomnt is reached {Ref. N,
Edwards (1998)]. A schematic of an autothermal reformer (ATR) can be seen in

Figure 1.9.
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Figure 1.9: A Schematic of an Autothermal Reformer [Ref. T. Rampe (2000}]

In the reactor shown, the catalyst 1s divided into two areas This 1s because of the
different reaction rates of the combustion and reforming reaction In the first zone the
oxidation of the hydrocarbon fuel 1s the dominant reaction The second zone 1s used
for complete reforming In this way the catalyst at the reformer mlet 1s heated by
direct heat transfer from the combustion and the second catalyst 1s heated by the

product gases
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It 1s important to control the steam to carbon and oxygen to carbon ratios in order to
maximise the production of hydrogen whilst mimimising the production of CO. The
values required are dependant on the hydrocarbon fuel used [Ref. A. Ersoz (2003)].
The operating temperature of the reactor is determined by the steam to carbon and
oxygen to carbon ratios. By mcreasing the oxygen flow or decreasing the water flow,
the equilibrium temperature of the reactor 1s reduced and vice-versa [Ref. S.H. Chan
(2001)].

As with the steam reforming and partial oxtdation techniques, carbon monoxide is a
natural by product of the process. ATR also suffers from the same dilution problem
that afflicts POX reformers run using ar to provide the oxygen Namely that of
dilution of the product gas due to the nitrogen content in air, which 1n turn lowers the

efficiency of the fuel cell.

1.5.7 Other Reforming Methods

Aside from the three most common methods of reforming there are several less

common methods under investigation

1.5.7.1 Plasma Reforming

Plasma discharges have been found to be useful in the reforming of hydrocarbons and
thermal cracking of natural gas. The high temperature of operation serves as a large
load on the system Non-thermal plasma has been used as a catalyst for partial
oxtdation and other methods. By altering the electrical parameters of the discharge 1t

15 possible to control the reforming process [Ref. M.G. Sobacchi (2002)].

1.5.7.2 Biological Reforming

There is a lot of interest in the use of natural renewable methods of generating

hydrogen via the use of anaerobic microfauna to break down biological matter. It has

27



been shown that under suitable conditions 1t 1s possible to culture bactena that convert
carbohydrates 1nto hydrogen and carbon dioxide [Ref. M Morntmoto (2004)]. 1t is also
possible to use bactena to act as a clean up system for removing CO from syngas
produced by the gasification of biomass via conventional means The bacteria convert
CO into CO; and H; using the water gas shift reaction It 1s also possible to use
bactena to sequester CO, as biomass [Ref. W. Merida (2004)]. Though promising for
long term natural hydrogen production, the biological systems are not suitable for

integration into a SPFC system due to the inability of the process to load follow.

1.5.7.3 Membrane Reactors

Membrane reactors, whilst not making use of a novel process, represent a novel way
of usmng existing technologies. Membrane reactors typically consist of a steam
reformer directly coupled to a porous membrane that only allows hydrogen to pass
through 1t. In this way an almost pure hydrogen supply for a fuel cell 1s produced. A

typical membrane reactor can be seen 1n Figure 1.10.

In a study of methane reforming using membrane reactors [Ref F. Galluci (2004)] 1t
was found that the presence of the membrane pushed the equilibrium of the reaction
towards the products. In this way 1t 1s possible to produce similar methane
conversions to traditional methods but at a lower temperature. This represents an
energy saving. This occurs because the exfraction of the hydrogen increases the
concentration of reactants and increases the residence time so effectively increasing
the catalyst activity [Ref M.E.E. Abashar (2004)]. The best results with a membrane
reactor occur when the pressure differential across the membrane is high and the
membrane 1s as thin as possible. Another advantage of using a membrane reactor is
that the fuel processor size is reduced, and there is a small efficiency benefit due to
not requiring a preferential oxidation (PrOx) step with the accompanying slight loss of
H, that takes place [Ref. J.R. Lattner (2004)]. The reactor needs to run at 850°C —
950°C to maximise the efficiency. This is at the limit of the palladium membrane
technology. The cost of the membrane is also an 1ssue, as 1s coke formation due to the

removal of hydrogen by the membrane. The requirement to pressurise the reactor
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places parasitic loads on the overall system, which are not present in a conventional

steam reformer system.
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Figure 1.10: A Methanol Membrane Reactor [Ref. R. Buxbaum (2003)]

1.5.7.4 Sponge-Iron Reforming

The sponge-iron process is one method that has been investigated as an alternative or
as a complement to more traditional reforming methods. Essentially the process 1s
based on the reduction of a contact mass by a synthesis gas and the oxidation of the

same contact mass by steam for the production of pure hydrogen. Durmng the
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reduction phase, the synthesis gas reacts with magnetite (Fe;sO4), which 1n turn 1s
converted in to wuestite (FeO) and finally to 1ron (Fe). Steam 1s used as an oxidant
and the reaction starts with Fe or FeO The higher the temperature the higher the
production of hydrogen The process is endothermic and the maximum hydrogen
production rate is dependent on the slow reduction step of the process [V. Hacker
(2003)]. The technology could be used in such a way so as to provide hydrogen to
vehicles Cassettes loaded with Fe would be packed onto a vehicle and water passed
over them to release the hydrogen from the water. The cassettes could then be
replaced with fresh ones. The problems with this type of system are the high operating
temperature and a decrease 1n activity of the Fe due to repeated redox cycles [Ref. K.
Otsuka (2003)] The technology is also bemg investigated as a way of producing
hydrogen from biomass [Ref. R. Sime (2003)].

1.5.7.5 Non-Catalytic Steam Reforming

An alternative to catalytic steam reforming is hybrid non-catalytic steam reforming
[Ref. P. Marty (2003)]. The reaction combines the fuel with air and steam. This
process allows the production of a fuel flexible fuel reformer. It also overcomes the
problems associated with catalysts of poisoning and carbon formation A drawback 1s
that the temperature required to reform the fuel is higher than that required for a
catalytic process. This would reduce the efficiency of the system by requining more
heat to be transferred to the reactor. It also doesn’t solve the catalyst poisoning

problem further down stream of the reactor.

1.5.8 Balance Of Plant

The design of the balance of the fuel processor 1s no less important than that of the
reformer. Careful consideration must be made of the mtegration, both thermal and

chemical, to produce a complete efficient fuel processor system
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1.5.8.1 Desulphurisation

Sulphur levels 1n the ppb range will irreversibly damage the platinum catalyst of the
fuel cells anode. Also sulphur 1s a poison for most common mckel based reforming
catalysts. Since commercial grade LPG (and other fuels) unavoidably contain sulphur
as an odorant, the sulphur needs to be removed from the fuel stream before it reaches
the reformer catalyst and fuel cell [Ref. D.L. King (2000)]. Typically one of two
methods of desulphurisation are used. HydroDesulphurisation (HDS) with zinc oxide
beds, or absorption techniques utilising activated carbon [Ref. J. Larminie (2000)]
HDS 1s the best suited for SPFC systems as there 1s an available stream of hydrogen
rich gas to promote the hydrogenolysis reaction. The HDS reactor requires heating to
around 350 — 400°C for the hydrogenolysis reaction to complete This reduces the

efficiency of the fuel processor as well as introducing greater complexity and si1ze.

Sulphur tolerant steam reforming catalysts are being developed that will allow the
option of reforming heavier hydrocarbons such as kerosene [Ref T. Suzuki (2000)]
They would also allow the steam reforming of fuels such as LPG and natural gas
without the need for a desulphurisation stage before the reformer. The use of a sulphur
tolerant reforming catalyst allows the movement of the desulphuriser reactor
downstream, where the reformate 1s already at the required temperature. Additionally,
if sulphur tolerant water gas shift catalysts are used 1t needs only a Hy separation
membrane {provided the metal membrane is sulphur tolerant ) to be used to strip out
the sulphur, along with the other impurities 1n the reformate stream, before the fuel
cell. The sulphur could then be removed by adsorption 1n the usual way on a zinc
oxide bed, or recycled through the steam reformer combustor, without affecting the

performance of the fuel processor.

1.5.8.2 Water Gas Shift

This 1s a two stage process comprising a high temperature shift (HTS) (260-370°C)
and low temperature shift (LTS) (200-260°C). In order that the desired reaction takes

place the reformate stream needs to be cooled to the correct temperature. This 1s done
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by passing the reformer products through heat exchangers. With careful system design
the heat energy extracted can be used elsewhere 1n the system to increase the overall
thermal efficiency. Using these shift reactions, some of the CO present in the
reformate can be used to release H; from water, mcreasing the volume of H; 1n the
reformate. The water gas shift (WGS) process 1s well established at large scale. Cu is
supported on ZnO and AlLO; and encourages dissociative adsorption of H>O, which
releases H; and oxidises the catalyst The catalyst surface 1s then reduced by CO, and
CO; 1s produced. An associative pathway is also present, where on the Cu sites an
intermediate product 1s formed from the CO and H,O, which then decomposes into H;
and H;0. The WGS reactor 1s the largest part of the fuel processor due to the required
low gas hourly space velocity (GHSV) required for the LTS reaction [Ref, J. Pasel
(2004)). The WGS reaction is relatively slow compared to reforming and is inlubited
by thermodynamics at high temperatures. Low CO exit conditions require low
temperature and high H,O /CO ratios. Large variations n CQO output from the WGS
will adversely affect a downstream PrOx reactors performance causing vanation in
the CO fed to the fuel cell [Ref. Y. Cho1 {2003)].

The overall reaction (Equation 1.6) is exothermuc.

CO+H,0< H, +CO, Equation 1.6

The copper-based catalysts are pyrophoric so need to be protected from O; and water
during start up of the fuel processor. Non-pyrophoric catalysts are being developed to
address this problem [Ref. W. Ruettinger (2003)].

1.5.8.3 Carbon Monoxide Clean Up

Carbon monoxide concentrations of between 8 and 15% (Figure 2.1) are produced as
a thermodynamic function of the reaction temperature and steam to carbon ratios
required to achieve acceptable levels of hydrocarbon conversion at acceptable reactor
temperatures. This has a detnmental effect on the performance of SPFCs due to

competition for electro-catalyst sites 1n the fuel cell between CO and H, molecules.
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This results in the fuel cell efficiency being drastically reduced and introduces the
need for a H; purification system [Ref C. Q1 (2000)] There are several CO removal
methods currently used. In additton the use of an air bleed at the anode can increase

the tolerance of the fuel cell to CO.

1.5.8.3.1 Preferential Qxidation

Thus 1s the preferential oxidation of CO as shown in Equation 1 7. This reaction takes
place over a catalyst between 200 and 100°C This means that little in the way of heat
exchange 1s needed between the PrOX reactor and the WGS reactor or fuel cell.

Catalytic selectivity is required to prevent the oxidation of H,.

CO + % 02 & C0, Equation 1.7

1.5.8.3.2 Palladium Membrane Separation.

This method of clean up produces almost pure hydrogen. A fine palladium silver alloy
membrane is used which only allows hydrogen molecules to pass through it A high
pressure differential 1s required on either side of the membrane 1n order that the
hydrogen molecules are forced through it (typically 20 bars [Ref. J.R. Rostrup-
Nielson (2000)]. The generation of the high pressure required, places large parasitic
losses on the fuel cell system as a whole, reducing the overall system efficiency. The
material cost of the membrane 1s also high reducing further its practicality. To reduce
the costs of the membrane, thinner membranes on a metallic support have been
mnvestigated [Ref. S. Tosti (2003)]. This also has the effect of reducing the required
pressure differential across the membrane [Ref. R AJ Dams (1997)].

The H; produced will be at a low pressure whilst the off gas will be at high pressure.

In a steam reforming system the advantage of this is that it allows greater flexibility 1n

the combustor design with regards to temperature control systems. A draw back is that
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because the H, 1s at low pressure 1t 1s not possible to use metal hydnde storage

devices to help the system cope with transient response

1.5.8.3.3 Methanation

This usually takes place over a heterogeneous catalyst such as nickel or alumina at
600°C [Ref. R A J. Dams (1997)]. A disadvantage of methanation 1s that 1t reduces
the amount of H, mn the fuel reformate as shown in equation 1.8. If large amounts of
CO are present then the reduction 1 H can be significant due to the stoichiometry of

the reaction.

CO+3H, <« CH,+H,0 Equation 1.8

1.5.8.3.4 Pressure Swing Adsorption.

Pressure swing adsorption (PSA) relies on the fact that under pressure, gases are
attracted to solid surfaces. The higher the pressure the more gas is adsorbed When the
pressure 1s released the gas 1s released. Because different gases are attracted to
different solids more or less strongly than others the PSA process can be used to
separate out a mixture of gases [Ref. R.AJ. Dams (1997)] In the case of SPFC
applications the CO in the fuel reformate can be separated from the hydrogen and
discarded leaving a clean fuel for the SPFC to use. Large adsorbent beds are required
however and the technology is better suited to large plant applications than smaller
scale ones e.g automotive. However, fast cycle PSA systems are now being offered at

small scale which may open up the technology for the small scale market.

An advantage of this system 1s that the H, remains at high pressure after the reactor.
This facilitates the use of metal hydride storage to smooth out the transient response
of the fuel cell system. It does mean however that the off gas fed back to the
combustor in a steam reforming system is at ambient pressure and this would greatly

influence the combustor design and temperature control strategy.
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1.6 Conclusions

From the above discussion 1t 1s clear that the question of how to supply hydrogen to
the SPFC is one that has not been adequately solved This Ph D. addresses that issue.
It aims to improve the performance of the steam reformer, The reasoning behind the

choice of steam reformer 1s as follows:

A steam reformer can use any unused H; from the fuel cell exhaust to partiaily fuel its
combustor. This improves the overall system efficiency. It is not possible to use the
unused H; in this way when utilising a POX or ATR system. A steam reformer can
utilise any unconverted hydrocarbon fuel in the combustor to provide some of the
energy required to support the steam reforming reaction. This improves the overall
system efficiency. Steam reforming produces the highest amount of H, per mole of
fuel. This can be clearly seen from equations 1.4 and 15. Steam reforming is
endothermic so the reaction cannot run away. This is the opposite situation to that of
POX and ATR, where 1f the control system fails there is the possibility that the
reaction will run away. This means that i the event of a control failure the steam
reforming reaction will halt itself. Steam reforming and POX methods are simpler
than ATR to run. POX is the simplest as 1t doesn’t require external water or heat

supplies.

It 1s thought that performance increases can be made in the following ways.
Traditional steam reformers control the temperature of the reactor based on the exit
temperature of the reformer. This creates a temperature gradient along the length of
the reactor introducing inefficiencies into the system. By accurately controlling the
reactor temperature along 1ts length 1t is thought that improvements in efficiency can
be achieved. Packed bed reactors are by their nature bulky pieces of equipment. By
using novel heat exchanger technology the size of the reformer can be substantially
decreased Because the steam reforming reaction is endothermic it is limited by the
rate of heat transfer to the reformer. Because of this traditional steam reformers have
had poor transient response capabilities The use of novel heat exchanger technology

coupled with close control of the reactor temperature will rectify that situation By
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incorporating a novel sulphur tolerant reforming catalyst the size of the complete fuel |

processor will be decreased.

The aim of this Ph.D. 1s to develop and evaluate a compact ‘fast response’
hydrocarbon fuel processor with integrated control software and novel design
concepts for use with both stationary and transportation applications using PEM fuel

cells.
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2 System Simulation

In order to understand better the steam reforming process and to develop a test matnx
for use with the microchannel reactor, equilibrium modelling was camed out. This
modelling was 1nitially carried out using the Aspen Plus software from Aspen Inc.
The data gained was later entered 1n to an Excel spreadsheet so that at-a-glance results

could be ascertained for a range of operating conditions,

2.1 Overview of Aspen Plus

The first stage of work to be completed was imtial system modelling using the Aspen
Plus program. This program allows chemical plants to be simulated quickly so that

design decisions can be made.

Aspen Plus (Aplus) is a chemical equilibrium-modelling program from AspenTech It
allows the user to model chemical processes and plants and determines the effect of
making changes to the system. There are 6 basic stages that the user has to go through

to set up and run a simulation in Aspen.

» Creating the model: This is done using a drag and drop method where blocks and
streams are placed on the flowsheet in the configuration destred.

s Defining the stream components: Before running a simulation 1t is important to
define which components (Chemical species) are going to be used. Once this 1s
done the stream properties (flow rate, mass fraction, temperature and pressure) can
be specified

* Block properties: Here the operating conditions for the blocks are set In the case
of a Gibbs reactor the outlet temperature and pressure must be set.

* Sensitivity analysis: This allows the user to adjust one or more parameter over a
user-defined range of values in order that the sensitivity of the system to the

change can be determined. The results can then be plotted.
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* Running Once the model 1s complete the simulation can be started Aspen will
then report any errors that occurred whilst the simulation was run and warn the

user
» Results viewing The results can be viewed as individual block or stream data, or
in the case of the sensitivity data as plots.
The operation of Aplus was initially verified against various reaction data
Aplus was used to generate data for the design of the test-rig, such as sizing the MFCs

required for the ng operation. It was also used to narrow the focus of the test matrix

by providing initial guesses about the optimum operating conditions of the reformer,

2.2 Liquid Petrolenm Gas and Methane Reforming Simulation

2.2,1 Steam Reforming

The effects of temperature and steam to carbon ratio on the equilibrium products of

the steam reforming of LPG and CH, were investigated using Aspen Plus

The LPG muxture used in the following work can be seen in Table 2.1

Component % Vol
Propane 914
Propylene 6.1
Ethane 2
Butane 0.4
Methane 0.1

Table 2.1: Composition of LPG




In order to calculate the amount of water required to make up the correct steam to
carbon ratio, the carbon ratio per molecule of LPG first needed to be calculated. It was

done as shown in Equation 2.1.

Cipe =V,C,+V,C, +V,C +V,C, +V, C, Equation 2.1

pr = pr

Where C,,; is the carbon ratio per molecule LPG, V,,V,,.,V,.,V,,V, 1sthe % vol of

pre

propane, propylene, ethane, butane and methane respectively, and C,,C,,,C,,C,,C,

is the carbon ratio per molecule of propane, propylene, ethane, butane and methane

respectively.

2.2.1.1 Method

A simple flow sheet was used which utihised a Gibbs reactor 1n the place of the
reformer. The Gibbs reactor works on the basis of the minimisation of Gibbs free

energy when a reaction reaches equililbrium.

The flow rate of LPG and CHs were set at 1 mol/mmn. Because only equilibrium
modelling was used here, and the interest was primarily on the percentage
composition of the products, the results gained are independent of overall flow rate of
the reactants. The steam to carbon ratio was varied from I to 3.5 in increments of 0.5.
The reformer temperature was varied from 300 to 1000°C in increments of 50°C. The
results were plotted as % composition agamnst reformer temperature and as %

composition agamst steam to carbon ratio (Figures 2.1, 2.2).

2.2.1.2 Results

For these simulations the effects of steam to carbon ratio and reformer operating

temperature were examined.
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Figure 2.2: The Effect of Steam to Carbon Ratio on the Dry Products of Steam

Reforming LPG at 750°C

For LPG it can be seen that the influence of temperature on the composition of the

reactants is very strong. It can clearly be seen that as the temperature increases so

does the production of H;. Unfortunately this also accompanies an increase in the

production of CO. However, it can be seen that there is a limit to the amount of
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hydrogen produced by raising the reaction temperature. Conversely, it can be seen
that CO production continues to increase From this 1t can be seen that there 1s a
maximum useful operating temperature for the steam reforming process beyond
which the reformer efficiency will decrease. It can be seen that by increasing the S/C
ratio the amount of CO produced can be reduced This accompanies an tncrease of Hp
production and can be accounted for by the mfluence of the water gas shift reaction.

This was mirrored by the results for the steam reforming of CH, (Figures 2.3, 2 4)
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It can be seen from the simulation results that the temperature control of the steam
reformer 1s cntical for determimng the product compostion of the reformer. It also
shows that by operating at higher than storchiometric S/C ratios the production of CO

can be reduced.

2.2.2 Autothermal Reforming

It was decided to model the autothermal reforming of LPG and CHy to compare the
output of an ATR with a steam reformer to determine if ATR held any advantages

over steam reforming for the use of LPG reforming.

2.2.2.1 Method

The method for autothermal reforming (ATR) using Aplus 1s more complex than that
required for steam reforming. The effect of steam to carbon and oxygen to carbon
ratios were examined as well as the effect of the inlet temperature to the reformer. It 1s

first necessary to detemmune the autothermal pont.

The S/C ratto was varied from 1 to 2 1n intervals of 0.5. For each S/C ratio the 0»/C
ratio was set to 0.38 and 0.5. For each of these set points the reactants temperature
was varied from 300 — 900°C 1n 50°C increments. At the same time the reformer
temperature was varied from 300 —900°C in 50°C steps. When the net duty of the
reformer 1s equal to zero, autothermal conditions are reached. To improve the
accuracy of the results net heat duty was plotted against the reformer outlet

temperature for all inlet temperatures (Figure 2 5).
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Where the net heat duty 1s equal to 0 the pomt was recalculated using a finer

increment When the correct reformer temperature was found the results were fed

back mto Aspen Plus and the percentage reformate composition was plotted against

inlet temperature (figure 2 6).
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2.2.2.2 Results

The behaviour of ATR with regards to the influence of S/C ratio 1s as expected from
the steam reforming results. Increasing the S/C ratio increases the hydrogen
production, whilst reducing the production of CO. Increasing the reactor temperature
also increases the amount of CO produced. However with increasing temperature the
hydrogen production also begins to reduce after 1t peaks. This is due to combustion of
the hydrogen. Increasing the O,/C ratio has little effect on the CO production as a
percentage volume of the products flow. It does however reduce the percentage of
hydrogen in the product stream, whlst increasing further the dilution of the products
by mitrogen. The best results for LPG were found to occur at 550°C with an O,/C ratio
of 0 38and S/C ratio of 2. For CH, the best results were found to occur at 800°C with
an Oy/C ratio of 0.38 and S/C ratio of 2,

2.2.3 Conclusions

It 1s clear from the above simulations that steam reforming produces a higher purnity of
H; from a given amount of feedstock than does ATR This is largely because of the
dilution of the products with nitrogen from the air provided to the reactor. The

percentage of CO produced by erther method is comparable.

2.3 Determining the Reactant Feed Requirements

Equilibrrum simulations were also used to determine the size of the mass flow
controllers (MFC) required to supply the steam reformer with the required amount of
LPG.

2.3.1 Method

To calculate the size of MFC required to feed the combustor, sensitivity analysis was

carried out using Aspen Plus. The flow rate of LPG to the reformer was varied from 1
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to 5 SLPM m mcrements of 1 SLPM. The steam to carbon ratio was set to 1.5, 2 and
then 2 5. The reactor exit temperature was set to 600, 700 and 800°C. Aspen Plus was

then used to calculate the heat required to support the steam reforming reaction

A stoichiometric mixture of H, and air was reacted in a Gibbs reactor The flow rate
was varied until the heat produced matched the heat required to support the steam

reforming reaction.

2.3.2 Results

It was decide to operate the reformer mtially at a power rating of 0.5kWe. This
equates to a flow rate of 75 SLPM of hydrogen in the product stream [Ref. M. Virgi
(2000)]. The requred amount of LPG and water to produce 7.5 SLPM H, was
evaluated over several temperatures and steam to carbon ratios using Aspen Plus. The

results can be seen m Table 2.2

LPG
Reformer, 2 25 3 3.5f S/CRatio
Temperature
700°C 217 1.72 147 1.31|SLPM
750°C 199 152 1.29 117
H,O
Reformer 2 25 3 3.5 S/C Ratto
Temperature
700°C 349 3.44 354 3.70Fluid
750°C 3.19 305 312 3.30|mul/min

Table 2.2: The Required Flow Rate of LPG and H,O to Produce 0.5 kWe at
Equilibrium

From the data 1n Table 2 2 and the results shown n Figures 2.7 — 2.8, the required

mass flow controllers were sized according to what was already available and that

which required buying .
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Figure 2.7: The Required H; to Support the Steam Reforming Reaction Over
Varying LPG Flowrates and Temperatures at S/C =2.5
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Figure 2.8: The Required Air Feed to the Combustor to Support the Steam
Reforming Reaction Over Varying LPG Flowrates and Temperatures at S/C =
2.5

The required hydrogen and air flow rates to support the steam refornung of LPG at

the above set-points are summartsed in Table 2.3.
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H,
Reformer 2 2.5 3 35 S/C Ratio
Temperature
700°C 3.14 3.06 2.98 2.91|SLPM
750°C 3.32 326 320 3.12
Ar
Reformer; 2 25 3 3.5 S/C Ratio
Temperature
700°C 7.52 732 7.13 6 95|SLPM
750°C 7.92 7.78 7 65 745

Table 2.3: The Required Flow Rates of H; and Air Required to Support the
Steam Reforming Reaction.

2.3.3 Conclusion

It was decided to scale the mass flow controllers for a fuel cell with an output of
0 SkWe. It was determined that a supply of 7.5 SLPM H, needed to be produced by
the reformer to allow the fuel cell to run at those conditions From the result above 1t
was decided to stze the MFCs for reformer temperatures of 700 and 750°C and steam
to carbon ratios of 2 to 3.5. The resulting sizes of the MFCs can be seen m Table 2.4,

The oversizing of the air and LPG MFCs was due to the availability of existing MFCs

in the Laboratory stores.
H, 0—-5 SLPM
Arr 0-25SLPM
LPG 0-25SLPM
Water 4 ml/mm (LPG)

Table 2.4: The size of the Mass Flow Controllers




2.4 A Fuel Cell System Simulation

It was decided that 1n order to better understand the place of the combustor/reformer
in a complete system as regards the efficiency of operation of the system and the
effect of different operating strategtes on the efficiency, that some systems modelling
would be necessary Excel was chosen as a starting pomnt for ease of use and
simplicity of operation The significance of this modelling work for the real life
operation of the combustor/reformer is that 1t serves as a tool to set good first
approximations of suitable operating parameters. It allows the user to make
connections between the expenmental work and how 1t fits in to a complete fuel cell
system in terms of the end product of electrical power. It also gives gmidance as to the
direction that the development of the control strategy by suggesting features that the
controller should contain. An example of this may be the calculation of extra fuel
needed to sustamn the reforming process and how this can then be metered along with

the H, effectively.

To further improve the usefulness of the model in this respect 1t is necessary to

develop a transient model of the reactor behaviour.

2.4.1 Excel Model Description

The systems model uses a combination of calculated results based on thermodynamic
formulas and look-up tables generated by Aspen Plus, as well as model data

previously developed [Ref. M. Virgi (2000)].

The systems model is divided into 5§ sections.

» Data and constants.
= User settings.

»  Reformer,

= Combustor.

=  Power Balance
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2.4.1.1 Data and Constants

The specific heats are calculated according to Equation 2.2.

Cp=a+bT+cT? [Ref. GF.C.Rogers (1980)] Equation 2.2

Where a, b and ¢ are gas specific constants.

Because Cp 1s temperature dependent 1t becomes necessary to integrate Equation 2.2
for use in calculating the thermal energy n a gas or the enthalpy of combustion for a
gas at a specific temperature. Equation 2.3 shows the equation for calculating the

change in enthalpy of formation of a gas.

T
AH, =AH, + [CpdT [Ref. G.F C Rogers (1980)] Equation 2.3

Ty

All of the thermal calculations are based around a datum temperature of 25°C
(298 15K).

2.4.1.2 User Settings

The user has five choices to make as regards the operation of the model.

= Fuel Cell electrical output

® Fuel to be reformed (LPG/CHy)
= Reformer temperature

» Reformer inlet temperature

= Steam to Carbon ratio
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2.4.1.3 Reformer Model Description

The flow rate of H; required at the fuel cell anode depends on the amount of power
the fuel cell is required to produce. Setting the fuel cell power output in the user
section therefore determines the amount of H, that needs to be produced by the
reformer. From this, the amount of fuel and steam required for reforming is
calculated, using look-up tables that were generated using Aspen Plus and the steam
to carbon ratio. The amounts of fuel and steam are then modified to take into account

incomplete converston of the fuel using a fuel conversion factor.

The reformer products are calculated using look-up tables developed using Aspen
Plus. These tables use the flow rate of the fuel to be reformed with the reformer
temperature and steam to carbon ratio to calculate the composition of the reformate
stream. A mass balance check is performed to ensure that the model is working
correctly. The thermal power required to support the reforming process is calculated
in four parts Firstly the amount of thermal power contained n the reactants at inlet
temperature is calculated. This is done by using the reactants temperature, and mass

flow rate [Equation 2.4].

P =(m x ["Cp d'r)/q,, Equation 2.4

Where P, is the thermal power, and 7, is the heater efficiency.

In the case of heating the water, the partial pressure of the mixture 1s calculated. This
is then used to find the boiling point of the water using a look up table. From this the
appropnate specific heat 1s used, as well as the latent heat of vaporisation if required
The amount of power supplied to the heater to raise the temperature to the desired
temperature is also calculated. Secondly, the power required to raise the reactants to
the desired temperature of the reformer 1s calculated. Next, the power required to
support the steam reforming process is gamned from a look-up table again generated

using Aspen Plus, before the thermal power lost m the exhaust is calculated. The
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thermal power required to support the steam reforming reaction at the desired

temperature is then calculated as shown 1n Equation 2.5.

P.=P+P,+P —P,
¢ TRITSR TR Equation 2.5

Where P, is the total power required from the combustor, P, is the power required to

raise the reactants to the reactor temperature, P, is the power required to support the

steam reforming reaction, P, 1s the power in the reformer product stream, and P, is

the power 1n the reactants at the inlet to the reformer.

2.4.1.4 Combustor Model Description

Since the fuel cell is practically operated at above Hj stoichiometery, the excess H;
can be bumt to heat the reformer. The amount of hydrogen available depends on the
fuel cell operating power. As stated CO, passes straight through a SPFC and so this 1s
exhausted with the excess H,. For the model the amount of CO, in the fuel stream is
taken from the reformer products look-up table as described above. There 1s also air
available in the cathode exhaust (10% O,, 90% N;) The amount 1s again dependent

on the fuel cell operating power.

The power produced by the combustion of the H; is calculated as follows in Equation
26

P = (rh xAH, ~x%H, Conversmn) Equation 2.6
Where P, 1s the power released due to combustion of hydrogen.

The power used to heat the reactants to the destred temperature is calculated as before.
The combustion products are calculated using Equations 2.7-8 with unburned fuel and

excess atr also being taken into account.
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H,+-0,->H,0 Equation 2.7

CH, +20, - 2H,0+CO, Equation 2,8

From Equations 2.7-8 the production of water and CO; are calculated. For every mole
of H, bumt, 1 mole of H;O 1s produced and so on. This allows for imncomplete
combustion of the fuel to be taken into account. Any unbumed fuel is also accounted
for m the exhaust by multiplying the available fuel by the percentage fuel conversion
The N, goes straight through the combustor without reacting and the O3 is calculated
by first calculating how much 1s used to burn the fuel and then subtracting this amount

by the O; available. The model can then add extra O 1n the form of air 1f so required.

The power available for use from the combustor is then calculated as shown in

Equation 2.9.

P.=P . +P -P, Equation 2.9

Where P is the power available from the combustor, P. is the power generated by
combustion of fuel, P, is the power 1n the air at the combustor inlet, and P, is the

power in the combustor exhaust.

The arr is preheated using a heat exchanger (HEX), which takes heat from the
combustor exhaust and transfers 1t to the incoming air. This is to increase system
efficiency. The effectiveness of the HEX can be set by the user. The available power
from the combustor is then factored using the thermal efficiency of the HEX between
the combustor and reformer and compared with the power required to support the
steam reforming reaction. If extra power is required to support the steam reforming
process, the model adds in some extra fuel in the form of either CHy or LPG
depending on the fuel selected by the user. The amount of extra CH; or LPG is
calculated 1teratively so that the amount of fuel takes into account the new exhaust
composition caused by burning the fuel and the power required to heat the fuel to the

combustor temperature
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2.4.1.5 Power Balance

This 13 i the form of 2 thexmal power balance wineh takes into account all of the
sources and sinks of the system. This 1s to verify that the model 1s working properly

and not creating or destroying energy.

The model also calculates the overall system efficiency by companng the total
amount of thermal power available to the reformer with the amount of thermal power

that is actually used to support the steam reforming

2.5 Results

The Excel model was used to inform the development of a dynamic reactor model

developed using the Matlab/Simulink software and detailed in Chapter 7
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3 Reactor Design and Novel Technology

3.1 Reactor Design

The design of the reactor used for fuel reforming has a sigmficant effect on reforming
efficiency, system start-up time and transtent response. As has been seen, this is
particularly important in steam reforming since the rate of reformation is limited by
the rate of heat transfer to the reactants There are a number of potential technologies

that can be used for the reactor design.

3.1.1 Packed Bed Reactors

Packed bed reactors typically contain a series of tubes filled with a catalyst in the
form of pellets or granules. The design is relatively simple and easy to maintain [Ref.
C.D Dudfield (2000)]. They have been widely used 1n the industnal-scale steam or
partial oxidation methods of reforming At small-scale, the residence time of the
reactant 1s limited and the performance of the reactor suffers as a result. Additionally,
the rate of heat transfer through walls and within the catalyst bed limts the rate of
reaction of the reactants [Ref. D.G. Loffler (2003)]. Another difficulty with down-
scaling tubular reactors 1s that 1f the diameter 1s decreased the length of the reactor
needs to be increased. This leads to bundled tubes like that of the IdaTech reformer
shown in Figure 1.8. The catalyst needs to be used much more effectively than at
industnal-scale to maintain good reaction efficiency. The major advantage of using
catalyst pellets in a tubular reactor 1s that 1t produces a torturous path. This has the
advantage that it offers some resistance to powsoning agents. This is due to the
outermost layers being greatly poisoned but the poison not penetrating to the
subsequent layers. The major disadvantage of this type of arrangement 1s that a lower
active surface area is available, so the volume of catalyst required for equivalent
performance 1s much higher than that for a washcoated catalyst A more compact and

efficient reactor design is needed
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3.1.2 Ceramic Monolith Reactors

Ceramic monolith reactors coated with catalyst offer several advantages over packed
bed reformers. They have a higher surface area to volume, large frontal open area, low
thermal mass, low heat capacity, low thermal expansion, high strength, and high
temperature of operation. These advantages give the reactor quicker start-up, a higher
conversion rate, reduced pressure drop along the reactor and improved thermal and
mechanical shock resistance than the packed bed type of reactors. The drawbacks are
lower content of active matenial per reactor volume and poor heat transfer
performance due to the heat conductivity of ceramic material [Ref. B. Lindstrom
(2002)]). Monolith reactors have been favoured for ATR use (rather than steam
reforming) where heat management is not as critical. Catalysts are apphed to the
monolith using a washcoating technique. Firstly, the monolith is coated with a
washcoat solution. This increases the surface area of the monolith by roughening it. In
this way the surface area of the monolith can be improved by a magnitude of 5000.
The catalyst can be applied to the washcoated surface by dipping or injecting the
catalyst. The main advantage of a washcoated monolith 1s that they allow a more even
distribution of the reactants. This helps to ehminate any hot or cold spots as a result of
localised areas of reaction. A disadvantage is that because the monolith is basically
made up of a bundle of tubes, any poison in the reactant stream will quickly coat the

catalyst

3.1.3 Microchannel Heat Exchangers

Microchannel heat exchangers are made of a diffusion bonded laminate. Inside the
heat exchanger multiple layers of shims create alternating microchannels and fins
(Figure 3 1). The microchannel widths are determined by the thickness of the shim
material whilst the heights and lengths of the channels are determined by the
machined surface. The machining can be either by photochemical or stamping
processes. This allows for a low cost method of making the shims. The shims are
diffusion bonded together under high temperature and pressure (1173 K, 27 MPa for 4
h) to yield a monolithic metal block that removes the need for gaskets or other seals

This kind of heat exchanger has sigmficantly higher heat transfer rates than most
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conventional designs. Experiments at Imperial Chemical Industries plc. evaluating the
heat transfer performance of microchannel type, photochemically etched heat
exchangers, found that a heat exchanger containing channels with a depth of 0.3mm,
had a volumetric heat transfer performance equivalent to 7 MW/m’K with a water
velocity of 0.18m/s. The equivalent shell and tube, and plate heat exchangers had
performance listed as 0.21 MW/m’K and 125MW/m’K respectively. [Ref. E A,
Foumeny (1991)]. Table 31 [J.L. Zilka-Marco (2000)] shows the advantages of
microchannel technology when used as a fuel vaporiser (CMFV) for fuel cell
applications. It highlights the heat transfer advantages of using microchannels as well

as 1fs size and transient response time advantage over other technologies.

Conventional
Featue cMpy | OterBmegng | o Competiuve
£ Technology &
Volume 0 35 htzes 3 ltres >10 htres One';f:;h the
Weight 41b 101b >501b L‘Ig,gg‘:lgeh"
Responsive to
Transient Response time of | Response time of | Response ttme of variable
Response seconds minutes minutes automotive load
requirements
Heat Flux per 10 times more
Uit Volume 115 ~12 0ltl heat per unit
(W/cm3) volume
Low-cost Conventional Conventional
Fabrication larmnate extnusion, extrusion, Low labour cost,
Method fabrcation machining and machmng, and | consistent qualty
welding welding
¥ All work 15 1n the development stage, information 1s propnetary, estimates are provided where
possible

Table 3.1: A Comparison of Microchannel with other Competing Technologies

If microchannel technology is used as the basis of a steam reformer, high rates of heat
transfer will be available between the combustor and reformer. As a limiting factor of
steam reformer performance is the rate of heat transfer to the reactants this 1s

advantageous
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Figure 3.1: Simplified Microchannel Shims

Microchannel reactors can be made more compact than the equivalent tubular reactor.
This has advantages from a packaging pomnt of view as well as from a marketing
standpoint. The size can be reduced in this way because of the high rates of heat
transfer possible using this technology. This type of reactor also has a very high active
surface area to volume ratio. The high rates of heat transfer also mean that the
effictency of the reactor 1s better than that of an equivalent tubular reactor.
Microchannel reactors also show sigmficantly lower pressure drops than tubular
reactors, whilst still maintaining the ability to provide thorough mixing of the
reactants [Ref. C.D. Dudfield (2001)].
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The nature of the microchannel design means that the whole fuel processor can m
theory be made as one unit This 1s because the internal flow path of the reactor can be
designed as desired, by simply etching grooves into the shims where required. This
removes the need for external piping, which would otherwise be a source of heat loss
from the system. It also removes the need for gasketing joints between the
components of the fuel processor. Because of the temperature of operation of a steam
reformer this offers a considerable advantage when building a system. The technology
1s scaleable so can be used to make up a modular system. If a 2 kW reformer is
required, two 1 kW reformers can be coupled together. This flexibihty of design
means that an open architecture approach to system design can be undertaken. Each
system built of common components, but only the components required for that

system.

A drawback of this type of reactor is the possibility that the microchannels will
become blocked. The most Iikely cause of a blockage would be carbon deposition
inside the reactor. This can be overcome by operating at a sufficiently high steam to
carbon ratio or by using filters at the inlets to the reactor to stop foreign objects in the
feeds from causing a blockage. Because of the self-contained nature of the reactor
design, maintenance on the internal structure of the reactor 1s impossible. Additionally
if the catalyst becomes damaged 1t would not be able to be replaced. Coupled with the
standalone cost of the reactor this 1s a big disadvantage over current technologies.
However, the cost is high presently due to the small volume production of this novel

technology. It is antictpated that the cost will fall as production volumes go up

3.2 Manufactoring Methods

Diffusion bonding makes use of the electrostatic bonds between molecules to produce
a seamless join between two substances. In the case of the reactor the bond is made

between each stainless steel layer.

Diffusion bonding takes place at elevated temperature and load The surfaces to be

bonded are held together under these conditions, usually in a vacuum or protective

atmosphere, for an extended period of time. The process can take place as a liqud




phase or solid phase. In the case of the reactor a solid phase method was employed
Heat can be applied to the metal by radiant, induction, direct or indirect resistance
heating Pressure can be apphed umaxially or isostaticaly. Under uniaxial conditions
the pressure is mited because of a desire to minimise macrodeformation of the parts
This requires that the mitial surface finish of the parts to be bonded 1s cntical. Under
isostatic conditions the pressure can be elevated much higher. This means that the
mutial surface fimish of the parts does not need to be as high qualhty, 1t also allows

complex geometries to be bonded.

3.3 Description of the Microchannel Reactor

3.3.1 Plate Details

The reactor is built up out of 113 shims. Each shim is made of 316 Stainless Steel

with dimenstons of 125 x 125 x 0 5 mm. The shims are arranged as shown in Table

3.2,

Number of Shims Part Number Description

12 KTS10004 Side Plate
KTS10014

8 of each KTS10015 Reformer Stream
KTS10016

1 KTS10004 Separating Plate
KTS10018 Thermocouple Plate

1 KTS10004 Separating Plate
KTS10001

8 of each KTS10002 Combustor Air Stream
KTS10003

1 KTS10017 Perforated Plate
KTS10011

2 of each KTS10012 Combustor Fuel Stream
KTS10013

1 KTS10004 Separating Plate
KTS10018 Thermocouple Plate

1 KTS10004 Separating Plate
KTS10014

8 of each KTS10015 Reformer Stream
KTS10016

12 KTS10004 Side Plate

The shim patterns can be seen in figures 3.2-3 12.

Table 3.2: Shim Designations
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Figure 3.10: Shim Number KTS10016
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KTS10018

Figure 3.12: Shim Number KTS10018
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This produces a reactor with outside dimensions 125 x 125 x 56.5 mm. In addition the
reformer inlet manifold is manufactured as a full semicircular tank with flat ends. The

tank wall thickness is 3 mm. The reactor can be seen in Figure 3.13.

Combustor
Air Inlet

Combustor H;
Inlets ;
Combustor
Exhaust

Reformer Exit

Reformer Outlet Thermocouple Ports

Figure 3.13: The microchannel reactor
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3.3.2 Function Layer Description

The reactor is divided 1nto three groups of layers, a combustion layer, a temperature

sensing layer and a reforming layer as 1llustrated in Figure 3.14.

Combustor Hp Combustor Air
Sub-Layer Sub-Layer

—
I

+
I Iy1 I01 1 1
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-

-
1 1 ¥ 1 7T 1
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—~. Temperature
- Sensing Layers

+
111
v

4
| D O |
+

|
v \
Reforming Layers

Figure 3.14: A Cross-Section of the Microchannel Reactor

The mternal volumes of the layers are as follows. Each individual reforming layer has
a reactor volume of 115.5 cm®. Each combustor fuel zone has a volume of 6.6 cm’.,
The combustor air layer has a volume of 105.6 cm’. Each reforming layer has a
reaction surface of 222 5 cm?. The reactor weighs 5 112 kg. (This mncludes the weight

of the exhaust manifold and thermocouples.)
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The combustion layer, which 1s located in the centre, consists of fuel and air supply
sub-layers in which the two sub-layers are inter-connected through a diffusion shim
The air 1s diffused mnto the fuel sub-layer and reacts with 1t to produce the heat
required for the reforming reaction. The fuel sub-layer is split into four zones and
wash-coated with a platinum-based catalyst. The four zones each have an individual
fuel feed and a common air feed as shown 1n Figure 3 15 By controlling the quantity
of the fuel supplied to each individual zone, the heat released from each can be

dynamucally controlled This setup is designed to avoid the formation of hot or cold

spots.
Reformer
Inlet
l : Combustor Zone 1 :’ Combustor
L - Exhaust
. 1
______I Combustor Zone 2
Hj Inlets % %
f Combustor Zone 3
|
It
f Combustor Zone 4 I Air Inlet
P
) Reformer
- Products
Stream

Figure 3.15: The reactor layout

The temperature sensing layer is designed for the allocation of four groups of three
temperature sensors. However the reactor was constructed with the thermocouple
plate rotated by 90 degrees. (This occurred due to the placement of the inlet and outlet
manifolds for the combustion layers. It meant that the desired place for the
thermocouple ports was not available.) This meant that the thermocouples were
located in three groups of four instead. These are located inside the reactor next to the

combustion layer as shown mn Figure 3.16.
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Figure 3.16: The Position of the Internal Thermocouples

In the combustion layer, zone 1 is directly connected to the inlet of the reforming
reactants while zone 4 1s directly open to the air supply to the combustion layer. In
order to overcome the quenching effect of the inlet flows and mamtain the desired
reforming temperature in these zones, more fuel is needed here than for the middle
zones and 1t was decided that the two muddle zones would operate satisfactorily 1n
unison For this reason it was decided that the thermocouple’s new position would be

satisfactory.

In order to efficiently use the heat produced from the combustion layer, a reforming
layer was placed on each side of the combustion layer. It allows direct control of the
reforming temperature with minimum lag time whilst making use of the maximum
amount of heat available from the combustor. This results in fast transient responses
and start up times, which are essential if the reformer is to be integrated into a

complete system
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3.4 Assembly Description

The individual shims contain micro-channels and splitter bars. The micro-channels
have widths of 1.10 mm. The splitter bars contain grooves of 0 5 mm depth to help

retain the catalyst

The flow field through the reforming layer is straight through (Shims KTS10014-
KTS10016) This keeps the pressure drop across the reformimng side to a mmimum
The reforming layers are made up of 8 “groups” of three shims. The shims when
placed on top of each other produce a series of micro-channels along the length of the
reforming stream, which contain changes in the vertical plane in order to promote heat
transfer and mixing of the reactants The channels also contain “notches” to improve

the adhesion of the catalyst to the surface of the micro-channel

The combustor air stream is similarly made up of eight groups of three shims
(KTS10001-KTS10003), Whilst the combustor fuel stream is made up of 2 groups of
3 different shims (KTS10011-KTS10013).

The combustor fuel shims are arranged so that four distinct zones are formed nside
the combustor fuel layer. Each zone has it’s own fuel inlet The combustor air stream
shims are machined so that the air stream passes along each of the combustor fuel
zones n turn (figure 3.15). In order to allow mixing of the combustor fuel and air, a
perforated shim is placed between them (KTS10017). The shim contains 48 holes.
These are aligned so that they hink micro-channel directly to micro-channel There are
12 holes per combustor fuel zone, and these are arranged in three groups of four. This
facilitates the mixing of the combustion reactants whilst preserving the integrity of the
combustion fuel zones The combustion products are exhausted via the combustor air
layer. To prevent mnternal cross over between the reformate and combustion layers

separating plates are employed between them (KTS10004).

In order that the temperature of the reactor can be accurately measured, thermocouple
plates (KTS10018) are employed between the separating plates. These allow the

accurate placement of twelve thermocouples on either side of the combustion layer.
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3.5 Reformer Outlet Manifold

Due to the orientation of the thermocouple plates, the reformer exit is inline with the

thermocouple ports This means that a manifold needed to be built that would allow

the thermocouples to be installed whilst allowing the reformate to pass out

urumpeded. The design can be seen  Figure 3.17 In order to allow the thermocouple

fittings to seal they need to be positioned away from the reformer otherwise the heat

would make a seal impossible to achieve. For this reason the thermocouple ports were

positioned away from the main body of the reactor at right angles to the flow.
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Figure 3.17: Reformer Exit Manifold Drawing
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It was decided that 12 thermocouple ports would be sufficient as that would allow the

temperature of the combustion zones to be determuined. Access to the reactor was via

an end plate This allowed the thermocouples to be fed into the correct ports on the

reactor as shown in Figure 3.18.
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Figure 3.18: A View of the Exit Manifold Showing the Positioning of the Internal
Thermocouples

The manifold was attached to the reactor using 4mm dia bolts. The endplate was
attached to the manifold using 4mm dia bolts. Each join was initially gasketed until

the operating conditions made this unworkable.

3.5.1 Gasketed/ Welded Join

A number of methods were used to join the reformer exit manifold to the reactor.
Under initial test conditions it was found that 2mm Grafoil (a flexible graphite
manufactured by GrafTech) was sufficient to seal the manifold join. This was
successful until the dual-stage catalyst was tested. The tests carried out using the dual-
stage catalyst were carried out at a higher localised (zone 4) temperature than those
with the single stage. At this higher temperature the Grafoil could not maintain the
integrity of the seal between the manifold and the reactor. This was a result of the

Grafoil oxidising.
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The first modification was to use a double thickness Grafoil gasket. This was to
dissipate the heat. This also did not maintain a seal under operating conditions. The
Grafoil gasket was combined with exhaust paste (CarPlan FirePutty) in an attempt to
reinforce the seal. The extreme heat degraded the gasket too quickly. A further gasket
was sourced. Thermiculite manufactured by Flexitallic was employed, this can be

seen in Figure 3.19.

Figure 3.19: The Flexitallic Gasket

This time a ceramic fibre paste was used to help seal the join. Unfortunately by this
time the flanges had become deformed by successive heat and repair cycles and a seal
was not possible. This necessitated that the manifold be welded directly to the reactor
(Figure 3.20).
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Figure 3.20: The Welded Reformer Exit Manifold

The end plate was successfully gasketed using Thermiculite and ceramic fibre paste.
The Reactor can be seen installed in the test-rig with the ceramic fibre paste used as

sealant in figure 3.21.
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Figure 3.21: The Reactor Installed in the Test Rig

3.6 Catalyst Application

The catalyst was applied to the reactor using a washcoating process. The catalysts
were supplied by Catal International Ltd. The combustion catalyst used was 0.3%
Pt/0.1 % Pd on alumina, The sulphur tolerant catalyst was 0.15% Ru on 2.5%

MgO/Al;O3, and the second reforming catalyst used was 8% Ni on 2.5%Mg0/Al,Os.
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4 Description of the Test Assembly

4.1 Test Assembly

The test assembly was designed as a self-contained unit. This was so that it could be
casily transported if necessary. The equipment is mounted in a 19-inch rack mount
enclosure. This means that the equipment can be positioned as required inside the
enclosure, allowing a compact rig to be produced with the minimum of extra mounts
required (Figure 4.1). Briefly, the rig contains; two electric heaters, two heat

exchangers, two catchpots, the reactor, three mass flow controllers (MFCs) and the

thermocouple i/o board.
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Figure 4.1: The Test Rig

4.1.1 Test Assembly Safety System

The gases pass through solenoid valves after the MFCs (Figure 4.2). The LPG, H; and

air pass through normally closed solenoids, whilst the N> passes through a normally
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open solenoid. The electronic system (Figure 4 3) is set up so that in the event of an
emergency there are two clearly marked emergency stop buttons (both of which are
linked and have the same function). Pressing the emergency stop button cuts off the
power from the test ng gas supply system This has the effect that the solenoids go to
their unpowered positions. This stops the combustible gases whilst purging the system
with N,. The power to the H; “injector” solenoids remains on to facilitate the purging
of the combustion zones. This 1s because they are normally closed and require

powering to allow gas to pass through them.
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Figure 4.2: The Gas Layout for the Test Rig
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Figure 4.3: The Electrical Layout for the Test Rig

There is an onboard fire extinguisher system plumbed nto the test r1g enclosure. If the

ambient temperature of the cabinet exceeds 80°C the fire extinguisher is set off

4.1.2 Laboratory Safety System

The laboratory 1s fitted with CO and combustible gas sensors as well as smoke alarms
The activation of the CO or combustible gas sensors causes the laboratory gas supply
to be shut off This stops the flow of H; and air to the reactor. LPG/water and N are
unaffected by this For this reason the test rig must always be manned when it 1s

operating as its emergency stop button requires manual activation when the laboratory

sensors shut off the external gases.
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4.2 Mass Flow Controllers

A Hastings HFC 202 0-5 SLPM mass flow controller was 1nitially used to supply the
combustor with hydrogen. For later tests the mass flow controller was recahbrated to
allow a maximum flow rate of 10 SLPM of hydrogen. This was to allow higher flow
rates of LPG to be reformed at the desired temperature. The air supply to the
combustor was metered by a Brooks 58518 0-25 SLPM mass flow controller. This
was replaced by a Brooks 5851C 0-50 SLPM model to accommodate the increased
hydrogen flowrate after the hydrogen mass flow controller had been recalibrated. The
LPG was metered by a Brooks 5851S 0-25 SLPM mass flow controller. The same
mass flow controller was used to meter the CH4 flow duning the steam reforming of
CH; tests. To accommodate the difference in the masses of the fuels a calibration

constant was introduced 1n the control software.

4.3 Water Supply Pumps

Duning the course of the work, two different water pumps were utilised. These were a

continuous flow syringe pump and a diaphragm pump.

4.3.1 Continuous Flow Syringe Pump

Initial testing of the reformer used a continuous flow syringe pump designed in-house.

It made use of Hamilton Gastight Syringes.

The syrninge pump consists of two syringes, with two-way non-return valves mounted
to each syringe, and drivers for the syringes. The non-return valves are used as inlets
and outlets for each syringe. The operation of the pump is as follows. The syringes are
both primed together. The first syringe then empties. Once the first syringe is empty
the second syringe starts to empty. As it does this, the first syringe is reprimed. This
process is repeated for the duration of the pumps operation. This provides a

continuous flow of water to the reformer By changing the size of the syringes flow
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rates from 0 — 20ml/min can be set. The flow rate is set by using software wntten

using LabVIEW that communicates with the pump 1n real time using a serial port.

4.3.2 Diaphragm Pump

During operation of the reformer the non-return valves wore out Due to the failure of
the non-return valves on the syringe pump it was not possible to accurately meter the
water to the reformer. This obviously has a detrimental effect on the reformer
performance. For this reason the syringe pump was replaced with a diaphragm pump.
This also allowed higher flow rates of water to be used. The model chosen was a KNF
08 RC. This model allowed the use of seral port communication with a PC for
automatic control or the option of manual control via its user interface. It was decided
to use manual control of the flow rate, as this was sufficient for the operation of the
test rig for the tests undertaken. This is because the nature of the tests did not require
the steam to carbon ratio to be constantly vaned This meant that 1t was sufficient to
set the water flow rate manually, as 1t was required. This did not mmpair the

performance of the reformer.

4.4 Hydrogen Feed Solenoids

The H, mjectors are small solenoid valves shown in Figure 4.4. They are
manufactured by the Lee Company. They have low power consumption and a low
intenal volume Their small size makes them ideal for use in a compact fuel
processor. However, they have a maximum ambient operating temperature of only
49°C which is a problem in a system with components operating in excess of 700°C.
For this reason the valves were mounted away from the reactor and the ambient
temperature momtored and logged. Another limitation 1s the maximum operating
pressure of the valves, in this case 1.5 bar. This set a limit on the H; feed pressure to
the combustor. The H; feed pressure was set at the pressure regulator where the H;

came 1nto the laboratory.
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The valves used were LFAA1200210H 2-Way valves. They had an internal volume of

93 pl and operated at 12 Vdc They were surface mounted on a custom mamfold. The

mamnfold split a single H, feed into 4 separate streams, one for each valve,
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Figure 4.4: A Schematic of the LEE Products Solenoid Valve

4.5 Exhaust Heat Exchangers and Recovery System

The exhaust from the combustor and reformer are passed through separate water-
cooled heat exchangers in order to condense the water out of the streams (Figure 4 5)
The cooled streams are then each passed through a catchpot to remove the condensate
from the streams. The reformate stream 1s then passed through a further
condenser/chiller to remove any remaming water before 1t reaches the online

analysers and gas chromatograph.
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Figure 4.5: The Exhaust Paths for the Test Rig

4,6 Electric Preheaters

There are two electric heaters. These are used to preheat the gases before they enter
the reactor. This 1s done to mimic the effect of heat exchangers in a complete fuel

Proccssor.

4.6.1 Combustor Air Preheat

The ar flow into the combustor 1s passed through a S00W ceramic heater before
entering the combustor. The tubular ceramic heater has a steel tube running along 1ts
centre. This tube is a packed bed containing stainless steel powder/pellets mn order to
promote heat transfer to the air as it passes through (Figure 4.6). Inttial testing of the
heater without the pellets showed that convection mside the tube was insufficient on

1ts own to heat the air sufficiently before it entered the combustor.
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Figure 4.6: Air Preheater Tube Showing Position of S.S. Powder

4.6.2 Liquid Petroleum Gas and Water Preheat

The flow of LPG/water mnto the reformer first passes through a 750 W ceramic heater.
In the centre of the tubular ceramic heater are three coiled tubes through which the
LPG and water are passed. To ensure good mixing of the LPG and water the three
tubes are passed through a muxer after the heater and before the reformer inlet. The
heater 1s made up of two 375W Watlow ceramic heaters arranged physically in series
and wired together 1n parallel. The heater dimensions are 1 % inches internal diameter
and 4 inches external diameter Due to the necessary mamtenance operations on the
test ng, the ceramic fibre that covered the heater elements was eroded bringing the
element into contact with the coiled tubes, this shorted out the heater. To solve this
problem the inside of the heaters were coated with ceramic fibre paste This
reinforced the insulation around the heater elements whilst still allowing adequate

heat transfer from the heater to the coiled tubes.

4.7 Control Units

The MFCs and hydrogen injectors were controlled by the computer software, but
required control boxes to convert the output from the software mnto the appropriate
signals for the MFCs and solenoids. The electric heaters were controlled using closed

loop controllers
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4.7.1 Hydrogen Fuel Injection Control Unit

The H; solenoids are controlled by the Hydrogen Fuel Injection Control Unit. This
takes the 0-5 Vdc control signal from the LabVIEW software and converts 1t mnto a
square wave. The dnver circuit (Figure 4.7) for the solenoid valves takes a linear
voltage from the control software and converts 1t into a square wave. The frequency of
the square wave is kept constant, 1n this case at 50Hz, though this 1s adjustable by
manual means if the need anises. The circuit acts as a comparator. It generates a fixed
frequency triangular wave. If the incommg voltage is less than the current wave
voltage, the circuit sends out 0 V. If the incoming voltage is greater than or equal to
the wave voltage then it sends out 12 V. In this way a simple voltage stgnal can be
used to set the duty cycle on-time of the solenoid valve and so control the flow rate
through the valve. This simplifies the control software and optimses processor time

for running the control software.
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4.7.2 Air and Hydrogen Contro! Unit

The H; and Air MFCs are controlled using a control box. Potentiometers are used to
produce a vanable control signal of 0-5Vdc, which is sent to the appropnate MFC.
The box also includes a bypass switch, which allows the control signal from the
LabVIEW software to be used instead of the signal from the potentiometers. This
allows automatic control of the flow rates required for closed loop control of the

reactor temperature,

4,7.3 Heater Control Units

The electric heaters are controlled using matched temperature controllers operating at
240 Vac. The controllers have built in PID controllers that can be automatically tuned
to the system they are used for. Those used in this case were a Watlow 93 controller

for the LPG/water heater and a Cal Controls 9400 for the air heater.

4.8 Gas Supply Network

The gas supply to the test ng was from bottled gases. Hydrogen, mtrogen, methane,
and a CO»/H; cocktail were sourced from the BOC Group. The LPG used 1n the
steam-reforming tests was sourced from Calor Gas Ltd. and was used straight from
the bottle with no treatment taking place before the reformer. De-10ni1sed water for the
stearn generation was sourced from Fischer Chemicals. De-tomised water was used
rather than just distilled water because 1t was available in the laboratory due to 1ts use
in running fuel cell stacks The air for the combustor was supplied by an on-site

compressor

4.9 Analysis Equipment

A variety of analysis equipment was used to monitor the reformer performance. A
major part of the analysis equipment was the control software, which will be

discussed in Chapter 5.
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Analysis of the reactor performance took place using gas chromatography, online gas

analysis, pressure measurements and temperature measurements

49.1 Gas Chromatography

A Pye Gas Chromatograph (GC) was used to measure the percentage dry composition
of the reformer products. The GC was used to measure the amounts of CHs H, and

CO present in the gas stream. It could also pick up O, and Na.

4.9.1.1 Calibration

Before each test run the GC required calibration, The GC was first cahibrated for air.
This was done to check the operation of the GC and so that the presence of any
anomalous air in the reformate stream could be checked for, indicating a fault in the
system As the reading for the concentration of O, and Nj increases linearly with

increasing O; and N; content, only one non zero calibration point was required.

Next the GC was calibrated for use with CHj; Again, this produces a linear
relationship and two calibration points were used to determine the slope of the
calibration curve. The calibration of CO also revealed a linear relationship and so,

again only two calibration points were required.

Calibrating the GC for H; produced a non-linear calibration curve. For this reason
several calibration points were used. To begin with calibration points between 80% ~
30% of H; in air, with steps of 10% were used. Later when the output of the reformer

could be inferred from previous tests, the cahbration range for H could be reduced

4.9.2 Online Analysis

Two Siemens Ultramat 6E gas analysers were employed to monitor the CO and CO;
output from the reformer. It was necessary to separately monitor the CO; content of

the reformer products because the GC was not able to test for it CO was monitored
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online, as when combined with the CO; reading 1t gives a reliable and quick visual
indicator of reformer performance, something that could not be achieved 1n real time

using the GC.

4.9.3 Pressure Tappings

There are four pressure tappings on the test nig. One of the pressure tappings 1s
logged. This 1s the pressure at the nlet to the H; njector solenord mamfold. This 1s
because 1n an early development of the control software the H, pressure was used as a
control variable to control the flow rate of the H; to the combustor. The pressure
transducer used was a 0-1 bar mini pressure transducer sourced from R.S. Ltd. The
other three were used as visual indicators to spot potential blockages in the reactor/test
rig assembly. These monitor the pressure of the air at the inlet of the combustor, the
pressure of the fuel/water mixture at the inlet to the reformer (though this was moved
to the inlet of the fuel/water heater on occasion for diagnostics and problem solving),

and the pressure at the exit of the reformer.

494 Thermocouples

The reactor contains 12 K type mineral insulated thermocouples 1n order that the
temperature distnibution inside the reactor was known. Details of the thermocouple

placements are shown in Chapter 3.

In addition to the 12 internal thermocouples of the reactor, thermocouples were
located at the inlet and exit of the reformer, and the inlet of the combustor air. A
thermocouple to measure the ambient cabinet temperature was also logged. This was
mncluded so that the user would be aware if the temperature got close to the automatic
fire extinguisher threshold. The user could then shut down the system without
triggering the fire extinguisher unnecessarily. In practise the temperature reading was
used to deterrmne the temperature of the air in proximity to the H; solenoid valves

This is because the valves cease functionmng at or above 45°C [Ref. The Lee
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Company (1994)]. The use of the ambient air temperature thermocouple allowed the

user to halt a potential operating problem

Additionally, in order to check that the indicated temperature from the internal
thermocouples was realistic, an external thermocouple was positioned at the base of
the reactor and connected to a stand alone thermocouple display. This provided a back
up system and allowed any major discrepancies 1n actual and recorded temperature to

be quickly discovered and rectified.

4.10 Reformer Start Up Procedure

The reformer start up procedure was as follows

Switch on electronic controls.
Start New Display2dll5.vi

—
.

Start newpump.vi
Switch on GC (see GC operation notes)
Check the TC operationallity using the Cabinet ambient temperature TC.
Check H; pressure (1.5 Bar)
Check Air Pressure (2Bar)
Check LPG Pressure (2 Bar)
Check N; Pressure (2Bar)
. Check Water level.

S R S

[
o

. Switch on Hex coolant

—
I I S

. Purge Combustor with N; (set Duty cycle 100%)

(S
L

. Purge Reformer with Nj

14, Set control to “Warm Up”

15. Set zone temps to 400C

16. Set LPG Preheat to 500C

17. Set Air preheat to 500C

18. Start N, flow through LPG preheat,

19. Start Controller.

20 When Combustor 1s at 400C start H>O at desired rate (newpump.vi)
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21 After 10-15 muns introduce LPG at S/C =8

22. ENSURE THAT THE REFORMER INLET TEMPERATURE DOES NOT

EXCEED 300C OR IS LESS THAN 250C
23. Switch control to “Running”
24. Ramp Combustor temperature to operational temperature (600C)

25. Bring down the S/C ratio gradually to the desired S/C ratio.

4,11 Reformer Shut Down Procedure

The shut down procedure for the reformer was as follows.

Switch control to off.

Set air preheat to 0C

Allow Combustor to cool to 450C
Switch off LPG

Allow Combustor to cool to 400C
Switch off water

Set reformer preheat to 0C

Allow to cool to 100C

Purge Combustor with N,

A R L

10. Purge Reformer with N;

11 Whilst purging make sure to empty any remaining water from the catchpots.
12. Switch off Hex cooling water.

13. Switch off Control boxes

14. Exit LabView.

15 Switch off GC.

95




5 Design and Development of the Control and Data Acquisition

Software

5.1 Software Qverview

5.1.1 LabVIEW

The data acqusition and control software was developed using LabVIEW. LabVIEW
1s a programming environment developed by National Instruments Ltd. It uses a
language called G. The programming environment is of a visual “circuit dragram”
type. The user builds up the software by adding components to the circuit diagram In
LabVIEW these components are called “virtual mstruments” (VI). LabVIEW comes
complete with a library of ready made VIs but the user can customise these as desired
and create new VIs from scratch This creates a flexible programming environment.
Creating a user interface 1s done by dragging and dropping customisable components
on to the control panel. Again the controls/display components are customisable to
sutt the exact needs of the application. Due to National Instrument’s range of data
acquusitton equipment LabVIEW is ideally suited to creating data acquisition
programs. The user can utilise existing VIs designed for use with National
Instruments hardware and incorporate them into his own software easily, without
having to devise the communications protocol between the hardware and software
himself. The biggest drawback with the visual programming style employed by
LabVIEW is that the circuits become overly complex when iterations are involved or
where mathematical routines are required to be used For this reason the controller,
rather than bemng of PID type was limited to a simple proportional type for simplicity.
Addrtionally the interpolation of the look-up tables, whilst imtially implemented using

LabVIEW, was carried out using a custom DLL written using Delphu.
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5.1.2 Delphi

Delphi 1s an object onentated programming (OOP) environment. This differs from
conventional programming systems in that 1t deals with objects rather than actions and
data rather than logic. This means that 1t 1s concerned with the actual interface and 1t’s
operation rather than the logic behind it. To begin you decide what objects you require
and how they should relate to each other Once this 1s done the logic part of the
program 1s dealt with. In this way 1t 1s simple to build user-friendly applications. The
language that the Delphi interface uses is Pascal. Because Pascal is also a stand-alone
language 1t 1s possible to use Delphi in the same way as conventional programming
environments. Delphi was used to write dynamic hink libraries (DLLs) for use with
the LabVIEW software. As described above, LabVIEW programs become overly
complex when handling iteration and mathematical routines. It is simpler to use

conventional code to handle these tasks.

5.2 Control Software Overview

The circwit diagram for the control and data acquisition software can be seen 1n Figure
5.1. The software developed using LabVIEW contains two main sections These are

data acquisitton and logging, and the controller (enclosed by the dotted line).
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Figure 5.1: LabVIEW Circuit Diagram for the Control and Data Acquisition
Software

5.2.1 Controller Design Basics

The primary purpose of the software was to act as a temperature control for the
reactor and to gather data from the reactor that could then be used to develop the
reactor and control strategy further. The first step in designing such a system 1s
identifying the parameters that need to be controlled That 1s to 1dentify the primary
mfluence on the reactor temperature. After that 1t should be deternmned whether other
factors will also influence the controlled parameter. In this case the controlled
vanable 1s the reactor temperature The primary control parameter 1s the amount of
fuel/air to the combustor. The other main factors that will effect this are the flow rate
of fuel to the reformer and the steam to carbon ratto. Once the parameter to be
controlled 1s determined 1t 15 necessary to decide what data needs to be acquired 1n
order that the controller can operate effectively. In this case, trivially, the reformer

temperature needs to be measured 1n order to control 1t at the desired set pomnt
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5.2.2 Data Acquisition and Logging

The control software also handles data acquisition. The data logged is a combination
of the raw data from the test ng and the control signals produced by the control
software The logged data 1s written to an MS Excel file, which 1s periodically opened

and closed so as to prevent the loss of all the data 1f a power failure occurs.

The raw data acquisition takes place using National Instruments equipment. There are
18 thermocouple readings, 3 MFC signals, a pressure transducer signal and 16

channels for the online gas analysers.

The inputs and outputs are routed through a Nationa! Instruments Signal conditiomng
(SCXI) chassis. The chassis is installed with 3 modules. The modules are connected in

turn to front mounted SCXI terminal blocks.

Two of the modules are for data acquisition and one is for sending control outputs to
the test rig. The first input module is a SCXI 1100. This is connected to a SCXI 1300
terminal block. The SCXI 1100 has capacity for 32 analogue input channels. The
channels are multiplexed into a single channel on the DAQ device being used with the
PC. In this case a N1-DAQ AT-MIO-16XE-50. The second input module is a SCXI
1102 designed for high-accuracy thermocouple use. This is connected to a SCXI 1303
terminal block This allows the use of 25 thermocouples The thermocouple signals

are multiplexed into a single channel on the DAQ device used
The output module s a SCXI 1124 This has six isolated analogue outputs. It 1s

connected to a SCXI 1325 terminal block designed for connection to the SCXI 1124
The SCXI channel assignments can be seen in Table 5 1.
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SCXI 1100 Channel List

SCXI 1124 Channel List

SCX1 1102 Channe! List

0] Brooks MFC Airto Combustor 0-5V | 0| H2 Imjector 1 0-5V | 1| TC Combustor Zone 1-1
1| Hastings MFC H2 to Combustor 0-5V { 1| H2 Imjector 2 0-5V | 2| TC Combustor Zone 1-2
2| Brooks MFC LPG to Reformer 0-5V | 2| H2 Injector 3 0-5V | 3| TC Combustor Zone 1-3
6 SIEM CO ppm 0-20mA = 0-10V 3| H2lnectord 0-5v |4 ] TC Combustor Zone 1-4
7 SIEM CO % 0-20mA = 0-10V 4 H2 MFC 0-5V 5 |TC Combustor Zone 2/3-1
8 SIEM CO2 % 0-20mA = 0-10V 5 02 MFC 0-5v 6 | TC Combustor Zone 2/3-2
9 SiEM 02 % 0-20mA = 0 -10V 8 |TC Combustor Zone 2/3-4
10|SIEM CO ppm RELAY (1) O =0V | =5V 9| TC Combustor Zone 3-1
11]SIEM CO ppm RELAY (2) O =0V 1 =5V 10] TC Combustor Zone 3-2
12| SIEM CO2 % RELAY (1) O=0V I = 5V 11] TC Combustor Zone 3-3
13| SIEM CO2 % RELAY (2) 0O=0V | =5V 12] TC Combustor Zone 3-4
14| SIEM CO2 % RELAY (1) 0=0V I =5V 13 TC Reformer nlet

15{ SIEM CO2 % RELAY {2} 0=0V I =5V 14] TC Reformer Qutlet

16] SIEM CO2 % RELAY (3) O= 0V | =5V 15 TC Cabinet

17} SIEM CO2 % RELAY (4) O=0V i=5V 16] TC Combustor Arr Inlet
18] SIEM O2 % RELAY (1) O=0VIi=5V 17} TC Combustor Exhaust
19] SIEM 02 % RELAY (2) O =0V =5V 24|TC Combustor Zone 2/3-3
20| SIEM 02 % RELAY (3) 0 =0V | =5V

21] SIEM 02 % RELAY (4)0O=0Vi=5V

24 In) Feed Pressure

25 (In) Feed Pressure)

26 (In) Feed Pressure)

27 (Inj Feed Pressure)

28 (H2 SLPM)

29 (H2 SLPM)

301 {H2 SLPM)

31 (H2 SLPM)

Table 5.1: SCXI Channel Assignments

The analogue signals are converted to digital by the National Instruments DAQ board.

These signals are then sent to the calibration VI 1n the control software. The

calibration VI takes the mean of the reformer zone temperatures and passes them to

the controller. The VI also calibrates the incoming signals from the MFCs and sends

them to the data logging VI. It also sends the calibrated LPG flow rate to the
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controller for use there. The rest of the data including the un-averaged temperature

data is cahbrated, ordered and sent to the data logger VL

The data logger collates the calibrated data and passes 1t to an Excel file The Excel
file is closed and reopened every 10 cycles of the program. This prevents data loss 1

the event of a computer crash or power failure,

5.2.3 Control Strategy — Basic Principle

The control strategy 1s a combination of look-up tables and proportional gain closed
loop control. Closed loop control 1s a real-time process. It can be thought of as a

controller, actuators, and a feedback loop (Figure 5.2).

Control - Plant >

Figure 5.2: A Simple Control Loop

The desired set point 1s sent to the controller. This converts the value into a control
signal, which it sends to the actuators. The actuators then control the plant. The status
of the plant is then fed back where it is compared to the set point. The difference
between the two values, or the error, ts then sent to the controller. This calculates a
new signal to send to the actuators, which affect the plant. The cycle 1s repeated. In
this way the error should decrease until the plant is running at the desired set point.
The use of look up tables with proportional gain means that low values of gain can be

used, whalst still providing responstve control.
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5.2.4 Control Strategy — Details of Operation

The controller has two operation modes. In the first the duty cycles sent to the H;
solenoids can be set to 0% or 100%. This 1s to allow the purging of the Hj supply
lines to the combustor In the second mode a closed loop controller determines the
duty cycles. There are four such control loops, one for each solenoid valve. This
allows each loop to be tuned individually to each valve, allowing for the greatest
accuracy of control The control loops consist of two look-up tables, a proportional

controller, MFC calibration, and a limiter. This can be seen in Figure 5 3

CONTROLLED H2
l FLOW RATE
DESIREID ZONE TEMPS. FSLPM =
CTRL * NFC COMTREE VOLTAGE
+ CALIE
e AR
RATIO I
O wC
REQUIRED H2 CONTROL, VDLTAGE .
FLOW RATE h
A — panm
| - SCXI b—
L MAP [)] —— ]m e ot
O X >
™

SOLENDID
CONTROL VOLTAES

1117

MAP

LPG/ENG FLOV RATE

Figure 5.3: The Control Layout for the Multi-Zone Combustor

5.2.5 Development of the Control Strategy

Early versions of the control maps used simply the desired temperature and the flow
rate of LPG to determine the amount of H required to heat the reactor. These maps
were initially developed using thermodynamic data. Later versions of these maps
were modified using experimental data to make them more accurate. It was decided
that just using two variables was not sufficient to satisfactorily control the reactor
temperature. In order to improve the performance of the reactor under conditions of

transient temperature, the first map was changed so that it produced a value for H;
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depending on the temperature difference between the desired and actual temperature
of the reactor. This then required the use of a second map to take into account the

effects of LPG flow rate

The first control map takes the actual temperature of the reactor and cross references
it with the desired temperature. This gives an 1mtial guess at the amount of H»
required to heat the reactor. The second control map modifies the mitial guess by
allowing for the flow rate of LPG to the reactor It does this by producing a modifying
factor based on the LPG flow rate. This factor is then applied to the init1al guess from
the first control map. This helps the controller deal with changes in demand from a
fuel cell smoothly. The use of multiple control maps in this way is equivalent to using

a 3D look-up table.

The control maps are interpolated using a custom dynamic link hbrary (dll) wntten
using Delphi. The LabVIEW software calls this dll. Dlls were used for this part of the
software, as LabVIEW is not well suited to the creation of mathematical routines of

that nature

One percent of the H, value from the map is used as an mitral guess for the
proporttonal controller. The controller modifies the value according to the difference
between the actual and desired reactor temperatures. This modified value is then
added to the initial guess from the control maps. Provided the map produces a value
that is close to that required, the proportional controller acts as a dynamic trim on the
map value. This means that the proportional controller acts as a fine tuner on the

control map output,

The outputs from the four controllers are summed and sent to the MFC calibration VI
Here the required control signal to the H, MFC 1s calculated. This signal 1s then
modified by a user-defined ratio and converted into the corresponding MFC control
signal for the air MFC. The user-defined ratio is used to set the fuel/air ratio for the

combustor.

The outputs from the four controllers are also sent individually to the limits VI. This

is necessary to stop the controller from asking for control signals that have no effect
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on the actuator The solenoid control unit input 1s a 0-5 Vdc signal. However below

1.26V the solenoid 1s effectively closed Whilst, above 4.2V the solenoid 1s
effectively wide open. There 1s no pomnt mn the controller trying to progressively
reduce the flow rate through the solenoid once the control signal reaches 1.26 V, and
likew1se no point in trying to increase the flow rate once the control signal reaches 4.2
V For this reason the signals are passed through a saturation routine, which limts the

upper and lower bounds of the control signal to 1 26V and 4 2V respectively

5.3 Description of the Graphical User Interface

The Graphical User Interface (GUI) for the control software needs to be inturtive
This means that 1t needs to be easy for a user to gain an appreciation of the operating
condition of the reactor at a glance, with the controls clearly defined and clearly la:d

out The control software GUI can be seen in Figure 5 4

Du-layz‘l!n.w T sy e - - _fox)
e Tt Operate Hymect Yndows Help s e e -
i) [ [ ) oot sppacatonFort o] [B =Y o <M1 # @
— =
Compact Multi-Zone Burner/Fue! Reformer Control ¢ f”
Rupy Time /miny
Infector feed 4 |
Prassure/Bar Refomer niet Temp /C W |
0 00] boo] i = |
ooty |l mom & |
M LAG Flow Rate fSUPM E a0 [ b Desired Zone Lontol ;

Duty Cycle % | Requested H2 /5LPM Intemal Zore Temperatures A :I_. Temperatires C Paramemrs
e 0 00| 0.00]-M oo ooo]ooo]fooo] Zom e 30 00| [ P2 3000
FE B T e T
zre2 0 00]|| P 00] —
ﬂ—*aoo]}oaoiiuooi[oool zre2 J0 00| e 0 00

zore3 [0 00 oggl_)l Fm_jfw JEw | fw ] ;)r'(r)eomrlnfc -

566 IO——lll—_—hooiioooiboofloool:ll poo] zne3 0 00]| |°4 Y0 00] |

i 001 09 IENNI NS T 00 !_J

% H2 In Ar
AT to Combustar

ﬂiﬁéi

ﬂ?ﬁggﬁ Flaw Rata /SLPM ("‘"}c i iw
o pem 0 00 :W|_’. G’:‘m (W
w% 000 Doni | - g
oz 0 00 Al WY 0TI ) £ nd
oz 000 || | 1000 | catinet ambmnt Femp 1 (neweme ) %

Figure 5.4: The Graphical User Interface
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The central part of the GUI was taken up by a simple graphical representation of the
reactor This then had the individual thermocouple temperatures represented
numencally, in the positions they take up inside the reactor, on the screen.
Additionally, the change 1n temperature over a program cycle was also represented
numerically adjacent to the actual temperatures. This allows the user to quickly assess
the status of the reactor. Whether 1t 1s cooling down or heating up, as well as the
temperature distribution inside the reactor The zone-averaged temperatures were also
displayed. This allows the user to evaluate quickly if the reactor has reached the
desired operating set point, and 1s useful as a guide to setting the proportional gain for
the controllers. Each of the inlet and outlet temperatures were displayed in their
appropriate locations on the display along with the inlet flows. The temperatures were
displayed in degrees centigrade and the flows in standard hitres per minute (SLPM).
Also included 1n the central part of the display were the cabinet ambient temperature

and an approximation of the kW released by the combustion of H; in the reactor.

The left-hand side of the display consisted of (from top to bottom); the pressure at the
inlet of the H, solenoids in bar, the H, flow rate from the MFC, the duty cycles for
each of the four H, solenoids, and the reformate composition from the online
analysers. This consisted of, CO ppm, CO%, CO; % and 0,%. Though the 0,% was

not used.

The nght hand side of the display consisted of user controls. At the top of the night
hand side was a display of the control map file names, for reference purposes.
Beneath these were the control parameters for the system. Firstly the temperature set-
points for the reactor zones, and then adjacent to them the proportional gains for each
combustor zones individual control loop. These are real-time controls and as such can
be operated as the system is running, This allows the user to alter the temperature set-
point to that required during a test run and for the proportional gamn to be adjusted as
the test proceeds. The right hand side also contains the controls for setting the fuel/ar
mixture to the combustor, the on/off switch for the closed loop control, including the
warm-up switches, and the purge switch. The purge switch sets all the duty cycles to
100% provided that the closed loop control 1s switched off. The final controls on the

right hand side are those that turn the data logger on and off, and a switch to open a
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new log file. Next to these 1s the stop button for the program. Pressing the button

shuts down the program. It sets all the flows to zero and shuts the H; solenoids.

5.4 Control Seftware Development

The software was developed over time, as the need for more features was determined
during test rig operation. Additionally, the controller was continuously developed as
the test matrix for the test rig was carned out The following discussion documents the

software development.

5.4.1 Initial Software Development

The imtial development of the software centred on producing software to interface
with the solenoid driver control box. This then led to mittal testing and cahibration of

the solenoid valves.

5.4.2 Calibration of the Hydrogen Solenoid Injectors

The first stage 1in calibrating the valves 1s to determine the mmmum and maximum
useable duty cycle. This was done in the following way. To determine the maximum
duty cycle the valves were tested individually in turn. The feed pressure was adjusted
to 1 bar and the MFC was set at a constant flow rate. The setting was sufficiently high
that the solenoid valves would control the flow and that any decrease n the flow
through the valve would be shown as an increase in feed pressure. The valves were set
fully open (100% duty cycle) and the duty cycle decreased until an increase 1n feed
pressure was observed. The increase in feed pressure signified a decrease 1n flow

through the valve and so the higher operating limit was reached.
To determine the minimum useable duty cycle the valves were set to 0% duty cycle

and slowly opened until the feed pressure dropped. This signified an increase in flow

through the valve and therefore the lower Iimit of operation. The minimum and
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maximum useable % duty cycles were found to be 24 and 86% respectively. These

values equate to contro] voltages of 1.26 and 4 2 V respectively.

5.4.3 Solenoid Valve Operating Characteristics

It could be seen from the calibration of the solenoids using arr that firstly, the flow
rate through the valves was dependent on the feed pressure to the valves only.
Secondly, allowing for errors 1n flow rate measurement the valves themselves operate
linearly with respect to the control voltage applied for a given pressure. From this
information 1t becomes clear that when more than one valve is used together it
becomes difficult to determine the flow rate through any one valve without knowing
the feed pressure to the valves An assumption was made that the feed pressure to the
valves was the same for each valve. This was reasonable as the manifold design was
such that the valves were all fed from a common source, which was then split and fed

to the individual valves.

For a single valve, if the feed pressure is not controlled, then as the valve 1s opened or
closed the feed pressure varies accordingly. If the valve closes, the feed pressure
increases and visa versa This has the side effect of altering the flow rate by either too
much or too little. For example, 1f it is destred to half the flow rate through the valve,
it is common sense to close the valve halfway. However due to the accompanying
increase in feed pressure the flow rate will be greater than half the original flow rate.
An obvious solution 1s to control the feed pressure with a regulator. But the drawback
is that in order to control the pressure 1n this way it will be necessary to vent some of
the fuel to atmosphere. As the fuel being used 1s H; this 1s out of the question due to
the low percentage required for combustion in air. Because of this 1t was decided to
create a look up table that would produce a control signal based on the feed pressure

to the solenoid valves and the amount of H; required by the controller.
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5.4.4 Controller Development

The original controller concept was to adopt a system where the controller would
decide how much fuel was required for the combustor, and then a look up table would
take the control signal and convert it into the appropnate voltage to be sent to the
solenoid valves The imtial controller design utilised two look-up tables. The first of
which provided an initial guess for the amount of H; required to reach the set point
temperature, based on coolant flow and the set pomt temperature. The second of
which was used to tumn the control signal into the correct voltage for the solenoid
valve to produce the desired amount of fuel to the combustor. It did this by comparing
the desired H; flow rate with the measured feed pressure at the inlet to the H; solenoid
manifold. Each combustor zone had its own controller. This was so that differences m
fuel demands between the zones could be easily accommodated, and the controller

could be fine tuned to the needs of each zone.

5.4.5 Look-up Table Generation

The first look-up table was produced as follows. Firstly the integral of the specific
heat capacity of N; for the appropnate temperatures corresponding to the look-up
table axis were calculated. This data was used to create a table of temperature against
N; flow rate (SLPM) The mtersecting points gave values of thermal power in the N
stream (kW)

To calculate the amount of H;, required to heat the N, the enthalpy of formation of
H,0 at the appropriate temperatures was calculated. This was done 1n the same way

as for the Excel system model described in Chapter 3.

In order to take into account the amount of H required to heat the combustor air to
the required temperature, the amount of thermal power (kW) 1n the combustor air was
calculated. It was assumed that the combustor air would be preheated to 500°C. This
meant that beneath 500°C the air would have excess thermal power and above that it
would require further thermal power. To calculate the amount of air required for the

combustor an 1terative loop was used. The loop calculated the amount of H; required
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to heat the N, on 1ts own. It then calculated the amount of air required for the
combustor and the appropnate amount of thermal power 1n the air It then repeated
this calculation until convergence In thus way an initial first look-up table was created

for the reactor temperature controller.

5.4.6 Development of the Look-up Table

The look-up table was modified for use during the steam reforming tests, in the

following way.

Aspen Plus was used to calculate the thermal power required to support the steam
reforming reaction, for temperatures from 300 — 1000°C, LPG flow rates of 0 - 2
SLPM, and steam to carbon ratios of 1 — 3. The thermal power required to heat the
combustion components to the reactor temperature was also calculated. This was
added to the energy required to support the steam reforming reaction. This was then
converted nto the required flow rate of H, assuming 100% conversion of the fuel.
This new map was agam used as a first iteration The look-up table was modified
using emptrical data gamed from running the steam reformer. This allowed each

combustor zone to have a look-up table produced especially for it.

5.4.7 Initial Controller Testing

Using the first iteration of the controller, under start up, the solenoid valves kept
decreasing the flow until they closed The feed pressure then built up and the H; flow
stopped. To counter this a routine was coded that increased the duty cycle by 25% to
all of the valves equally, when two or more of the valves had closed. This was meant
to keep the flow rate split across the valves the same, but change the operating
pressure of the H; inlet. This was to allow the controller to accommodate the large
changes in flow rate required for quick start up times Unfortunately the system didn’t
work as planned. The solenoid valves duty cycle oscillated between two states. This

provided adequate control but was not an elegant solution to the problem.
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5.4.8 Simplification of the Controller

From a review of the solenoid valve calibration tests, 1t was also found that by
controlling the MFC that feeds the solenoid valves it is possible to keep the feed
pressure constant. When one of the solenoid valves 1s closed halfway, and the MFC
flow rate is also reduced by half, the feed pressure remains constant and the flow
through the solenoid is halved. This seems obvious when applied to a single valve, but
when this method 1s extended to more than one valve at once, it still holds true
regardless of the position of the other valves The flow through the other valves is
unchanged and the flow rate through the valve that is required to be changed, 1s

altered by the desired amount.

This means that 1t is possible to control the flow through the individual valves without
the need to know or directly control the feed pressure. As a result of this it was
decided to remove the valve calibration look-up table from the controller. This
improved the controller performance by removing the oscillation of the valves

described above.

5.4.9 Final Controller Development

In order to allow the controller to respond to transients in fuel demand from a fuel
cell, a second look up table was added to the controller. This created the equivalent of
a 3D look-up table. The input variables for the look-up table were the set point

temperature, the actual temperature and the flow rate of LPG to the reformer.

The first look-up table was a 2D Array. This compared the set point temperature with
the actual temperature and produced a value for H, flow rate. The first map was
designed to augment the proportional control. It set a maximum flow rate to the zones
of 2.5 SLPM Hj, this was so that each zone had an equal split of the maxmmum 10
SLPM delivered by the MFC. This was later raised to 5 SLPM H; to take mnto account
the increase 1n size of the MFC (required when hgher reactor temperatures and LPG
flow rates were used). The maximum flow rate was in place until the reactor reached

the desired set point. Then a flow rate determined from the experimental running data
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was set. The expenmental data used to determine the values of the look up table
results was taken from a test where the flow rate of LPG to the reformer was 1 SLPM.
Above the set point temperature a desired flow rate of 0 SLPM was set. This was to
mmnimise overshoot It was important to minimise controller overshoot as excessive
temperatures could damage the catalyst inside the reformer. Because the first look-up
table compares the desired temperature with the actual temperature 1t can be used to
help control the start up time of the reactor. By making the map mimic the effect of a
proportional gain (Kp) the actual proportional controller has to do less work. This

allows the use of lower values of Kp and promotes control stability.

The second look up table was one-dimensional. This modified the value produced by
the first look up table according to the flow rate of LPG through the reformer. As
lookup one was produced using an LPG flow rate of 1 SLPM as a reference. This
meant that for flow rates of LPG less than 1 SLPM, the 1D look up table reduced the
amount of requested Hz, and for flow rates of LPG greater than 1 SLPM, the
requested H, was increased. In this way the temperature change 1n the reactor due to
changes 1n the flow rate of LPG could be eastly accommodated. It was not necessary
to include steam to carbon ratio as a control factor because under ordinary operating

conditions the steam to carbon ratio would be kept constant

The interpolation and extrapolation of the lock up tables was originally done using a
custom VI in LabVIEW. This was later altered so that a dynamic link library (dll)
using Delphr was used instead. This was a more computationally efficient way of

doing the same job.

5.5 Syringe Pump Software

The syringe pump was also controlled using software built using LabVIEW. The
software allowed the flow rate of H;0 to be vanied from 0 — 20ml/min. It allowed the
pump to take two different syninge sizes, which were manually set by the user. This

allowed the range of flow rates available to be increased.
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6 Multi-Zone Combustor Evaluation

6.1 Initial Operation

The imtial tests carried out on the reactor were concerned with the performance of the
combustor. Tests were carried out to determime whether the combustor could light-off
at room temperature using hydrogen and methane. Tests were also carried out to
determine the optimum amount of insulation for the reactor. The effect of coolant
flow through the reformer was investigated as well as the effect of the direction of
flow through the combustor. The effect of the combustor flow path on the
controllability of the reactor temperature was investigated as were the heat transfer

properties of the reactor.

6.1.1 Determination of the Pressure Drop

The pressure drop across the reforming layers and the combustor was recorded. For
the combustor this was done by first recording the pressure drop across the solenoid
valves, flash back arrestors and rotometer and fittings, and then recording the pressure
drop across the combustor and the flashback arrestors and valves together. The results
were subtracted from each other to produce the value for the pressure drop. This was
repeated for the following flow rates; 5, 10, 15, 20 and 24 SLPM N;. The results can

be seen 1n Table 6.1.

Pressure drop Pressure Drop Pressure Drop
N SLPM across all fittings | across fittings and | Across Combustor
/mbar Combustor /mbar /mbar

5 76 75 -1
10 173 178

15 318 326

20 498 510 12
24 674 681 7

Table 6.1: Pressure Drop Across the Combustor
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To test the pressure drop across the reformer it was necessary to use high flow rates in
order to take a reading As before, the pressure drop across the rotometer and fittings
was taken followed by the pressure drop across the fittings and reformer, and the
results subtracted from each other. This was repeated for the following flow rates 60,

120, 180 SLPM N,. The results can be seen in Table 6.2,

Pressure Drop
Pressure drop across fittings Pressure Drop across
N; SLPM across all fittings rHng p
and Reformer Reformer /mbar
/mbar
/mbar
60 0.128 2 1.872
120 0.522 5 4 478
180 1.424 14 12.576

Table 6.2: Pressure Drop Across the Reformer

It can be seen that the pressure drop 1s much higher across the combustor than the
reformer. This 1s due to the more complex flow field inside the combustor. The use of
a diffusion plate between the air and H; streams 1s likely the major contributing factor
to the losses. In contrast, the reformer flow field is straight through with no blockages
The pressure drop across the reactor has implications for the system design. It is
desirable to have as low a pressure drop as possible. This reduces the need for
additional compressors, which bring parasitic losses to the system, reducing its

efficiency.

6.2 Initial Lighting Off Experiments

The initial combustor test was to see if the combustor would light off at room

temperature or 1f some form of external heat would be required to start the reaction

2.5 SLPM of H, was introduced to the combustor with air in a ratio of 1/5. The Hj
was split equally between the four combustor zones. The reactor was successfully
heated from room temperature to a maximum temperature of 300°C. This showed that
no heating of the reactor was required prior to introduction of the Ha/air mixture. This

is good because 1t cuts down on parasitic losses from the system.
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For clanty when 1nterpreting the following results the thermocouples are numbered as

seen mn figure 6.1.

¥ ¥ ¥ ¥ ¥

Figure 6.1: The Position of the Internal Thermocouples

621 Tests Without Coolant and the Addition of Insulation

The first set of tests carried out using the reactor doubled as a way of becoming
familiar with the operation of the test ng and as a means of determining the optimal
amount of msulation to be applied to the reactor. Determining the optimum amount of
lagging for the reactor is not as trivial a problem as 1t seems at first glance. There is a
trade off between the cost of the insulation material and the cost of the fuel required to
heat the reactor. There are also space considerations. In this case space limitations
were the deciding factor in determining the amount of insulation added to the outside
of the reactor. It was not possible to add more than 3 layers of fibre wool to the

reactor due to the tubing attached to the reactor It was also necessary to allow the
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thermocouple mamfold sufficient access to the air so that its temperature would be
low enough to allow the thermocouple ports to seal effectively. The tmtial tests also

allowed any unforeseen problems with the test rig to be acknowledged.

6.2.2 Operational Failure of the Hydrogen Solenoids

During mmtial running the H; solenoids became overheated. They have a maximum
recommended ambient temperature of 45°C [Ref. The Lee Company (2000)]. This
was exceeded and three of the solenoid valves lost control response. Once they had
been allowed to cool down controllability retumed. The effect of this can be seen in
Figure 6.2. One of the valves failed in the closed position. The results of this can be
seen by the decrease in temperature 1n one area of the reactor whilst other areas
experience a temperature increase This 1s because the flow rate of H, to the reactor as
a whole stayed the same but the split to the zones was altered. The cause of the failure
was the positioning of the valves in the test ng. The valves were positioned away
from the reactor but directly above 1t. This meant that heat from the reactor was
transferred to the valve by convection. To stop this from happening again an

insulating shield was placed between the valves and the reactor.
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Figure 6.2: Start Up of the Combustor Showing Solenoid Valve Failure
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6.2.3 Start Up Times of the Microchannel Reactor

It can be seen 1n Figure 6.3 that as further layers of insulation are added to the reactor,
the start up time decreases. This 1s a consequence of reduced heat loss due to the
insulation It can also be seen that the internal temperature spread decreases with the

addition of insulation but that adding further insulation has little effect.

6.2.4 Internal Reactor Temperature Distribution

It can be seen mn Figure 6.2 that the temperature distribution in the reactor varies not
only longttudinally, but transversely as well. This has implications on the
effectiveness of the multi-zoned designs ability to control the temperature of the
reformer accurately. This is because there is no facility to control the temperature
transversely in the design of the reformer. This can lead to the formation of hot and

cold areas 1n the reformer. This will be discussed further 1n Section 6 3.

6.2,5 Effect of Preheating the Air on the Temperature Distribution

The combustor was fed 1 SLPM H; mto each zone with 20 SLPM air across all of the
combustor zones. The Air was preheated in stages. Firstly using the heater
temperature as a guide. The heater was raised to 250°C and 500°C. The addition of a
thermocouple on the air inlet to the combustor showed that the air temperature was
much lower than the heater temperature (An actual air temperature of 270°C with an
indicated heater temperature of 600°C). This led to the heater being modified by the
addition of stainless steel granules inside the heater tube as discussed in Chapter 4

The air temperature was then raised to 480°C.
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The 1ntroduction of pre-heated combustor air has a positive effect on both the start-up
time and the temperature spread across the reformer. This can be seen m Figure 6 3
The effect on the start up time 1s due to the extra energy transmitted to the reactor via
the air stream The decrease in temperature spread is also due to the increased energy
in the combustor stream. It manifests this by raising the temperature of zone one An
effect of the increase in energy in the combustor stream is that it has a greater effect
on the temperature profile further downstream It increases the temperature spread

across each combustor zone, which 1s undesirable due to the controller set-up.

6.2.6 Effect of Coolant on the Temperature Distribution

The reactor was next tested with 20 SLPM of N running through the reforming side
of the reactor. This was done firstly to make sure that the reactor would still light off
when there was coolant being used, and to determine the effect of the coolant flow on
the temperature distribution 1nside the reactor. It can be seen in Figure 6.3 that the
effect of the coolant was to increase the temperature spread inside the reactor, and to
increase the start up time of the reactor. The increase in the temperature spread is a
result of the coolant moving heat from the reactor inlet towards the outlet. This
combined with the action of the combustor exhaust retards the performance of the

inlet zone of the reactor.

6.2.7 Effect of Combustor Air Direction on the Temperature Distribution

The initial testing took place with parallel flow of the coolant and macro-combustor
flow. Testing then progressed to running the reactor 1n a counter flow configuration

This was to deternine the optimal configuration for the control of the system.

The coolant flow rate was set to 20 SLPM, the flow rate settings for the combustor

were as before. The test was run both without any air preheat, and with an air preheat

of 480°C.
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The direction of flow of the combustor air was found to have an effect on the
temperature distribution inside the reactor. As seen in Figure 6.3, in the parallel
configuration the reactor exhibited a faster start-up time than in the counter flow
configuration, but the counter flow configuration produced a smaller temperature
spread. The decision was made to run the reactor in the counter-current configuration
for subsequent tests of the reactor This was due to the constraints placed on the
controller due to the lack of transverse temperature control. It was decided that the
configuration with the smallest temperature spread should be the one to use, as 1t
would improve the temperature distnibution inside the reformer. It was decided that
that was a bigger consideration than the start up time as that could be affected more

easily by the control strategy.

6.2.8 Lighting Off the Combustor Using Methane

A sertes of tests was carried out to determune if the combustor could be started using
CHj only, rather than H,. This is because, depending on the overall fuel processor
design, 1t may be advantageous or necessary to start the combustor using the fuel to be
used for the reformer. The flow rate of CH, in this case was determined by
comparison of the enthalpy of combustion of CH4 and H,, the equivalent amount of

CH, to 4 SLPM H; was found to be approximately I SLPM.

The first test took place at room temperature 025 SLPM CHa was fed mnto each
combustor zone and 20 SLPM Air was fed across the combustor The test was run for

30 mmutes and no temperature change was observed.

In the second test the same flow rates of CH, and Atr were used as before But this
time the air was heated from 150 — 500°C in steps of 50°C. This was done to supply
activation energy to the reaction in order to try and start the combustion of CH; inside

the reactor. Again no evidence of combustion was seen.

In the third test, the fuel feed to the combustor was modified so that H; and CH, could
be sent to the combustor independently of each other or together. The reactor was

heated by combusting H; unt1l the mimimum temperature reached 450°C. The reactor
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was then purged with N, untl the temperature reached 400°C This served the
purpose of setting the reactor temperature whilst removing any H, from the
combustor. CH,; was then fed into the combustor for 10 min 1n order that any shght
temperature change to be observed clearly The process was repeated, each time

raising the reactor temperature by 50°C until combustion of CH, was achieved

At each temperature the CH, flow rate was vaned from 1, 2, 3 SLPM This was to
determine the effect, 1f any, of altering the fuel/air ratio mside the combustor on the

hight off point.

As can be seen 1n Figure 6 4 light off was achieved at approx. 500°C. This 1s too high
a temperature to be useful 1n a fuel processor as this would require the reactor to be
preheated by combusting H, or using electric heaters to directly heat the reactor,
However as the catalyst was designed for use with H; this 1s not an unexpected result
To facilitate the use of other fuels n the combustor a new catalyst formulation would

have to be produced
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Figure 6.4: Start Up of the Combustor Using CH,
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6.3 Individual Combustion Zone Tests

Before the combustor was run under closed loop control, 1t was necessary to
determine whether the zones could be controlled individually and if the
thermocouples were located correctly 1n the reactor. Therefore, the reactor was further
tested by giving a H, supply, at a flow rate of 4 SLPM, to each of the four inlets
sequentially, in a procedure of 5 minutes operation to zone 1, followed by 5 minutes
stop, then shift to zone 2 and so on in tum. The air was suppled to the reactor,
synchromsed to the H; supply, at a H, to atr volume ratio of 1:5. Figures 6 5-6.8 show
the measured rate of change of temperature as recorded by each individual

thermocouple.

It can be seen in Figure 6.5 that when the H; supply is switched on to zone 1, the
temperatures at the four positions inside zone 1 perform differently. Position 4 has the
highest temperature gradient while the temperature at position 1 has hardly increased.
From Figure 6 1, it can be seen that position 1 is geometrically next to the H inlet.
Incidentally, the air flows in the same direction after passing the rest of the zones. The
comncident flows, therefore, move the heat from position 1 to the downstream
positions, and reduce its temperature Position 4 1s situated just before the outlet. It
therefore accumulates the heat delivered through the flows and the heat generated due
to the combustion reaction at that position. As a result 1t ends up with the largest

temperature gradient among the four positions inside zone 1.

When the H; is switched to zone 2 as shown in Figure 6 6 after the 5 minutes cooling
period, the temperature gradient at positions 1 and 2 inside zone 1 are large and well
above the gradients in zone 2. Again, this is because the airflow brings some of the
heat generated in zone 2 and some of the unbumt H, downstream. However, inside
zone 2, where the H; is supplied, it appears that httle combustion occurs at position 3.
Clearly, this is due to the heading impact between the H, supply and the airflow. The
H; is pushed away from the position by the airflow. The highest temperature gradient

in zone 2 is at position 2, which potentially contains the highest H, concentration.
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When the H; is further switched to zone 3, as seen in Figure 6 7, the temperatures are
monitored by the same group of temperature sensors as zone 2. Clearly, the
temperature gradient at position 3 becomes the highest followed by position 4. Again,

thts is mamly due to comncident flows of H, and arr.
Finally, when the H; is switched to zone 4 in Figure 6 8, the gradients at positions 1

and 2 are the highest. Again, this 1s because of the heading impact between the H; and

arrflows.
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Figure 6.5: The Rate of Change of Temperature Due to H; fed to Zone One
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Figure 6.7: The Rate of Change of Temperature due to H; Fed to Zone Three
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Figure 6.8: The Rate of Change of Temperature due to H; fed to Zone Four

It can be seen that each zone can for the most part be controlled individually.
However, due to the internal flow interaction between the H, and air, there 1s some

spill over from each zone to the next downstream one.

6.4 Closed Loop Control of the Combustor

A series of tests were run using the closed loop controller developed in LabVIEW
and descnibed in Chapter 5. These were to test the effectiveness of the controller
before the heat transfer tests and subsequently steam reforming was carried out. The
development of the control strategy continued throughout the running of the reformer
under steam reforming conditions. These results represent the first iteration of the
control system. Figure 6.9 shows the test results obtamed by using the closed loop
controller. The temperatures shown in the figure were the averaged zone
temperatures. These averaged temperatures are also used as the feedback to the

control system for adjusting the H, flows. The results showed that the zone average

temperatures agree well at all three set points, 400 °C, 550 °C and 600 °C.
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Figure 6.9: Closed Loop Control of the Combustor Temperature

It can be seen that the system provides sufficient controllability to set the reactor

temperature longitudinally along the reforming stream.

Figure 6.10 compares the longitudinal temperature distnbution of the multi-zone
reformer with that of a more traditional packed bed reformer design [Ref A. Heinzel
(2002)] The improvement in temperature control can clearly be seen The multi-zone

approach allows the temperature to be accurately controlled and so by extension the

reformate composition.
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Figure 6.10: A Comparison of Traditional Reformer Temperature Control and
the Multi-Zoned Approach

6.5 Heat Transfer Performance

The motivation for the following tests was to determne the effectiveness of the
microchannel heat exchanger at distributing heat from the catalytic combustion of the
H; air mixture, to the reforming reactors on either side of the combustor. During the
test, H; and air in a ratio of 20% Hj;: 80% air, was fed to the combustor. The
combustor temperature was controlled by varying the amount of H; fed to each zone,
with the airflow being adjusted accordingly. N2 was used as a coolant and was passed
through the reforming reactors to take up the heat from the combustor. Measurements
of the values required to perform a power balance on the reactor were taken once the
temperatures of the various flows and the reactor had settled. The measured

parameters were as follows.

1) Coolant inlet temperature (°C)
2) Coolant exit temperature (°C)
3) Atrnlet temperature (°C)

4) Combustor exhaust temperature (°C)
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5) Coolant flow rate (SLPM)

6) Air flow rate (SLPM))

7) H, flow rate (SLPM)

8) Combustor temperature (°C)

9) Ambient temperature (°C)

10) H,0 (liqud) produced from H; combustion (cm?)

With the exception of the H;O produced from the combustion of the H; the above
parameters were averaged over a time of 10 min. The amount of H,O recorded was
the total H>O produced over the 10 min period. By comparing the amount of H,O
produced with that which, would have been produced by complete combustion of the
H,, the percentage of H, combusted was calculated and hence the Hz conversion
efficiency. The Figures 6 11 and 6.12 show the effects of combustor temperature and

coolant flow rate on the H; conversion efficiency respectively.
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Figure 6.11: The H; Conversion Efficiency w.r.t. Combustor Temperature

It can be seen there is a trend, which suggests that the greater the combustor
temperature the higher the H, conversion efficiency becomes. It can be seen that Hy
conversion at 400°C does not follow the observed trend. This is due to experimental
error regarding the calculation of H; conversion based on the collected H,O from the

combustor exhaust, which can never be exact. On the other hand, the influence of the
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coolant flow rate on the H; converston 1s relatively small. There does appear to be a
trend of increasing H, conversion with N; flow rate but this 1s by no means clear and
can be accounted for in the same way that as the anomaly 1n Figure 6.8. It can be seen

that the averaged H, converston efficiency 1s 1n the region of 90%.
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Figure 6.12: The H; Conversion Efficiency w.r.t. Coolant Flow Rate

To calculate the heat transfer efficiency a thermal power balance of the reactor was
performed. The thermal power fransferred to the reforming reactor, which is the

thermal power obtained by the reforming streams was calculated by

7
=myx [C, 5dT Equation 6.1

5

P

reactor

where m, is the flow rate of the reforming stream, C, , is the specific heat capacity

at constant pressure, 7, 1s the reformer inlet temperature, and 7, is the observed outlet

temperature of the reforming stream. The pressure drop across the reactor at the

operating flow rates was negligible,

The thermal power produced from the combustion of the H; in the combustion layer

of the reactor was obtained as

Pbumer = (mﬁzﬂbAHfﬂzo J+ F:ur - Pexkau_r! Equation 6.2
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where m,, 1s the flow rate of H; in moles per second, 7, is the H; conversion
efficiency of the combustor, and AH furo is the enthalpy of formation of H,O at the

combustor temperature. P, and P, . are the thermal power in the combustor air

mr exhaust
supply and combustor exhaust respectively. They were calculated using the same

method as P

reactor

with the appropnate temperatures and specific heats for each stream

used.

The heat transfer efficiency was then defined as

Nuex = %ﬁ’l Equation 6.3

burner

The heat flux from combustor to reforming streams was calculated as

q= P‘T"" Equation 6.4

where A 1s the area available for heat transfer.

Figure 6 13 shows the effect of the temperature of the combustion layer of the reactor
on the heat transfer efficiency and heat flux. The reforming stream flow rate was set
to 20 SLPM. It can be seen that the heat transfer efficiency decreases as the average
temperature of the combustor increases. At an average combustor temperature of
420°C, the heat transfer efficiency peaks at 85%. As temperature increases, 1t

decreases to a level of 65% at an average temperature of 630°C.
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Figure 6.13: Heat Transfer Efficiency and Heat Flux w.r.t. Combustor
Temperature

Figure 6.14 shows the temperature difference between the reforming stream and the
average combustor temperatures, against the average combustor temperature. It can be
seen that the temperature difference increases as combustor temperature ncreases,
which means that the temperature increase of the reforming stream 1s not as high as
that of the combustor. This indicates that the increase in temperature of the reforming
stream is not sufficient to overcome the effect of the increased H, conversion rate.

Therefore, the heat transfer efficiency of the reactor decreases.
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Figure 6.14: Temperature Difference Between the Combustor and Coolant
Exhaust w.r.t. Combustor Temperature

The heat flux increase is mainly due to the fact that the H, converston efficiency 1s
generally proportional to the temperature of the combustor as shown 1n Figure 6 11.
As temperature increases, more heat is generated from the combustor. As a result,

both heat flux and the thermal power of the combustor increase.

Figure 6.15 shows the effect of the reforming stream flow rate on the heat transfer
efficiency and the heat flux. The reforming stream was tested usmng N; The
combustor temperature remained constant at 600°C throughout the test by controlling
the amount of H; supplied to the combustor. It can be seen that as the flow rate of the
reforming stream increases so does the heat transfer efficiency and the heat flux. This
is due to the fact that the increased reforming flow is able to absorb more heat from
the combustor, and the controller responds by increasing the amount of H, to the
combustor Simnce the H; conversion efficiency of the combustor is approxmmately
independent of reforming stream flow rate, the thermal power of the combustor

increases, and the heat flux nises.
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Figure 6.15: Heat Transfer Efficiency and Heat Flux w.r.t. Coolant Flow Rate

Figure 6 16 shows temperature difference between the reforming stream and the
average combustor temperatures, against the N, flow-rate. As the N, flow-rate
increases, the temperature difference decreases. This is because the higher flow-rates

of N; enable more energy to be absorbed from the combustor and therefore improves

the heat transfer efficiency.
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Figure 6.16: Temperature Difference Between the Combustor and Coolant
Exhaust w.r.t. Coolant Flow Rate
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The thermal power transferred to the reforming stream at a combustor average
temperature of 600°C and a N flow rate of 25 SLPM was approximately 320 W. This
1s enough thermal power to support the steam reforming of 0.7 SLPM propane at a
molar steam to carbon ratio of 2 and a temperature of 600°C. Therefore, the reactor 15
capable of a sufficiently high rate of heat transfer for use as a steam reformer. In
addition, as the flow rate of the reforming stream increases the heat flux also
mcreases. This suggests that the reactor is capable of supporting higher flow rates of

propane.

6.6 Conclusion

It was found that zones 1 and 4, which are positioned at inlet and exit of the reforming
stream, respectively, required the most control input. Zones 2 and 3, which are located
in the middle of the combustor, could be controlled together without a detrimental
effect on the controllers’ performance. Additionally, it was found that the flow of the
gases in the combustion layer adversely affects the temperature distribution mn the
combustor. However, 1t was shown that the multi-zone combustor layout provides
accurate temperature control along the length of the reformer This improves the
traditional reformer designs. The catalytic combustor works effectively with between
90 and 100% of the H; seen to be converted. The heat transfer efficiency of the
reactor between the combustor and reforming layer was found to be in the region of

65% to 85% at a temperature of 600°C to 400°C, respectively.

The reactor is capable of a sufficient rate of heat transfer for use as a steam reformer.
In addition, as the flow rate of reforming stream increases the heat flux also increases.
This suggests that the reactor is capable of supporting higher flow rates of reforming

fuel than demonstrated here
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7 Simulation of the Reactor

7.1  Aims

Experntmental work evaluating the performance of a micro-channel steam reformer has
led to the development of a model of the reactor to evaluate possible development
paths for the fuel processing system. In order to keep the model manageable, it was
decided that a complete CFD model of the reactor was not desirable. Rather a modular
simplified representation of the reactor was developed, so that it could be modified for

different flow patterns.

7.2  Software

The software used to build the model was the Matlab/Simulink suite of programs from
MathsWorks This was chosen because of its flexability and ease of use. Simulink
allows the user to build models out of subsystems in a similar manner to that used by
the LabVIEW software utilised for the DAQ and control software used for the test
assembly. Symulink has the advantage of being able to call upon user designed
functions programmed in Matlab. This allows the user to call upon Matlabs powerful
set of mathematical functions where necessary, and allows the user to write original

functions as required using the Matlab programming language

7.3 Assumptions

Several assumptions were made in order to simplify the model

= The reactor would be split into 16 modules. This would be sufficient to model new

reactor layouts.

* The combustion chamber temperature in each module is equal to the overall

reactor temperature in each module.
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» Conduction between zones 1s steady-state. Each module 1s modelled as a solid
block of steel for the purpose of conduction It 1s assumed that the temperature
profile in each block is linear and that at the instant the conduction function 1s
evaluated the temperature profile is constant. The wall thickness is taken to be the

distance between the centres of each module

» There is negligible pressure drop in the reactor,

= 100% H; conversion takes place 1n the combustor provided enough oxygen 1s

present,

* The flow field inside each module can be simplified to the direction of flow only.

This removes the need to model the flow through the microchannels.

* No modelling of the microchannels 1s necessary to predict overall reactor

behaviour.

7.4 Brief Description of the Model

The model was built up out of separate modules. This would mean that the layout of
the model could be rearranged to try out new reactor flow path designs. A simphfied

schematic of a module can be seen in Figure 7.1.
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Figure 7.1: A Simplified Schematic of 2 Module

Each module calculates the products of combustion and hence thermal power released
by the H, and the thermal power m the combustor exhaust. It also calculates the
thermal power required to heat the coolant to its current temperature, The thermal
powers are integrated w.r.t. time to give the thermal energy from each part of the
model, These values are then summed. Radiation losses are subtracted and the model
then uses the resulting energy to calculate the reactor temperature based on 1ts thermal

mass.

The specifics of the flow paths inside the zones along the microchannels were not
included for simplicity, more important were the interactions between the modules
themselves on the macro scale. This would allow the overall behaviour of the reactor

to be modelled. The inputs and outputs of each module were as follows
Inputs:

*  Ambient Temperature /K

* H, flowrate (combustor) /SLPM

" Air/Exhaust flowrate (combustor) /SLPM
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= Air/Exhaust Composition (combustor)

=  An/Exhaust temperature (combustor) /K
* Coolant Composition

s Coolant flowrate /SLPM

» Coolant temperature /K

»  Mass of the module /g

Outputs.

»  Module Temperature /K

» Anr/Exhaust flowrate (combustor) /SLPM
» Air/Exhaust temperature (combustor) /K
= Ai/Exhaust Composition (combustor)

= Coolant Composition

» Coolant flowrate /SLPM

* Coolant temperature /K

In order to make the model ‘gas flexible’ it was designed so that the functions would
adjust themselves to different species, H,O, H; etc. automatically. This meant that a
lot of the components could be reused throughout each module simplifying things
further. This was achieved by giving each species a unique identifier, which was
bundled with the flow-rate and temperature of the stream. The model would then
calculate the integral of the specific heat for each gas species as required, based on the

nitial and current temperatures of the reactor.

7.5 Single Module Description.

The reactor model is based around a power balance. It 1s a development of the steady
state Excel model described in Chapter 2. Each module 1s constructed using the
following Simulink subsystems; “Rfm Prods Heat”, “H2oxidation”, “BrmExComp”,
“Energy Burner/Reformer”, “Radiative Losses”, and “Bm Temp” as shown in Figure
7.2. The following is a description of the subsystems and functions contamed within

each module,
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7.5.1 The BrnExComp Subsystem

This subsystem calculates the combustor exhaust composition, the amount of H, bumnt
and the thermal power contained in the combustor exhaust. The subsystem calls two

functions, ExComp and BmExPower.

The subsystem uses a custom function called ExComp to calculate the exhaust
composition of the combustor. It uses a modification of the simple combustion

formula of hydrogen 1 arr (Equation 7.1.) to do this.
H, +0.5(0, +3.76N,) - H,0 +0.5(3 76N,) Equation 7.1

The ExComp function compares the amount of mputted O; with the amount of
mputted H; and determines 1f the mixture is stoichiometric, air rich or fuel rich. It then
chooses which variation of the formula to use. The ExComp function then calculates
the percentage composition of the exhaust, the total flow rate n SLPM and the

amount of H, combusted, also in SLPM.

The BmExPower function calculates the thermal power in the combustor exhaust. It
does this by first calculating the specific heat capacity of the exhaust, based on 1t’s
composition and temperature. It then uses that value and the flow rate of the
combustor exhaust to calculate the thermal power stored in the combustor exhaust as

shown 1n Equation 7.2

*
P= M Equation 7.2
1000

- Where Cp = the integral of the specific heat at constant pressure of the combustor
exhaust, tot = the flow rate of the exhaust mol/sec, P = thermal power mn the

combustor exhaust kW.
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7.5.2 The H,Oxidation Subsystem

This subsystem calls the functions IntCp, dHfH20, and H2Power. The subsystem
calculates the integral of the spectfic heat capacity at constant pressure of the species
and uses them to calculate the enthalpy of formation of water. It then uses this along
with the flowrate of Hz generated by the ExComp function in the BrmExComp

subsystem to calculate the thermal power generated by burming the H,

o b-BT 2 b-—3 2

.[Cp =|af, +—2--¢’T," || ol + —2—-¢"T," )

7 2 2 Equation 7.3
T “32 -6 3 32 -6 3

JCp =| aT, +b L _ch | al, + b I ¢k Equation 7.4
7 2 3 2 2

The function IntCp 1s used to calculate the integral of specific heat capacity (Cp) at
constant pressure (Equation 7.3-7.4). This is necessary because the value for Cp 1s

temperature dependent. If mstead of using the sum of the Cps at temperature 1 (1)
and 2 (T,), the integral of Cp between those temperatures 1s used, a greater accuracy

1s achieved. The two equations are used depending on which gas is passed to the
function, and used in conjunction with the appropriate gas dependant values for a, b

and c.

The function dHfH2O calculates the enthalpy of formation of water at the reactor
temperature. It does this by using the integral of specific heats of the reactants and

products at the reactant temperature (Equation 7.5)

H = (Hf_(Hzo_(Hz +0-502 )))

Equation 7.5
1000

H = enthalpy of formation of H;O at T2. kJ/mol, Hf = LHV H,0 kJ/mol, H,O = IntCp
H;0, Hy =IntCp H;, O; = IntCp O;
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The Function H2Power calculates the thermal power released by the combustion of

H,. It uses the enthalpy of formation of H;O and the amount of Hz burnt to do this
P= (H 25LPM [22.41/ 60)dHf Equation 7.6

P = thermal power in kW, H2ZSLPM = flow rate of H, burnt, dHf = enthalphy of
Sformation of H;O at T2.

7.5.3 The RfmProdsHeat Subsystem

This subsystem contains three subsystems of i1ts own, “Heat,” LPG Heat,” and “water

heat.”

7.5.3.1 The Water Heat Subsystem

This subsystem calls the functions IntCp, Pressure, and WaterHeat, The subsystem
calculates the amount of thermal power 1n water. It calculates the integral of Cp for
water as a liquid and a gas and also calculates the boihing point of the water based on

1ts partial pressure It then uses this data to calculate the thermal energy in the water.

The function Pressure calculates the partial pressure of the water in the LPG stream. It
then sends 1ts result to a look-up table which outputs the waters boiling point
(Equation 7.7).

p_ /2241

= Equation 7.7
7/22.41 1

P 15 the partial pressure of the water, T is the total flow rate of the water mixture, W

1s the flow rate of the water.
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The function WaterHeat uses the boiling point of water generated by a look-up table
and uses it to decide which value of Cp to use when calculating the thermal power in

the water. It then calculates the thermal power stored 1n the water appropriately

7.5.3.2 The LPG Heat Subsystem

This subsystem calls the functions IntCp, IntCpLPG and Heat. The subsystem
calculates the integral Cp for the constituents of LPG and then combines them to give

the Integral Cp for LPG This is then used to find the thermal energy in the LPG.

The function IntCpLPG calculates the integral of the specific heat capacity at constant
pressure of LPG (Equation 7.8). It does this by taking the individual integrals of the
specific heats of the constituents of LPG and multiplying them by their proportions in
the LPG then summing the results.

)
ij =0.914a + 0 0615+ 0.02¢c + 0 0044 + 0.001e Equation 7.8

i

Where a = IntCp of propane, b = IntCp of propylene, ¢ = IntCp of ethane, d = IntCp
of butane, e = IntCp of methane. The multiplication factors are the percentages of

each species in the LPG mixture.

The WaterHeat and LPGHeat subsystems are only enabled when reformate/LPG 1s
passed to the RfmProdsHeat subsytem. This lowers the processing load for the model

whilst maintaiming 1t’s flexibility.

7.5.3.3 The Heat Subsystem
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This subsystem calls the functions IntCp and Heat. The subsystem calculates the

integral Cp of the gas passed to it and uses that to calculate the thermal energy m the

stream.

The function Heat calculates the thermal power 1n the gas stream. It uses the integral
of the specific heat capacity of the gas 1n question and its flow rate to do this as shown

in Equation 7.9.

(F/22 41/60)T]'Cp

P= Equation 7.9

1000

F = gas flow rate in SLPM, P = Thermal power in kW

7.5.4 The Energy/Burner Reformer Subsystem

This subsystem takes the thermal powers calculated above and integrates them to give
the thermal energy in each stream This means that the values change with tune and
produces a transient model of the reactor. It then sums the values to produce the

amount of energy available for heating the reactor {Equation 7.10)
E= [P+ [Py + [Py + [P Equation 7.10

E 1s the thermal energy available up to that ime Pc s the thermal power of the
coolant, Py 1s the thermal power from the combustion of Ha Pgx is the thermal

power of the combustor exhaust stream, Pco 1s the thermal power due to conduction
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7.5.5 The Radiative Losses Subsystem

This subsystem calls the radiation function. The subsystem subtracts a user-defined
percentage of the available energy from the available energy before sending 1t to the

BrnTemp function.

The Radiation function reduces the energy total by a user-determined percentage

(Equation 7.10) This 1s to simulate the effect of losses via radiation.

E=E, —(I*El) Equation 7.11

Where E; = The thermal energy from the streams and combustion, | = percentage

energy loss due to radiation, E = new value of available thermal energy.

7.5.6 The Brn Temp Subsystem

This subsystem calls the BmTemp function. The Subsystem uses the available
thermal energy calculated by the previous subsytems to calculate the reactor
temperature at that time, based on the heat capacity of stainless steel and the mass of

the reactor zone.

The BmTemp function calculates the new reactor temperature (Equation 7.11). It does
this by first calculating the specific heat capacity of steel at the initial temperature. It
then uses this data with the mass of the reactor in grams and the energy transferred to

the metal to calculate the new temperature.

T, =T _m_*CE Equation 7.12

144




Where T; = the mitial reactor temperature K, E = thermal energy from the reformer
stream and combustion of H;, m = mass of reactor zone g, Cp = Specific heat of

Stainless Steel, T> = new reactor temperature K

7.5.7 Module Subsystem Integration.

The various subsystems of each module are integrated by using the output of the

BmTemp function as the new temperature (T;) for each subsystem of the module.

7.5.7.1 Internal Heat Transfer

In the 4-module model described in Section 7 6 the issue of heat transfer from the
combustor to the coolant 1s dealt with by assigning each module a fixed value for heat
exchanger effectiveness. This is then used to calculate the coolant temperature using
Equation 7.13. In the 16-module model described 1n Section 7.7 a more complex
method was used. This is described below. The reason for the change in approach was
that by using data gained from test running the real reactor it was hoped that a greater

level of accuracy could be achieved than by using a “ballpark” figure.

A heat exchanger subsystermn, called HEX, modifies the temperature of the
coolant/reformer stream to take into account the heat exchanger effectiveness between
the combustor and reforming layers The subsystem incorporates heat transfer data
gathered in Chapter 6, to generate a value for the overall heat transfer coefficient. This
value is fed to the eNTU function. The eNTU function uses the £-NTU method. The
function uses variables calculated by the model to firstly calculate a value for NTU
and then uses that value to calculate the heat exchanger effectiveness for that module
The effectiveness value 1s then used to calculate the temperature of the coolant stream

according to Equation 7.12

T=ef(7, -T,)+T, Equation 7.13
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Where eff = the heat exchanger effectiveness, Ty, 1s the temperature of the reactor T,

1s the ambient temperature

The function allows for parallel flow, counter flow and cross flow heat exchanger
configurations. To define which flow configuration 1s used, the user enters a trigger
value into the HEX subsystem to tell the function which variation of the equation used

to calculate the effectiveness 15 used.

7.5.8 Inter-Module Connectivity

The exat streams of one module are connected to the appropnate inlet streams of the
adjacent modules. Details of stream composition, temperature and flow-rate are
passed from one module to the next The stream data 1s then used as the initial
condition for the next module. In this way the model variables of each module are
affected by the flow of the reactant streams through the reactor. This allows different

flow configurations to be evaluated using the model.

7.5.8.1 Conduction

The 2dCond function calculates the amount of thermal power transferred from one
module to the surrounding modules via conduction. It assumes that at each simulation
time step the conduction 1s steady state. It also assumes a linear temperature profile
for each module. It first calculates the thermal conductivity (k) of steel for each imtial
module temperature. These values are then used to calculate the thermal conductivity

between each module

The resulting values are then placed mnto a standard conduction equation as seen in

Equation 7.14.

_ kAAT

X

0 Equation 7.14
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where ( 15 the heat transfer in kW, k 1s the thermal conductivity in W/emK, A 1s the

area available for heat transfer in em®, x 1s the wall thickness n em, and AT 1s the

temperature difference between adjacent modules in K.

The equation is evaluated for each module to module boundary. Within the Cond2d
function, facility to set boundary conditions for the model is mcorporated in order to
tailor the model to a specific circumstance. Furstly the boundary conditions are set. In
this case the temperatures of the model boundaries are specified. Equation 7 14 1s then
used to determine the heat transfer at the model boundaries Finally the heat transfer
into and out of each module is summed and the resultant value sent to the appropnate

modules Energy/Burner Reformer subsystem to be incorporated into the model.

In imtal testing of the module the boundary conditions were set as murrors. This was

to simulate complete lagging of the reactor.

7.6 A 4-module Reactor Model.

It was decided to produce a simple model of the reactor using Matlab/Simulink.
Initially a four-module model was developed in order to evaluate the model concept.
Each module represented a combustor zone in the reactor. A simplified representation

of the model can be seen in Figure 7.1.

The four-module model was used to make sure that the model was working as
expected. That 1s that the behaviour of the model was that which could be reasonably

expected. To do this the following tests were carried out.
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D

The first test carried out consisted of running the model without coolant. The modules
were connected so as to mimic the layout of the combustor zones in the reactor. This
means that there was a single air feed to all of the modules and that the exhaust path

was from module 1 to module 4. The model inputs were set up as shown in Table 7.1.

Each test was run for 70 simulated mimutes
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Figure 7.3 The four-module reactor model.



Module Mass 125kg

Ambient Temperature 298.15K

Air flow Rate 20 SLPM

H2 Flow rate per module 1 SLPM

Air ternperature 298 15K
Coolant N/A

Coolant Flow rate 0 SLPM
Coolant Temperature N/A

HEX type Parallel flow

Table 7.1: Input Settings for the 4-Module Model Test 1

Figure 7 4 shows the temperature outputs from the four modules that make up the

model. It can be seen i Figure 7.4 that the temperature distnbution throughout the

model 1s as expected. The increase i temperature between modules 1 and 4 1s a result

of the heat transferred due to the combustor exhaust. The shape of the curves 1s

similar to that produced by the actual reactor, This shows that the model 1s simulating

the heating process correctly.

Temperature (K)
[34]
3

Module 3

400 -
Module 2
3001 Module 1
200
100
0 T T T T T T T
0 10 20 3¢ 40 50 60 70

Simulated Time {min)

80

Figure 7.4: Temperature Output from the Four-Module Reactor Model Without
Coolant
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Table 7.2 shows the input settings for the second test. In this case a supply of 20

SLPM N; was fed to the model to act as a coolant. The direction of coolant flow was

from module 1 to module 4

Module Mass 1.25kg
Ambient Temperature 298.15K
Arr flow Rate 20 SLPM

H2 Flow rate per module 1 SLPM
Air temperature 298.15K

Coolant N:

Coolant Flow rate 20 SLPM
Coolant Temperature 298.15K

HEX type

Parallel flow

Table 7.2: Input settings for the 4-module model Test 2.

Figure 7.5 shows the temperature output from the modules whilst coolant 1s running
through the reforming side of the model. This time as shown in Table 7.2, 20 SLPM

of N2 was used to simulate the coolant flow through the reformer side of the reactor.

The results are as expected with the temperature of the modules decreasing due to the

heat transferred to the coolant. The overall temperature spread 1s also increased. This

is due to the coolant transfernng heat along the reactor from module 1. This also has

the effect of slightly reducing the temperature spread between the other modules
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Figure 7.5: Temperature Output from the Four-Module Reactor Model with
Coolant

Table 7.3 shows the model input settings for test 3. In this instance the direction of the

combustor exhaust was reversed so that 1t flowed from module 4 to module 1.

Module Mass 1.25kg
Ambient Temperature 298.15K
Arr flow Rate 20 SLPM
H2 Flow rate per module 1 SLPM
Air temperature 298.15K
Coolant N/A
Coolant Flow rate 0 SLPM
Coolant Temperature N/A
HEX type Counter flow

Table 7.3: Input Settings for the 4-Module Model Test 3

Figure 7.6 shows the temperature output from the modules, this time with the air flow
to the combustor reversed. It can be seen that the temperature distribution is the
opposite of that shown 1n Figure 7.4 and shows the flexibility of the model as regards
the mterconnection of the modules This 1s important for the development of the 16-

module model as any directronal bias in the model would render the model useless.

151




1000 § =wmom = - e s e e o e

500 A
800 -
700 -
600 -
500
400
300 -
200 -
100 4

Module 1
Module 2
Module 3

Module 4

Temperature (K)

0 10 20 30 40 50 60 70 80
Simulated Time {min)

Figure 7.6: Temperature output from the four-module reactor model withont
coolant.

Table 7.4 shows the input settings for test 4 with the 4-module model. As was the case
for the second test, a supply of 20 SLPM N; was fed to the model so that 1t flowed

from module 1 to module 4.

Module Mass 1.25 kg
Ambient Temperature 298.15K
Arr flow Rate 20 SLPM
H2 Flow rate per module 1 SLPM
Air temperature 298.15K
Coolant N,
Coolant Flow rate 20 SLPM
Coolant Temperature 298.15K
HEX type Counter flow

Table 7.4: Input Settings for the 4-Module Model Test 4.

Figure 7 6 shows the temperature output from the modules, with the air flow to the
combustor reversed and 20 SLPM Nj; to simulate coolant flow through the reforming
side of the reactor in the same direction as shown in Figure 7.5. As can be seen the

presence of the coolant 1s shown by the reduction in temperature of the modules due
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to heat transfer to the coolant. Module 1 1s noticeably quenched and the temperature
of module 4 is raised noticeably again, due to the heat transfer properties of the

coolant.
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Figure 7.7: Temperature Qutput from the Four-Module Reactor Model with
Coolant

The results show that the modular approach to building the reactor model is sound.
They show that 1t 1s posstble to link the modules together as destred to create different
flow paths, which can then be evaluated against each other. In this instance the
influence of the coolant on the temperature distnbution of the model demonstrates
this. This 1s important in the case of the 16-module model, as that is the primary

reason for developing such a model.

1.7 A l6-module Reactor Moadel.

In order to provide a good base for further reactor development paths the 4-module
test model was expanded to produce a 16-module model A 16-module layout was
chosen because 1t corresponds well with the layout of the real reactor. In Figure 7 8
the layout of the model can be seen In this instance 1t has been set-up to mimic the
real reactor in counter flow configuration The 16-module layout allows the easy
subdivision of the model into the four combustor zones whilst allowing the

temperature along each zone to be evaluated. It also allows for simplhcity of model
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design as each module has the same dimensions and mass This means that the

construction of the conduction function 1s stmplified.
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Figure 7.8 The 16-Module Reactor Model

Each module has an individual H; input for the combustor. This is so that the model
can be used to mimic the flow field inside the reactor and model the uneven
distribution of H, along each combustion zone. For the purposes of the following tests
modules were connected together to mimic the flow configuration of the real reactor.
This created a single serpentine path for the combustor exhaust and 4 parallel flow

paths for the reforming side of the reactor.

Initial tests using the 16-module model used as closely as possible the same or
equivalent input settings as those for the 4-module model. This was to check that the
model behaved as expected. The input settings for each module can be seen in Table

7 5, where macro-HEX type refers to the input and output positions of the serpentine
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combustor exhaust path not the individual modules. Each test was run for 70

simulated minutes to allow comparison with the 4-module reactor model tests.

Module Mass 0.3125 kg

Ambient Temperature 29815 K

Air flow Rate 20 SLPM

H2 Flow rate per module 0.25 SLPM

Air temperature 298 15K
Coolant N2

Coolant Flow rate 0 SLPM
Coolant Temperature N/A

Macro-HEX type Parallel flow

Table 7.5: Input Settings for the 16-Module Model Test 1

Figure 7.9 shows the temperature generated by each of the modules over time. It can
be seen that the shape of the curves, again, follows that demonstrated by the actual

reactor. This is as expected as the subsystems used are the same as that used for the

four module model.
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Figure 7.9: The Temperature Output of the 16-Module Model

Figure 7.10 shows the temperature profile generated by the model at the end of the
simulation run The air supply to the combustor 1s at S1:4 and the exit of the
combustor exhaust 1s at S4 4. It can be seen 1n Figure 7.10 that quenching occurs at
the combustor mlet. The effect of this quenching 1s transferred to S2 due to the
conduction function Without the conduction function there would be a steady
temperature rise from S2'1 to S24 due to the mcrease in temperature of the

combustion gases

Temperature (K)

Figure 7.10: The Temperature Distribution of the 16-Module Model
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Table 7.6 shows the input settings for the model for the second test. This time a

coolant flow of 20 SLPM N; was specified This was in the direction of S1 to S4.

Module Mass 0.3125 kg |
Ambient Temperature 298.15K
Auir flow Rate 20 SLPM
H2 Flow rate per module 0.25 SLPM
Air temperature 298.15K
Coolant N2
Coolant Flow rate 20 SLPM
Coolant Temperature 298 K
Macro-HEX type Parallel Flow

Table 7.6 Input Settings for the 16-Module Model Test 2

It can be seen that the effect of the coolant on the model is to reduce the overall

temperature of the model This is due to the heat transfer taking place between the

combustor and coolant sides of the model. The coolant reduces the temperature spread

along the model from S1 to S4. Thus is a slightly different result to that seen m the 4-

module model and could be due to the manner of determiming the heat transfer from

the combustor to the coolant in the two models The 4-module model uses a static

value for the effectiveness of the heat exchanger, whilst the 16-module model uses a

dynamic value for the heat exchanger effectiveness which is in part temperature

dependent. The low temperature of S1 means that the value for effectiveness will be

lower than that used by the 4-module model and so the quenching effect of the coolant

on S1 will not be as great.
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Figure 7.11: The Temperature Distribution of the 16-Module Model with 20
SLPM N, as Coolant

Table 7.7 shows the input settings for the third test of the 16-module model. For this
test the direction of the combustor stream was reversed. The air for the combustor
entered at S4-4 and exited at S1:4. This has the effect of replicating the set-up of the

real reactor when in it’s reversed flow configuration.

Module Mass 0.3125 kg
Ambient Temperature 298.15K
Air flow Rate 20 SLPM
H2 Flow rate per module 0.25 SLPM
Air temperature 298.15K
Coolant N2
Coolant Flow rate 0 SLPM
Coolant Temperature N/A
Macro-HEX type Parallel flow

Table 7.7: Input Settings for the 16-Module Model Test 3
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As expected, without the addition of coolant, the temperature distnbution of the
model is simply the reverse of that produced by the first test. This shows that the
model can be linked together as the user desires, without any unwanted effects. In
particular this shows that the 2D conduction model is operating satisfactorily and that

1t 15 directionally independent

Temperature
(K)

Figure 7.12: The Temperature Distribution of the 16-Module Model

Table 7.8 shows the mput settings for the fourth test. For this test 20 SLPM N; was
supplied to the model travelling from S1 to S4.

Module Mass 03125kg

Ambrent Temperature 298.15K

Aurr flow Rate 20 SLPM

H2 Flow rate per module 0.25 SLPM
Air temperature 298.15K
Coolant N2
Coolant Flow rate 20 SLPM
Coolant Temperature 298K

Macro-HEX type Counter flow

Table 7.8: Input Settings for the 16-Module Model Test 4
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Again the effect of the heat transfer from the combustor to the coolant can be seen 1n
the lowering of the overall temperature Again 1t can be seen that the results do not
match those of the 4-module model. And agam this is probably due to the effect of the
differing heat exchanger models. The temperature spread along the length of the
model from S1 to S4 1s again reduced. But the quenching of S1 1s again less
pronounced than that of the 4-module model. It can be seen that the direction of flow
of the combustion gases affects the heat distribution inside the model when coolant is
present. This can be seen by a comparison of Figure 7.11 and 7.13. This shows that
the model will provide results specific to the configuration of the flow field This 1s
important as it shows that the model can be developed further to become a useful

design/development tool.

Temperature (K)

Figure 7.13: The Temperature Output of the 16-Module Model with 20 SLPM N
as Coolant

7.8 A Comparison of the Model Performance to that of the Reactor

To determine areas of the model that needs improvement and development the results
gained in the previous tests will be compared to results from the real reactor testing.
The results of the companson will be used to develop the model further 1n the future

so that its accuracy and usefulness 1s improved.
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Figure 7.14, 7.15 and 7.16 shows the temperature distribution of the real reactor under
similar operating conditions to tests 1, 2, and 4 of the 16-module reactor model
respectively Each combustor zone was supplied with 1 SLPM H; and the combustor
was supplied with 20 SLPM air. The temperature distnbution 15 taken after 70
minutes of operation. No coolant was passed through the reforming side of the reactor
for Figure 7.14, whilst 20 SLPM of N; was used as a coolant for Figures 7.15 and
7.16.

Firstly by comparing the results of the first and second tests to Figures 7.14, and 7.15

the following comments can be made.

The first thing to note is that 1n the 16-module model S2 and S3 both correspond to S2
in the real reactor results This is due to the placement of the thermocouples inside the
reactor, so that there are four thermocouples responsible for acquiring the temperature
data for combustor zones 2 and 3 together in the reactor. This results in the
distribution seen in S2 in Figures 7.14 to 7.16 being the average of S2 and S3 n the
16-module results. There are three major differences between the model results and

the reactor results,

The first 1s that the overall temperature range is much smaller 1n the real reactor. The
effect of the quenching of the incoming air 1s much greater in the model and this has a
follow on effect through out the rest of the reactor The second 1s a greater level of
temperature umformuty in the reactor. Although the peak temperatures are similar
between the reactor and the model the reactor has a more umform temperature
distribution. This suggests a higher rate of heat transfer from one part of the reactor to
another than currently modelled by the conduction function in the model. The third
difference also concerns the conduction model, but more specifically the boundary
conditions. The model is set up so as to mimuic a completely insulated block. In reality
heat loss occurs from auxiliary piping and 1n particular the reformer exit manifold.
This explains the excess heat in S4 in the model results 1n comparison to the real

reactor S3.
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Temperature (K)

Figure 7.14: The Temperature Distribution of the Reactor

With the addition of coolant, in this case 20 SLPM N;, as shown in Figure 7.15, the
effect on the reactor is much closer to the model results. The reactor 1s uniformly
quenched. This effect can also be seen 1n the model results. The reactor 1s quenched
more along S1 than the 16-module model and the greater imtial temperature of the
reactor at S1 explains this. The temperature dependant HEX model used means that at
low temperatures the heat exchanger effectiveness is decreased and so less heat is

transferred to the coolant.
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Figure 7.15: The Temperature Distribution of the Reactor with 20 SLPM N; as
Coolant.

Figure 7.16 shows the temperature distribution in the reactor with the combustor air
entening at S3:4. 20 SLPM N, was used as coolant Again it is clear that the actual
temperature S3 at the air 1nlet 1s greater than that predicted by the model. It can also
be seen that as the model predicts, the temperature of S3 1s raised above that of S1 in
test 1 due to the transfer of heat via the coolant. The temperature distnibution 1 S1
shows the opposite trend to that predicted by the model and this may be due to the

distribution of N3 across the width of the reactor, or possibly the distnbution of H, in
the combustor.
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Figure 7.16: The Temperature Distribution of the Reactor with 20 SLPM N; as
Coolant

7.9 Conclusion

It can be seen from the results that the reactor model in this form does not yet
accurately enough model the performance of the existing reactor design In order for
the model to be truly useful 1n modelling new reactor designs it must first be validated
against the existing design so that confidence can be had in the results of any

subsequent simulation of new designs.

An initial view of the model results shows that the curves produced by the model and
that of the reactor have the same basic shape. This is a good indicator that the model
is performing as designed, however a closer look shows discrepancies between the

model and the reactor.

The most serious discrepancy is between the real combustor air mlet on the reactor
and the modelled combustor air inlet. The modelled air inlet consistently under
performs, predicting a much ligher level of quenching than actually occurs. The level

of quenching also differs between the 4-module and 16-module models, with the 4-

164




module model experiencing less quenching than that shown by the 16-module model
This leads to the conclusion that 1t is the modelling of the flow inside the combustor,
and consequently the distnbution of H; that is at fault. One way of more accurately
modelling the combustor flow distribution would be to use kinetic data to create a
kinetic model of the combustion. This would allow the H, flow to be modelled 1n the
same way as for the combustor exhaust by specifying a flow rate and route and
allowing the model to calculate the amount of H; burned 1n each module. Any
unbumed H; from one module could then be used 1n the next module, in this way 1t
may be possible to model the H; distribution effect seen in Section 6.3. This would
also allow the model to take into effect the thermal content of the Hj in each separate

module.

The apparent discrepancy between the conduction model and the actual heat transfer
inside the model can be adjusted by modifying the internal parameters of the
conduction model. In addition the boundary conditions can also be adjusted from
inside the conduction model In any case as the boundary conditions are apphcation
sensitive, any boundary settings used for a new design will always be a judgement

call.

The performance of the 16-module model whilst running on a 800 MHz Pentium III
PC with 128 Mb of RAM 1s not destrable. It manages to operate in “real-time” that 1s
to say that each simulated second of run time takes a real second of time to execute
However, as modem PCs are commonly being sold with 3.5 GHz processors at this

time, this is not an insurmountable problem with the model.

It must be remembered that the model as developed 1s meant to provide a “first guess”
for future reactor designs and as such necessanly simplifies some of the processes that
take place mside the reactor, in order that it can be used to quickly evaluate possible
design paths. As such, some accuracy 1s always going to missing from the model
results when it is compared to the actual reactor. The model as described 1s a good

first step to reaching the goal of producing a “first guess” for reactor design.
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7.9.1 Further Development of the Model

In order to model the heat transferred from combustor to the reformer during steam
reforming a kinetic steam reforming model needs to be developed It will be
integrated nto the existing model inside the RfmPrdsHeat subsystem A kinetic
combustion model will also be integrated into the model. It will take the place of the
existing combustion model and allow more accurate modelling of the H; flow inside
the reactor. Before the kinetic modelling takes place the kinetic data needs to be
collected This will be outsourced to a specialist company, but before that can happen

the catalyst to be used for the reformer needs to be finalised
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8 Single Stage Sulphur Tolerant Steam Reformer

A novel precious metal based catalyst was applied to the reforming side of the reactor
using a wash-coating process. The catalyst was designed to be sulphur tolerant and to
convert the sulphur into H>S to be removed at a later stage. The catalyst operating
range is lhimited to 600°C in order to avoid smntering of the catalyst and the
accompanying loss of activity. The purpose of the followmng tests is to determine if
the sulphur tolerant catalyst 1s effective when subjected to a fuel contaming sulphur.
In this case a commercial grade LPG was used. It was fed straight from the bottle to
the pre-heater where it was mixed with de-ionmised water. In order to try and prevent
thermal cracking of the LPG nside the pre-heater, the water and LPG were mixed
before the heater. The test matrix was chosen based on the results of the Aspen
modelling discussed in Chapter 2 the test points chosen provide a good understanding

of the reformer performance.

The reforming side of the reactor was washcoated with a sulphur tolerant steam

reforming catalyst as described in Chapter 3.

8.1 Evaluation of the Sulphur Tolerant Catalyst using Liquid Petroleum Gas

as a Feedstock

The test procedures were as follows:

" The temperature was set to the set-points of 450, 500, 550 and 600°C whulst for
each temperature the steam to carbon ratio was set to 2.5, 3, 3.5and 4

* The flow rate of LPG was set at 0.75 SLPM as this corresponds to approximately
0.5kWe (based on equilibrium data) from a fuel cell, given total conversion of the
LPG.

* The set-point with the best performance was then chosen and the LPG flow rate
was varied from 0.25 to 1,75 SLPM whilst the temperature and S/C ratio were

kept constant.
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8.1.1 Results

The effect of reformer temperature on dry reformate composition can be seen in
Figure 81 The LPG supply rate to the reformer was 0.75 SLPM and the steam to
carbon ratio was 4 during the test. It can be seen that as the reformer temperature
increases so does the conversion of LPG. The increased conversion rate can be
explained by the increase in energy provided to the reaction at higher temperatures.
The increased conversion rate results in increased production of Hy, CO; and CO. The
production of CHy is via methanation. It is interesting to note that the amount of
methane decreases when the reactor temperature is above 500°C. Thus 1s due to the
reformation of the methane. If the results are compared to those found under
equlibrium conditions (Figure 3.1), with the exceptions of LPG conversion and CHj4
production, 1t can be seen that the same trends occur. The differences here are due to
the stearn reforming reaction in the real reactor not having sufficient time to reach

equilibrium. It is noted that a potential further 10% H; can be produced from the LPG
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Figure 8.1: Dry Reformate Composition at Varying Temperature

The effect of the steam to carbon ratio on the dry reformate composition 1s shown 1n

Figure 8.2. During the test, the LPG supply rate to the reformer was 0.75 SLPM, and
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the reactor temperature was set to 600°C. It can be seen that as the steam to carbon
ratio is increased so does the conversion of LPG. It increases the production of Hz. In
addition, the concentration of CO decreases whilst the amount of CO; increases. The
change in proportion of CO/CO; is due to the water shift reaction. Hydrogen from the
water 1s liberated when the water reacts with the CO to produce H; and CO,. Again, if
the results from the experiment are compared to the predicted equilibrium results
(Figure 3 2} 1t can be seen that with the exception of the percentage conversion of the
LPG and the production of CHy in the equlibrium results, the spread of values is
similar. The maximum steam to carbon ratio investigated was four This 1s twice the
stoichiometric value From simulated results 1t is clear that as long as the steam to
carbon ratio mcreases, the amount of hydrogen produced will increase. However, it is
more efficient to liberate this hydrogen, whilst removing carbon monoxide from the
reformate, 1t a separate lower temperature reactor. In this way the carbon monoxide
content can be reduced to approximately 1% without the need for extra heat to be

applied to the reformer. Therefore, a steam to carbon ratio maximum limit of 4 was

utilised
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Figure 8.2: Dry Reformate Composition with Varying Steam to Carbon Ratio

The effect of the flow-rate of the reformer reactants on the dry reformate composition

is shown m Figure 8.3. The steam to carbon ratio during the test was 4, and again the
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reactor temperature was set at 600°C It can be seen that as the flow rate of reactants
to the reformer was increased the conversion of the LPG decreased. This is due to the
reduction of residence time mn the reformer 1tself. It suggests that the activity of the
catalyst needs increasing for a reformer of this volume. This will be taken into

account during the next stage of work.
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Figure 8.3: Dry Reformate Composition with Varying Reactant Flow-rate

Space velocity 1s defined as the volume of gaseous reformat per hour per volume of
catalyst which 1s widely regarded as GHSV. In this study the maximum space velocity
was found to be 9420 GHSV. This figure is based on the reformer performance at a
LPG flow rate of 1.75 SLPM and steam to carbon ratio of 4. The reformer was at a
temperature of 600°C. However, this figure 1s not based on the volume of the catalyst
but on the volume of the reformer itself. This 1s because the catalyst is wash-coated on
to the reforming surface, the volume of the catalyst will be much lower than that of

the reformer This would increase the GHSV figure in real term.
The energy conversion efficiency of the reformer can be defined as the ratio between

the energy contained by the reformate products and the energy contained by the

reactants,
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n=—-t Equation 8.1

LHV

ol

where P, is the lower heating value of the products and R,,, 1s the lower heating

value of the reactants.

Py =Hy,, +CO,,, Equation 8.2

Ry =LPGpy, + H, v — LPG* 1y — H,® iy Equation 8.3

Where H,,,, 1s the thermal power released by burmning the H,, CO,,,, 1s the thermal
power released by buming the CO, LPG,,,, is the thermal power released by burning
the LPG feed to the reformer, H zcu,:y 15 the thermal power released by burning the H;
in the combustor, LPG" 4y is the thermal power released by burning the unconverted

LPG in the combustor, and H ZRLHV 1s the thermal power released by burning the

unused H, from the fuel cell.

The thermal power is calculated as follows.

P-= (J:/ 22.41/60)AH , Equation 8.4

Where P is the thermal power, m 1s the flow rate of the gas, and AH , _1s the enthalpy

of formation of the gas at a gtven temperature T.

The carbon monoxide is included because after water gas shift reaction, most of the
CO has been converted into hydrogen during the water gas shift reaction. It has been
assumed that any unconverted LPG and any hydrogen in the fuel cell off gas, which is
approximately 1/3 of the H; to the stack, are burnt in the combustor. The energy used
by the electric preheaters is not included in the calculation, as i an ideal fuel
processor this energy would be provided by the heat from the reformer and combustor

flue gases.
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To calculate the flow rate of hydrogen produced by the reformer the following
procedure was followed. Using equilibrium modelling the amount of H;, produced by
steam reformmg 1 mol/min of LPG for a given steam to carbon ratio and temperature
was calculated. This value was then modified by the percentage conversion of LPG
reforming tests This gave an approximate figure for the H, flow rate. A similar

procedure using equilibrium modelling was used to calculate the CO flow rate.

This method was used due to the unavailability of a rehable flow meter. It makes the
assumption that the equilibrium data 1s correct. It assumes that the production of H;

varies linearly with the conversion of LPG everything else being equal.

Figure 8 4 shows the conversion efficiency of the reformer at different reactant flow
rates. A steam to carbon ratio of 4 and a reactor temperature of 600°C were used
during the test. It can be seen that the average conversion efficiency of the reformer is
between 0.5 and 1.5 SLPM 1s 74%. This value is higher than would be expected by a
reformer operating at a LPG conversion rate of around 81%. This 1s due to the manner
in which the reformer efficiency was calculated, which took 1nto account unconverted

LPG from the reformer flue and recycled it by burning 1t in the combustor.

For a reformer of this size 025 SLPM of LPG is too low. At such low rates, the
reformer 1s too big to operate efficiently. At a LPG flow rate of 1.75 SLPM, the flow
of H; to the combustor needs to be increased dramatically. This is due to the
LPG/H;0 preheat not being powerful enough to heat the reactants sufficiently to
vaporise the H,O before entertng the reformer. As a result the reformers temperature
controller has to increase the H; flow rate to compensate and vaponse the H,O at the

entry to the reformer. This lowers the efficiency of the reformer.
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Figure 8.4: Reformer Efficiency at Varying Reactants Flow Rate

The energy conversion efficiency of the reactor at the higher range of flowrates can be
further improved by improving the integration of the reformer with the rest of the test
rig/system by providing sufficient heat to the feedstock to vaponse the water content

before 1t entered the reformer.

The power output of the reformer 1s based on calculated equilibrium data, which was

then modified according to the percentage conversion of the LPG feedstock as

follows,
P, =9x—ﬁ;‘-@ Equation 8.5

Where P, 1s the predicted power output from the fuel cell in kWe, C, is the percentage
conversion of the LPG, H is the flow rate of hydrogen (mol/min) produced at
equilibnnum by 1 mol/mun of LPG for a given steam to carbon ratio and F is the flow

rate of hydrogen (SLPM) required to produce 1 kWe output from a fuel cell.

Figure 8.5 shows the effect of the reactants flow rate on the predicted power output of
a fuel cell. It can be seen that as the LPG flow rate increases the projected power

output from the fuel cell increases. The maximum output achieved was 0 86 kWe at



an LPG flow rate of 1.75 SLPM and S/C ratio of 4. However, the conversion of LPG
decreases with increasing LPG flow rate as shown in Figure 8 5. When the power
output reached 0 86 kWe the conversion of LPG was only 62.5% which, would not be
realistic for use 1n a complete system because of the additional processing required.
Using the sulphur tolerant catalyst m this form, complete conversion can not be

achieved under any of the operating conditions tested.
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Figure 8.5: Predicted Fuel Cell Power Output at Varying Reactants Flow Rate
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8.1.2 Summary

Expertmental Equlibrium
Reformer Temperature 600°C 600°C
LPG Flow Rate 075 SLPM 0.75 SLPM
Steam to Carbon Ratio 4 4
Power Qutput 045 kWe 0.59 kWe
H, 60.4% 72.7%
CH,4 1% 2.7%
CO, 13.9% 17.6%
CO 5.9% 7.1%
Balance (LPG + other HCs) 18.8 % Trace
LPG Conversion % 81.2% 100 %
Space Velocity (LPG = 1.75 SLPM) 9450 GHSV N/A
Reformer Efficiency 74% N/A

Table 8.1: Results Summary of the Single-Stage Reforming

8.2 Conclusion

The microchannel technology is capable of transferring enough heat to support the
steam reforming reaction and offers advantages 1n size compared to traditional steam

reformer reactor designs.

The results obtained using the sulphur tolerant catalyst suggest that a sulphur tolerant
fuel reformer is feasible. However, this work 1s only the first stage in the development
of such a reformer. The sulphur tolerant catalyst allowed for 81% conversion of the
LPG and produced results near to that expected by equilibrium modelling, with the
overall behaviour of the reformer with respect to temperature and steam to carbon
ratio as expected There 15 not complete conversion of the LPG even at the lowest
flow rate tested. Because of the loss in efficiency of the reformer at this flow rate, 1t

can be mnferred that, the sulphur-tolerant catalyst is not sufficient in this form for use
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as the basis of a steam reformer for LPG. The maximum usable temperature of the
catalyst is 600°C so 1t would not be possible to improve the performance of the
reformer by increasing the operating temperature without extending the thermal range
of the catalyst. The next stage of work would be to increase the activity of the
catalyst. Possible development routes would be to design a new sulphur tolerant
catalyst, or to use a more conventional steam reforming catalyst in combination with
the existing sulphur tolerant catalyst to increase the activity in that manner. Because
of the temperature control available using this reformer design, the addition of a
second catalyst running at a higher temperature than the existing catalyst 1s feasible

This would create the effect of a dual-stage steam reformer.
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9 Dual-Stage Steam Reformer

It can be seen from the results in Chapter 8 that the activity of the sulphur tolerant
catalyst is not high enough for use in a reformer of this size. To improve the reformer
performance a second reforming catalyst was washcoated over the top of the onginal
catalyst, over the second half of the reactor This can be seen in Figure 9 1. The
second catalyst is a standard nickel based reforming catalyst The multi-zoned
combustor atlows each catalyst zone to be operated at the temperature best suited to
that catalyst. The sulphur tolerant catalyst is hmited to 600°C before degradation
takes place The nickel-based catalyst can withstand temperatures of up to 800°C

before the same happens.

Some advantages of choosing this method to mmprove the reformer performance are
that 1t allows the possibility of investigating whether any sulphur tolerant effect from
the onginal catalyst 1s enough to allow LPG to be reformed over a standard catalyst. It
is also a cost-effective method of increasing the performance of the reformer that
could be implemented quickly with a minimum of further catalyst or reactor
development, which would have been time consuming and entailed expenses beyond
the scope of this work. It also allows the multi-zoned combustor to be operated so that
each catalyst is operated at a different temperature, which helps to explore the
feasibility of using the technology to develop an all in one fuel processor, with close

temperature control as required for the various stages of the fuel processor.

One such stage in such a fuel processor might be that of a two-stage reformer. By
using a two-stage reformer the formation of coke can be suppressed. If the reactants
are first fed to a low temperature reactor the heavy hydrocarbons will react to give
methane and carbon oxides. These are then passed to the second stage of the reactor,
which 1s at a higher temperature where the methane 1s reformed to produce hydrogen
with Iittle risk of forming coke [Ref . D. G. Loffler (2003)]
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Figure 9.1: Steam Reformer Catalyst Distribution

The multi-zoned combustor design allows the temperature of the two catalysts to be
operated at different temperatures to each other. This means that the sulphur tolerant
catalyst can be operated safely at 600°C whilst the mckel based catalyst can be
operated at a different temperature as required In this way the temperature profile of
the reformer can be tailored to suit the optimal operating conditions of the two

catalysts,

9.1 Evaluation of the Dual-stage Reformer using Propane, Liquid Petroleum

Gas, and Methane

The tests performed using C;Hg were as follows

= The temperature 1 zone 1 was set to 600°C whilst zone 4 was set to the set-pomts
of 600°C, 650°C, 700°C and 750°C. For each temperature set-point the steam to

carbon ratio was setto 2 5, 3, 3.5 and 4
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The flow rate of C3Hg was set at 0 75SLPM as this corresponds to approximately
0 5kWe (based on equlibrium data) from a fuel cell which given total conversion
of the C3Hg

The set-point with the best performance was then chosen and the C;Hg flow rate
was varied from 025 to 2.5 SLPM whulst the temperature and S/C ratio were kept

constant

The tests performed with CH, were as follows

The temperature in zone 1 was set to 600°C whilst zone 4 was set to the set-points
of 600°C, 650°C and 700°C. For each temperature set-point the steam to carbon
ratio was set to 2.5, 3, 3.5 and 4.

The flow rate of CH4 was set at 1.88 SLPM as this corresponds to approximately
0.5kWe (based on equilibrium data) from a fuel cell, given total conversion of the
CH,.

The set-point with the best performance was then chosen and the CH, flow rate
was varied from 0.6 to 2 5 SLPM whulst the temperature and S/C ratio were kept

constant,

For the tests using LPG a commercial grade LPG supplied by Calor Gas was used as

the reactant. This was the same composition as the LPG used m the single stage

reforming tests. This fuel contains sulphur as an odourant and was chosen to compare

the performance with that when using C;Hs

The test procedures were as follows

The temperature in zone 1 was set to 600°C whulst zone 4 was set to the set-points
of 600°C, 650°C, and 700°C. For each temperature set-point the steam to carbon
ratio was set t0 2.5, 3,3 5 and 4.

The flow rate of LPG was set at 0.75 SLPM as this corresponds to approximately
0.5kWe (based on equihbrium data) from a fuel cell when total conversion of the

LPG is assumed.
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= The set-point with the best performance was then chosen and the LPG flow rate
was vanied from 0.25 to 125 SLPM whilst the temperature and S/C ratio were

kept constant.

9.1.1 Evaluation of the Reformer using Propane as a Feedstock

As expected running zone 4 of the reformer at higher temperatures increased the H;
yield (Figure 9.2). It also decreased the CO, % and CH; % whilst the CO % increased.
As the conversion of the propane remains almost constant through out, the additional
H; produced is derived from the methane content 1n the reformate. The CH, content

decreases as the H, content of the reformate increases.
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Figure 9.2: The Effect of Zone 4 Temperature on Reformer Performance

As expected, increasing the steam to carbon ratio increased the H and CO, yield
whilst decreasing the CO and CH, yield (Figure 9.3). The increase of CO; against CO
1s indicative of some shift reaction activity due to the properties of the addition of the
nickel-based catalyst. Some of the CO is combined with H;O to form CO, and H,.
The maximum S/C ratio tested was 4. This is because 1t is more efficient to use a
specialised water gas shift reactor to liberate Ha from the excess water and reduce CO

levels in the reformate than simply keep increasing the steam to carbon ratio for the
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reformer. This 1s due to the fact that the water shift reaction 1s exothermic and as such

1s promoted at lower temperatures than those which promote the endothermic steam

reforming reaction.
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Figure 9.3: The Effect of Steam to Carbon Ratio on the Reformer Performance

Under the test conditions observed, the H; % output did not decrease even at the
higher flow rates tested (Figure 9 4). Thuis shows that the addition of the mckel-based
catalyst has had a positive effect on the reformers performance. This was expected
due to the higher activity of the new catalyst compared to the sulphur tolerant one.
The maximum flow rate used for the tests was determined by the pernpheral
equipment such as, the power rating of the reformer inlet electric preheater rather than
the reformer itself. If the flow rate of reactants into the electric preheater was too high,
the preheater was unable to vapornse the H,O before 1t entered the reformer This
lowered the efficiency of the reformer and lowered the temperature of zone 1 below

that which the temperature controller could compensate for.
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Figure 9.4: The Effect of C;H; Flow Rate on the Reformer Performance

The average efficiency (as calculated in Chapter 8) of the reformer over varied feed
flow rates (disregarding the two end points on the chart, Figure 9.5) 15 approximately
70%. 0.25 SLPM 1s a very low C;Hs flow rate in companson with the reformer
design. At such low rates, the reformer is too big to operate efficiently. At high flow
rates the preheater for the fuel/water mixture was not powerful enough to vaponse the
water before 1t entered the reformer This meant that the temperature controller would
inject extra Hy mnto the zone 1 combustion chamber to compensate. This increase 1n
H, consumption lowered the reformer efficiency. Because of this 1t would be possible
to improve the reformer efficiency at the higher flow rates by better system

integration.
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Figure 9.5: The Effect of C;Hg Flow Rate on Reformer Efficiency

The maximum power output achieved was 1.98 kWe at LPG = 2.5 SLPM and S/C =
4, Zone 4 temperature 600°C. This figure was calculated using the same method
described in Chapter 8. This value could be improved by increasing the zone 4
temperature and by integrating the system more effectively It can be seen in Figure
9.6 that there 1s no drop off in H, % volume even at the highest flow rate. Provided
that the system integration was improved, i.e. a higher level of preheating of the
reactants before the reformer inlet, the power output of the reformer could be above 2
kWe. The gas hourly space velocity at a feed rate of 2.5 SLPM and steam to carbon
ratio of 4 was calculated to be 13800 GHSV based on the exit flow
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Figure 9.6: The Effect of C;H; Flow Rate on Fuel Cell Power OQutput

The maximum flow-rates 1n the tests were imposed by the preheater for the reformer
reactants The tests using C;Hg where the flow-rate was mcreased to 2.5 SLPM were
not repeated using LPG or CH, to protect the reformer from damage. It was observed
that the temperature controller was unable to supply enough heat to the first zone in
order to vaporise the incoming water. This was because the flow rate of H; requested
was so high that the majonty of the H, passed through the combustor before
combusting and in fact burnt 1n the combustor exhaust. This raised the temperature of
the exhaust beyond that which was thought safe. Therefore dunng the subsequent tests

the maximum feedstock flow rate was lmited

9.1.2 Evaluation of the Reformer using Methane as a Feedstock

It can immediately be seen in Figure 9.7 that the performance of the reformer 1s not as
good when CHj 1s used as a feed stock rather than CsHy. This 15 because methane 1s

more endothermic per carbon atom than C;Hj [Ref. F. Joensen (2002)].
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It can be seen 1n Figure 9.7 that the flow rate of the reformer feed stock greatly affects
the performance of the reformer. This 1s due to the shorter residence time of the CH,
due to the increased flow-rate This performance drop is also noticeable when the S/C

ratio 15 increased from 2.5 to 4 (Figure: 9.9).
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Figure 9.7: The Effect of CH4 Flow Rate on the Reformer Performance

As expected increasing the temperature of the back end of the reformer increased the
H; % yield whilst also increasing the CO % and CO; %(Figure 9.8). The CHy %

decreased. This 1s due to the increase in energy supplied to the reformer at the higher

temperatures
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Increasing the S/C ratio caused a drop in CH, conversion. This was due to the
increase 1 flow rate through the reformer As can be seen from Figure 9.9 the

reformer performance 1s particularly sensitive to changes in CH, flow rate but not to

changes in the C3;Hg flow rate. This is due to the reaction kinetics of CHy when

compared to C;Hg
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Figure 9.9: The Effect of Steam to Carbon Ratio on Reformer Performance
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The average efficiency of the reformer over varied feed rates was approximately 60
% It can be seen in Figure 9.10, that unlike the efficiency curves for C;Hg and LPG
the curve for CH, does not drop off at higher flow rates. This is because of the
reduced water content (compared to that when using CiHg or LPG) of the flow
entening, firstly the pre heater and secondly the reformer. The majonty of the energy
used to heat the feedstock is for the vaporisation of water. This means that despite the
decreasing performance of the reformer the efficiency increased As the conversion
drops off so too does the amount of heat required to support the reaction. This
combined with the increase in H, production due to the higher flow-rates means that

the reformer efficiency increases.
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Figure 9.10: The Effect of CH; Flow Rate on Reformer Efficiency

It can be seen in Figure 9.11 that despite a loss of conversion at higher flow-rates the
H; output increases and the predicted power output of a fuel cell improves
accordingly. It can be seen that for the same flow rate the power output 1s lower than
that when using C;Hg When an equivalent flow rate is used the performance is still
lower than that for C;Hg and LPG but the gap is not as large. The gas hourly space
velocity at a CHy flow rate of 2 5 SLPM and S/C ratio of 4 1s 4151 GSHV based on

the exit flow.
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Figure 9.11: The Effect of CH4 on Fuel Cell Power Output

9.1.3 Evaluation of the Reformer using Liquid Petroleum Gas as a Feedstock

It can be seen in Figure 9.12, that the flow rate of the feedstock does have some effect
on the reformer performance. It is possible that the difference between the
performance here and when using C3Hj 1s the sulphur in the LPG or just the age of the
catalyst. It can be seen that at higher flow rates the conversion of LPG 1s still above

95% so the effect on the reformer performance is not large.
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Figure 9.12: The Effect of LPG Flow Rate on Reformer Performance
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Increasing the zone 4 temperature increased the H, yield (Figure 9.13). It also
increased the CO; yreld whilst the CO yield decreased This 1s the opposite behaviour
than predicted by equihbrium modelling and suggests that the extra Hj 1s produced via
the water shift reaction. This is at odds with the results ganed from equilibrium

modelling and those when CiHg was used as a feedstock.
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Figure 9.13: The Effect of Zone 4 Temperature on Reformer performance

Increasing the S/C ratio increased the H; yield. It also increased the CO, yield whilst
the CO yield decreased (Figure 9.14). This is due to increased water shift activity

caused by the excess water.
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The average reformer efficiency over varied flow rates was 70%. Thus is the same as
that for C;Hg and again shows that due to the sulphur tolerant catalyst in zones 1 and
2, there 1s no performance loss when using a fuel containing sulphur. Again it can be

seen that at low flow rates the reformer is oversized (Figure 9.15)
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Figure 9.15: The Effect of LPG Flow Rate on the Reformer Efficiency
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It can be seen 1n Figure 9 16, that for the flow-rates tested the power output of the
reformer whilst using LPG are very stmilar to those when the reformer was run using
Cs;Hsz. This suggests that there may be a synergetic effect when the nickel based
catalyst 1s used on top of the sulphur tolerant catalyst. To confirm or disprove thus,
further durability tests would need to be camied out using the dual catalyst
arrangement to rule out porsoning of the nickel based catalyst due to extended sulphur
exposure. Because there 1s only a shight drop off in reformer performance at the higher
flow-rates when using LPG, it can be assumed that the power output of the reformer
using LPG will be close to that when using C;Hs. Further tests will be needed to
confirm that that is the case. To do that the test rig will have to be adapted so that the
higher flow rates can be used safely. The gas hourly space velocity at an LPG flow
rate of 1.25 SLPM and S/C ratio of 4 is 8670 GSHYV based on the exit flow.
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Figure 9.16: The Effect of the LPG Flow Rate on the Fuel Cell power Output
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9.2 Summary

CyH; LPG CH,4
Operating Zone 4 700°C, s/c | Zone 4 700°C, s/c | Zone 4 700°C, s/c
conditions =4,0.75 SLPM =4,0.75 SLPM =4,1.88 SLPM
H; % 72 67 74.01 57.96
CO% 9.11 9.49 4.17
CO; % 15.81 15.24 11.09
CHjs % 091 0.55 18 44
Conversion % 98.49 99.29 81.56
kWe 0.58 0.59 049
GHSV 6868 6864 4275
Efficency % 69 81 73.50 58.27

Table 9.1: A Comparison of Reformer Performance Using Different Fuels

It can be seen from the results summarised m Table 9.1 that there is very lttle
difference between the performance of the reformer when using C;Hg and that when
using LPG. This suggests that the sulphur tolerant catalyst 1s effective at preventing
the sulphur from the LPG from degrading or at least slowing the degradation of the
mckel catalyst. As has been noted the performance of the reformer when using CHy is
lower than that when using the other fuels. This can be explained by the difference mn

kinetics of steam reforming CH; and steam reforming C;Hs/LPG.

9.3 Conclusion

A dual stage steam reformer was tested. The reformer utilised a multi-zone
combustor. This enabled the two reforming catalysts to be operated at differing

temperatures. The composition of the reformate is dependent on the reformer
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temperature. The multi-zoned combustor allows accurate control of the reformer

temperature and therefore the reformate composition.

The microchannel technology used as the basis of the steam reformer proves itself a
viable method of making a compact reformer The performance of the reformer when
using CH, 1s not as good as when using C3Hs/LPG. This is due to the reaction kinetics
of the respective fuels. Using C3Hg as a fuel, at a flow rate of 2.5 SLPM and a steam
to carbon ratio of 4, the maximum space velocity attained during the tests was found
to be 13800 GHSV. The predicted fuel cell output under these conditions was 1.98
kWe. This 15 a large improvement over more traditional packed bed steam reformers
The performance is very close to that expected at equilibium, with conversion rates
between 95 and 100%. The performance of the reformer when using LPG as a fuel 1s
similar to that of the non-sulphur fuel (CsHg). Because of safety concerns the reformer
wasn’t tested at the high flow rates that were used with C;Hg. But the results gained
show that the presence of sulphur in the fuel has had little effect on the performance
of the reformer so far. It is anticipated that extended running of the reformer will
show some degradation of the nickel catalyst due to the sulphur content of LPG. To
further investigate the performance of the reformer using LPG 1t is necessary to
mmprove the integration of the test rig with the reformer. This would enable hgher
flow rates of LPG to be tested safely to determine further effects of the sulphur

content on the nickel-based catalyst.
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10 Conclusion

Due to the twin factors of fossil fuel depletion and environmental concerns,
particularly with respect to greenhouse gases like CQO,, the switch to a hydrogen
economy looks inevitable. Fuel cells are the 1deal technology for use with hydrogen as
a fuel They offer higher practical operating efficiency than internal combustion
engines and are well suited to many applications, from transportation, to CHP in the
home, to space travel. The question remains however, how to supply the fuel cell with

hydrogen?

There 1s no hydrogen mfrastructure available for use today. This leads to the
reformation of hydrocarbon fuels n-situ, in order to supply the SPFC with the
required high purity hydrogen they require. For stationary home CHP applications
natural gas 1s an obvious choice of hydrocarbon feedstock. In remote areas where
there is no formal natural gas infrastructure, a fuel like LPG is a good candidate for
reformation. With this 1n mind a novel steam reformer was constructed. It had an
mtegral multi-zoned catalytic combustor for improved heat management, and the
reformer was washcoated with a novel sulphur tolerant catalyst, with the aim of
smmplifying the fuel processor and improving its thermal efficiency. Alongside this

software for data acquisition and thermal control of the reformer was developed.

Initial testing of the reactor concerned itself with charactensing the heat exchanger

and debugging the control software.

It was shown that the multi-zone combustor layout provides accurate temperature
control along the length of the reformer. This improves on the traditional reformer
designs. However, although accurate control of the longitudinal temperature was
achieved, significant transverse temperature gradient was seen 1n each combustor
zone. This was seen to be a product of the direction of flow of the air supply to the
combustor. The catalytic combustor works effectively with approximately 90 to 100%
of the H, converted. The heat transfer efficiency of the reactor between the combustor
and reforming layer was found to be in the region of 65% to 85% at a temperature of

600°C to 400°C, respectively.
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The next stage of testing centred on utilising a novel sulphur tolerant reforming

catalyst to enable the steam reforming of LPG

The sulphur tolerant catalyst allowed for 81% conversion of the LPG and produced
results near to that expected by equilibrium modelling, with the overall behaviour of
the reformer with respect to temperature and steam to carbon ratio as expected There
is not complete conversion of the LPG even at the lowest flow rate tested. Because of
the loss 1n efficiency of the reformer at this flow rate, 1t can be inferred that, further

development of the sulphur tolerant catalyst 1s required to improve its activity.

The final group of tests took place using a dual-catalyst arrangement, which utihised a
conventional nickel based reforming catalyst in order to increase the power output of
the reformer. With this configuration the reformer was tested using three fuels CHy
C;Hg and LPG The performance of the reformer when using CH, was not as good as
when using C;Hg or LPG. This was due to the reaction kinetics of the respective fuels.
Using C3Hg as a fuel, at a flow rate of 2.5 SLPM and a steam to carbon ratio of 4, the
maximum space velocity attained during the tests was found to be 13800 GHSV The
predicted fuel cell output under these conditions was 1 98 kWe This represents an
improvement over more traditional packed bed steam reformers The fuel conversion
when using C;Hg or LPG 15 very close to that expected at equilibrium, with
conversion rates between 95 and 100%. The performance of the reformer when using
LPG as a fuel is similar to that of the non-sulphur fuel (C;Hg). The results ganed
during the work show that the presence of sulphur in the fuel had Ihittle effect on the
performance of the reformer It is anticipated that extended runmng of the reformer
would show some degradation of the nickel catalyst due to the sulphur content of
LPG.

The microchannel technology is well suited to steam reforming due to its high rates of
heat transfer. The results obtained using the sulphur tolerant catalyst suggested that a
sulphur tolerant fuel reformer 1s feasible, although the sulphur tolerant catalyst would
need developing to improve its activity. When using the dual stage reformer it could
be seen that the higher activity of the standard catalyst improved the conversion rate
of the LPG considerably. In fact the power output of the reformer was limited by the

peripheral components of the test rig and not the reactor itself. In its current
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configuration the reformer 1s not suitable for methane reforming, this 1s due to the

catalyst formulation used

Operation of the reformer has lead to some clear paths for improvements i the
reactor design. To make best advantage of the multi-zone combustor 1t will be
necessary to redesign the internal combustor flow path. This would be to decrease and
try to eliminate the transverse temperature gradients produced whilst operating the
reactor. This 15 an mmportant consideration as the reformer products are strongly
temperature dependent, and the multi-zone combustor destgn 1s intended to provide
accurate control of the reactor temperature. A modular model of the reactor was

developed in order to facilitate the design of next generation reactors.

An 1ssue with durability of the reactor itself arose during testing An internal leak
developed which linked the combustor and reformer parts of the reactor directly. This
was diagnosed by the appearance of nitrogen 1n the reformer products. The position of
the leak was narrowed down to a region near the first thermocouple position at the
reformer inlet. A visual inspection of the reactor did not show any obvious damage to
the reactor and 1t is hypothesised that de-lamination of the reactor may have occurred
due to sudden quenching of the front face of the reactor during transient operation of
the reformer. This has serious implications for the use of the technology as a steam
reformer due to the undoubted transient demands placed upon a fuel processor system
during normal operation, and the 1ssue needs further investigation. The problem could
be overcome by careful system design and control development to ensure that all parts
of the system react as required to any transients to avoid quenching of the reformer

from occurring

The work undertaken has shown that the microchannel technology used shows real
promise for use as a steam reformer It represents a step forwards in reformer design.
Instead of down-scaling industrial scale technology the multi-zone combustor steam
reformer 1s designed specifically for the needs of small scale steam reforming Its high
rate of heat transfer makes the technology particularly attractive. The multi-zone
combustor layout used here shows promise for use as a concept for complete fuel

processor system, as 1t would allow effective thermal management of such a system
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Appendix 1: Results Tables for the Microchannel Steam Reformer
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Temperatures Fuel Feed Reformer Products Dry
Rates Composition

Temp | Inlet |Zone 1} Zone 2/3 |Zone 3| Qutiet | S/IC | kWe | LPG H,0 |H,%|CH,%|CO%|CO,%| LPG%

Setpoint | Temp | Temp | Temp °C | Temp | Temp | ratio ISLPM | /mil/min Conversion
°C °C °C °C °C

450.00 |237 43|449 71| 44986 (45086223 14]1250|005) 070 | 400 |779| 041 | 089 | 136 10 45
500 00 235291501 00| 499.57 {50300(25343]|250(009| 070 400 |1628| 010 | 152 | 248 20 38
550 00 (262 000|549 57| 54986 |55114|28514]250{022| 070 | 400 |3743] 043 | 454 | 722 49 62
600 00 {256 00|60063] 60025 |60100{31700|1250|0D23| 070 | 400 {4089 053 | 514 | 7.06 53 62
450 00 1262 29{449 29| 44986 |4505712152913001009) 070 | 500 |1409; 013 | 139 | 305 18 67
500 00 [281.71|50043| 49986 |49929{23600]300(013| 070 | 500 |2093] 000 | 219 | 464 2777
600.00 (277.57|600 71| 600 14 {60143|31057{300{034| 070 | 500 |5316] 093 | 750 | 942 7101
550 00 (273 43|550 00| 55000 |55129|28057§300{021] 070 | 500 |3405) 033 | 386 | 614 44 38
450 00 |289.14|448 29} 44986 [45043;22300{350(0.10| 070 | 600 (1414} 015 | 149 | 271 18 49
50000 [28943|50000| 50000 (50071(24071|350|018| 070 | 600 |2783| 003 | 247 | 494 3526
550 00 |280 14|549.14| 549,71 [55171(29300|3.50|029{ 070 | 600 [42.38| 045 | 482 | 832 55 97
600 00 {281 631599 25| 60013 1600 13(31763}1350}04071 070 | 600 5786 074 | 677 | 1187 77 24
450 00 |224.14{448 29| 45000 |45043|212.14]400|011| 070 | 700 |1341| 208 | 182 | 240 19 71
500.00 |1223.43|499 00| 504 43 |49957(24071]400|021} 070 | 700 |2617] 402 | 347 | 519 38 85
550 00 |186 14|546 86| 54971 [552.14|27229]400(038| 0.70 700 [4936| 210 [ 480 | 1188 68 16
600 00 (196 00|598 44| 60000 [60044|29467|400(042| 070 700 |5642] 143 | 504 | 1320 76 09
600 00 1240 00600 50| 61600 [594 50263 501400]0.17| 025 | 240 (6346] 183 { 520 [ 1713 87.63
600 00 {265 00(601 00| 62100 |59700|27700]400(033| 050 | 480 6128 132 | 676 | 14 51 82 88
600 00 1148 95{589 71] 60000 (5965712792914 00)10455 070 | 700 |6042] 100 | 587 | 1390 8118
60000 (17050601 00] 633 00 |59800]|29200|400(058| 100 | 960 |5363] 092 | 662 | 1165 72 81
600 00 (247 00|60300] 634 50 [60100|29550|400(067| 125 | 1210 |4943| 082 | 689 | 1072 67.86
600 00 (209 00|603 00| 64550 |60100|29450{400|078| 150 | 1450 [4820] 047 [ 715 11005 65 86
60000 [117 50|596 50} 64950 (60100{29850{400|086( 175 | 1690 |4518| 048 | 737 | 948 62.51

Table A.1: Summary of Results for the Single-Stage Steam Reformer using LPG as a Feedstock




Temperatures Fuel Feed Reformer Products Dry
Rates Composition

Temp Temp |inlet Temp| Zone1 | Zone2/3 | Zoned4 | S/Cratio [kWej CHs | H;O | H;% | CH % [CO % | CO; % CiH; %
Setpoint | Setpoint °C Temp °C | Temp °C | Temp °C ISLPM [/mifmin Conversion
Front °C | Back °C

600 00 600 00 22500 600 00 599 50 558 00 250 075 | 451 |7000| 707 866 | 1650 102 23
600 00 750 00 97.50 685 25 769 25 746 00 250 075 | 451 |6900( 076 |1656| 1059 96 91
60000 | 60000 | 24350 | 60050 | 59950 | 59800 300 075 | 542 |7000] 421 715 | 1837 9973
60000 | 75000 10200 | 67475 | 76550 | 74625 300 075 | 542 |7200{ 053 |1365| 1320 99 38
60000 | 60000 |} 264.50 | 59950 | 59900 | 59900 350 075 ) 633 j7000]| 361 759 | 1814 99 33
600.00 | 75000 | 27480 | 65580 | 74260 | 74560 350 075 | 633 |7350| 040 | 1000 | 1447 98 37
60000 | 60000 98 80 60200 | 59300 | 59300 400 |0.59| 075 | 723 |7200{ 197 64 | 1778 98.15
60000 | 65000 | 233.75 | 60350 | 654.00 | 64600 400 |059] 075 | 723 7267 209 | 813 | 1680 99 68
60000 | 70000 | 25525 | 60475 | 68050 | 69625 400 |[058} 075 | 723 |7267| 091 811 | 1581 98 49
60000 | 75000 | 24383 | 64317 | 73367 | 74483 400 |059] 075 | 723 |]7616 032 | 993 | 1512 101 53
60000 | 60000 | 23050 | 60200 | 60500 | 597 00 400 |020) 025 | 240 16902 054 | 603 [ 1807 93 65
60000 | 60000 | 23800 | 60300 | 61200 | 59900 400 |040) 050 | 480 |7085) 090 | 898 | 1667 97 40
60000 | 60000 10800 | 60250 | 61600 | 59900 400 |[059] 075 | 723 |7400] 030 | 660 | 1580 96 70
60000 | 60000 137.50 | 60300 | 61400 | 60150 400 (079] 100 { 968 |6554| 030 | 700 | 1488 8773
60000 | 60000 15850 | 60200 | 60600 | 59950 400 |[059] 075 | 723 7208 1.53 | 712 | 1684 97.57
60000 | 60000 | 10100 | 59700 | 62050 | 60000 400 [099] 125 [1201]72.08| 108 | 639 | 1603 95.59
60000 | 60000 10150 | 59150 | 63200 | 60500 400 |1.19] 150 |1445]17280| 138 | 644 | 1559 96 20
60000 | 60000 | 10000 [ 55450 | 62000 | 61000 400 |138| 175 |1687|7000| 216 | 705 | 1885 98 05
600C0 | 60000 10000 | 50450 | 60650 | 60800 400 (158 200 [1928)7000| 218 | 708 { 1861 97 86
600.00 | 600.00 99 00 42950 | 60000 | 60900 400 |1.78] 225 |2169]7000| 208 | 742 [ 1817 97 67
60000 | 60000 93 00 40800 | 59900 | 60600 400 {198| 250 |2410]|7000| 262 | 768 | 1786 98 16

Table A.2: Summary of Results for the Dual-Stage Steam Reformer using Propane as a Feedstock




Temperatures

Fuel Feed Rates

Reformer Products Dry
Composition

Temp Temp |inlet Temp| Zone1 | Zone 2/3 | Zone 4 S/C CH, HO |H%|CH{% |[CO%| CO,%
Setpoint | Setpomnt °C Temp °C | Temp °C | Temp°C | rato | /SLPM | /ml/min
Front°C | Back °C

60000 | 70000 | 24850 | 65175 | 71825 | 70975 | 2.50 188 377 |6546| 1164 | 960 | 949
60000 | 70000 | 24250 | 64500 | 71350 | 71175 | 300 188 452 | 6447 | 1454 { 814 | 1034
60000 | 70000 | 23175 | 635.60 | 70825 | 71100 | 350 188 527 |5749] 1481 | 741 | 1095
60000 | 70000 | 20600 | 62800 | 70500 | 71100 | 400 188 602 |5722] 1844 | 417 | 1109
600 00 600 00 253 25 607 50 620 25 610 25 400 188 602 |3367| 67.26 | 1.35 634
60000 { 65000 | 25025 | 60950 | 65300 | 65950 | 400 1.88 602 |5178) 4513 | 167 | 893
60000 | 70000 | 25175 | 63850 | 70750 { 70850 | 400 1.88 602 |7005| 2350 | 540 | 1117
600 00 700 00 202.67 647.67 701 67 704 67 400 063 201 |6950| 938 573 | 1058
6000C | 70000 15300 | 64167 | 70900 | 71000 | 400 125 402 |6378] 2023 | 441 | 11.10
60000 | 70000 10050 ( 62900 | 711.50 | 71350 | 400 188 602 [5796| 2933 | 527 | 1032
60000 | 70000 19200 | 61800 | 70700 | 71633 | 400 250 803 |5369) 3717 | 346 | 953
60000 | 70000 17467 | 64867 | 70133 | 70433 | 250 063 1.26 |7606| 590 |[1149) 885
60000 { 70000 19267 | 65267 | 71300 | 71167 | 250 125 251 | 7413 | 1142 |1561 | 924
60000 | 700.00 166.33 | 64967 | 71933 | 71433 | 250 188 377 |6844| 1754 {1084 | 972
60000 | 70000 17933 | 64700 | 71567 | 71633 | 250 250 502 |5938| 2865 | 944 | 952

Table A.3: Summary of Results for the Dual-Stage Steam Reformer using Methane as a Feedstock




Temperatures Fuel Feed Reformer Products Dry
Rates Composition

Temp Temp |Inlet Temp| Zone1 | Zone2/3 | Zoned | S/IC |kWe| CH; HO | H,% | CH{% | CO% [ CO;% | CHy%
Setpoint | Setpont °C Temp °C | Temp °C | Temp °C | ratio /SLPM | /mifmin Conversion
Front °C | Back °C

60000 | 70000 11800 | 65200 | 72000 | 69900 | 250 075 452 {7031} 079 1316 | 1156 95 82
60000 | 70000 16680 | 64700 | 71720 | 69920 | 300 0.75 542 (7079 | 055 1180 | 1324 96.38
60000 | 70000 12000 | 63300 | 71075 | 69900 | 350 075 633 {7248| 065 1000 | 1437 97 49
60000 | 70000 98 80 61320 | 70420 | 69900 | 400 075 723 |7401) 055 949 1524 89 29
600 00 600 00 100 40 603 00 623 40 59420 | 400 075 723 | 7156} 057 10 51 14 35 96 98
60000 | 65000 98 40 60500 | 65920 | 64700 | 400 0.75 723 |7200) 0657 940 1400 9597
60000 | 700.00 | 20600 | 66367 | 71867 | 70433 |400}j021| 025 241 |8232] 072 11.46 | 1316 107 67
60000 (| 70000 101.00 | 64833 | 71733 | 70200 | 400 |0.40| 050 482 |7726} 060 968 1423 101 77
60000 | 700.00 99 00 62387 | 71047 | 70040 |[400])059]| 075 723 |7278| 084 871 1382 96 15
60000 | 70000 98 80 60580 | 70520 | 69560 |400|075( 100 964 |7200] 095 7.71 14 61 95 28
60000 | 70000 97.75 60475 | 71600 | 69100 | 400092 125 1205 6948 | 116 8.16 14 63 93 43
60000 | 60000 10075 | 58400 | 62200 | 60600 | 400 150 1446 {6572 | 039 1171 | 1427 92 08

Table A.4: Summary of Results for the Dual-Stage Steam Reformer using LPG as a Feedstock




Appendix 2.1 A Multi-function Compact Fuel Reforming Reactor for
Fuel Cell Applications
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Abstract

A mult-function compact chemical reactor designed for hydrocarbon steam
reforming was evaluated The reactor design 1s based on diffusion bonded laminate
micro-channel heat exchanger technology. The reactor consists of a combustor layer,
which 15 sandwiched between two steam reforming layers Between the two function
layers, a temperature momtor and control layer 1s placed, which 1s designed to locate
the temperature sensors. The combustor layer has four individually controlled
combustion zones each connected to a separate fuel supply. The reactor design offers
the potential to accurately control the temperature distnibution along the length of the
reactor using closed loop temperature control The experimental results show that the
vanance of temperature along the reactor is neghgible. The conversion efficiency of
the combustor layer is approximately 90% The heat transfer efficiency from
combustion layer to reforming layers 1s 65% to 85% at 873 K and 673 K,
respectively The heat transfer rate to the reforming layers 1s sufficient to support a
steam reformatton of propane at a rate of 0.7 dm’/min (STP) with a steam to carbon

ratio of 2 at 873 K

Keywords- Steam Reforming; LPG; Propane; Multi-Zone Combustor; Microchannel
Heat Exchanger
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1. Introduction

The Solid Polymer Fuel Cell (SPFC) 1s seen as a potential clean power plant for a
number of applications The application that the fuel cell 15 used for 1s an example
aside from the mitial obvious cost 1ssues Although the automotive sector has mvested
significantly in the development of SPFC systems over the past decade, technology
costs are still at present uncompetitive compared to that for the Internal Combustion
Engine (ICE) Near term costs for SPFC systems have been reported to be
approximately two orders of magnitude greater than the ICE on a $/kW basis

Whilst a consideration of technology improvements and volume production will assist
in reducing SPFC costs 1n the mid-long term, a more cost competitive market for
SPFC technology 1s now seen as the stationary power market and distnibuted
generation n particular. Stationary systems use the same SPFC stack technology that
1s used m automotive fuel cell systems. As such they need a hydrogen stream with a
high level of purity (low sulphur and CO levels) to operate effectively The source of
the H; fuel 1s still an area open to debate for automotive applications with some
parties preferring the direct storage of H; and others choosing the onboard fuel

processor route,

However, for stationary power solutions the fuel processor 1s seen as the more
obvious choice. The nfrastructure to supply hydrocarbon fuels, be 1t natural gas or
propane 1s already 1n place. The size and weight limitations placed on the fuel cell
system are also less critical than if the system were to be used as an onboard H;
generation system. Figure 1 shows a typical SPFC system in combination with a
hydrocarbon/alcohol fuel processor, in which the Hs fuel 1s liberated through chemical

processing processes
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Figure 1; A typical SPFC system in combination with a hydrocarbon/alcohol fuel
processor

A S-stage fuel processor reactor arrangement is shown in Figure 2. These stages
include, desulphunsation, fuel reformer, a high and low temperature water gas shift
reactor and CO removal (Additional stages of heat transfer between the stages are not
shown). During the research reported in this paper, a multi-function compact fuel

reforming reactor destgned for fuel cell applications has been investigated.

—  PSA
Fuel [
»  and Reformer HTS | LTS PrOX [—» Fuel Cell |
RO —
Desulph > Men-lPt:’rane

Figure 2: Overview for fuel processors
There are a number of potential chemical methods to reform the hydrocarbon fuels

and alcohols into a hydrogen nich gaseous fuel These are: steam reforming, partial

oxidation reforming, auto-thermal reforming, and other novel methods.
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Steam Reforming uses water to react with a hydrocarbon fuel to produce a hydrogen
rich gaseous product. Carbon in the fuel is converted into CO by oxidation with the
O, contamed 1n the steam Hydrogen from both fuel and steam 1s released as a gas
[Equation 1]. A catalyst ts used to improve the reaction kinetics, which in turn lowers
the reforming temperature and reduces the reactor size. The reaction temperature 1s
critical since 1t determmes the composition of the product gas 1.e. the reformate. The
reaction 1s endothermic so a continuous supply of heat to the reformer is required.

This 1s performed by the integration of a combustor with the catalytic reformer.
C,H,, +nH,0 > nC0 + o+ M/ b, (1)

Partial Oxidation {POX) reforming systems rely on the reaction of the fuel with a
limited amount of oxygen to prevent complete oxidation [Equation 2]. POX reforming
allows for simpler design by removing the need for external heat and water supphes
as required with steam reforming. Also smmce no additional heat is required,
potentially better transient performance is achievable. A wide range of hydrocarbon
fuels can be reformed. The drawback is a relatively low H, generation rate, since all
the hydrogen gas has to be generated from the hydrocarbon fuel rather than partially
from water steam. Additionally the H, 1s further diluted by the remaining air in the

reformate stream, which lowers fuel cell efficiency ['].

n 79 m n79
CH +—-|0,+—N, |=>—H,+nCO+——N 2
nilm 2[ 2 5 2) 2 n 221 2 (2)

Auto-thermal reforming (ATR) is fundamentally a combmnation of steam reforming
and POX reforming, It utilises the heat generated from the POX reaction to keep the
steam reforming reaction at the desired temperature, It is thermally neutral as a result.

In practise a near auto-thermal operating pomt 1s reached [*]

In companson, the steam reformer produces the highest volume of H, of the methods
described above from a given amount of hydrocarbon firel. In addition, 1t can use the
unused H; from the fuel cell exhaust to partially fuel its combustor. This improves the
overall system efficiency. Furthermore, since the reaction is endothermic, the reaction
will not run away if any error with the control system occurs. Instead, it will naturally
quench 1tself. This makes the steam reformer more efficient and safer than other

methods.
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2. Reactor Design

2 1 Potential Technologies

The reactor design used for fuel reformmng has a significant effect on reforming
efficiency, system start-up time and transient response. This is particularly important
in steam reforming since the rate of reformation is limited by the rate of heat transfer
to the reactants [*]. There are a number of potential technologies that can be used for

the reactor design.

Packed bed reactors typically contain a series of tubes filled with a catalyst in the
form of pellets or granules. The design 1s relatively simple and casy to maintain, They
have been widely used in the industrial-scale steam or partial oxidation methods of
reforming [4]. At portable-scale, the residence time of the reactant 1s limited and the
performance of the reactor suffers as a result. The catalyst needs to be used much
more effectively than at industnal-scale to maintain good reaction efficiency. A much

more compact and efficient reactor design is needed [°].

Monolith reactors coated with catalyst offer several advantages over packed bed
reformers. They have a higher surface area to volume, large frontal open area, low
thermal mass, low heat capacity, low thermal expansion, high strength, and high
temperature of operation. These advantages give the reactor quicker start-up, a higher
conversion rate, reduced pressure drop along the reactor and improved thermal and
mechanical shock resistance than the packed bed type of reactors. The drawbacks are
lower content of active material per reactor volume and poor heat transfer
performance due to the heat conductivity of ceramic matenal [1]. Monolith reactors
have been favoured for ATR use (rather than steam reforming) where heat

management is not as critical.

2 2 New Compact Reactor

Micro-channel heat exchangers are made of a diffuston bonded laminate. Inside the
heat exchanger, the multi-layer shims create the alternating micro-channels and fins
(Figure 3). The micro-channel widths are determined by the thickness of the shim
material whilst the heights and lengths of the channels are determined by the
machined surface The machmning can be either by photochemical or stamping

processes. This allows for a low cost method of making the shims. The shims are
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diffusion bonded together under high temperature and pressure (1173 K, 27 MPa for 4

h) to y1eld a monolithic metal block that removes the need for gaskets and or other
seals. This kind of heat exchanger has significantly higher heat transfer rates than
most conventional designs. As the basis of the reactor for the fuel stcam reforming,
the heat energy required for the support of the reforming reaction, supplied from a
combustor, can be efficiently transferred to the reaction side. The overall reforming

system efficiency can then be improved.

Y e HE M e
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Flow Direction

Figure 3: Micro-channel shims

Based on this micro-channel heat exchanger technology, we have developed a new

type of catalytic chemical reactor as shown in Figure 4.
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Figure 4: Micro-channel catalytic chemical reactor

Steam reforming is an endothermic reaction and as such needs to be supplied with
thermal energy to maintain. Most commercial reformers control the temperature at the
exit of the reformer by measuring the temperature of the exit gases. This is an
inefficient method of temperature control, since the temperature away from the exit is
likely to be different than that required. In the newly developed micro-channel
catalytic chemical reactor, the entire heat exchanger is divided into three groups of
layers, a combustion layer, a temperature sensing layer and a reforming layer as

illustrated in Figure 5.

|
|
|
|
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Figure 5: Internal structure of the micro-channel catalytic chemical reactor

The combustion layer, which 1s located i the centre, consists of fuel and air supply
sub-layers in which the two sub-layers are inter-connected through a diffusion shim,
The air 1s diffused into the fuel sub-layer and reacts with 1t to produce the heat
required for the reforming reaction. The fuel sub-layer 1s spht into four zones and
wash-coated with a platinum-based catalyst. The four zones each have an individual
fuel feed and a common air feed as shown in Figure 6. By controlling the quantity of
the fuel supplied to each individual zone, the heat released from each can then be
continuously monitored and dynamically controlled. It avoids the formation of hot or

cold spots and improves the reformer performance.
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Figure 6: The combustion layer of the micro-channel catalytic chemical reactor

The temperature sensing layer is designed for the allocation of three groups of
temperature sensors. These are located inside the reactor next to the combustion layer
as shown in Figure 7.

In the combustion layer, zone 1 1s directly connected to the inlet of the reforming
reactants while zone 4 1s directly open to the air supply to the combustion layer. In
order to overcome the quenching effect of the inlet flows and maintain the desired
reforming temperature in these zones, more fuel is needed here than for the middle
zones and it was decided that the two middle zones would operate satisfactonly in

umson.
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Figure 7: The temperature sensing layer of the micro-channel catalytic chemical
reactor

In order to efficiently use the heat produced from the combustion layer, two reforming
layers have been allocated, one on each side of the combustion layer. It allows direct
control of the reforming temperature with mmimum lag time whilst making use of the
maximum amount of heat available from the combustor. This results 1n fast transient
responses and start up times, which are essential if the reformer 1s to be integrated into
a complete system. The catalytic combustor will ight off at room temperature (293 K)

using simulated fuel cell exhaust gases.

3. Experimental Study

3.1 Test Rig

The reactor is of a stainless steel diffusion bonded laminate construction, which is
ideally suited to the high temperatures necessary for the steam reforming of fuels such
as LPG. Figure 8 shows the gas feed layout for the test rig The fuel flow to the
combustor 1s controlled by four solenoid valves acting as injectors. These split a

common feed into four controliable streams.
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Figure 8: The gas feed layout for the test rig

LabVIEW™ [6] was used to develop data acquisition combined control software for
the multi-zone combustor. The control system uses a combination of closed loop
control and user defined look up tables to provide individual control of each fuel

injector allowing the longitudinal temperature gradient of the reactor to be controlled

The overall fuel flow-rate is set using a mass flow controller and the injectors are used
to assign the cotrect amount of fuel to each combustor zone. The combustor mixture
was controlled so as to mumic the proportion of fuel and O, from typical fuel cell off
gases. The H,O produced by the combustor 1s condensed out by passing 1t through a
heat exchanger and catch-pot The combustor exhaust is then exhausted to
atmosphere. The flow of N; (used as a coolant to represent the reforming stream) was
manually controlled via a mass flow controller The reforming stream is also passed
through a heat exchanger before being exhausted to atmosphere. The system 1s purged
using N controlled by solenoids so that in the case of an emergency shut down, the

entire system is purged.

3.2 Temperature Control
The micro-channel steam reforming reactor was first tested without temperature
feedback control to ensure that light off could be achieved and the gas supply system

was operational. During the test, equal amounts of H, were fed to each combustor
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zone. On the reforming layer, mitrogen at a constant flow rate of 20 dm*min (STP)
was passed through the reactor mn a direction opposite to the combustor air supply.
Figure 9 shows the average temperature measured by the three groups of temperature

sensors as shown in Figure 7.
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Figure 9: Average zone temperature measured by the three groups of
temperature sensors

Zone 1 is directly connected to the nitrogen gas inlet but linked to the outlet of the
combustion layer. From the test results, it can be seen that zone 1 has the highest
temperature. Zone 4 is open to the air inlet. Although it is directly connected to the
outlet of the reforming layer (where the mtrogen has been heated by the previous
three zones), 1t has the lowest temperature. These test results showed that the gas
movement and the heat release m the combustion layer have the dominant effect on

the temperature distribution throughout the reactor.

Before the combustor was run under closed loop control, it was necessary to
determine whether the zones could be controlled individually and 1f the
thermocouples were located correctly in the reactor. Therefore, the reactor was further
tested by giving a H, supply at a flow rate of 4 dm*/mun (STP) to each of the four
inlets sequentially, in a procedure of 5 minutes operation to zone 1, followed by 5

minutes stop, then shift to zone 2 and so on in turn The air was supplied to the
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reactor, synchronised to the H, supply, at a H; to air volume ratio of 1:5. Figures 10a-
d show the measured rate of change of temperature as recorded by each individual

thermocouple.
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Figures 10a—d: The measured rate of change of temperature as recorded by each
individual thermocouple

It can be seen mn Figure 10a that when the H supply is switched on to zone 1, the
temperatures at the four positions inside zone 1 perform differently. Position 4 has the
highest temperature gradient while the temperature at position 1 has hardly increased
From Figure 6, 1t can be seen that position 1 1s geometrically next to the H; inlet.
Incidentally, the air flows in the same direction after passing the rest of the zones. The
coincident flows, therefore, move the heat from position 1 to the downstream
posttions, and reduce its temperature. Position 4 is situated just before the outlet. It
therefore accumulates the heat delivered through the flows and the heat generated due
to the combustion reaction at that position. As a result it ends up with the largest

temperature gradient among the four positions inside zone 1.

When the H; 1s switched to zone 2 as shown m Figure 10b after the 5 minutes cooling
period, the temperature gradient at positions 1 and 2 inside zone 1 are large and well
above the gradients in zone 2. Again, this is because the airflow brings some of the

heat generated 1n zone 2 and some of the unburnt H, downstream. However, inside
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zone 2, where the H; is supplied, it appears that hittle combustion occurs at position 3
Clearly, this is due to the heading impact between the H; supply and the airflow The
H; is pushed away from the position by the airflow. The highest temperature gradient

n zone 2 is at position 2, which potentially contains the highest H concentration

When the H; is further switched to zone 3, as seen in Figure 10c, the temperatures are
monitored by the same group of temperature sensors as zone 2. Clearly, the
temperature gradient at position 3 becomes the highest followed by position 4. Again,

this is mainly due to coincident flows of H; and air

Fmally, when the H; 1s switched to zone 4 in Figure 104, the gradients at positions 1
and 2 are the highest. Agarn, this is because of the heading impact between the H; and

airflows

It can be seen that each zone, can for the most part be controlled individually.
However, due to the internal flow interaction between the H; and air, there is some
spill over from each zone to the next downstream one. Figure 11 shows the test results
obtained by dynamically adjusting the H» supply to each individual zone. The
temperatures shown in the figure were the averaged zone temperatures. These
averaged temperatures are also used as the feedback to the control system for
adjusting the H flows. The results showed that the zone average temperatures agree
well at all three set points, 673 K, 823 K and 873 K.
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Figure 11: Averaged zone temperatures with dynamically H, control

400

It can be seen that the system provides sufficient controllability to set the reactor

temperature longitudinally along the reforming stream.

Figure 12 compares the longitudinal temperature distribution of the multi-zone

reformer with that of a more traditional packed bed reformer design [5]. The

improvement in temperature control can clearly be seen. The multi-zone approach

allows the temperature to be accurately controlled and so by extension the reformate

composition,
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Figure 12: Comparison of longitudinal temperature distribution
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3 3 Heat Transfer Performance

The motivation for the following tests was to determine the effectiveness of the
micro-channel heat exchanger at distributing heat from the catalytic combustion of the
H; air mixture, to the reforming reactors on either side of the combustor. During the
test, H; and air in a ratio of 20% H;'80% air, was fed to the combustor. The
combustor temperature was controlled by varying the amount of H; fed to each zone,
with the airflow being adjusted accordingly. N, was used as a coolant and was passed
through the reforming reactors to take up the heat from the combustor. Measurements
of the values required to perform a power balance on the reactor were taken once the
temperatures of the various flows and the reactor had settled. The measured

parameters were as follows.

1) Coolant mlet temperature (K)

2) Coolant ext temperature (K)

3) Air mlet temperature (K}

4) Combustor exhaust temperature (K)

5) Coolant flow rate (dm*min (STP))

6) Aur flow rate (dm’/min (STP))

7) H, flow rate (dm*/min (STP))

8) Combustor temperature (K)

9) Ambient temperature (K)

10) H,O (liquid) produced from H, combustion (cm?)

With the exception of the HO produced from the combustion of the H, the above
parameters were averaged over a time of 10 min. The amount of H,O recorded was
the total H,O produced over the 10 min period By comparing the amount of H,O
produced with that which, would have been produced by complete combustion of the
H,, the percentage of H, combusted was calculated and hence the H; conversion
efficiency. The Figures 13 and 14 show the effects of combustor temperature and

coolant flow rate on the H; conversion efficiency respectively.
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Figure 13: H; conversion efficiency at varying combustor temperature

It can be seen there 1s a trend, which suggests that the greater the combustor
temperature the higher the H; conversion efficiency becomes. It can be seen that H;
converston at 573 K does not follow the observed trend. This is due to experimental
error regarding the calculation of Ha conversion based on the collected H,O from the
combustor exhaust, which can never be exact. On the other hand, the influence of the
coolant flow rate on the H; conversion 1s relatively small. There does appear to be a
trend of increasing H, conversion with N, flow rate but this is by no means clear and
can be accounted for in the same way that as the anomaly 1n Figure 13. It can be seen

that the averaged H; conversion efficiency is in the region of 90%.
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Figure 14 : H; conversion efficiency at varying coolant flow rate

To calculate the heat transfer efficiency a thermal power balance of the reactor was
performed. The thermal power transferred to the reforming reactor, which 1s the

thermal power obtained by the reforming streams was calculated by
T,

}Jreactor = mR X J-Cp,RdT (3)
.

where m, 1s the flow rate of the reforming stream, C, , is the spectfic heat capacity

at constant pressure, 7, is the reformer inlet temperature, and 7, is the observed outlet

temperature of the reforming stream. The pressure drop across the reactor at the

operating flow rates was negligible.

The thermal power produced from the combustion of the H; in the combustion layer

of the reactor was obtained as
IDburner = (mH, nbAHfﬂzo )+ F:nr - Pe.x}raus! (4)
where n'z,,z 15 the flow rate of H; in moles per second, 7, 1s the H, conversion

efficiency of the combustor, and AH fuo 18 the enthalpy of formation of H;O at the

combustor temperature. F,,and P, _ are the thermal power in the combustor ar

air exhaust

supply and combustor exhaust respectively. They were calculated using the same
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method as P

reactor

with the appropriate temperatures and specific heats for each stream

used.

The heat transfer efficiency was then defined as

P
= reaclor 5
Nuex P (5)

burner

The heat flux from combustor to reforming streams was calculated as

PJ‘EGCFG?'
g=—"" (6)

A

where A 1s the area available for heat transfer.

Figure 15 shows the effect of the temperature of the combustion layer of the reactor
on the heat transfer efficiency and heat flux The reforming stream flow rate was set
to 20 dm*/min (STP). It can be seen that the heat transfer efficiency decreases as the
average temperature of the combustor increases. At a combustor temperature of 673
K, the heat transfer efficiency peaks at 85%. As temperature increases, 1t decreases to
a level of 65% at 873 K. The decrease in heat transfer efficiency 1s due to the increase
in the H; converston effictency at high temperatures. Figure 16 shows temperature
difference between the reforming stream and the average combustor temperatures,
against the average combustor temperature It can be seen that the temperature
difference increases as combustor temperature increases, which means that the
temperature increase of the reforming stream 1s not as high as that of the combustor.
This indicates that the increase in temperature of the reforming stream 1s not sufficient
to overcome the effect of the increased H, conversion rate. Therefore, the heat transfer

efficiency of the reactor decreases.
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Figure 15: Effect of combustor temperature

The heat flux increase is mainly due to the fact that the H, conversion efficiency 1s
generally proportional to the temperature of the combustor as shown in Figure 13 As
temperature increases, more heat is generated from the combustor. As a result, both

heat flux and the thermal power of the combustor increase
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Figure 16: Temperature difference between the reforming stream and the
average combustor temperatures.
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Figure 17 shows the effect of the reforming stream flow rate on the heat transfer
efficiency and the heat flux. The reforming stream was tested using N;. The
combustor temperature remained constant at 873 K throughout the test by controlling
the amount of H, supplied to the combustor. It can be seen that as the flow rate of the
reforming stream increases so does the heat transfer efficiency and the heat flux. This
is due to the fact that the increased reforming flow is able to absorb more heat from
the combustor, and the controller responds by increasing the amount of H; to the
combustor. Since the H; conversion effictency of the combustor is approximately
independent of reforming stream flow rate, the thermal power of the combustor

increases, and the heat flux nses.
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Figure 17: Effect of the reforming stream flow rate

Figure 18 shows temperature difference between the reforming stream and the
average combustor temperatures, against the N, flow-rate As the N; flow-rate
increases, the temperature difference decreases This 1s because the higher flow-rates
of N, enable more energy to be absorbed from the combustor and therefore improves

the heat transfer efficiency.
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Figure 18: Temperature difference between the reformer stream and the average
combustor temperature.

The thermal power transferred to the reforming stream at a combustor average
temperature of 873 K and a N, flow rate of 25 dm*/min (STP) was approximately 320
W. This 1s enough thermal power to support the steam reformmg of 0.7 dm*/min
(STP) propane at a molar steam to carbon ratio of 2 and a temperature of 8§73 K
Therefore, the reactor is capable of a sufficiently high rate of heat transfer for use as a
steam reformer In addition, as the flow rate of the reforming stream increases the heat
flux also increases. This suggests that the reactor is capable of supporting higher flow

rates of propane.

4. Conclusions
A mucro-channel steam reformer was designed and built. Control and data acquisition
software was produced to enable the operation of the steam reformer. Using this

software the temperature of each combustor zone can be individually controlled.

It was found that zones 1 and 4, which are positioned at inlet and exit of the reforming
stream, respectively, required the most control input. Zones 2 and 3, which are located
in the middle of the combustor, could be controlled together without a detrimental

effect on the controllers’ performance. Additionally, it was found that the flow of the
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gases in the combustion layer adversely affects the temperature distribution in the
combustor. However, it was shown that the multi-zone combustor layout provides
accurate temperature control along the length of the reformer. This improves the
traditional reformer designs. The catalytic combustor works effectively with
approximately 90% of the H, converted. The heat transfer efficiency of the reactor
between the combustor and reforming layer was found to be in the region of 65% to

85% at a temperature of 873 K to 673 K, respectively

The reactor 1s capable of a sufficient rate of heat transfer for use as a steam reformer.
In addition, as the flow rate of reforming stream increases the heat flux also increases
This suggests that the reactor 1s capable of supporting higher flow rates of reforming

fuel than demonstrated here.
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Abstract: A multi-function compact chemical reactor designed for hydrocarbon steam
reforming was evaluated for use with LPG. The reactor design is based on diffusion
bonded laminate, micro-channel heat exchanger technology. The reactor consists of a
combustor layer, which 1s sandwiched between two steam reforming reactor layers.
Between the function layers, a temperature monitor and control layer is placed, which
1s designed to locate the temperature sensors. The combustor layer has four
individually controlled combustion zones each connected to a separate fuel supply.
The reactor design offers the potential to accurately control the temperature
distnbution along the length of the reactor using closed loop temperature control. A
sulphur tolerant catalyst was washcoated on to the reforming layers. The use of a
sulphur tolerant catalyst in the reformer leads to a simpler fuel processor design
utilising sulphur tolerant water gas shift catalysts, and sulphur removal taking place
before the fuel cell, as part of the H; purification process instead of utilising a separate
desulphuriser. LPG offers advantages as a fuel over other hydrocarbons because there
1s already an infrastructure in place for remote areas. The sulphur content of LPG 1s
tolerated by the reformer catalyst to be tested. The reformer was tested over a wide
range of reactor temperatures, steam to carbon ratios and fuel flow rates.

Keywords: LPG; Sulphur Tolerant; Microchannel; Steam Reforming

235




1. Introduction

The fuel cell concept has been around since 1835, Willhlam Grove a physics professor
at the London Institute based his experiment on reversing the water electrolysis
process. The term Fuel Cell was coined in 1889 when an attempt was made to make
the first practical model. Fuel cells have since been investigated for use 1n a number
of different applications; automotive, CHP, space flight, aviation, MW scale
generators and portable battery sized fuel cells. However, due to the Kyoto agreement
and other such national imtiatives [Ref.1], there 1s now a renewed and concentrated
interest 1n technology that can produce a long term, clean and efficient energy
solution. Alongside this there 1s the long term goal of a H, economy [Ref.2] A fuel
cell can be seen as analogous to a battery. The major difference 1s that a battery
carries its fuel internally, whilst a fuel cell uses external fuel This means that,
provided there 1s a supply of fuel to the cell, electricity will be produced. The solid
polymer fuel cell (SPFC) utilises H; as its fuel, which 1t combines electrochemically
with oxygen (from air) to produce electricity, heat and water [Ref 3] This can be
seen in the equations for the reactions at the anode and cathode below (equation la,
1b).

H,—>2H" +2¢"  Anode Reaction (1a)
% 0, +2H" +2¢~ = H,0 Cathode Reaction (1b)

Since H; is not naturally occurnng mn its pure state, it has to be obtained as a
secondary fuel from primary sources. This can be done either by the electrolysis of
HO or by chemically reducing hydrocarbon fuels. Both of these methods require a H;
network to be set up to facilitate the commercial logistics of fuelling the fuel cell
[Ref.4]). In remote areas, particularly where this is economically impractical, the need
for small-scale H, generators can be argued. The generator needs to have a quick
start-up time and follow transients in fuel demand well. Certain applications confer
space restraints on the installed system Therefore a compact fuel processor design
coupled with the compactness of SPFC technology can be advantageous. Based upon

our previous work using microchannel heat exchanger (HEX) technology 1t is
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suggested that using microchannel technology as the basis for a steam reformer could
be a way of supplying H; to remote areas. LPG was chosen as the prnmary fuel

because of its ready availability in such regions.
1.1 Steam Reforming

Steam reforming of a hydrocarbon fuel 1s an efficient method to produce a hydrogen
rich gaseous fuel. The overall reaction can be described by the following equation

[Ref. 5].

C,H,, +1H,0 - nCO + [n+ M/ b, @)

Steam reforming is a strongly endothermic reaction and so requires the application of
additional heat to sustain it. The necessary extra heat required is usually provided by a
combustor coupled to the steam reformer. This design facilitates the use of unused
hydrogen from the fuel cell to partially heat the reformer, thus increasing the system
efficiency. This is not possible when using partial oxidation (POX) or auto-thermal
reactton (ATR) reformers as the POX reaction is exothermic and ATR 1s thermally
neutral. [Ref.5] The composition of the product gas for a given feedstock is dependant

on the temperature of the reactor and the steam to carbon ratio.

Carbon monoxide concentrations of between 8 and 15% (Figure 1) are produced as a
thermodynamic function of the reaction temperature and steam to carbon ratios
required to achieve acceptable levels of hydrocarbon conversion at acceptable reactor
temperatures. This has a detrimental effect on the performance of SPFCs due to
competition for electro-catalyst sites in the fuel cell between CO and H; molecules.
This results in the fuel cell efficiency being drastically reduced and introduces the

need for a H; punfication system. [Ref. 6-7]
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Figure 1: The modelled equilibrium dry products composition of steam
reforming LPG at a Steam/Carbon ratio of 3.5 with varying reactor temperature

Most commercial reformers control the temperature at the exit of the reformer by
measuring the temperature of the exit gases. This naturally creates a temperature
gradient along the length of the reformer [Ref 8](Figure 2) As the temperature of the
reactor has a large effect on the reformate composition this has a negative effect on
the reformer performance. The reformate composition is highly dependant on the
temperature of the reformer. The higher the temperature the greater the percentage of
hydrogen produced, but this comes at the cost of increased carbon monoxide
production. For LPG at equilibrium, hydrogen production peaks at around 973 K
whilst carbon monoxide production continues to increase. This can be seen in Figure
1. Figure 1 shows the dry products of reforming LPG at a steam to carbon ratio of 3.5
with respect to reactor temperature at equilibrium. The thermodynamics of the
reaction produces a trade off between the amount of hydrogen produced and the desire
to keep carbon monoxide production to a mmmum. At lower temperatures complete
conversion of the fuel does not take place. This lowers the efficiency of the reformer.
For these reasons temperature control of the reformer 1s critical to the efficient

running of the steam reformer.
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1.2. Reactor Technology

Existing steam reformer technology has until recently been of the packed bed type
with simple thermal control [Ref8] This method has been widely used at the
industrial scale. At small-scale, the residence time of the reactant is limited and
without increasing the dimensions of the reactor, the performance of the reactor

suffers as a result. [Ref. 9]

Microchannel technology offers benefits for start-up times, transients and thermal
management. The nature of microchannel heat exchangers provides a high reaction
surface area/volume ratio whilst the pressure drop through the heat exchanger is
negligible. The heat exchange properties are such that 1t makes the technology very
attractive in the field of steam reforming where the rate of reaction is limited by the

rate of heat transfer to the reactants.
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Figure 2: A comparison of the multi-zone reformer and traditional technology

temperature profiles.
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1.3. Desuplurisation

Sulphur levels i the ppb range will irreversibly damage the platinum catalyst of the
fuel cells anode. Also sulphur is a poison for most common nickel based reforming
catalysts Since commercial grade LPG (and other fuels) unavoidably contain sulphur
as an odorant, the sulphur needs to be removed from the fuel stream before it reaches
the reformer catalyst and fuel cell [Ref. 10]. Typically one of two methods of
desulphurisation are used. HydroDesulphurisation (HDS) with zinc oxide beds, or
absorption techniques utilising activated carbon [Ref. 3]. HDS 1s the best suited for
SPFC systems as there is an available stream of hydrogen rich gas to promote the
hydrogenolysis reaction. The HDS reactor requires heating to around 623 — 673K for
the hydrogenolysis reaction to complete. This reduces the efficiency of the fuel
processor as well as introducing greater complexity and size. The use of a sulphur
tolerant reforming catalyst allows the movement of the desulphunser reactor
downstream, where the reformate 1s already at the required temperature. Additionally,
if sulphur tolerant water gas shift catalysts are used it needs only a H, separation
membrane {provided the metal membrane is sulphur tolerant ) to be used to strip out
the sulphur along with the other impurities in the reformate stream before the fuel cell
The sulphur could then be removed by adsorption in the usual way on a zinc oxide
bed, or recycled through the steam reformer combustor, without affecting the
performance of the fuel processor. This would simplify the fuel processor

considerably.

2. Compact Steam Reforming Reactor

Micro-channel reactors are made of a diffusion bonded lamnate. Inside the reactor,
multi-layers of metal shims create alternating micro-channels and fins. The micro-
channel widths are determined by the thickness of the shim material whilst the heights
and lengths of the channels are determined by the machined surface. The machining
can be either by photochemical or stamping processes. This means that the
manufacturing process can be scaled up to produce large production runs. The shims
are diffusion bonded together under high temperature and pressure (1173 K, 27 MPa
for 4 h) to yield a monolithic metal block that removes the need for gaskets and or

other seals A reactor built in this way is effectively a micro-channel heat exchanger.
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Experiments at Imperial Chemical Industries. plc. evaluating the heat transfer
performance of microchannel type, photochemically etched heat exchangers, found
that a heat exchanger containing channels with a depth of 0.3mm, had a volumetric
heat transfer performance equivalent to 7 MW/m'K with a water velocity of 0.18m/s.
The equivalent shell and tube, and plate heat exchangers had performance listed as
0.21 MW/m’K and 1.25MW/m’K respectively. [Ref.11] This makes microchannel
technology ideal for the basis of the reactor for a steam reformer as, the heat energy
required for the support of the reforming reaction, supplied from a combustor, can be
efficiently transferred to the reaction side in a smaller volume than with more

traditional technology. The overall reforming system efficiency can then be made

more compact.

Based on this micro-channel technology, the authors have developed a new type of

catalytic chemical reactor as shown in Figure 3.

125 mm

55 Mlm"

Figure 3: Compact Steam Reforming Reactor
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The steam reformer is of microchannel construction and can be visualised as
consisting of five main layers A central combustor layer, two temperature
measurement layers and two reforming layers. The combustor layer is itself split into
two layers, one for fuel and one for air. These layers are connected via a diffusion
layer. The temperature sensing layers are then arranged one on erther side of the
combustor. The reforming layers are then placed on the side of the temperature
sensing layers. This arrangement promotes the efficient transfer of heat from the
combustor to the reforming layers The combustor 1s divided into 4 zones each with
an mndividual fuel feed and a common air feed. Each fuel feed can be controlled
indtvidually and the air feed 1s controlled accordingly. This arrangement means that
the temperature along the length of the reforming layers can be accurately controlled.
The reactor is of a statnless steel diffusion bonded laminate construction, which 1s

ideally suited to the high temperatures necessary for the steam reforming of LPG.

Additionally this new micro-channel heat exchanger type steam reforming reactor

offers the following advantages:

» Can be more compact than conventional reactors without losing power output.

¢ Can have a high active area/volume The reformer detailed in this paper has an
active area of 1.35 m? in a volume of 175 cm’.

¢ The high rates of heat transfer possible make it ideal for steam reforming

where the reaction is limited by the rate of heat transfer to the reformer.

The drawback at this stage of development 1s the cost of manufacture of the reactor.
Economy of scale may offset some of the production costs of the reactor. In particular
the area of shum manufacture is one where large scale automation may see costs

reduced.

In this research, a novel compact heat and reaction combined reactor, developed for
the steam reforming reaction, was experimentally investigated. The reactor 1s based
on micro-channel heat exchanger technology. The reactor has an integrated multi-
zoned combustor arranged so that the temperature of the reformer can be controlled

along the length of the reformer. A novel precious metal (Pt/Ru) based catalyst was
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applied to the reforming side of the reactor using a wash-coating process. The catalyst
was designed to be sulphur tolerant and to convert the sulphur into H;S to be removed
at a later stage The catalyst operating range 1s himited to 873 K i order to avoid
sintering of the catalyst and the accompanying loss of activity. This work represents
the first stage mn the development of a sulphur tolerant steam reformer. The results
gained will be used to assess any additional development the catalyst or reactor might

need.

3. Experimental Investigation

3 1. Test Rig

The test rig used to evaluate the steaming reforming reactor performance is shown 1n
Figure 4 The reformer ts a multi zoned catalytic microchannel combustor coupled
directly to a microchannel reformer. There is a 500W pre-heater for the combustor air
supply and a 750W pre-heater for the LPG and de-ionised H,O supply. There are
three pipes inside the pre-heater for the LPG/H;0, one is used for the LPG and the
other two for the H>O. The reactants are mixed immediately after the pre-heater and
before entering the reformer. The H; to each zone of the combustor and the overall air
supply to the combustor are controlled using a closed loop control This allows the
reformer temperature to be controlled throughout the reformer. The combustor Hy/air
mixture 1s controlled so as to mimic the proportion of H; and O, from typical fuel cell
off gases. The excess H,0 1s condensed out of the reformate and the remaining gases
are passed through online CO and CO, (Siemens Ultramat 6) analysers before passing
through a Pye gas chromatograph. The water was supplied using a computer
controlled continuous flow syringe pump. The flow of LPG is manually controlled via

a mass flow controller.
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Figure 4: The Test Rig

During the study, the reformer was tested over a range of temperatures, steam to
carbon ratios, and reactant flow rates. A commercial grade LPG supplied by Calor

Gas [Ref. 12], which contains sulphur compounds, was used as the reactant.

3.2. Test Procedure

The test procedures were as follows:

¢ The temperature was set to the set-points of 723, 773, 823 and 873 K whilst for
each temperature the steam to carbon ratio was set to 2.5, 3, 3.5 and 4.

e The flow rate of LPG was set at 0.75 dm’/min (STP) as this corresponds to
approximately 0.5kWe (based on equilibrium data) from a fuel cell, given total
conversion of the LPG.

e The set-point with the best performance was then chosen and the LPG flow rate
was varied from 0.25 to 1.75 dm*/min (STP) whilst the temperature and S/C ratio

were kept constant.
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The catalytic combustor lights off at room temperature so no additional heat was
required to initiate warm-up. The reformer was then heated to 673 K with only N»
passing through the reforming side of the reactor. Both of the pre-heats were switched
on throughout. This was to make sure that the inlet temperature was sufficiently high
and that the H,0 would vaporise on introduction The reformer was then kept at a
constant temperature of 673 K whilst the H,O was introduced. The amount of H;O
was determined by the steam to carbon (S/C) ratio needed for the test set-point with a
flow rate of 0.75 dm’/min (STP) of LPG. The reformer was kept at these running
conditions until the temperatures stabilised. LPG was introduced at a S/C ratio of 8
and the temperature of the reformer was then increased to the desired set point. Once
the desired temperature had been reached the LPG flow rate was mncreased gradually

until the desired S/C ratio was reached.

The product gas from the reformer (i.e. the reformate mixture) was passed through
two on-line analysers one for CO detection and the second for CO; detection. A
sample of the dry reformate mixture was also injected into the gas chromatograph in
order that H, and CH,4 content could be determined. The results generated were the

percentage composition of the dry reformate.

3.3. Results

The effect of reformer temperature on dry reformate composition can be seen 1n
Figure 5. The LPG supply rate to the reformer was 0.75 dm®/min (STP) and the steam
to carbon ratio was 4 during the test. It can be seen that as the reformer temperature
increases so does the conversion of LPG. The increased conversion rate can be
explained by the increase in energy provided to the reaction at higher temperatures.
The increased conversion rate results in mcreased production of H, CO; and CO. The
production of CH, 1s via methanation It 1s imteresting to note that the amount of
methane decreases when the reactor temperature is above 773 K. This 1s due to the
reformation of the methane. If the results are compared to those found under
equilibrium conditions (Figure 1), with the exceptions of LPG conversion and CH,
production, it can be seen that the same trends occur. The differences here are due to

the steam reforming reaction in the real reactor not having sufficient time to reach
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equilibrium. The methanation process that produces the CH, 1n the equilibrium model
18 too slow to do the same in the actual reformer. It 1s noted that a potential further
10% H: can be produced from the LPG.
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Figure 5: Dry Reformat Composition at Varying Temperature

The effect of the steam to carbon ratio on the dry reformate composition is shown in
Figure 6. During the test, the LPG supply rate to the reformer was 0.75 dm’*/min
(STP), and the reactor temperature was set to 873 K. It can be seen that as the steam
to carbon ratio is increased so does the conversion of LPG. It increases the production
of H,. In addition, the concentration of CO decreases whilst the amount of CO,
mcreases. The change in proportion of CO/CO; is due to the water shift reaction.
Hydrogen from the water 1s liberated when the water reacts with the CO to produce
H; and CO;. Again, if the results from the experiment are compared to the predicted
equilibrium results (Figure 7) it can be seen that with the exception of the percentage
conversion of the LPG and the production of CHy in the equilibrium results, the
spread of values 1s similar. The maximum steam to carbon ratio mmvestigated was four.
Thus 1s twice the stoichiometric value. From simulated results it is clear that as long as
the steam to carbon ratio increases, the amount of hydrogen produced will increase.

However, it is more efficient to liberate this hydrogen, whilst removing carbon
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monoxide from the reformate, 1n a separate lower temperature reactor. In this way the
carbon monoxide content can be reduced to approximately 1% without the need for
extra heat to be applied to the reformer. Therefore, a steam to carbon ratio maximum

limat of 4 was utilised.
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Figure 6: Dry Reformate Composition with Varying Steam to Carbon Ratio
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Figure 7: The Modelled Dry reformate composition with varying steam to
carbon ratio at equilibrium.
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The effect of the flow-rate of the reformer reactants on the dry reformate composition
is shown 1 Figure 8. The steam to carbon ratio during the test was 4, and again the
reactor temperature was set at 873 K. It can be seen that as the flow rate of reactants
to the reformer was increased the conversion of the LPG decreased. This is due to the
reduction of residence time in the reformer itself. It suggests that the activity of the
catalyst needs increasing for a reformer of this volume. This will be taken into

account during the next stage of work.
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Figure 8: Dry Reformat Composition with Varying Reactant Flow-rate

Space velocity is defined as the volume of gaseous reformat per hour per volume of
catalyst which 1s widely regarded as GHSV. In this study the maximum space velocity
was found to be 9420 GHSV. Ths figure is based on the reformer performance at a
LPG flow rate of 1.75 dm*/min (STP) and steam to carbon ratio of 4. The reformer
was at a temperature of 873 K. However, this figure is not based on the volume of the
catalyst but on the volume of the reformer itself. This is because the catalyst is wash-
coated on to the reforming surface, the volume of the catalyst will be much lower than

that of the reformer. This would increase the GHSV figure 1n real term.
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The energy conversion efficiency of the reformer can be defined as the ratio between

the energy contained by the reformate products and the energy contained by the

reactants,
n=ti @
RLH 1 4

where P, is the lower heating value of the products and R,,, 1s the lower heating

value of the reactants,

The products are the hydrogen and carbon monoxide produced. The carbon monoxide
is included because after water gas shift reaction, most of the CO has been converted
into hydrogen. The reactants are the LPG to the reformer and the hydrogen to the
combustor. It has been assumed that any unconverted LPG and any hydrogen in the
fuel cell off gas, which is approximately 1/3 of the H» to the stack, are bumt in the
combustor. The energy used by the electric preheaters 1s not mcluded in the
calculation, as in an ideal fuel processor this energy would be provided by the heat

from the reformer and combustor flue gases.

Figure 9 shows the conversion efficiency of the reformer at different reactant flow
rates. A steam to carbon ratio of 4 and a reactor temperature of 873 K were used
during the test. It can be seen that the average conversion efficiency of the reformer is
between 0.5 and 1.5 dm’/min (STP) is 74%. For a reformer of thus size 0.25 dm*/mun
(STP) of LPG is too low. At such low rates, the reformer is too big to operate
efficiently At an LPG flow rate of 175 dm’/min (STP), the flow of H, to the
combustor needs to be increased dramatically (3 50 dm>/min (STP)). This is due to the
LPG/H,;0 preheat not bemng powerful enough to heat the reactants sufficiently to
vapornse the H,O before entering the reformer. As a result the reformers temperature
controller has to increase the H, flow rate to compensate and vaporise the H>QO at the

entry to the reformer. This lowers the efficiency of the reformer.

The energy conversion efficiency of the reactor can be further improved by improving

the mtegration of the reformer with the rest of the test rig/system and by increasing
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the activity of the catalyst used to reduce the drop off in performance at higher flow
rates of LPG.
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Figure 9: Reformer Efficiency at Varying Reactants Flow-rate

The power output of the reformer is based on calculated equiltbrium data which was

then modified according to the percentage conversion of the LPG feedstock as

follows
p - Coxi X241 5

Where P, is the predicted power output from the fuel cell in kWe, C, 1s the percentage
conversion of the LPG, H 1s the flow rate of hydrogen (mol/mm) produced at
equilibrium by 1 mol/min of LPG for a given steam to carbon ratio and F is the flow

rate of hydrogen (dm*/min (STP)) required to produce 1 kWe output from a fuel cell.

Figure 10 shows the effect of the reactants flow-rate on the predicted power output of
a fuel cell. It can be seen that as the LPG flow rate increases the projected power

output from the fuel cell increases The maximum output achieved was 0 86 kWe at
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an LPG flow rate of 1 75 dm*mmn (STP) and S/C ratio of 4. However, the conversion
of LPG decreases with increasing LPG flow rate as shown 1n Figure 10. When the
power output reached 0.86 kWe the conversion of LPG was only 62.5% which, would
not be realistic for use in a complete system because of the additional processing
required. Using the sulphur tolerant catalyst in this form, complete conversion can not
be achieved under any of the operating conditions tested. This will be addressed in

future work with variations of the catalyst formulation
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Figure 10: Predicted Fuel Cell Power Output at Varying Reactants Flow-rate

The performance of the controller in keeping the reformer at the desired temperature
has been tested and the results are shown (Figure 2) in comparison with traditional
reforming technologies. It can be seen that there 1s only 2-3 K mn variation along the

reformer length. This is an improvement over traditional single zone combustor

designs’.

Table 1 outlines the summary of the test results in comparison with the calculated

equilibrium results.
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Experimental Equilibrium
Reformer Temperature 873K 873K
LPG Flow Rate 075  dm’/mn {075  dm’/mmn
(STP) (STP)
Steam to Carbon Ratio 4 4
Power Qutput 0.45 kWe 0.59 kWe
H, 60 4% 72.7%
CH, 1% 2.7%
CO, 139% 17.6%
CO 5.9% 7.1%
Balance (LPG + other HCs) 18.8 % Trace
LPG Conversion % 812% 100 %
Space Velocity (LPG = 1.75 dm’/mun | 9450 GHSV N/A
(STP))
Reformer Efficiency 74% N/A

Table 1: Summary of test and calculation results

4, Conclusions

A novel steam reformer was tested. It incorporated a multi-zone combustor. The
reformer was wash-coated with a novel sulphur tolerant catalyst. The multi-zone
combustor allowed accurate temperature control of the reformer along 1its length The
performance of the reformer was tested over a range of temperatures, steam to carbon

ratios and LPG flow rates.

The results obtamed using the sulphur tolerant catalyst suggest that a sulphur tolerant
fuel reformer is feasible. However, this work is only the first stage 1n the development
of such a reformer. The sulphur tolerant catalyst allowed for 81% conversion of the
LPG and produced results near to that expected by equilibrium modelling, with the
overall behaviour of the reformer with respect to temperature and steam to carbon
ratto as expected. There is not complete conversion of the LPG even at the lowest
flow rate tested. Because of the loss in efficiency of the reformer at this flow rate, 1t

can be inferred that, the sulphur-tolerant catalyst 1s not sufficient in this form for use
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as the basis of a steam reformer for LPG. The maximum usable temperature of the
catalyst is 873 K so 1t would not be posstble to improve the performance of the
reformer by increasing the operating temperature without extending the thermal range
of the catalyst. The next stage of work would be to increase the activity of the
catalyst. Possible development routes would be to design a new sulphur tolerant
catalyst, or to use a more conventional steam reforming catalyst 1n combination with
the existing sulphur tolerant catalyst to increase the activity in that manner, Because
of the temperature control available using this reformer design, the addition of a
second catalyst running at a higher temperature than the existing catalyst 1s feasible.

This would create the effect of a dual-stage steam reformer.

The microchannel technology is capable of transferring enough heat to support the
steam reforming reaction and offers advantages in s1ze compared to traditional stearn
reformer reactor designs. Further work using the same microchannel technology will

concentrate mitially on increasing the activity of the catalyst.
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Abstract: A microchannel steam reformer was evaluated for use with LPG, C3Hg and
CH,. The reformer utilised two reforming catalysts, sulphur tolerant at the front of the
reformer and nickel based at the rear of the reformer. The reformer was coupled to a
multi-zoned catalytic combustor, which enabled the longitudinal temperature profile
of the reformer to be set as desired. This enabled the two catalysts to be operated at
differing temperatures as required. The reformer was tested over a range of operating
temperatures, steam to carbon ratios and feed rates. The performance of the reformer
whilst using C:Hs and LPG showed good agreement suggesting that the performance
of the reformer was not adversely affected by the presence of sulphur in the fuel. 98%

conversion of CsHg was achieved at a predicted fuel cell power output of 1.98kWe.
Keywords® Microchannel, LPG, Steam reforming, sulphur tolerant
1. Introduction

Fuel cells as the basis of combined heat and power (CHP) systems are an interesting
alternative to the conventional separate natural gas and electricity supplies commonly
employed 1 homes today. The 1dea being that given a natural gas supply to the house,
the CHP system is used to generate any electricity when required. The “waste” heat
from the system can be employed to heat water. [Ref 1] It is a short conceptual leap
to distnbuted electricity grids where each user buys from and sells to the grid as
required. Small scale electricity generation ( <IQOMWe) mn the UK. 1s exempt from
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having to sell to the nattonal grid under Electnicity Regulations 2001 and can
distnbute electricity directly to its customers using a private grid, making the system
more cost effective This also means that green electricity can compete directly with
brown electricity. This 1s the case iIn Woking where the Borough Council has set up
the first commercial fuel cell CHP system in the U K [Ref. 2] Electricity supphes of
less than 2MWe are also exempt from the Chimate Control Levy.

In hard to reach areas where there is Iittle in the way of a conventional fuel
infrastructure (natural gas). There 15 a need for an efficient method of converting
available fuels such as bottled LPG into hydrogen. [Ref. 3] The simplest method
available to do this is through the steam reforming process The steam reforming

reaction can be expressed as follows:
C,H, +1H,0 > nCO +{n+m/ b, o)

The composition of the reformate for a given steam to carbon ratio and feedstock 1s
dependant on the reformer temperature. As such, accurate temperature control 1s
required when steam reforming is used. Because steam reforming is an endothermic
process, additional heat is supplied to the reformer by means of a combustor. This
supports the reaction and allows the temperature of the reformer to be controlled. The
addition of a combustor means that any H; not used 1n the fuel cell can be recycled
and bumt 1n the combustor, thus improving the system efficiency Because of their
nature this is not possible when using partial oxidation (exothermic) or auto-thermal
reaction (thermally neutral) reformers.

Unfortunately sulphur 1s used as an odorant in most hydrocarbon fuels for reasons of
safety. Sulphur levels 1n the ppb range will irreversibly damage the platinum catalyst
of a fuel cells anode. Additionally, sulphur is a poison for most common nickel based
reforming catalysts. For this reason in conventional systems, the sulphur needs to be
removed from the fuel stream before 1t reaches the reformer catalyst and fuel cell.
Some methods of desulphurisation are HydroDesulphurisation (HDS) with zinc oxide
beds, or absorption techniques utilising activated carbon [Ref. 4]

However, our previous research has shown that a sulphur tolerant reforming catalyst

used for the steam reforming of LPG is viable for low LPG flow-rates.
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The sulphur in the fuel i1s converted to H>S by reacting over the sulphur tolerant
catalyst. This process converts any organic sulphur containing compounds into

hydrogen.

This paper details the testing of a dual catalyst microchannel steam reformer shown in
Figure 1. The reformer utilises a sulphur tolerant catalyst as well as a more
conventional steam reforming catalyst. The reformer will be tested firstly with C;Hg
and CHj before moving on to commercial grade LPG. This is to determine the
performance of the reformer firstly, where no sulphur is present and secondly, where
sulphur is present. Additionally the use of two catalysts demonstrates the flexibility of

the reformers multi-zone combustor.

125 mm

Figure 1: The microchannel reformer.

1.1. Test Rig

The steam reformer is of microchannel construction and can be visualised as

consisting of five main layers. A central combustor layer, two temperature




measurement layers and two reforming layers, The combustor layer 1s 1tself split 1nto
two layers, one for fuel and one for air. These layers are connected via a diffusion
layer. The temperature sensing layers are then arranged one on erther side of the
combustor. The reforming layers are then placed on the side of the temperature
sensing layers. This arrangement promotes the efficient transfer of heat from the
combustor to the reforming layers. The combustor is divided into 4 zones each with

an individual fuel feed and a common air feed as shown in Figure 2

Reformer
Infet
Combdstor Zone 1 Combustor
Exhaust
Combustor Zone 2
H2 Inlets

Combustor Zone 3

Combugstof Zone 4 | Air Inlet

Reformer
_> Products
Streamn

LT

Figure 2: Reformer Internal Layout

Each fuel feed can be controlled individually and the air feed is controlled
accordingly. This arrangement means that the temperature along the length of the
reforming layers can be accurately controlled. The reforming layers have a total active
area of 1.35 m? in a volume of 175 cm®. The total volume of the reformer is 859cm3
(0 86 litres )

The test rig is shown in Figure 3 There 1s a S00W pre-heater for the combustor air
supply and a 750W pre-heater for the LPG and de-tonised H2O supply. There are
three pipes inside the pre-heater for the LPG/H,0, one for the LPG and the other two
for the H,0. The reactants are mixed immediately after the pre-heater and before

entering the reformer. The H; to each zone of the combustor and the overall air supply
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to the combustor are controlled using closed loop control in order that the reformer

temperature can be set to the desired operating point. The combustor Hy/air mixture 1s
controlled so as to mimic the proportion of H; and O, from typical fuel cell off gases.
The excess H,O 1s condensed out of the reformate and the remaining gases are passed
through onlne CO and CO, analysers before being passed through a gas
chromatograph. The de-ionised water 1s supplied using a diaphragm pump. The flow

of LPG 1s manually controlled via a mass flow controller.
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Figure 3: The test rig.
1.2. Catalyst
In our previous work a microchannel reactor was evaluated for LPG steam reforming

utilising a novel sulphur tolerant catalyst. The results showed that the sulphur tolerant

catalyst on 1ts own was not sufficiently active for a reactor of that size. In this study a
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second reforming catalyst was wash-coated over the top of the onginal catalyst over
the second half of the reactor. This can be seen 1n figure 4. The second catalyst 1s a
star;dard nickel based reforming catalyst The multi-zoned combustor allows each
catalyst zone to be operated at the temperature best suited to that catalyst. The sulphur
tolerant catalyst 1s hmnited to 873 K before degradation takes place The nickel-based

catalyst can withstand temperatures of up to 1073 K before the same happens

Tolerant | Based

Figure 4: Steam reformer catalyst distribution.

The multi-zoned combustor design allows the temperature of the two catalysts to be
operated at different temperatures to each other. This means that the sulphur tolerant
catalyst can be operated safely at 873 K whilst the nickel based catalyst can be
operated at a different temperature as required In this way the temperature profile of
the reformer can be tailored to suit the optimal operating conditions of the two

catalysts.
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2. Methodology

During the study, the reformer was tested over a range of temperatures, steam to
carbon ratios, and reactant flow rates The tests were performed with 3 fuels C;Hs,
CH,4 and LPG

The tests performed using C;Hs were as follows:

o The temperature in zone 1 was set to 873 K whilst zone 4 was set to the set-points
of 873 K, 923 K, 973 K and 1023 K. For each temperature set-point the steam to
carbon ratio was set to 2.3, 3, 3.5 and 4

o The flow rate of C3Hg was set at 0.75SLPM as this corresponds to approximately
0.5kWe (based on equilibrum data) from a fuel cell which given total conversion of
the C3Hs.

e The set-pomt with the best performance was then chosen and the C3;Hg flow rate
was varied from 025 to 2.5 SLPM whilst the temperature and S/C ratio were kept

constant.

The catalytic combustor lights off at room temperature so no additional heat was
required to mitiate warm-up. The reformer was then heated to 673 K with only N,
passing through the reforming side of the reactor. Both of the pre-heats were switched
on throughout. This was to make sure that the inlet temperature was sufficiently high
and that the H,O would vaponise on introduction. The reformer was then kept at a
constant temperature of 673 K whilst the H,O was introduced. The amount of H,O
was determined by the steam to carbon (S/C) ratio needed for the test set-point and a
flow rate of 0.75 SLPM of C;Hj. The reformer was kept at these running conditions
for about ten minutes whilst the temperatures stabilised. C;Hg was introduced at a S/C
ratio of 8 and the temperature of the reformer was then increased to the destred set
point. Once the desired temperature had been reached the C;Hz flow rate was

increased gradually until the desired S/C ratio was reached.

The reformate minus the water, was passed through two on-line analysers one for CO

detection and the second for CO; detection. The stream was then passed through a gas
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chromatograph in order that H, and CHy content could be determined. The results
generated were the percentage composition of the dry reformate. This was repeated

for each of the fuels used 1n the tests.

For the purpose of the results, space velocity 1s defined as the volume of gaseous
reformate per hour per volume of catalyst, which is widely regarded as GHSV
However, this figure 1s not based on the volume of the catalyst but on the volume of
the reformer itself. This is because the catalyst 1s wash-coated on to the reforming
surface, the volume of the catalyst will be much lower than that of the reformer. This

would increase the GHSV figure in real term

The energy conversion efficiency of the reformer can be defined as the ratio between
the energy contatned by the reformat products and the energy contamned by the

reactants,

_ LHV of products
" LHYV of reactants

1)

The products are the hydrogen and the carbon monoxide produced. The carbon
monoxide is included because after water gas shift reaction, most of the CO has been
converted into hydrogen. The reactants are the LPG to the reformer and the hydrogen
to the combustor, It has been assumed that any unconverted LPG and any hydrogen in
the fuel cell off gas, which is approximately 1/3 of the Hj to the stack, are burnt in the

combustor.

The energy used by the pre-heaters is not included in the calculation as this energy

would be provided by heat exchangers 1n a complete fuel processor.

3. Experimental Results

3 1 Evaluation of the Reformer using Propane as a Feedstock

As expected running zone 4 of the reformer at higher temperatures increased the Ha
yield. It also decreased the CO,% and CH4% whilst the CO% increased. This can be
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seen in Figure 5. As the conversion of the propane remains almost constant through
out, the additional H; produced 1s denived from the methane content 1n the reformate

The CH, content decreases as the H; content of the reformate increases.
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Figure 5: The effect of zone 4 temperature on reformer performance.

As expected increasing the steam to carbon ratio increased the Hy and CO; yeld
whlst decreasing the CO and CHjy yield. This 1s shown in Figure 6. The increase of
CO; aganst CO is indicative of some shift reaction activity due to the properties of
the addition of the nickel-based catalyst. Some of the CO 1s combined with H;O to
form CO; and H;. The maximum S/C ratio tested was 4. This 1s because it is more
efficient to use a specialised water gas shift reactor to Iiberate H, from the excess
water and reduce CO levels in the reformate than stmply keep increasing the steam to
carbon ratio for the reformer. This is due to the fact that the water shift reaction is
exothermic and as such is promoted at lower temperatures than those which promote

the endothermic steam reforming reaction.
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Figure 6: The effect of steam to carbon ratio on the reformer performance.

Figure 7 shows the effect of increasing the flow rate of the CsHg on the reformer
performance. Under the test conditions observed the Hy% output did not decrease
even at the higher flow rates tested. This shows that the addition of the nickel based
catalyst has had a positive effect on the reformers performance. This was expected
due to the higher activity of the new catalyst compared to the sulphur tolerant one.
The maximum flow rate used was determined by the peripheral equpment such as the
power rating of the reformer inlet electric pre-heat rather than the reformer 1tself. If
the flow rate into the electric pre-heat was too high the pre heat was unable to
vaporise the H;O before 1t entered the reformer. This lowered the efficiency of the
reformer and lowered the temperature of zone 1 below that which the temperature

controller could compensate for.
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Figure 7: The effect of C3H3 flow-rate on the reformer performance.

The average efficiency of the reformer over varied feed flow rates (disregarding the
two end points on the chart) is approximately 70% (Figure 8). 025 SLPM is a very
low LPG flow rate mn comparison with the reformer design. At such low rates, the
reformer is too big to operate efficiently. At high flow rates the pre heater for the
fuel/water mixture was not powerful enough to vaporise the water before it entered
the reformer. This meant that the temperature controller would inject extra H; into the
zone 1 combustor to compensate., This increase in H> consumption lowered the
reformer efficiency. Because of this it would be possible to improve the reformer

efficiency at the higher flow rates by better system integration.
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Figure 8: The effect of C;Hjy flow rate on reformer efficiency.

The maximum power output achieved before the test was stopped due to lack of
preheat was 1.98 kWe at LPG = 2 5 SLPM and S/C = 4, Zone 4 temperature 873 K.
T1s can be seen 1n Figure 9. This value could be improved by increasing the zone 4
temperature and by integrating the system more effectively. It can be seen that there 1s
no drop off in H; % volume even at the highest flow rate. Provided that the system
integration was mmproved the power output of the reformer could be above 2 kWe.
The gas hourly space velocity at a feed rate of 2.5 SLPM and steam to carbon ratio of

4 was calculated to be 13800 GHSV based on the exit flow.
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Figure 9: The effect of C;H; flow rate on fuel cell power output.

The maximum flow-rates in the tests were imposed by the pre-heater for the reformer
reactants. The tests using C3Hg where the flow-rate was increased to 2.5 SLPM were
not repeated using LPG or CH; to protect the reformer from damage. It was observed
that the temperature controller was unable to supply enough heat to the first zone in
order to vaporise the ncoming water. This was because the flow rate of H; requested
was so high that the majority of the H, passed through the combustor before
combusting and 1n fact burnt in the combustor exhaust. This raised the temperature of
the exhaust beyond that which was thought safe. Therefore the during the subsequent

tests the maximum feedstock flow-rate was limited.

3.2. Evaluation of the Reformer using Methane as a Feedstock

The tests performed with CH, were as follows:

¢ The temperature 1 zone 1 was set to 873 K whilst zone 4 was set to the set-points

of 873 K, 923 K and 973 K. For each temperature set-point the steam to carbon
ratio was setto 2.5, 3,3.5and 4
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o The flow rate of CH; was set at 1 88 SLPM as this corresponds to approximately
0.5 kWe (based on equilibnium data) from a fuel cell given total conversion of the
CH,

» The set-point with the best performance was then chosen and the CHy flow rate
was varied from 0 6 to 2 5 SLPM whilst the temperature and S/C ratio were kept

constant.

It can immediately be seen that the performance of the reformer is not as good when
CH, is used as a feed stock rather than C3;Hg. This is because methane 15 more
endothermic per carbon atom than C;H; [Ref, 3].

It can be seen that the flow rate of the reformer feed stock greatly affects the
performance of the reformer (Figure 10). This is due to the shorter residence time of
the CHj, due to the increased flow-rate This performance drop is also noticeable when

the S/C ratio is increased from 2.5 to 4 (Figure 13).
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Figure 10: The effect of CH, flow rate on the reformer performance.

As expected increasing the temperature of the back end of the reformer increased the
H,% yield whlst also increasing the CO%. The CO, and CH4% decreased. This can
be seen in Figure 11, This is due to the increase in energy supplied to the reformer at

the higher temperatures.
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Figure 11: The effect of zone 4 temperature on reformer performance.
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Figure 12: The modelled dry products of methane reforming at equilibrium
w.r.t. reformer temperature.

It can be seen that the performance of the reformer whilst using methane is less than
that predicted by equilibrium modelling (Figure 12). This is due to incomplaete
conversion of the methane n the reformer, which indicates that the catalyst activity

for the steam reforming of methane is not sufficient for reforming at this scale.

Increasing the S/C ratio caused a drop in CH, conversion (Figure 13). This was due to

the increase in flow rate through the reformer. As has been seen the reformer
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performance 1s particularly sensitive to changes 1n CH, flow rate but not to changes 1n
the C;Hs flow rate This 1s due to the reaction kinetics of CH; when compared to those

of C;Hg. However as predicted by equilibrium modelling (Figure 14) the CO%

decreased whilst the CO; % increased.
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Figure 13: The effect of steam to carbon ratio on reformer performance,
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Figure 14: The modelled dry products of methane reforming at equilibrium
w.r.t. S/C ratio.
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The average efficiency of the reformer over varied feed rates was approximately 60%
as shown in Figure 15. It can be seen that unlike the efficiency curves for CsHg and
LPG the curve for CH4 does not drop off at higher flow rates. This is because of the
reduced water content (compared to that when using C;Hg or LPG) of the flow
entering firstly the pre heater and secondly the reformer. The majority of the energy
used to heat the feedstock 1s for the vaporisation of water. This means that despite the
decreasing performance of the reformer the efficiency increased. As the conversion
drops off so too does the amount of heat required to support the reaction. This
combined with the increase in H, production due to the higher flow-rates means that

the reformer efficiency increases
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Figure 15: The effect of CH, flow rate on reformer efficiency.

It can be seen that despite a loss of conversion at higher flow-rates the H; output
mcreases and the predicted power output of a fuel cell improves accordingly (Figure
16). It can be seen that for the same flow rate the power output 1s lower than that
when using C;Hg. When an equivalent flow rate is used the performance is still lower
than that for C;Hy and LPG but the gap 1s not as large. The gas hourly space velocity

at an CH, flow rate of 2.5 SLPM and S/C ratio of 4 is 4151 GSHYV based on the exit
flow,
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Figure 16: The effect of CH, flow rate on fuel cell power ontput.

3 3 Evaluation of the Reformer using Liquid Petroleum Gas as a Feedstock

For these tests a commercial grade LPG supphed by Calor Gas was used as the
reactant. This fuel contains sulphur as an odorant and was chosen to compare the

performance with that when using C:Hs.
The test procedures were as follows

» The temperature 1n zone 1 was set to 873 K whilst zone 4 was set to the set-points
of 873 K, 923 K, and 973 K. For each temperature set-point the steam to carbon
ratio was set to 2.5, 3, 3.5 and 4.

e The flow rate of LPG was set at 0.75SLPM as this corresponds to approximately
0.5kWe (based on equilibrium data) from a fuel cell which given total conversion
of the LPG.

o The set-point with the best performance was then chosen and the LPG flow rate
was varted from 0.25 to 1.25 SLPM whilst the temperature and S/C ratio were
kept constant.

274



It can be seen 1n Figure 17 that the flow rate of the feedstock does have some effect
on the reformer performance. It 1s possible that the difference between the
performance here and when using CsHj 1s the sulphur in the LPG or just the age of the
catalyst. It can be seen that at higher flow rates the conversion of LPG is still above

95% so the effect on the reformer performance is not large.
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Figure 17: The effect of LPG flow rate on reformer performance.
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As seen n Figure 18, mcreasing the zone 4 temperature increased the H; yield. It also
mcreased the CO; yield whilst the CO yield decreased Ths 1s the opposite behaviour
than predicted by equilibrium modelling (Figure 19} and suggests that the extra H; 1s
produced via the water shift reaction. This 1s at odds with the results gained from

equilibrium modelling and those when C3Hg was used as a feedstock.
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Figure 18: The effect of zone 4 temperature on reformer performance
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Figure 19: The modelled dry products of LPG reforming at equilibrium w.r.t.
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As can be seen in Figure 20, mcreasing the S/C ratio increased the H; yield It also
increased the CO; yield whilst the CO yield decreased. This 1s due to increased water
shift activity caused by the excess water. These results show agreement with the
results predicted by equilibrium modelling shown in Figure 21. This shows that the
reformer is operating at or near equilibrium conditions demonstrating the

effectiveness of the dual catalyst reformer at the steam reforming of LPG.

80
i)
-~
& 70 -
[
.f.j 60 -
= H,
@
8 50 1 LPG = 0.75 dm3/min (STP)
E Zone 1 = 873K
S 40 1 Zone 4 = 973K
£ 30
g Co, co CH,
9 20 -
a \ \L \
———
> 10 - \
8 \
0 T T T T
2 2.5 3 3.5 4 4s

Steam to Carbon Ratio

Figure 20: The effect of steam to carbon ratio on reformer performance.
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The average reformer efficiency over varied flow rates was 70% (Figure 22). This 1s
the same as that for C;Hg and again shows that due to the sulphur tolerant catalyst in
zones 1 and 2 that there 1s little or no performance loss when using a fuel containing

sulphur. Again 1t can be seen that at low flow rates the reformer is oversized.
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Figure 22: The effect of LPG flow rate on the reformer efficiency.

It can be seen that for the flow-rates tested the power output of the reformer whilst
using LPG are very simular to those when the reformer was run using C;Hg (Figure
23). Thus suggests that there may be a synergetic effect when the nickel based catalyst
1s used on top of the sulphur tolerant catalyst. To confirm or disprove this further
durability tests would need to be carried out using the dual catalyst arrangement to
rule out poisoning of the nickel based catalyst due to extended sulphur exposure.
Because of the shight drop off 1n reformer performance at the higher flow-rates when
using LPG 1t can be assumed that the power output of the reformer using LPG will be
close to that when using C;Hg. Further tests will be needed to confirm that that is the
case. To do that the test rig will have to be adapted so that the higher flow rates can be
used safely The gas hourly space velocity at an LPG flow rate of 1.25 SLPM and S/C
ratio of 4 1s 8670 GSHYV based on the exit flow.
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Figure 23: The effect of the LPG flow rate on the fuel cell power output.

C;Hg LPG CH,
Operating Zone 4973 K, s/c | Zone 4 973 K, s/c | Zone 4 973 K, s/c
conditions =4,0.75 SLPM =4, 0.75 SLPM =4,1.88 SLPM
H; % 72.67 74.01 57.96
CO % 9.11 9.49 4.17
CO; % 15.81 15.24 11.09
CHs % 0.91 0.55 18.44
Conversion % 98.49 99.29 81.56
kWe 0.58 0.59 0.49
GHSV 6868 6864 4275
Efficency % 69.81 73.50 58.27

Table 1: A comparison of reformer performance using different fuels.
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It can be seen from the results summarised in table 1 that there is very little difference
between the performance of the reformer when using C3Hg and that when usmg LPG.
This suggests that the sulphur tolerant catalyst is effective at removing the sulphur
from the LPG thus stopping or at the least slowing the degradation of the nickel
catalyst. As has been noted the performance of the reformer when usmg CH, is lower
than that when using the other fuels. This can be explained by the difference in

kinetics of steam reforming CH, and steam reforming C;Hg/LPG.

4. Conclusions

A dual stage steam reformer was tested. The reformer utilised a multi-zone
combustor. This enabled the two reforming catalysts to be operated at differing
temperatures The composition of the reformate is dependent on the reformer
temperature. The multi-zoned combustor allows accurate control of the reformer
temperature and therefore the reformate composition

The microchannel technology used as the basis of the steam reformer proves itself a
viable method of making a compact reformer. The performance of the reformer when
using CHj is not as good as when using C;Hs/LPG. This is due to the reaction kinetics
of the respective fuels. Using C;Hjg as a fuel, at a flow rate of 2.5SLPM and a steam to
carbon ratio of 4, the maximum space velocity attained during the tests was found to
be 13800 GHSV. The predicted fuel cell output under these conditions was 1.98kWe.
This is a large improvement over more traditional packed bed steam reformers It
produced 198kWe from 2.5 SLPM of C;Hg in a volume of 0.86m"3. The
performance 1s very close to that expected at equlibnium, with conversion rates
between 95 and 100%. The performance of the reformer when using LPG as a fuel 15
simlar to that of the non-sulphur fuel (C;Hsg). Because of safety concerns the reformer
wasn’t tested at the high flow rates that were used with C3Hjg, the results gained show
that the presence of sulphur in the fuel had hittle effect on the performance of the
reformer so far. It is anticipated that extended running of the reformer will show some
degradation of the nickel catalyst due to the sulphur content of LPG To further
investigate the performance of the reformer using LPG 1t 1s necessary to improve the
integration of the test rig with the reformer. This would enable higher flow rates of
LPG to be tested safely to determine further effects of the sulphur content on the

nickel based catalyst.
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